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Background: Deposits of abnormally hyperphosphory-
lated tau are a hallmark of several dementias, including
Alzheimer disease (AD), and about 10% of familial fron-
totemporal dementia (FTD) cases are caused by muta-
tions in the tau gene. As a known tau kinase, GSK3B is a
promising candidate gene in the remaining cases of FTD
and in AD, for which tau mutations have not been found.

Objective: To examine the promoter of GSK3B and all
12 exons, including the surrounding intronic sequence,
in patients with FTD, patients with AD, and aged healthy
subjects to identify single-nucleotide polymorphisms as-
sociated with disease.

Design, Setting, and Participants: Single-
nucleotide polymorphism frequency was examined in a
case-control cohort of 48 patients with probable AD, 102
patients with FTD, 38 patients with primary progres-
sive aphasia, and 85 aged healthy subjects. Results were
followed up in 2 independent AD family samples con-
sisting of 437 multiplex families with AD (National In-
stitute of Mental Health Genetics Initiative AD Study) or

150 sibships discordant for AD (Consortium on Alzhei-
mer’s Genetics Study).

Results: Several rare sequence variants in GSK3B were
identified in the case-control study. An intronic poly-
morphism (IVS2-68G�A) occurred at more than twice
the frequency among patients with FTD (10.8%) and pa-
tients with AD (14.6%) than in aged healthy subjects
(4.1%). The polymorphism showed association with dis-
ease in both follow-up samples independently, al-
though only the Consortium on Alzheimer’s Genetics
sample showed the same direction of association as the
case-control sample.

Conclusions: To our knowledge, this is the first evi-
dence that a gene known to be involved in tau phos-
phorylation, GSK3B, is associated with risk for primary
neurodegenerative dementias. This supports previous
work in animal models suggesting that such genes are
therapeutic targets.
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A LZHEIMER DISEASE (AD) AC-
counts for approximately
45% of all adult-onset neu-
rodegenerative demen-
tias, whereas frontotem-

poral dementia (FTD) is responsible for
about 10%.1,2 Despite the obvious clini-
cal and pathologic distinctions between
these conditions, all cases of AD and al-
most half of FTD cases manifest protein
deposits consisting of insoluble, hyper-
phosphorylated tau that form filamen-
tous inclusions.3 However, mutations in
the tau gene are found in only about 15%
of familial FTD cases, and tau mutations
have not been identified in AD or spo-
radic FTD.2-6 Therefore, understanding the
factors that lead to tau pathologic find-
ings in these diseases in the context of non-
mutant tau is of major importance.

An accumulating body of biological evi-
dence in both model organisms and hu-

man AD and FTD suggests that factors
related to tau phosphorylation are biologi-
cally plausible susceptibility genes.7-10 Two
proline-directedkinases,glycogensynthase
kinase(GSK3B[GenBankNC_000003.10])
andcyclin-dependentkinase-5(CDK5/P25
[GenBank NC_000007.12]), are major tau
kinases.9 In AD, pathologically aggregated
forms of tau are hyperphosphorylated on
residues that overlap with GSK3B and
CDK5/P25 targets; in animal models, tau
hyperphosphorylation by either of these
kinases accelerates neurodegeneration in
the context of both wild-type and mutant
tau.8-10 Several different inhibitors of
GSK3B activity block neurodegeneration
in vitro, and GSK3B-mediated Wnt sig-
naling also can mediate amyloid peptide
toxicity in vitro.7,11,12 Lastly, in human post-
mortem brain, GSK3B and CDK5/P25 are
physically associated with a pathologic
hallmark of AD, neurofibrillary tangles.13
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Here we investigate the role of GSK3B in dementia sus-
ceptibility using a staged approach in several different
cohorts of patients with AD and FTD. To our knowl-
edge, these data provide the first genetic evidence im-
plicating GSK3B in neurodegenerative dementia.

METHODS

SUBJECTS

The protocols and consent forms used to recruit subjects for
this study were approved by institutional review boards. Sub-
ject age, ethnicity, and sex are summarized in Table 1 and
were fairly matched across the cohorts. Aging healthy subjects
were collected as part of an institutional review board–
approved protocol at the University of California, Los Angeles
Alzheimer’s Disease Research Center. Subjects with probable
and definite AD were diagnosed using standard National In-
stitute of Neurological and Communicative Disorders and Stroke/
Alzheimer’s Disease and Related Disorders Association crite-
ria for the diagnosis of AD.14 Subjects with FTD were collected
under the auspices of the University of California, Los Ange-
les Alzheimer’s Disease Research Center or the Emory Alzhei-
mer’s Disease Research Center and diagnosed according to the
modified Lund-Manchester criteria as described in previous stud-
ies.15 The autopsy confirmation rate in this sample was more
than 90%.16 From the Emory Alzheimer’s Disease Research Cen-
ter, the 39 patients with FTD and 1 patient with AD (age range,
44-83 years; mean age, 65.1 years; median age, 65 years; 84%
white; 13% African American; and 3% Asian–Pacific Islander)
were matched to their own set of 39 control subjects who were
of the same sex and same or similar age. Primary progressive
aphasia (PPA) (n=38) was diagnosed according to the criteria
of Mesulam17,18 and Sobrido et al,19 and pathologic confirma-
tion was not available. Pathologic findings and clinical char-
acteristics of PPA overlap considerably with FTD, although be-
tween one-fifth and one-third may have pathologically proven
AD. Thus, it made sense to consider PPA separately and com-
bined with the 2 other dementia groups.

One of the 2 AD replication samples consisted of multiplex
families with AD (ie, �2 affected siblings; 94% white) diag-
nosed using standard National Institute of Neurological Dis-
orders and Stroke criteria.20 The sample comprised 1439 indi-
viduals from 437 multiplex families in which all affected

individuals had onset at age 50 years or later (n=994 who were
affected, with a mean [SD] age at onset of 72.4 [7.7] years and
an age range of 50-97 years; n=411 who were unaffected; and
n=34 with phenotype unknown). Pedigrees were classified as
late onset (320 families) when all of the sampled affected in-
dividuals had onset at age 65 years or later and as early or mixed
(117 families) otherwise. The clinical diagnosis of AD was con-
firmed in 94% of the approximately 300 autopsied cases.21

The other AD family sample was independently ascer-
tained and consisted of discordant sibling pairs collected un-
der the auspices of the Consortium on Alzheimer’s Genetics
(CAG), a collaborative effort of the Memory Disorders Unit at
Massachusetts General Hospital, the Massachusetts Alzhei-
mer’s Disease Research Center, Northwestern University Fein-
berg School of Medicine, University of California at Los An-
geles, University of California at San Diego, and the University
of Rochester Medical Center.22 The CAG sample included 334
individuals from 150 sibships in which all of the affected in-
dividuals had onset at age 50 years or later (n=154 who were
affected, with a mean [SD] age at onset of 69.9 [8.8] years and
an age range of 50-88 years; and n=180 who were unaffected;
99% white). Most sibships comprised just 1 discordant sib pair,
but in 27 families there were more than 2 siblings available.

SEQUENCING AND SINGLE-NUCLEOTIDE
POLYMORPHISM DETECTION

Using standard procedures, DNA was extracted either from blood
or brain tissue. Polymerase chain reaction (PCR)–amplified frag-
ments of relevant genomic regions were purified and bidirec-
tional sequencing was performed using standard protocols
(Applied Biosystems, Foster City, California; Li-COR Biotech-
nologies, Lincoln, Nebraska). To identify possible disease-
associated variants, all of the 12 exons, surrounding intronic
regions, and 2955 base pairs of the putative promoter of GSK3B
were sequenced in 138 chromosomes (24 patients with FTD,
20 patients with probable AD, and 25 nondemented, mostly
white subjects aged �65 years).23

GENOTYPING

For single-nucleotide polymorphism (SNP) genotyping in the
case-control cohorts, PCR reactions were carried out in 20-µL
volumes and used to differentiate alternative nucleotides of SNPs
by allele-specific PCR. The primers used for sequencing are listed

Table 1. Breakdown of Case-Control Samples With Descriptive Statistics

Characteristic

UCLA Samplea Emory Sampleb Combined UCLA and Emory Samplec

AD
(n = 47)

FTD
(n = 64)

PPA
(n = 38)

Control
(n = 46)

AD
(n = 1)

FTD
(n = 38)

Control
(n = 39)

AD and
FTD

(n = 150)

AD, FTD,
and PPA
(n = 188)

Control
(n = 85)

Age, mean, y 76.3 63.0 68.6 72.8 57.0 65.3 65.0 67.7 67.9 69.4
Race, No. (%)

White 40 (85) 63 (98) 35 (92) 45 (98) 1 (100) 32 (84) 36 (92) 136 (91) 171 (91) 81 (95)
Other 7 (15) 1 (2) 3 (8) 1 (2) 0 6 (16) 3 (8) 14 (9) 17 (8) 4 (5)

Sex, %
Male 16 (34) 34 (53) 18 (47) 22 (48) 1 (100) 23 (61) 22 (56) 74 (49) 92 (49) 44 (52)
Female 31 (66) 30 (47) 20 (53) 24 (52) 0 15 (39) 17 (44) 76 (51) 96 (51) 41 (48)

A allele frequency 13.8 12.5 10.5 5.4 50.0 7.9 2.6 12.0 11.7 4.1
G allele frequency 86.2 87.5 89.5 94.6 50.0 92.1 97.4 88.0 88.3 95.9

Abbreviations: AD, Alzheimer disease; FTD, frontotemporal dementia; PPA, primary progressive aphasia; UCLA, University of California, Los Angeles.
aThere were 149 cases and 46 control subjects.
bThere were 39 cases and 39 control subjects.
cThere were 188 cases and 85 control subjects.
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in eTable 1 (http://www.archneurol.com). Primers used for am-
plification prior to enzyme digestion and those used for allele-
specific PCR are listed in eTable 2. The PCR components in the
50-µL reactions used for restriction enzyme digestion or sequenc-
ing were identical in proportion except that the concentration of
primers was increased to 0.4µM. For the intron 3 SNP, DraI di-
gests were performed in 1� New England Biolabs buffer 4 at 37°C
according to the manufacturer’s instructions. For the second exon
9 SNP, BfuAI was used in 1� New England Biolabs buffer 3 at
50°C according to the manufacturer’s instructions. Products were
electrophoresed on a 2% agarose gel and visualized with ethidium
bromide for analysis.

In the sib-pair cohorts, APOE (GenBank NC_000019.8) was
genotyped using phosphorus 33–labeled restriction fragment
length polymorphism analysis as previously described.20 The
IVS2-68G�A polymorphism in GSK3B was genotyped using
fluorescence-polarization–detected single-base extension fol-
lowing the same protocol as previously described.24 On aver-
age, genotyping efficiency for the GSK3B intron 2 SNP was 97.3%
with no discrepant genotypes based on approximately 10% of
duplicate samples.

STATISTICAL ANALYSIS

Case-Control

Association was tested using a 2�2 table of alleles by disease
categories. Fisher exact test was used to assess the significance
of the allele frequency differences between cases and control
subjects for the 2 identified polymorphisms that occurred in
control subjects at a frequency of 5% or greater. Two-sided P
values are reported. Linkage disequilibrium between the 2 com-
mon SNPs (rare allele �5%) was tested with a 3�3 contin-
gency table association analysis. As several cells had small ex-
pected values, an exact test as programmed in the StatXact
software (Statcon, Witzenhausen, Germany) was used.

Sib Pair

Hardy-Weinberg equilibrium was tested using the Haploview
program (http://www.broad.mit.edu/personal/jcbarret/haploview
/index.php). To test GSK3B IVS2-68G�A for genetic associa-
tion, we used FBAT version 1.5.1 software (Departments of Bio-
statistics and Environmental Health and Program for Population
Genetics, Harvard School of Public Health, Boston, Massachu-
setts), a program for family-based association testing that can
accommodate a variety of different scenarios while not being
susceptible to bias due to population admixture.25 For all analy-
ses, we used the empirical variance function of the program to
account for multiple affected individuals per pedigree, and we
used an equal-weight offset correction to incorporate geno-
types from both affected and unaffected individuals (see the
FBAT Web site, http://www.biostat.harvard.edu/~fbat/default
.html, for more details). Effect sizes were estimated only in strata
found to be associated by conditional logistic regression strati-
fied on family.26

RESULTS

SNP DISCOVERY AND
CASE-CONTROL COHORTS

Thirteen SNPs with minor allele frequency estimates less
than 5% in this initial screen were identified (rare vari-
ants) (Table 2 and Figure), none of which were pre-
viously described. Two SNPs with minor allele frequen-
cies greater than 5% in control subjects (common variants)
were identified. Of these 2 more common SNPs, the one
in the promoter (-1726A�T) had been previously iden-
tified as not associated with AD.27 The other (IVS2-
68G�A), not in linkage disequilibrium with the first, was

Table 2. Allele Frequency of Single-Nucleotide Polymorphisms in GSK3B Among a Cohort of Patients With Alzheimer Disease,
Patients With Frontotemporal Dementia, and Aged Healthy Subjects

Reference
No. SNP

Systematic
Location Namea

Healthy
Subjectsb

Patients
With ADb

Patients
With FTDb

1 −1726A�T (promoter)c g.26310103A�T 14.1 (13/92) 11.7 (11/94) 10.2 (13/128)
2 −251G�T (promoter)c g.26308630G�T �1.1 (0/92) 1.1 (1/94) �0.8 (0/128)
3 IVS2 � 69T�C g.26215970T�C �2.0 (0/50) 6.5 (4/62) �1.0 (0/108)
4d IVS2-68G�A g.26161412G�A 5.4 (5/92) 13.8 (13/94) 12.5 (16/128)
5 IVS3-16A�T g.26137492A�T �1.0 (0/100) 1.9 (2/108) �1.0 (0/104)
6 Exon 4 � 90G�Ae g.26137387G�A �1.1 (0/92) �1.6 (0/62) �0.9 (0/116)
7 IVS4-45G�A g.26130212G�A 2.3 (1/44) �2.4 (0/40) 2.4 (1/42)
8 IVS5 � 55T�C g.26129982T�C �2.2 (0/44) 2.5 (1/40) �2.3 (0/42)
9 IVS7 � 121G�Ae g.26119627G�A �2.4 (0/40) �2.7 (0/36) �2.8 (0/34)

10 IVS8 � 202C�T g.26090204C�T �2.0 (0/50) �2.4 (0/40) 2.5 (1/40)
11 IVS8 � 209T�C g.26090197T�C 2.5 (1/50) 5.0 (2/40) �2.4 (0/40)
12 IVS8 � 227G�A g.26090179G�A �2.0 (0/50) 5.0 (2/40) �2.4 (0/40)
13 IVS8-84T�C g.26080705T�C �2.1 (0/48) �2.4 (0/40) 2.5 (1/40)
14 Exon 10 � 105A�G g.26077494A�G �1.1 (0/92) �1.6 (0/62) 0.9 (1/116)
15 Exon 10 � 162T�C g.26077437T�C 1.1 (1/92) 2.2 (2/92) �0.9 (0/116)

Abbreviations: AD, Alzheimer disease; FTD, frontotemporal dementia; SNP, single-nucleotide polymorphism.
aSystematic location names are given for each SNP based on the genomic sequence of GenBank NT_005612.14 as of March 4, 2004, build 34 (http://www.ncbi

.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=37550867).
bValues are expressed as percentage (number of chromosomes in which the SNP was found over the total number successfully tested). Sample sizes were

expanded after the initial screening for SNPs in the promoter or in exons as well as for intron SNPs with a frequency greater than 5% in healthy subjects.
cThe SNPs in the promoter are numbered with respect to the putative transcription start site (�1).
dP = .03 comparing healthy subjects vs patients with AD and FTD.
eThese SNPs were found only in a spinocerebellar ataxia comparison group.
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located in intron 2, was 68 nucleotides upstream from
exon 3, and had not been previously described. Al-
though this sequence did not correspond to known splice
enhancer sites, it did occur within a region of high ho-
mology with rodent in which 10 of 11 surrounding
nucleotides were conserved.

To assess the association of these 2 SNPs with dis-
ease, subjects were analyzed using a case-control de-
sign. The groups consisted of 47 patients with probable
AD, 64 patients with FTD, 38 patients with PPA, and 46
aged healthy control subjects. Each variant was geno-
typed either by restriction fragment length polymor-
phism analysis when a restriction site was altered or by
allele-specific PCR as described in the “Methods” sec-
tion. Both SNPs were in Hardy-Weinberg equilibrium.
The promoter SNP (A-1726T) showed no significant as-
sociation with disease status and was observed at a fre-
quency of 14.1% in healthy subjects, 11.7% in patients
with AD, 14.5% in patients with PPA, and 10.2% in pa-
tients with FTD, similar to a previous report.27

The IVS2-68G�A A variant frequency for the original
group of 149 total affected subjects (ie, 64 subjects with
FTD, 47 subjects with AD, and 38 subjects with PPA com-
bined) was more than twice the frequency found in the aged
healthy control group (12.4% vs 5.4%, respectively). Thirty-
eight additional patients with FTD, 1 additional patient with
AD, and 39 matched control subjects from another center
(Emory) were added to the cohort to increase the power.
The minor allele frequencies for this SNP in the disease
group were 14.6% for AD (14 of 96 patients), 10.8% for
FTD (22 of 204 patients), 10.5% for PPA (8 of 76 pa-
tients), and 4.1% for the control group (7 of 170 subjects)
(Table 1). Because this polymorphism occurred at a simi-
lar frequency in the disease cohorts, they were combined
to provide greater power to detect an effect when com-
pared with the healthy control subjects. Using a 2-sided
Fisher exact test and considering either the total group or
only the white subjects to avoid differences due to race, a
significant difference between the combined disease and
control groups was observed (P=.004 for all, Bonferroni
corrected P=.008; P=.009 for white subjects only, Bonfer-
roni corrected P=.01) (Table 3). Because there was no
pathologic confirmation for the PPA group, the analysis of
only white subjects was also performed considering only
the FTD and AD cases, which remained significant (P=.007;

Bonferroni corrected P=.01) for allelic and genotypic
(P=.05) association between this SNP and disease status.
Effects size estimates revealed a significant increase in risk
for AD (odds ratio [OR]=5.2; 95% confidence interval [CI],
1.8-15.1; 2-sided Mantel-Haenszel P=.05) and for the FTD
and AD disease groups combined (OR=3.4; 95% CI, 1.3-
8.6; 2-sided Mantel-Haenszel P=.05).

FAMILY-BASED COHORTS

To minimize the possibility of a type I error or error due
to population admixture, we tested this significant as-
sociation in 2 independent family-based cohorts (see
“Methods”). Unfortunately, no similar large, family-
based cohorts of the rarer conditions, FTD or PPA, were
available.

There were no significant deviations from Hardy-
Weinberg equilibrium in either of the family samples
(P� .99 for both samples). Minor allele (ie, A allele) fre-
quencies were 11.1% in the National Institute of Mental
Health (NIMH) (multiplex affected) families and 10.6%
in the CAG (discordant siblings) families. Testing the same
SNP for association in the CAG sample revealed mar-
ginal association in the total sample (P=.06), which was
more pronounced and significant in sibships with at least
1 affected APOE ε4 carrier (P=.04) (Table 4). The as-
sociation observed in the CAG families was based on an
overtransmission of the A allele to affected individuals
in concordance with the case-control study in stage 1.

Table 3. GSK3B IVS2-68G�A Allele Frequencies
in Cases and Control Subjectsa

Participants G Allele A Allele

Healthy 163 (156) 7 (6)
Affected, with AD and FTD 264 (242) 36 (30)
All affected, with AD, FTD, and PPA 332 (306) 44 (36)

Abbreviations: AD, Alzheimer disease; FTD, frontotemporal dementia;
PPA, primary progressive aphasia.

aAlleles for AD, FTD, and PPA were combined as described in the text.
Values are expressed as allele frequencies in total samples (allele frequencies
in white samples only). Affected groups (both excluding and including PPA)
were significantly different from the healthy control subjects at the P � .005
level using a 2-tailed Fisher exact test.
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Figure. Schematic representation of GSK3B showing the location of all single-nucleotide polymorphisms found in this assay. Rectangles indicate exons; straight
lines, introns.
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The frequency of the A allele was 0.10 in the cases vs
0.07 in the unaffected siblings, consistent with the
increase of the A allele in cases relative to the control
subjects observed in the case-control sample. Accord-
ingly, effect size estimates showed a statistically signifi-
cant increase in AD risk for carriers of the A allele vs
G/G carriers (ORAPOE ε4-positive=4.18; 95% CI, 1.14-15.33).
Although the CAG sample is a family-based sample that
controls for potential confounding by population strati-
fication, it represents simplex AD (no first-degree rela-
tives with dementia), which is in contrast with the
NIMH sample that represents multiplex AD (�2
affected siblings). Thus, this finding in the CAG sample
supports the association of the GSK3B IVS2-68G�A
polymorphism with disease status in what are predomi-
nantly sporadic, or simplex, cases of dementia.

To determine whether the GSK3B intron 2 associa-
tion held true for individuals with a stronger family his-
tory, we also examined the multiplex AD family sample
(NIMH). This revealed a significant undertransmission
of the A allele to affected individuals in the unstratified
(total) sample of NIMH families (P=.02) (Table 4), sug-
gesting an effect in the opposite direction of the associa-
tion observed in the CAG and case-control samples.
Stratification by onset age and APOE ε4 allele revealed
that this preferential transmission was most pro-
nounced in families with early or mixed onset ages or at
least 1 affected APOE ε4 carrier (Table 4), similar to the
CAG sample. Effect size estimates using conditional lo-
gistic regression revealed a significant decrease in risk
in carriers of the A/A vs the G/G genotype only in the
former 2 samples (total: OR=0.43; 95% CI, 0.24-0.76;
APOE ε4 positive: OR=0.40; 95% CI, 0.22-0.73). How-
ever, even in this sample with a strong family history of
dementia, the A allele was observed at an increased fre-
quency (8% in cases and 9% in unaffected siblings) rela-
tive to the frequency observed in the aged healthy con-
trol cohort (about 5%).

COMMENT

Here we screened the GSK3B gene for association with
AD, FTD, and PPA based on previous functional evi-

dence from animal models implicating tau kinases as po-
tential susceptibility genes for neurodegenerative de-
mentias involving tau in humans.28 This study suggests
for the first time a significant genetic association of a vari-
ant within GSK3B and 2 dementia phenotypes in sev-
eral different independent populations using both case-
control and family-based methods. These genetic findings
are consistent with the tau pathologic findings observed
in these diseases and the known biological role of GSK3B
as a tau kinase.

To assess genetic variability in different case and con-
trolcohorts,weperformedacomprehensivemutationscreen-
ing by sequencing all known exons, adjacent intronic re-
gions, andabout3kilobasesof theknownpromoter region.
One of 2 SNPs with minor allele frequencies greater than
5% showed a significant association with the neurodegen-
erative disease groups relative to healthy control subjects.
Whereas both family samples showed evidence for signifi-
cant genetic association with IVS2-68G�A, the direction
of the effects was discrepant. The -68A variant was over-
transmitted inbothsamples representing sporadicdisease,
the case-control and CAG cohorts.

This represents an independent observation, or rep-
lication, of the case-control finding involving an a priori
biological hypothesis. This same polymorphism also
showed an association in another family-based cohort,
the large NIMH cohort of sib pairs with AD. The variant
that was slightly overtransmitted in the NIMH cohort was
the more common variant (-68G).

There are several possible explanations for the oppo-
site associations observed with the rare alleles in the 2
sibling-based samples. First, all of the 4 observed asso-
ciations (FTD, AD, CAG, and NIMH) may be spurious.
This is unlikely because we have used several different
samples and observed the increase of the A allele in af-
fected subjects in 3 of the 4 samples. Second and most
likely, the opposite transmission pattern of the minor
allele with respect to disease status may also be due to
linkage disequilibrium with an as-yet unidentified
genetic variant either within the GSK3B gene or nearby.
Future studies should focus on the identification of
linkage disequilibrium blocks within the GSK3B gene in
this and other independent samples so as to further nar-

Table 4. Association Analyses of IVS2-68G�A and Alzheimer Disease in 2 Independent Family Samples

AD Patient Group

NIMH Samplea CAG Sampleb

Informative, No.c Z Scored P Value Informative, No.c Z Scored P Value

Total 41 −2.4 .02 23 1.9 .06
Late onset 23 −1.2 .23 18 1.8 .07
Early or mixed onset 18 −2.3 .02 5 NA NA
APOE ε4/4 positive 18 −1.4 .15 4 NA NA
APOE ε4 positive 38 −2.4 .02 14 2.0 .04
APOE ε4 negative 3 NA NA 7 NA NA

Abbreviations: AD, Alzheimer disease; CAG, Consortium on Alzheimer’s Genetics; NA, not applicable; NIMH, National Institute of Mental Health.
aThere were 437 multiplex families with AD.
bThere were 150 sibships discordant for AD.
cNumber of families informative for the individual test statistics (as determined by FBAT version 1.5.1 software [Departments of Biostatistics and Environmental

Health and Program for Population Genetics, Harvard School of Public Health, Boston, Massachusetts]).
dz Score for minor allele (positive values indicate overtransmission to affected individuals).

(REPRINTED) ARCH NEUROL / VOL 65 (NO. 10), OCT 2008 WWW.ARCHNEUROL.COM
1372

©2008 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 03/07/2022



row the region of functional significance associated
with dementia.

It should also be noted that the case-control and fam-
ily samples were collected using different ascertainment
schemes. The case-control subjects primarily represent
sporadic cases. The NIMH families were ascertained based
on the presence of at least 2 AD cases in first-degree rela-
tives of the same pedigree, whereas the CAG families were
ascertained on the presence of at least 1 sib pair discor-
dant for AD. This could lead to the sampling of geneti-
cally distinct populations, ie, samples that are governed
by different genetic risk factors and risk alleles as we have
recently observed in another complex neuropsychiatric
disorder, autism.29 Similarly, significant associations with
opposite alleles of the same gene across different samples
have been reported with several other AD candidate genes
in the past.30,31 It is noteworthy in this context, how-
ever, that in both of the family-based samples analyzed
here, possession of the APOE ε4 allele and ε4/4 geno-
type leads to an increase in AD risk.22 In this regard, the
fact that APOE has been shown to induce GSK3B in vitro
is interesting and suggests that potential biochemical in-
teractions between APOE and GSK3B are worth further
investigation.32

This is the first gene related to tau phosphorylation
that has been identified as a potential genetic risk factor
for AD or FTD, consistent with the concept that path-
ways related to tau phosphorylation are important thera-
peutic targets to consider in these diseases. The role of
GSK3B as a tau kinase and the association of other tau
kinase pathways with neurodegeneration in cell and ani-
mal models suggest that these other genes involved in
tau phosphorylation and dephosphorylation, such as
CDK5 and PIN1 (GenBank NC_000019.8), may also pro-
vide appealing targets for drug discovery.7,28 It is plau-
sible that the mechanisms by which GSK3B variants could
increase the risk for neurodegeneration are not limited
to tau phosphorylation.11 Whatever ultimate mecha-
nisms are involved downstream of GSK3B, specific in-
hibitors of GSK function are increasingly attractive phar-
macologic interventions in AD and related dementias, an
approach supported by the suggested genetic role un-
covered in this study.
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