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Abstract

Alzheimer’s Disease (AD) is a complex and multifactorial disease. While large genome-wide association studies have had
some success in identifying novel genetic risk factors for AD, case-control studies are less likely to uncover genetic factors
that influence progression of disease. An alternative approach to identifying genetic risk for AD is the use of quantitative
traits or endophenotypes. The use of endophenotypes has proven to be an effective strategy, implicating genetic risk
factors in several diseases, including anemia, osteoporosis and heart disease. In this study we identify a genetic factor
associated with the rate of decline in AD patients and present a methodology for identification of other such factors. We
have used an established biomarker for AD, cerebrospinal fluid (CSF) tau phosphorylated at threonine 181 (ptau;g;) levels as
an endophenotype for AD, identifying a SNP, rs1868402, in the gene encoding the regulatory sub-unit of protein
phosphatase B, associated with CSF ptau,g; levels in two independent CSF series (Peompined=1.17x107%). We show no
association of rs1868402 with risk for AD or age at onset, but detected a very significant association with rate of progression
of disease that is consistent in two independent series (Pwmb,-,,ed =1.71 x 10*05). Our analyses suggest that genetic variants
associated with CSF ptau,g; levels may have a greater impact on rate of progression, while genetic variants such as APOE4,
that are associated with CSF A, levels influence risk and onset but not the rate of progression. Our results also suggest
that drugs that inhibit or decrease tau phosphorylation may slow cognitive decline in individuals with very mild dementia or
delay the appearance of memory problems in elderly individuals with low CSF A4, levels. Finally, we believe genome-wide
association studies of CSF tau/ptau;g; levels should identify novel genetic variants which will likely influence rate of
progression of AD.
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Introduction

Genetic studies have helped to further our understanding of the
pathogenic mechanism of several diseases, including AD. To date
only the €4 allele of apolipoprotein E (APOE4), present in 50% of
late onset AD (LOAD) cases, has been convincingly demonstrated
to influence risk for LOAD. The traditional method for searching
for genetic risk factors involves the comparison of genes in AD
cases and non-demented elderly controls. AD is a complex and
multifactorial disease, and as a result very large datasets have been
necessary to identify these genetic risk factors [1-2]. An alternative
to the standard case-control study design is to use quantitative
traits or endophenotypes. Quantitative traits have been used
to successfully identify new genetic factors implicated in anemia
[3-6], osteoporosis [7] and heart disease [8-11]. The advantages
of quantitative traits are that they provide higher power than
regular case-control analyses, a biological model of disease and the
possible effects of the associated genetic variation and may
decrease the clinical heterogeneity of the samples. This is likely to
be true for Alzheimer’s Disease (AD) because up to 30% of
individuals in screened elderly non-demented control samples
show evidence of AD pathology at autopsy [12], and a similar
number have biomarker profiles consistent with preclinical AD
[13-15], thus reducing the power of a case-control design.

Both AP and tau protein play an important role in AD, are
detectable in cerebrospinal fluid (CSF) in all individuals, and have
been used as biomarkers for diagnosis [16-18]. Patients with AD
show lower CSF ABys levels [19] that inversely correlate with the
presence of fibrillar AP in the brain (as measured by Pittsburgh
Compound B (PET-PIB) retention) in demented individuals [14]
and plaque counts in brain samples [20]. Several studies suggest
that PET-PIB retention and CSF A4y levels could help to identify
individuals with AD pathology before the onset of clinically
detectable disease (preclinical AD) [14,21]. The CSF levels of total
tau and tau phosphorylated at threonine 181 (ptau;g;) are
increased in AD [12,14]. Elevated CSF tau levels are associated
with neuronal damage and are also observed in stroke [22] and
traumatic brain injury immediately after injury [23], however
increases in GSF ptau;g; levels appear to be specific to AD
[24-26]. In several previous studies we have successfully applied
this endophenotype-based approach, leveraging the information
from both CSF AP and tau to identify genetic polymorphisms
implicated in AD risk [27-29].

Tau activity depends on its state of phosphorylation [30], which
is regulated by several kinases, phosphatases and other tau-related
proteins [31]. Hyperphosphorylation of tau destabilizes the
microtubule network, leading to impaired axonal transport and
ultimately to neurofibrillary tangle formation and neuronal death
(For review see [32]). In the present study we have evaluated 355
single nucleotide polymorphisms (SNPs) in 34 genes involved in
tau modification or metabolism for association with CSF levels of
ptau;g;, then determined the effects of those variants on AD risk,
onset and rate of progression.

Results

Association with CSF ptau,g; levels: Initial screening
Based on bibliographic data we selected 384 SNPs localized in
34 genes related to tau metabolism (tau kinases, phosphatases, tau
O-glcNAcylation or tau degradation (Table S1). 355 SNPs passed
quality control (Hardy-Weinberg equilibrium and call rate
>95%). Association of SNPs with CSF ptau;g; levels was
evaluated by ANCOVA in 353 CSF samples from the Washington
University Alzheimer Disease Research Center (WU-ADRC-CSF)
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(Tables 1 and 2). Clinical Dementia Rating (CDR), age and APOE
&4 genotype were included as covariates in the analyses. Eighteen
SNPs, located in 7 different genes showed significant association
with CSF ptaug; levels in the WU-ADRC-CSF series after
multiple test correction (Table 3). The SNP with the most
significant p-value, rs1868402, is located in intron 5 of the
regulatory subunit of the protein phosphatase B gene, also known
as calcineurin B (PPP3RI; MIM#: 601302). The association of
rs1868402 with CSF ptau,g; levels showed the best fit in the
dominant model, with minor alleles carriers showing significantly
higher CSF ptau,g; levels (P=5.90x10~%, Figure 1A and Figure
S1). All subsequent analyses for rs1868402 used the dominant
model. Six other SNPs in PPP3RI, which are in high linkage
disequilibrium (LD) with rs1868402 (Figure S2, and Table S2),
also showed association with CSF ptau;g;. Based on the linkage
disequilibrium (LD) in PPP3RI, we selected rs1868402 and
rs6546366 for replication. The remaining eleven SNPs that were
significant after multiple test correction were also selected for
replication (Table 3).

Association with CSF ptau,g; levels: Replication in an
independent CSF series and combined analyses

In a replication series of 493 independent CSF samples from
ADNI (ADNI-CSF) and University of Washington (UW) (Tables 1
and 2) only the SNP located in calcineurin B, rs1868402,
replicated and passed the FDR filter (P=0.005 ptau,g;, Table 3,
Figure S1). In this series rs1868402 also showed the best fit in the
dominant model and minor allele carriers have higher CSF
ptau;g; levels. In the replication CSF series, rs6546366 (PPP3RI),
showed no association with CSF ptau,g; levels (Table 3). The lack
of association of rs6546366 with CSF ptauig; levels is probably
due to a lower level of LD with rs1868402 in the replication series
(r?=0.65) compared with the LD between these two SNPs in the
WU-ADRC-CSF series (r*=0.80). This result indicates that
rs1868402, or another unknown variant in LD with rs1868402,
is the variant that drives the association with CSF ptau,g; levels.

We also performed a combined analysis by combining the
residuals for CSF ptau,g; after correcting for the covariates (see
Materials and Methods). In this analysis we did not included site or
platform as a covariate because there were no significant
differences between datasets and/or platform for the ptau;g
residuals. Inclusion of site/platform as a covariate did not
significantly change the p-value. In the combined data,
rs1868402 showed the most significant association with CSF
ptauyg, levels (combined analysis P=1.71 x 10~%), with a p-
value that was significant after Bonferroni correction for the entire
study (o; 0.05/384=1.30 x 10~%). Minor allele carriers have a
2.4 fold increased risk of being in the highest quartile of the CSF
ptauyg; distribution compared to the lowest quartile (odds
ratio=2.37, 95% confidence interval 1.59-3.54). None of the
other SNPs were significant after Bonferroni correction (Table 3).

Association with CSF ptau,g; levels: Context-dependent
effects

It has been demonstrated in our longitudinal data and that of
others that the increase in CSF tau and ptau, g levels seen in mild AD
is preceded by decreases in CSF APy levels [14,21]. This likely
reflects deposition of AP in the brain [14]. Individuals with CSF Ao
levels less than 500 pg/ml in the WU-ADRC-CSF, and less than
192 pg/ml in the ADNI-CSF series, have evidence of AP deposition
in the brain, as detected by PET-PIB [14,21]. We used these CSF
AB4o thresholds to stratify the WU-ADRC-CSF and ADNI-CSF
samples into individuals with low or high CSF APy, levels (with and
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Author Summary

Alzheimer’s disease (AD) is the most common neurode-
generative disease affecting more than 4.5 million people
in the US. Genetic studies of AD have previously identified
pathogenic mutations in three genes (APP, PSENT and
PSEN2) and polymorphisms in APOE as risk factors. These
findings have led to a better understanding of the
underlying disease mechanisms. However, half of all AD
cases have no known genetic risk factors for disease. Most
studies are designed to identify variants associated with
risk or age at onset, but rarely cover other important facets
of AD, such as disease progression or duration. In this
study we have used an established AD biomarker
(cerebrospinal fluid tau phosphorylated at threonine 181,
ptaug;) to find genetic variants that influence levels of
ptau;g; in the cerebrospinal fluid. This novel and powerful
approach has allowed us to identify a genetic factor
located in the regulatory subunit of the calcineurin that is
also strongly associated with rate of progression of AD.
This study is important because it defines a strategy to find
novel genetic factors influencing different facets of AD
pathobiology including risk, onset and progression.

without likely AB deposition in the brain). The difference in CSF
APy4o threshold levels between the WU-ADRC-CSF and ADNI-CSF
series is due to different antibodies and procedures used to measure
the CSF levels (see Materials and Methods). The data necessary to
examine the correlation between the CSF A, levels and PET-PIB
signal is not available in the UW CSF series and therefore this dataset
could not be included in this analysis. In these analyses we calculated
the p-value and the Odds ratios for rs1868402 with CSF ptau;g;
levels by comparing the frequency of this SNP in the lowest versus the
highest quartile of the CSF ptau,g; levels after correcting for the
covariates. When we stratified the WU-ADRC-CSF and ADNI-CSF
series by CSF AP4o levels, we observed very significant associa-
ton for rs1868402 with CSF ptaujg; in the low AP,y stratum
(combined analysis P=1.13 x 10~*, Odds Ratio 3.48; 95% con-
fidence interval 1.8-6.7) and a nominally significant association in the

Rs1868402 Is Associated with CSF ptau Levels

high AP, stratum (combined analysis P=0.023; Odds Ratio 2.54;
95% confidence interval 1.0-6.75, Table 4). Both the high and low
APy level strata have sufficient power to detect the association
between rs1868402 with CSF ptau;g; levels (high AByo 0.985; low
AB49=0.975; o= 0.05). The nominally significant p-value in the high
AR stratum may indicate a moderate effect on CSF ptau;g; levels in
healthy individuals, but it is clear that when AD pathology is present
the effect of this SNP is more marked.

Rs1868402 explains 4.62% of the variability in CSF ptau,g;
levels in individuals with low CSF AP, levels in the WU-ADRC-
CSF+ADNI-CSF  samples, which is similar to the variability
explained by other SNPs and endophenotypes [3-11]. It is
important to note that in the low CSF AP,y group there are
individuals diagnosed with DAT (CDR>0, n=183, 58%) and
non-demented individuals (CDR =0, n =134, 42%) with possible
AP deposition in the brain and brain atrophy (presymptomatic
AD) [12]. In the high ABy,s stratum 80% of the samples (n = 242)
had a CDR =0.

Implication of SNPs associated with CSF ptau,g; levels in
AD: Association with rate of progression of AD but not

risk for AD or age at onset

The premise of this endophenotype-based approach is that a
SNP, such as rs1868402 that shows strong, replicable association
with an important AD biomarker should also modulate risk, onset
and/or progression of AD. We tested whether rs1868402
influences risk for AD, age at onset and disease progression. We
found no association between rs1868402 and risk for AD (P=0.10,
Table 5) or age at onset (P=0.19 Figure 2) in 1106 cases and 1216
controls of European descent.

To examine disease progression we used two longitudinal
datasets: 109 subjects from WU-ADRC-CSF (399 observations)
and 150 subjects from ADNI-CSF (620 observations). Association
with rate of progression was evaluated by comparing the change in
sum of boxes of the CDR (SB-CDR) per year (slope) by genotype
including age at the first visit, gender, APOE genotype and initial
CDR as covariates. CSF ptau;g; and Ao levels were also included
in the model to correct for the potential association between these
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Table 1. Summary of sample characteristics.
Age (yrs) APOE
Sample n Mean = SD (range) Male (%) € 4+ (%) CDR

WU-ADRC-CSF CSF/Progression 353 6811 (45-94) 39 40 0=72%: >0.5=18%
ADNI-CSF CSF/Progression 236 75+6 (56-91) 56 47 0=40%: >0.5=60%
uw CSF 257 69+8 (55-88) 50 50 0=>52%: >0.5=48%
Brain Samples cases 82 86*7 (72-102) 45 41 >0.5=100%

controls 39 85+9 (64-107) 41 23 0=100%
WU-ADRC-CC cases 340 83+7 (69-101) 35 56 >0.5=100%

control 281 78+8 (60-102) 39 21 0=100%
ADNI-CC cases 100 71%8 (52-91) 55 65 >0.5=100%

control 123 77+5 (61-92) 53 26 0=100%
MRC cases 666 76+7 (60-97) 27 61 >0.5=100%

control 812 76*6 (61-97) 37 23 0=100%
Sample size (n), age, percentage of males, percentage of APOE4 allele carriers, and clinical dementia rating (CDR) for each sample. For the cases age at onset is shown
and for controls the age at last assessment.
Washington University Alzheimer’s Disease Research Center (ADRC), Alzheimer’s Disease Neuroimaging Initiative (ADNI) and for the University of Washington, Seattle
(UW). Cerebrospinal Fluid (CSF). Case-control (CC).
doi:10.1371/journal.pgen.1001101.t001
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Table 2. Summary of biomarker characteristics.

ADRC ADNI uw
AB,,  564%244 (175-1295) 170%56 (53-300) 13140 (61-231)
Tau 376241 (88-1358)  98+56 (28-495) 72+51 (9-281)

ptau,g, 63+32 (24-241) 18+8 (8-115) 63+34 (14-281)

CSF AB,4,, tau and ptau,g, levels for the Washington University Alzheimer's
Disease Reseach Center (ADRC), Alzheimer’s Disease Neuroimaging Initiative
(ADNI) and for the University of Washington, Seattle (UW). For each phenotype
the mean in pg/ml with the standard deviation and range is shown.
doi:10.1371/journal.pgen.1001101.t002

phenotypes with progression [33]. Because the association of
rs1868402 with CSF ptau;g; was mainly in individuals with low
CSF A4y levels, association with progression was analyzed in
individuals with low CSF A, levels (less than 500 pg/ml in the
WU-ADRC-CSF, and less than 192 pg/ml in the ADNI-CSF
series), and an initial CDR of 0 or 0.5. Individuals with CDR 0 and
0.5 were selected to maximize the amount of information on
progression per individual and to avoid possible ceiling effects from
individuals who began the study with advanced levels of dementia.

Carriers of the rs1868402 allele associated with higher CSF
ptau;g; levels showed an increase of 0.58 SB-CDR per year, which
is six-fold faster than the rate seen in individuals homozygous for
the allele associated with low CSF ptaug;, levels (P=0.0026;
Table 6, Figure 3A and Figure S3), and almost two times faster
than the average change for the entire series (SB-CDR per year for
the entire series 0.31). The association of rs1868402 with
progression replicated in the ADNI-CSF series (P=0.014) with a
Prombined = 1.96x107%. In addition, we also used the ADNI
samples with no CSF data (ADNI-CC, Table 6) to replicate the
association with rate of progression in an independent sample. In
this dataset rs1868402 also showed a significant association with
rate of progression (£=0.018, Table 6) and in the same direction
as in the previous analyses.

Rs1868402 Is Associated with CSF ptau Levels

We tested whether rs1868402 interacts with rs3785883, a SNP
located in MAPT, which is also associated with CSF ptau,g; levels
[27]. Rs3785883 also showed a p-value for association with CSF
ptaug; levels of 0.008 in the combined series of this study.We
found significant epistasis between these SNPs. Individuals
carrying alleles associated with higher CSF ptaujg; for
rs1868402 and rs3785883 showed an increase of 1.02 SB-CDR
per year on average, whereas those carrying the alleles associated
with lower CSF ptau;g; at each SNP showed essentially no change
in the SB-CDR per year (combined analyses P=1.43 x 10~%;
Figure 3B; Table 6). The interaction between rs1868402 and
rs3785883 also replicated in the ADNI-CSF and ADNI-CC series
(Table 6).

Gene expression

Since rs1868402 is located in a region that encodes a tau
phosphatase, we tested next whether the SNP is associated with
PPP3R1 mRNA levels and tau pathology in brain. We extracted
total RNA from the parietal lobe of 82 AD cases and 39 non-
demented elderly individuals. The allele of rs1868402, associated
with higher CSF ptau,g; levels, showed significantly lower PPP3R]
mRNA levels (P=0.010; Figure 1B), and higher tangle pathology
as measured by Braak stage (P=0.005; Figure 1C) in brain
samples with A pathology, but not in neuropathologically normal
samples. We also found that there was a correlation between
PPP3R1 mRNA levels and Braak stage in these samples (P=0.018;
Figure 1D). Rs12713636, in LD with rs1868402 (D'=1,
R?=0.75) also shows association with PPP3RI mRNA levels and
in the same direction in the publicly available GEO GSE8919 [34]
dataset (P=0.015).

Discussion

In the present study we have used a novel and powerful
endophenotype-based approach to identify a novel genetic factor
mmplicated in AD. Most genetic studies in AD have focused on
identifying genetic factors that modulate risk or age at onset of

Table 3. SNPs associated with CSF ptau;g; levels in the initial series, the replication series and the combined dataset.

gene rs MAF WU-ADRC-CSF Replication series Combined Series
FDR FDR

uncorrected p-value uncorrected p-value uncorrected effect®
PPP3R1 rs1868402* 0.37 5.90x10 %* 0.025 0.005 0.034 1.17x10° %" —0.30 (0.06)
PPP3R1 156546366" 0.35 0.004 0.030 0.271 0.476 0.003 —0.24(0.08)
F2 rs2070852% 0.32 0.008 0.041 0.690 0.523 0.114 —0.14 (0.08)
FYN rs927010° 0.26 5.92x10 %4 0.025 0.425 0.476 0.081 —0.26 (0.17)
FYN rs7768046 0.39 0.004 0.030 0.465 0.476 0.107 —0.08 (0.06)
GSK3f 153755557 0.12 0.004 0.030 0.442 0.476 0.794 0.06 (0.30)
GSK3f rs7431209% 0.24 0.005 0.030 0.946 0.587 0.590 0.03 (0.08)
MAPT 157210728 0.36 0.005 0.041 0.529 0.476 0.110 0.11 (0.08)
MGEA5 rs2305192° 0.30 0.008 0.041 0.795 0.542 0.046 —0.31 (0.14)
PRKCA rs7218425 0.21 0.005 0.030 0.358 0.476 0.218 0.07 (0.07)

ADominant model.
BRecessive model.

doi:10.1371/journal.pgen.1001101.t003
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NPs that passed FDR correction in the WU-ADRC-CSF series were followed up in a replication series composed of CSF samples from ADNI-CSF and UW. Both series (WU-
ADRC-CSF and Replication) were combined to increase the statistical power. In the WU-ADRC-CSF and replication series; p-values in bold denote values that are
significant after FDR correction. In the Combined Series we applied Bonferroni correction. Threshold for Bonferroni correction is 1.3x107 %%,

For each SNP the rs number and P values for association with ptau,g; before and after FDR correction are shown.

Ceffects and the standard error of the mean are given in units of standard deviation.
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Figure 1. Rs1868402 is associated with CSF ptau,g, levels, PPP3R7 mRNA expression levels and tangle counts. A. Association of
rs1868402 with CSF ptaug; levels (WU-ADRC-CSF n=353) was tested by an Analyses of Covariance (ANCOVA) including CDR, age and APOE
genotype as covariates. B: Minor allele carriers of rs1868402 have significantly lower PPP3RT mRNA levels in individuals with AD pathology (n=82). C:
Minor allele carriers of rs1868402 have significantly higher numbers of tangles (n=82). D: PPP3RT mRNA expression correlates with tangle counts in
individuals with AD pathological changes (n=82). The p-value is for the correlation between mRNA levels and genotypes.
doi:10.1371/journal.pgen.1001101.g001

Table 4. Rs 1868402 is associated with CSF ptau,g; levels in individuals with Ap deposition.

Gene Rs # stratum n ptau;gq Effect® OR (95%)

PPP3R1 rs1868402* Total sample 589 2.62x10 °° —0.34 (0.08) 2.78 (1.73-4.54)
Low AB levels 300 1.13x10°%* —0.47 (0.12) 3.48 (1.80-6.75)
High AB levels 289 0.023 —0.18 (0.10) 2.54 (1.00-5.75)

The p-value and the OR for rs1868402 were calculated by comparing the rs1868402 allele frequency in the lowest quartile vs the highest quartile of CSF ptau,g, levels,
after correction for covariates in the WU-ADRC-CSF (n =353)+ADNI-CSF (n = 266) samples. CSF Samples from the UW could not be included in this analysis because there
is no study analyzing the correlation between the CSF APy, levels and PET-PIB signal in this dataset, and therefore the threshold of CSF AP, levels for PIB positivity is
unknown. OR (95%) = Odds ratio with the 95% confidence interval: Odds ratios were calculated comparing the highest vs lowest quartile of CSF ptau,g; levels. Samples
were stratified based on CSF A, levels as an approximation of Ap deposition. For the ADRC samples individuals with AP, levels less than 500 pg/ml were considered
positive for Ap deposition and for ADNI samples the AB,, cutoff value of 192 pg/ml was used.

Values in boldface indicate significant p-values.

ADominant model.

Beffects and the standard error of the mean are given in units of standard deviation.

doi:10.1371/journal.pgen.1001101.t004
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Table 5. Rs1868402 is not associated with risk for AD.

Rs1868402 Is Associated with CSF ptau Levels

MAF
Series Cases Controls Minor Allele Cases Controls p-value
rs1868402 MRC 666 812 C 0.512 0.471 0.06
WU ADRC-CC 340 281 C 0.497 0.470 0.25
ADNI-CC 100 123 C 0.505 0.446 0.11
Total 1106 1216 C 0.504 0.467 0.10

covariates.
doi:10.1371/journal.pgen.1001101.t005

disease [1-2]. The genetic factors influence other important facets
of AD, such as rate of progression or disease duration remain
poorly understood. Here we report that the minor allele of
rs1868402 shows significant, replicable association with higher
CSF ptau;g; levels and faster rate of progression of AD. We failed
to detect evidence for association with risk for disease or age at
onset. This is consistent with the known pathobiology of AD, in
which AP aggregation and deposition is an early preclinical event,
followed by increased CSF tau and ptaujg; levels and tau
pathology during the clinical phase of the disease. Under this
model, factors that affect tau phosphorylation and aggregation
may be expected to modify disease progression but not risk for
disease, while genes that influence AP aggregation, such as APOE4
[35], would be expected to influence CSF A, levels and risk/age
at onset of disease but not CSF tau/ptaug; levels or rate of
progression of disease. Table 7 illustrates that this is the case in our
data. Genetic analyses of CSF A4y and tau variation therefore
allow identification of genetic factors that influence different
components of the disease process.

Our results suggest that rs1868402, or another variant in LD
with it, may reduce calcineurin expression/activity leading to an
increase in tau phosphorylation increasing tau pathology and
neurodegeneration in individuals with A deposition. The
resulting increase in tau-related pathology would then increase
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Figure 2. Survival curves comparing age at onset of LOAD
between the different genotypes of rs1868402. Survival fractions
were calculated using the Kaplan-Meier method and significant
differences were calculated by Log-rank test. Association with age at
onset was calculated in a combined series with samples from WU-
ADRC-CC, ADNI-CC and MRC.

doi:10.1371/journal.pgen.1001101.9g002
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rs1868402 was genotyped in the MRC, WU-ADRC-CC and ADNI-CC series. Number of cases and controls, minor allele and minor allele frequency (MAF) for each series
and for the combined series are showed. P-value for the dominant (rs1868402) model were calculated by logistic regression including APOE, age, gender and series as

the rate of progression of AD. Several studies provide support for a
role of calcineurin in AD pathogenesis. Inhibition of calcineurin in
mouse brains by cyclosporin A or FK506 or rat brain by antisense
oligonucleotides led to enhanced tau phosphorylation [36-38]. In
mice the increase in tau phosphorylation was accompanied by
impaired spatial memory, a characteristic feature of AD [36].
Finally, in AD patients, calcineurin activity is decreased and
correlates with neuropathologic changes [39].

Our analyses suggest that genetic variants associated with CSF
AB4o levels also influence risk and age at onset (e.g. APOE) but
variants associated with CSF ptau,g; levels have a greater impact
on rate of progression (Table 7). Genome-wide association studies
of CSF tau/ptau;g; levels should identify novel genetic variants
which will likely influence rate of progression of AD. Variants that
influence disease progression may have significant clinical benefit.
For example, these variants have the potential to predict more
accurately the time from diagnosis to functional impairment that
may require nursing home placement. Stratification of samples by
such SNPs will enable cheaper and more efficient clinical trials by
selecting individuals expected to have faster rates of progression.
By targeting different facets of AD biology this approach can
identify a broader range of potential therapeutic targets than a
conventional case-control design. Drugs that inhibit or decrease
tau phosphorylation would be expected to decrease cognitive
decline in individuals with very mild dementia or delay the
appearance of memory problems in elderly individuals with low
CSF APy levels. Finally, we believe that this approach is
applicable to other common neurological and psychiatric
disorders, where biomarkers of disease have been identified, and
underlines the value and importance of finding such markers in
other diseases.

Materials and Methods

Subjects and endophenotypes

The cerebrospinal fluid discovery series includes 353 individuals
enrolled in longitudinal studies at the WU-ADRC. CSF collection
and A4, tau and ptaujg; measurements were performed as
described previously [14]. Table 1 shows the demographic data for
the CSF series and Table 2 shows a description of the CSF
biomarker in each dataset. The CSF replication series consists of
236 individuals from the ADNI dataset and 257 individuals from
the University of Washington (UW, Seattle). All CSF samples were
from individuals of European descent. Written consent was
obtained from all participants. While there are differences in the
absolute levels of the biomarker measurements between the two
studies that likely reflect differences in the methods used for
quantification (regular ELISA vs Luminex), ascertainment, and/or
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Table 6. Association with rate of disease progression.

Rs1868402 Is Associated with CSF ptau Levels

ADNI samples

WU-ADRC-CSF ADNI-CSF Combined CSF series No CSF
rs1868402 0.0026 0.014 1.71x107% 0.0187
rs1868402*rs3785883 4,00x10”% 0.010 143x10°% 0.0123

controlling for age, sex, APOE, CDR and/or CSF ptau;g; and Aa,a.
doi:10.1371/journal.pgen.1001101.t006

in handling of the CSF after collection, CSF ptau;g; levels in the
WU-ADRC-CSF, ADNI-CSF, and UW samples show similar
characteristics. CSF ptau,g; levels show a 10-17 fold difference
between individuals in each dataset, are normally distributed after
log-log transformation, and have similar covariates in each dataset
(see statistical analyses).

Risk for disease and age at onset analyses were analyzed in a
total of 1106 late-onset AD (LOAD) cases and 1216 age-gender-
ethnicity matched non-demented controls (Table 5). These
samples were ascertained at the WU-ADRC, MRC genetic
resource for late-onset AD (UK, MRC Sample [40]), and ADNIL
Cases received a diagnosis of dementia of the Alzheimer’s type
(DAT), using criteria equivalent to the National Institute of
Neurological and Communication Disorders and Stroke-Alzhei-
mer’s Disease and Related Disorders Association for probable AD
[41-42]. All individuals were of European descent and written
consent was obtained from all participants.

Association of rate of progression of dementia with genetic
variants was tested in two longitudinal series from the WU-ADRC
and ADNI. The WU-ADRC-CSF series includes 109 individuals

with clinical data from at least two time points starting with a

>

B
Rs1868402 p=0.0026

Rs3785883 p=0.057

Rs1868402 is associated with progression rate and shows epistasis with rs3785883, which is also associated with CSF tau levels [27].
Rate of progression were analyzed by the change of the Clinical Dementia Rating sum of boxes (CDR-SB) score per year in individuals with low CSF A, levels
(ADRC<500pg/ml; ADNI<192pg/ml) and in samples with no CSF data. Association of SNPs with progression was calculated with mixed linear models (proc mixed) after

CDR of 0 or 0.5 in the first interview, and a diagnosis of DAT
(dementia Alzheimer Type) at the last visit. There are an average
of 3.8 observations per individual, which varies from 2 to 14 with
an average follow up time of 3.2 years. The second series with
longitudinal data is the ADNI series: 459 individuals (236 with
CSF data and another 223 with no CSF data) have had a clinical
examination at least two time points with an average of 4.1
observations per individual, which varies between two and six
observations, however the average follow up time is only 1.9 years.
To study the association with progression rate in the CSF samples
we analyze only the 150 samples with low (<192pg/ml) CSF
APy, as explained in the Statistical Analyses section.

SNP selection and genotyping

Based on bibliographic data, we selected 384 SNPs in the most
relevant tau kinases, phosphatases, and in other genes implicated
in other posttranslational modifications of tau, or tau degradation
[45-47] (Table S1). Tagging SNPs (r*>0.8), based on CEU-
HapMap data, were selected for each of these genes. We used
Pupasuite software [48] to select potentially functional variants in
the selected genes and flanking regions. SNPs were genotyped

C
Rs1868402*rs3785883 p=4.00%10%
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Figure 3. Genetic variants associated with CSF ptau, s, levels are also associated with rate of progression of AD. Rate of progression is
defined as the change in the Clinical Dementia Rating sum of boxes (SB-CDR) score per year. Association of SNPs with progression was calculated
using a mixed linear model (PROC MIXED) after controlling for age, sex, APOE, initial CDR, CSF ptau,g; and APy, levels. A. Minor allele carriers of
rs1868402, are associated with higher CSF ptausg; levels, and show a 6 fold faster progression than homozygotes for the major allele (CDR-SB/year:
0.58 vs 0.09; p=0.0026) in individuals from the WU-ADRC-CSF with low CSF AB,, levels (<500pg/ml). For this SNP the dominant model was used
because it showed the best fit in all the analyses. B. rs3785883 genotypes do not have significantly different progression rates P=0.057. The
genotype frequency distribution for rs3785883 with disease progression is most likely not significant due to the low statistical power. AA carriers
show a CDR-SB of 1.01, AG of 0.47 and GG 0.26 (p =0.057). The additive model was used because it showed the best fit. C. Rs1868402 and rs3785883
show an epistatic interaction. Carriers of the alleles associated with higher CSF ptau,g; levels (CT+CC for rs1868402 and AA for 3785883) showed a
CDR-SB/year of 1.02 vs —0.006 for carriers of alleles associated with lowest CSF ptau,g; levels. LP indicates lumbar puncture.
doi:10.1371/journal.pgen.1001101.g003
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progression.

Rs1868402 Is Associated with CSF ptau Levels

Table 7. Variants that modify CSF APy, levels affect risk for AD, whereas variants associated with CSF ptau,g; levels affect rate of

Association with CSF ptau,g* CSF Apso* Risk** age at onset** Progression***
rs1868402 1.17 x10 ™ °%* 0.53 031 0.47 1.31x10 %%
APOE4 0.018 3.9x10° % 3.9x10°4° 4.0x1077 0.136

*Sample size = 846; WU-ADRC-CSF+ADNI-CSF+UW.

**Sample size =2322 MRC+WU ADRC-CC+ADNI-CC.

***Sample size =259; WU-ADRC-CSF+ADNI-CSF with low CSF A, levels.
Significant p-values are in bold.

doi:10.1371/journal.pgen.1001101.t007

using the Illumina Golden Gate, Sequenom and/or Tagman
genotyping technologies. Only SNPs with a genotyping call rate
higher than 95% and in Hardy-Weinberg equilibrium were used
in the analyses.

Gene expression

Expression studies were carried out using cDNA obtained from
the parietal lobe of 82 AD cases and 39 non-demented individuals
(CDR =0) obtained through the WU-ADRC Neuropathology
Clore (Brain samples; Table 1). AD changes were measured using
Braak and Braak staging [43]. All AD cases had a Braak and
Braak score of 5 or 6. Among the non-demented individuals 24
brains had a Braak and Braak score ranging from 1-4 indicating
the presence of some tangle pathology.

Total RNA was extracted from the parietal lobe of 82 AD cases
and 39 non-demented individuals, using the RNeasy mini kit
(Qiagen) following the manufacturer’s protocol. c¢cDNAs were
prepared from the total RNA, using the High-Capacity cDNA
Archive kit (ABI). Gene expression was analyzed by real-time PCR,
using an ABI-7500 real-time PCR system. Real-time PCR assays
were used to quantify PPP3RI cDNA levels. Tagman assays for
GAPDH (sequences available on request) PPPSRI (ABL: C_
12044272_10) and cyclophilin A (ABI: 4326316E) were used to
quantify the gene expression levels. Each real-time PCR run included
within-plate duplicates and each experiment was performed, at least
twice for each sample. Real-time data were analyzed using the
comparative Ct method. The Ct values of each sample were
normalized with the Ct value for the housekeeping genes, GADPH
and cyclophilin, and were corrected for the PCR efficiency of each
assay [44], although the efliciency of all reactions was close to 100%.
Only samples with a standard error of <0.15% were analyzed.

Statistical analyses

CSF ptau;g; values were log-log transformed to approximate a
normal distribution. Analysis of the covariance (ANCOVA) was used
to test for association between genotypes and CSF ptau, g levels. In
order to identify the covariates that affect CSF ptau,g; levels, we
performed a stepwise discriminant analysis including CDR, age,
gender and APOE genotype. CDR, age, and APOE genotype were
identified as significant covariates in the WU-ADRC-CSF series and,
CDR and APOE genotype in the replication series (this series has a
narrower age range than the WU-ADRC-CSF series). These
covariates were included in the respective ANCOVA. Each SNP
was tested using an additive model with minor allele homozygotes
coded as 0, heterozygotes coded as 1, and major allele homozygotes
coded as 2. When the additive model was significant after multiple
test correction, dominant and recessive models were tested to
determine whether the y were a better fit. Because the CSF ptau,g;
levels in the WU-ADRC-CSF, ADNI-CSF and UW samples were
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P-values for the association of rs1868402 (PPP3R1) and APOE4 with CSF AB,, and ptau,g; levels, risk for AD, age at onset and disease progression are shown.

measured using different platforms (Innotest plate ELISA vs AlzBia3
bead-based ELISA, respectively) we were not able to combine the
raw data, rather we combined the residual values of the CSF ptau,g,
obtained after correcting for the covariates. No significant differences
in the residuals from the different series were found, indicating that
the differences in the GSF levels due to the different platforms were
corrected by using the residuals.

Multiple test correction: Initial tests for association of SNPs with
CSF ptau;g; levels were evaluated using a False Discovery Rate
(FDR) filter of 0.1 to correct for multiple testing [49]. In the initial
screening only p-values more significant than 8.1 x 1073 passed
FDR filter of 0.1. In the replication series p-values more significant
than 5.0 x 1073 passed FDR filter. To reduce the probability of
false positives we also used the more stringent Bonferroni
correction to adjust the alpha level in the analysis of association
with CSF ptau,g; levels in the combined samples. In this case, the
threshold for Bonferroni correction for the combined sample is
1.3x 10=%(x; 0.05/384=1.3 x 10~%). No multiple test correc-
tion was applied for association with risk for disease, age at onset
or progression because only one or two SNPs with specific
hypotheses were tested for association. To calculate the impact of
rs1868402 on the CSF ptau;g; levels, we calculated the Odds
Ratio (OR) of this SNP by comparing its frequency in the highest
vs lowest quartile of the residuals for CSF ptau;g; levels.

Allelic association with risk for AD was tested using logistic
regression including APOE, gender, age and series as covariates.
Association with AAO was carried out using the Kaplan-Meier
method and tested for significant differences, using a log-rank test.
Association with rate of disease progression was evaluated as
described previously [33]. Briefly, progression of disease was
measured by the change in sum of boxes on the CDR (clinical
dementia rate; SB-CDR) per year. CDR is a global measurement of
the severity of symptoms of dementia. CDR evaluates cognitive and
functional performance in six areas (memory, orientation, judgment
and problem solving, community affairs, home and hobbies and,
personal care), each of these areas has a possible score of 0, 0.5, 1, 2
or 3. The sum of boxes can vary between 0 and 18. Higher scores
indicate more significant memory problems and correlate with
neurodegeneration [50]. The change in SB-CDR per year fitted a
linear model in both series and therefore we used a mixed linear
model (PROC MIXED; SAS Institute Inc) to determine whether
there is a relationship between the slope of the SB-CDR score and
time as a function of genotype after controlling for initial age,
gender, APOE, initial CDR, CSF ptau;g; and A, levels. Because
the association between rs1868402 and CSF ptau,;g; was driven by
individuals with low CSF Ay, levels, association with progression
in the CSF datasets was analyzed only in individuals with low CSF
APy levels (less than 500 pg/ml in the WU-ADRC-CSF series [14]
or 192 pg/ml in the ADNI-CSF series [21]). We analyzed whether
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the combination of genotypes of rs1868402 and rs3785883 predicts
the rate of progression better than either of these SNPs alone. To do
that we included an interaction term rs1868402*rs3785883 in the
“proc mixed” SAS program, that combine the genotypes for the
two SNPs. We also combined the data from the WU-ADRC-CSF
and ADNI-CSF to increase the statistical power.

Association between cDNA levels, tau pathology (Braak tangle
stage) and genotypes were carried out using ANCOVA. Stepwise
discriminant analysis was used to determine the significant
covariates (age, gender, postmortem interval, APOE genotype,
and CDR). One-tailed P-values were calculated, because a priori
predictions were made based on the associations with CSF ptau;g;
levels. We also used the GEO dataset GSE8919 [51] to analyze
the association between rs12713636, in LD with rs1868402
(D' =1, R*=0.75) and PPP3RI gene expression. In this dataset
there are genotype and expression data from 486 Late onset
Alzheimer Diseases cases and 279 neuropathologically confirmed
controls. We only extracted the normalized PPPZRI mRNA levels
and the genotype data for rs12713636. Genotypes for rs12713636
were used because rs1868402 was not included in this dataset.

ADNI material and methods

Data used in the preparation of this article were obtained from
the ADNI database (www.loni.ucla.edu/ADNI). The ADNI was
launched in 2003 by the National Institute on Aging, the National
Institute of Biomedical Imaging and Bioengineering, the Food and
Drug Administration, private pharmaceutical companies and non-
profit organizations, as a $60 million, 5-year public-private
partnership. The Principal Investigator of this initiative is Michael
W. Weiner, M.D. ADNI is the result of efforts of many co-
investigators from a broad range of academic institutions and
private corporations, and subjects have been recruited from over
50 sites across the U.S. and Canada. The initial goal of ADNI was
to recruit 800 adults, ages 55 to 90, to participate in the research -
approximately 200 cognitively normal older individuals to be
followed for 3 years, 400 people with MCI to be followed for 3
years, and 200 people with early AD to be followed for 2 years.”
For up-to-date information see www.adni-info.org.

Supporting Information

Figure S1 Minor allele carriers of rs1868402 present significantly
higher CSF ptau;g; levels. The mean and the standard error of the
mean (SEM) for the raw and residuals CSF ptau,g; levels for the
WU-ADRC-CSF, ADNI-CSF and UW series is shown. A. Raw
CSF ptau;g; levels for the WU-ADRC-CSF series by rs1868402
genotype. CC+CT: 64.45%2.52. TT: 57.20%2.49 pg/ml. B. Raw
CSF ptauyg, levels for the ADNI-CSF series by rs1868402
genotype. CC+CT: 35.95%+1.85. TT: 30.22*1.44 pg/ml. C. Raw
CSF ptauyg; levels for the UW series by rs1868402 genotype.
CC+CT: 67.46%3.53. TT: 61.42%2.71 pg/ml. D. Residuals CSF
ptaujg; levels for the WU-ADRC-CSF series by rs1868402
genotype. CC+CT: 0.17£0.07. TT: —0.22%£0.08. E. Residuals
CSF ptauyg, levels for the ADNI-CSF series by rs1868402
genotype. CC+CT: 0.13%0.09. TT: —0.16%£0.08. F. Residuals
CSF ptauyg; levels for the UW series by rs1868402 genotype.
CC+CT: 0.10+0.08. TT: —0.12%+0.09.

Found at: doi:10.1371/journal.pgen.1001101.s001
DOC)

(0.06 MB
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P=0.057. The genotype frequency distribution for rs3785883
with disease progression is most likely not significant due to the low
statistical power. AA carriers show a CDR-SB of 1.01, AG of 0.47
and GG 0.26 (p=0.057).

Found at: doi:10.1371/journal.pgen.1001101.s003 (0.23 MB
DOC)

Table S1 Genes and SNPs/gene genotyped in this study. The
official and the most common alias of the gene, the activity related
to tau, chromosomal position, and gene size in Kb are shown. A.
Tag SNP. SNPs that capture 80% of the common sequence
diversity within the gene. B. Only validated SNP with a minor
allele frequency >0.1. C. Number of SNPs that passed quality
controls.

Found at: doi:10.1371/journal.pgen.1001101.s004 (0.09 MB
DOC)

Table $2 SNPs in PPP3R] associated with CSF ptau, g, levels in
the discovery series (WU-ADRC-CSF). SNPs associated with CSF
ptauyg; levels after FDR correction are shown. MAF = Minor
Allele Frequency. A: Dominant model. B: Recessive model.
Found at: doi:10.1371/journal.pgen.1001101.s005 (0.03 MB
DOC)

Acknowledgments

Some of the data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (www.
loni.ucla.edu/ADNI). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/or provided
data but did not participate in analysis or writing of this report. ADNI
investigators: (complete listing available at www.loni.ucla.edu/
ADNI/ Collaboration/ ADNI_Authorship_list.pdf).

The authors thank the Clinical Core of the ADRC for clinical and
cognitive assessments of the participants, the Genetics Core of the ADRC
for APOE genotypes and the Biomarker Core of the Adult Children Study
for the CSF collection and assays.

Author Contributions

Conceived and designed the experiments: CC JSKK AMG. Performed the
experiments: CC KM NS ARS. Analyzed the data: CC JSKK SB PN.
Contributed reagents/materials/analysis tools: RA PH DH MMO JW SL
ERP GL JBL DG The Alzheimer’s Disease Neuroimaging Initiative JCM
AMF DMH. Wrote the paper: CC AMG.

2. Lambert JC, Heath S, Even G, Campion D, Sleegers K, et al. (2009) Genome-
wide association study identifies variants at CLU and CRI1 associated with
Alzheimer’s disease. Nat Genet 41: 1094-1099.

September 2010 | Volume 6 | Issue 9 | e1001101



20.

21.

22.

. Chambers JC, Zhang W, Li Y, Sehmi J, Wass MN, et al. (2009) Genome-wide

association study identifies variants in TMPRSS6 associated with hemoglobin
levels. Nat Genet 41: 1170-1172.

. Benyamin B, Ferreira MA, Willemsen G, Gordon S, Middelberg RP, et al.

(2009) Common variants in TMPRSS6 are associated with iron status and
erythrocyte volume. Nat Genet 41: 1173-1175.

Soranzo N, Spector TD, Mangino M, Kuhnel B, Rendon A, et al. (2009) A
genome-wide meta-analysis identifies 22 loci associated with eight hematological
parameters in the HaemGen consortium. Nat Genet 41: 1182-1190.

. Ganesh SK, Zakai NA, van Rooijj FJ, Soranzo N, Smith AV, et al. (2009)

Multiple loci influence erythrocyte phenotypes in the CHARGE Consortium.
Nat Genet 41: 1191-1198.

. Rivadeneira F, Styrkarsdottir U, Estrada K, Halldorsson BV, Hsu YH, et al.

(2009) Twenty bone-mineral-density loci identified by large-scale meta-analysis
of genome-wide association studies. Nat Genet 41: 1199-1206.

. Cohen JC, Kiss RS, Pertsemlidis A, Marcel YL, McPherson R, et al. (2004)

Multiple rare alleles contribute to low plasma levels of HDL cholesterol. Science
305: 869-872.

. Cohen JC, Pertsemlidis A, Fahmi S, Esmail S, Vega GL, et al. (2006) Multiple

rare variants in NPC1LI associated with reduced sterol absorption and plasma
low-density lipoprotein levels. Proc Natl Acad Sci U S A 103: 1810-1815.

. Romeo S, Pennacchio LA, Fu Y, Boerwinkle E, Tybjaerg-Hansen A, et al.

(2007) Population-based resequencing of ANGPTL4 uncovers variations that
reduce triglycerides and increase HDL. Nat Genet 39: 513-516.

. Romeo S, Yin W, Kozlitina J, Pennacchio LA, Boerwinkle E, et al. (2009) Rare

loss-of-function mutations in ANGPTL family members contribute to plasma
triglyceride levels in humans. J Clin Invest 119: 70-79.

. Price JL, Morris JC (1999) Tangles and plaques in nondemented aging and

“preclinical” Alzheimer’s disease. Ann Neurol 45: 358-368.

. Fagan AM, Head D, Shah AR, Marcus D, Mintun M, et al. (2009) Decreased

cerebrospinal fluid Abeta(42) correlates with brain atrophy in cognitively normal
elderly. Ann Neurol 65: 176-183.

. Fagan AM, Mintun MA, Mach RH, Lee SY, Dence CS, et al. (2006) Inverse

relation between in vivo amyloid imaging load and cerebrospinal fluid Abeta42
in humans. Ann Neurol 59: 512-519.

. Morris JC, Roe CM, Xiong C, Fagan AM, Goate AM, et al. (2010) APOE

predicts amyloid-beta but not tau Alzheimer pathology in cognitively normal
aging. Ann Neurol 67: 122-131.

. Hansson O, Zetterberg H, Buchhave P, Andreasson U, Londos E, et al. (2007)

Prediction of Alzheimer’s discase using the CSF Abeta42/Abeta40 ratio in
patients with mild cognitive impairment. Dement Geriatr Cogn Disord 23:
316-320.

. Kapaki EN, Paraskevas GP, Tzerakis NG, Sfagos C, Seretis A, et al. (2007)

Cerebrospinal fluid tau, phospho-taul81 and beta-amyloid1-42 in idiopathic
normal pressure hydrocephalus: a discrimination from Alzheimer’s disease.

Eur J Neurol 14: 168-173.

. Fagan AM, Roe CM, Xiong C, Mintun MA, Morris JC, et al. (2007)

Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction of cognitive
decline in nondemented older adults. Arch Neurol 64: 343-349.

. Noguchi M, Yoshita M, Matsumoto Y, Ono K, Iwasa K, et al. (2005) Decreased

beta-amyloid peptide42 in cerebrospinal fluid of patients with progressive
supranuclear palsy and corticobasal degeneration. J Neurol Sci 237: 61-65.
Ikonomovic MD, Klunk WE, Abrahamson EE, Mathis CA, Price JC, et al.
(2008) Post-mortem correlates of in vivo PiB-PET amyloid imaging in a typical
case of Alzheimer’s disease. Brain 131: 1630-1645.

Jagust WJ, Landau SM, Shaw LM, Trojanowski JQ, Koeppe RA, et al. (2009)
Relationships between biomarkers in aging and dementia. Neurology 73:
1193-1199.

Hesse C, Rosengren L, Andreasen N, Davidsson P, Vanderstichele H, et al.
(2001) Transient increase in total tau but not phospho-tau in human
cerebrospinal fluid after acute stroke. Neurosci Lett 297: 187-190.

. Ost M, Nylen K, Csajbok L, Ohrfelt AO, Tullberg M, et al. (2006) Initial CSF

total tau correlates with l-year outcome in patients with traumatic brain injury.
Neurology 67: 1600-1604.

. Buerger K, Ewers M, Pirttila T, Zinkowski R, Alafuzoff I, et al. (2006) CSF

phosphorylated tau protein correlates with neocortical neurofibrillary pathology
in Alzheimer’s disease. Brain 129: 3035-3041.

. Urakami K, Wada K, Arai H, Sasaki H, Kanai M, et al. (2001) Diagnostic

significance of tau protein in cerebrospinal fluid from patients with corticobasal
degeneration or progressive supranuclear palsy. J] Neurol Sci 183: 95-98.

. Arai H, Morikawa Y, Higuchi M, Matsui T, Clark CM, et al. (1997)

Cerebrospinal fluid tau levels in neurodegenerative diseases with distinct tau-
related pathology. Biochem Biophys Res Commun 236: 262-264.

@ PLoS Genetics | www.plosgenetics.org

10

32.

33.

34.

36.

37.

38.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

Rs1868402 Is Associated with CSF ptau Levels

. Kauwe JS, Cruchaga C, Mayo K, Fenoglio C, Bertelsen S, et al. (2008)

Variation in MAPT is associated with cerebrospinal fluid tau levels in the
presence of amyloid-beta deposition. Proc Natl Acad Sci U S A 105: 8050-8054.

. Kauwe JS, Jacquart S, Chakraverty S, Wang J, Mayo K, et al. (2007) Extreme

cerebrospinal fluid amyloid beta levels identify family with late-onset Alzheimer’s
disease presenilin 1 mutation. Ann Neurol 61: 446-453.

. Kauwe JS, Wang J, Mayo K, Morris JC, Fagan AM, et al. (2009) Alzheimer’s

disease risk variants show association with cerebrospinal fluid amyloid beta.
Neurogenetics 10: 13-17.

Sato-Harada R, Okabe S, Umeyama T, Kanai Y, Hirokawa N (1996)
Microtubule-associated proteins regulate microtubule function as the track for
intracellular membrane organelle transports. Cell Struct Funct 21: 283-295.

. Wang JZ, Grundke-Igbal I, Igbal K (2007) Kinases and phosphatases and tau

sites involved in Alzheimer neurofibrillary degeneration. Eur J Neurosci 25:
59-68.

Spires-Jones TL, Stoothoff WH, de Calignon A, Jones PB, Hyman BT (2009)
Tau pathophysiology in neurodegeneration: a tangled issue. Trends Neurosci 32:
150-159.

Snider BJ, Fagan AM, Roe C, Shah AR, Grant EA, et al. (2009) Cerebrospinal
fluid biomarkers and rate of cognitive decline in very mild dementia of the
Alzheimer type. Arch Neurol 66: 638-645.

Webster JA, Gibbs JR, Clarke J, Ray M, Zhang W, et al. (2009) Genetic control
of human brain transcript expression in Alzheimer disease. Am J Hum Genet 84:
445-458.

. Bertram L, McQueen MB, Mullin K, Blacker D, Tanzi RE (2007) Systematic

meta-analyses of Alzheimer disecase genetic association studies: the AlzGene
database. Nat Genet 39: 17-23.

Yu DY, Luo J, Bu F, Song GJ, Zhang LQ, et al. (2006) Inhibition of calcineurin
by infusion of CsA causes hyperphosphorylation of tau and is accompanied by
abnormal behavior in mice. Biol Chem 387: 977-983.

Luo J, Ma J, Yu DY, Bu F, Zhang W, et al. (2008) Infusion of FK506, a specific
inhibitor of calcineurin, induces potent tau hyperphosphorylation in mouse
brain. Brain Res Bull 76: 464-468.

Garver TD, Kincaid RL, Conn RA, Billingsley ML (1999) Reduction of
calcineurin activity in brain by antisense oligonucleotides leads to persistent
phosphorylation of tau protein at Thr181 and Thr231. Mol Pharmacol 55:
632-641.

. Ladner CJ, Czech J, Maurice J, Lorens SA, Lee JM (1996) Reduction of

calcineurin enzymatic activity in Alzheimer’s disease: correlation with
neuropathologic changes. J Neuropathol Exp Neurol 55: 924-931.

Morgan AR, Turic D, Jehu L, Hamilton G, Hollingworth P, et al. (2007)
Association studies of 23 positional/functional candidate genes on chromosome
10 in late-onset Alzheimer’s disease. Am J Med Genet B Neuropsychiatr Genet
144B: 762-770.

Berg L, McKeel DW, Jr., Miller JP, Storandt M, Rubin EH, et al. (1998)
Clinicopathologic studies in cognitively healthy aging and Alzheimer’s disease:
relation of histologic markers to dementia severity, age, sex, and apolipoprotein
E genotype. Arch Neurol 55: 326-335.

McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. (1984)
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work
Group under the auspices of Department of Health and Human Services Task
Force on Alzheimer’s Disease. Neurology 34: 939-944.

Braak H, Braak E (1991) Neuropathological stageing of Alzheimer-related
changes. Acta Neuropathol (Berl) 82: 239-259.

Muller PY, Janovjak H, Miserez AR, Dobbie Z (2002) Processing of gene
expression data generated by quantitative real-time RT-PCR. Biotechniques 32:
1372-1374, 1376, 1378-1379.

Stoothoff WH, Johnson GV (2005) Tau phosphorylation: physiological and
pathological consequences. Biochim Biophys Acta 1739: 280-297.

Yuzwa SA, Vocadlo DJ (2009) O-GlcNAc modification and the tauopathies:
insights from chemical biology. Curr Alzheimer Res 6: 451-454.

Chung SH (2009) Aberrant phosphorylation in the pathogenesis of Alzheimer’s
disease. BMB Rep 42: 467-474.

Conde L, Vaquerizas JM, Dopazo H, Arbiza L, Reumers J, et al. (2006)
PupaSuite: finding functional single nucleotide polymorphisms for large-scale
genotyping purposes. Nucleic Acids Res 34: W621-625.

Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies.
Proc Natl Acad Sci U S A 100: 9440-9445.

Morris JC (1993) The Clinical Dementia Rating (CDR): current version and
scoring rules. Neurology 43: 2412-2414.

Myers AJ, Gibbs JR, Webster JA, Rohrer K, Zhao A, et al. (2007) A survey of
genetic human cortical gene expression. Nat Genet 39: 1494-1499.

September 2010 | Volume 6 | Issue 9 | e1001101



