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Abstract
The heat shock protein (HSP) 70 family has been implicated in the pathology of Alzheimer’s
disease (AD). In this study, we examined common genetic variations in the 80 genes encoding
HSP70 and its co-chaperones. We conducted a study in a series of 462 patients and 5238
unaffected participants derived from the Rotterdam Study, a population-based study including
7983 persons aged 55 years and older. We genotyped a total of 12,053 Single Nucleotide
Polymorphisms (SNPs) using the HumanHap550K Genotyping BeadChip from Illumina.
Replication was performed in two independent cohort studies, the Framingham Heart study (FHS;
N=806) and Cardiovascular Health Study (CHS; N=2150). When adjusting for multiple testing,
we found a small but consistent, though not significant effect of rs12118313 located 32kb from
PFDN2, with an OR of 1.19 (p-value from meta-analysis =0.003). However this SNP was in the
intron of another gene, suggesting it is unlikely this SNP reflects the effect of PFDN2. In a formal
pathway analysis we found nominally significant evidence for an association of BAG, DNAJA
and prefoldin with AD. These findings corroborate with those of a study of 2032 AD patients and
5328 controls, in which several members of the prefoldin family showed evidence for association
to AD. Our study did not reveal evidence for a genetic variant if the HSP70 family with a major
effect on AD. However, our findings of the single SNP analysis and pathway analysis suggest that
multiple genetic variants in prefoldin are associated with AD.
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Introduction
Heat shock proteins (HSPs) have been implicated in the pathophysiology of Alzheimer’s
disease (AD) and its major pathological characteristics, neurofibrillary tangles (NFTs) and
β-amyloid (Aβ) [1-3]. AD is an example of a protein-folding disorder, with Aβ plaques as
main misfolded protein [1, 3]. HSPs are the major chaperones mediating proper (re)folding
of proteins [4].

There is increasing evidence for the involvement of the heat shock protein 70 (HSP70)
family in AD. It has been shown that Aβ plaques co-localize with HSP70 [1, 5-6]. Further,
HSP70 participates in the neuroprotective response to Aβ plaques [7]. HSP70 has also been
found to promote tau solubility and tau binding to microtubules, thereby suppressing
formation of NFTs [8].

HSP70 has numerous co-chaperones that support its function. The largest group of co-
chaperones comprises the HSP40 family, also called J domain protein family. HSP40 can be
subdivided into 3 subclasses (A, B and C) and each member has both common and unique
functions in the cell [9]. A role of HSP40 proteins in neurodegenerative disorders, like AD,
has been suggested in several studies [10]. Other important groups of co-chaperones include
the BCL2-associated anthanogene (BAG) proteins, Hip, Hop, CHIP and prefoldin [11-12].
At autopsy, the prefoldin protein complex was found to be up-regulated in brains of patients
with AD [13].

We have tested 79 genes encoding all members of these HSP families and assessed their
association with AD. First we have conducted a single SNP analysis. Second we performed
a formal pathway analysis in which we test for evidence of multiple SNPs in various genes
in a single pathway which contribute jointly to the evidence of association. To our
knowledge, this is the first large-scale genomic study of the association of HSP70 and its co-
chaperones with AD to be performed.

Methods
Discovery Study

Our discovery cohort was the Rotterdam Study (RS1). RS1 is a population-based cohort
study that investigates the occurrence and determinants of diseases in the elderly [14].
Baseline examinations, including a detailed questionnaire, physical examination and blood
collection, were conducted between 1990 and 1993. The Medical Ethics Committee at
Erasmus Medical Center approved the study protocol.

Dementia is one of the focus disorders of the Rotterdam Study. The diagnosis of dementia
was made following a stringent three-step protocol [15]. Briefly, all subjects were screened
at follow-up visits (1997-1999, 1999-2000 and 2000-2003) using two tests of cognition: the
Mini-Mental State Examination (MMSE) [16] and Geriatric Mental State Schedule (GMS)
[17]. Participants that were screen-positive (MMSE score < 26 or GMS organic level > 0)
underwent the Cambridge examination for mental disorders of the elderly (CAMDEX).
When additional neuropsychological testing was required for diagnosis, a neuropsychologist
examined subjects who were suspected of having dementia. In addition, the total cohort was
continuously monitored for incident dementia through a computerized link between the
study databases and digitalized medical records from general practitioners and the Regional
Institute for Outpatient Mental Health Care until January 1, 2005. The diagnosis of dementia
and subtypes of dementia was made in accordance with internationally accepted criteria for
dementia (DSM-III-R) [18] and Alzheimer disease (NINDS-ADRDA) [19] by a panel
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consisting of a neurologist, a neuropsychologist and a research physician. We used only
incident patients in the discovery study.

Genomic DNA was extracted from whole blood samples using standard methods [20].
Genome-wide SNP genotyping was performed using Infinium II assay on the
HumanHap550 Genotyping BeadChips (Illumina Inc, San Diego, USA). Approximately 2
million SNPs were imputed using release 22 HapMap CEU population as reference. The
imputations were performed using MACH software10 (http://www.sph.umich.edu/csg/
abecasis/MACH/). The quality of imputations were checked by contrasting imputed and
actual genotypes at 78,844 SNPs not present on Illumina 550K for 437 individuals for whom
these SNPs were directly typed using Affymetrix 500K. Using the “best guess” genotype for
imputed SNPs the concordance rate was 99% for SNPs with R2 (ratio of the variance of
imputed genotypes to the binomial variance) quality measure greater than 0.9; concordance
was still over 90% (94%) when R2 was between 0.5 and 0.9.

The genome wide association study has been analyzed and is submitted elsewhere [21]. For
the study of HSP proteins presented here, a total of 12,053 SNPs in 79 genes were initially
selected for the association test on the basis of the following criteria: (1) position within the
genes of interest with a margin of 100kb on each side of the genes according to NCBI build
36.3, (2) P-value for Hardy-Weinberg equilibrium test ≥ 0.0001, and (3) call rate ≥95%. For
further analysis and selection of SNPs selected for evaluation of the consistency of findings
a R2 higher than 0.8 and a minor allele frequency (MAF) higher than 0.05 was used as
selection criterion for a SNP.

Single SNP analyses
First we analyzed the individual SNPs using ProbABEL [22]. We used allele-based logistic
regression to test the association between a single SNP and AD. Odds Ratios (ORs) for each
SNP were derived adjusting for age and sex. To calculate empirical significance for SNPs,
permutations were performed per region of interest (ROI) [23-24]. Briefly, the empirical
distribution of the region-wide maximum of the test statistic under the null was obtained in
10,000 replications. To estimate empirical significance each observed test statistic was
compared with null statistics obtained empirically and the p-value was estimated as the
proportion of replicas generating the test statistics greater than or equal to the observed
statistic. The permutation analysis keeps the original genotypes for each individual, but
randomly allocates the phenotypes for each consecutive permutation. Therefore the linkage
disequilibrium (LD) structure of genes is not broken up. We did not perform any additional
correction for the number of ROIs after permutations as we used the permutation analysis to
significantly reduce the number of SNPs to be sent for validation of the effect of the SNP.
For each suggestively associated ROI (ppermuted<0.10) we next selected the ‘independently
associated’ SNPs in a backward stepwise logistic regression until only nominally significant
SNPs remained in the model. These independently associated SNPs were then followed up
in two independent cohorts. As effect estimates are expected to be small, a positive
replication based on the p-value and odds ratio (OR) observed in individual replication
studies, might be difficult to achieve due to power issues. Therefore we evaluated whether a
SNP was showing an OR in the same direction in all three cohorts, i.e., whether findings
were consistent over the various cohorts. Similar to genome wide association studies, we
performed a joint meta-analysis of the discovery and the two independent cohorts and tested
whether the joint p-value was significant using a Bonferoni correction for the number of
SNPs validated in independent cohorts.

We used two studies that are part of the Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium to evaluate whether findings were consistent. Data
on AD were available in the Cardiovascular Health Study (CHS) and the Framingham Heart
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Study (FHS) [25]. Again only incident patients were studied. The CHS is a population-based
cohort study of risk factors for CHD and stroke in adults ≥65 years conducted across four
field centers. The original predominantly European ancestry cohort of 5201 persons was
recruited in 1989- 1990 from random samples of the Medicare eligibility lists and an
additional 687 African-Americans were enrolled subsequently for a total sample of 5888
[26]. For compatibility with the discovery samples, however, these analyses were limited to
the participants of self-described European ancestry. Blood was drawn for genotyping at the
baseline examination. Persons were examined annually from enrollment to 1999, and the
examination included a 30 minute screening cognitive battery [27]. In 1992- 94 and again, in
1997-99, participants were invited to undergo brain MRI and detailed cognitive and
neurological assessment as part of the CHS Cognition Study [27]. Persons with prevalent
dementia were identified, and all others were followed until 1999 for the development of
incident dementia and AD. Since then, CHS participants at the Maryland and Pennsylvania
centers have remained under ongoing dementia surveillance [28]. The sample for this study
included all incident cases between 1992 and December 2006.

FHS is a single-site study that comprises three generations of participants including the
Original cohort followed since 1948 (n=5209), [29] and their offspring and spouses of the
offspring (n=5124) followed since 1971 [30]. The original cohort has been evaluated
biennially since 1948, was screened for prevalent dementia in 1974-76 and has been under
surveillance for incident dementia since then [31-32]. The offspring were examined once
every 4 years, were screened for prevalent dementia in 1979-1983 and have since been
under surveillance for incident dementia [33-34]. In order to be consistent with the sampling
frame for the CHS sample, we excluded FHS subjects with a baseline age <65yrs at the time
of DNA draw which was in the 1990s. To minimize survival biases persons who developed
dementia prior to the date of DNA draw were treated as prevalent cases and subsequent
events occurring prior to December 2006 were included in the incident analyses.

Pathway analysis
As we targeted distinct families within a larger pathway we next conducted a pathway
analysis, using the SNP Ratio Test (SRT) tool, which allows for the testing of a specific,
‘user defined’ hypothesis [35]. Users can define their own pathways to test. We tested each
HSP family, namely HSP40, its three subclasses, BAG, CHIP-like, prefoldin and HSP70
separately. We created 1000 simulation studies to test whether our observed number of
‘significant’ SNPs superseded what could be expected by chance. According to the principle
of permutation analysis, all original genotypes remain and the phenotypes are randomly
allocated with each simulation before rerunning the association analysis. This deals with any
potential bias due to LD, as the same LD patterns are present in the original analysis and in
each simulation analysis. All SNPs previously selected for the individual SNP analysis
(SNPs within a 100kb window for the flanking region and a cut-off for the R2 0f 0.8 and
MAF of 0.05) in RS1 were entered in SRT. SRT deals with differences in gene size and
number of SNPs per gene, by completely discarding the concept ‘gene’. SRT simply counts
the number of significant SNPs in a defined pathway and divides this by the total number of
SNPs in that pathway to create a ratio. Significance of the original SNPs is determined by
one of three cut-off p-values, namely 0.05, 0.01 or 0.001. In each simulation analysis SRT
deals with LD and sizes of genes similar to the original analysis. The p-value is determined
by dividing the number of simulations that have a more extreme ratio by the total number of
simulations performed. The analysis was adjusted for age and sex. The findings of the SRT
analyses were compared to a genome-wide pathway analyses published earlier by Hong et al
[36].
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Results
General characteristics of the discovery population as well as the two samples used to check
the ORs for consistency are shown in Table 1. As expected in all cohorts the cases are
significantly older than controls and there are significantly more women and APOE*4
carriers among them. A summary of all SNPs tested in HSP70 and its co-chaperones in RS1
can be found in the Supplementary Table 1. Of note is that 3 HSP70 genes located on
chromosome 6 have overlapping regions and are taken as 1 Region of Interest (ROI) with
148 SNPs. Also of note is that the HSPs are currently undergoing a change in nomenclature
[37]. In the table are the official gene names and the gene names according to the new
nomenclature. Here we will use the names of the new nomenclature.

Figure 1 shows the observed versus the expected chi2 of the 12,053 SNPs tested in RS1. The
plot shows some excess of low p-values for the tested SNPs. Supplementary Figure 1a-1c
shows an overview of the p-values in all genes tested in RS1. After adjusting for multiple
testing by permutation analysis, 8 genes showed suggestive evidence (p-permuted<0.10) for
association to AD in RS1 (Table 2). These genes encode four members of the HSP40 family
(DNAJA4, DNAJC14, DNAJC17 and DNAJC28), one Prefoldin subunit (PFDN2), one
BAG gene (BAG2) and two HSP70 genes (HSPA5 and HSPA12B). The following SNPs
were selected for validation of their effects in two independent studies: rs8027394 in
DNAJA4, rs1463592 in DNAJC14, rs7915 in DNAJC17, rs7280365 in DNAJC28,
rs12118313 in PFDN2, rs7760349 and rs13213618 in BAG2, rs13294021 in HSPA5 and
rs3899452 in HSPA12B. Two SNPs in BAG2 were selected as both showed independent
evidence for association to AD in RS1 when including all SNPs in the ROI in the model. In
the validation phase 2 SNPs were consistent in direction of ORs across populations (Table
2), with a nominal p-value of the meta-analysis at or close to a Bonferoni adjusted p-value
for significance (0.05/9=0.0056). One SNP (rs1463592) did not surpass the adjustment for
multiple testing (DNAJC14; p=0.007). Figure 2a shows the Forrest plot of the meta-analysis
of PFDN2 rs12118313. The summary OR for the SNP rs12118313 is 1.19 (95% CI
1.06-1.33; p=0.003) for the C allele. Though this SNP is not replicated when considering the
p-value corrected for testing multiple SNPs < 0.05, findings are consistent across cohorts in
terms of effect size and direction. In figure 2b a regional plot of the SNPs tested in PFDN2
from the original RS1 cohort can be found. The figure shows that the p-value was most
significant in RS1. Although there are multiple marginally associated SNPs in and flanking
the PFDN2 gene (see supplementary table 2), rs12118313 in located in the intron of another
gene (ARHGAP30).

In order to evaluate whether there is a joint effect of multiple SNPs in the PFDN2 region and
elsewhere we next conducted a formal pathway analysis. Table 3 presents the results for the
SRT pathway analysis on the different HSP families in RS1. We chose three cut-off p-values
for selection of the SNPs in the discovery set (0.05, 0.01, 0.001) as was suggested in the
original paper on the SRT approach. For the prefoldin HSP family we found an effect at the
higher p-value cut-off (0.01), this effect is explained by 29 SNPs including 3 SNPs in
ARGHAP30. When excluding the SNPs in ARGHAP30 from the analysis, the p-value for
the pathway was 0.03, suggesting that there are many prefoldin SNPs with smaller effects
implicated. We further find nominally significant evidence for a role of the DNAJA and
BAG families of HSPs when applying the smallest p-value cut-off (0.001). For the
replication we used a data mining approach of a genome-wide pathway analysis of 2032
patients with AD and 5328 controls [36]. The major pathway identified in this paper was
related to intracellular transmembrane protein transport. We used supplementary data to
validate our SRT analyses. The PFDN gene family emerges with different genes (PFDN1,
PFDN2, PFDN6) with p-values varying from 3.85*10−2 (PFDN6) to 6.80*10−8 (PFND1). A
total of 42 SNPs in the gene family were associated with marginal p-values <0.05. There
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was little support for the BAG family (best p-value 0.02 for BAG2) nor for the DNAJA
family (DNAJA4: p=6.11*10−6).

Discussion
In our study, we did not find significant evidence for a role of the individual SNPs in or
directly flanking the HSP genes. However, in the pathway analysis we found nominally
significant evidence for a joint effect of multiple SNPs in the DNAJA, BAG and prefoldin
families. In this paper we did not adjust for multiple testing of the pathway analysis.
Multiple testing adjustments on pathway analysis are difficult because many, if not all,
pathways are not independent of one another. HSP70 cannot function properly without its
co-chaperones and the different groups of co-chaperones compete for association to HSP70.
Most other pathway tools therefore often clump all HSP families together as one huge
pathway. As we wanted to test specifically which HSP family is the best candidate for
association with AD we decided to divide them in separate, but not independent, pathways.
It is therefore arguable whether or not to adjust for multiple testing in the pathway analysis.
We have analyzed 8 pathways for association with AD. Although the HSP pathway was not
the major pathway implicated in AD in an analysis of 2032 patients with AD and 5328
controls [36], there also is marginal evidence for the prefoldin family in this study.
Specifically, PFDN1, PFDN2 (the gene we detected), PFDN6 surface also in this GWAs
supporting our findings at the pathway level.

PFDN2 showed evidence for association with AD both in the single SNP analysis as in the
pathway analysis as a part of the prefoldin HSP family. As the single SNP analysis showed
an association with a SNP in another gene, the findings of the pathway analyses were most
convincing, although the 3 SNPs located in ARGHAP30 have contributed to the p-value,
these do not explain the association fully. When excluding the 3 SNPs the pathway was still
significant. From a biological perspective, there is no evidence that these 3 SNPs are
involved in the expression of PFDN2, however we cannot exclude this as this is based on
eSNP analyses in lymphocytes. PFDN2 is located in a chromosomal region known to be
associated with AD in linkage studies [38] and it is a subunit of the prefoldin complex.
Prefoldin is an intermediary factor between HSP70 and the TCP-1 ring complex (TRiC).
The TRiC complex is involved in about 10% of the protein folding in the cytosol. Prefoldin
is necessary for the transport of unfolded proteins to this complex [11]. Prefoldin has also
been shown to induce in vitro formation of soluble Aβ oligomers similar in size to those
found in AD brains [39]. It is speculated that the function of Prefoldin is to prevent
aggregation, causing more of the highly toxic soluble Aβ oligomers to be present in the
brain [39]. Moreover, the PFDN2 protein has been found to be upregulated in the brains of
patients with AD [13]. This makes the PFDN2 gene a plausible candidate gene for AD.

There is some evidence in our study and the study of Hong et al [36] for a role of DNAJA.
The HSP family DNAJA is a subfamily of the larger HSP40 family. HSP40 has been shown
to reduce aggregate formation in other neurodegenerative diseases [40] and recruits HSP70
to aggregates [41]. It is required for HSP70 to bind these aggregated proteins and process
them [42]. Genetic variants in HSP40 genes may modify their ability to recruit and guide
HSP70 to aggregates, at least partly explaining their association to AD at the protein level
[5].

The last group of genes we find evidence for association for is the BAG domain protein
family. A direct physical interaction with HSP70 was shown for all members of the BAG
family [43]. The BAG proteins have therefore been proposed to serve as targeting factors for
HSP70 [44]. However there is little evidence for association of the BAG family to AD in the
paper of Hong et al [36].
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Our study has a major advantage since the discovery cohort is embedded within a large,
population based-study (RS1). Further, the studies used to evaluate the consistency of
effects are also established epidemiological cohorts. We did not reach genome wide
significance in the present study. A limitation in the interpretation of our data is that our
findings were significant in the meta-analysis but did not reach significance in the individual
cohorts except for in the RS1 cohort. The smaller number of cases in CHS and FHS in
combination with the small effect in terms of OR could explain why the finding was not
significant in those populations.

Until now, no large-scale studies have been performed on the role of HSP70 and its co-
chaperone genes in patients with AD. In our genomic study in three population-based
cohorts, we found evidence suggesting that genetic variants in the prefoldin family are
associated with the risk of AD. Although larger case-series are needed to achieve genome
wide significance for individual SNPs, combining these data with those of earlier functional
studies makes it likely that this family of genes plays a role in AD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Observed versus Expected p-value plot for the 12053 SNPs tested in the Rotterdam study
(chi2 are given at the x-axis and y-axis)
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Figure 2.
The meta-analysis of the PFDN2 rs12118313 to AD in the three population-based studies
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Table 3

SNP Ratio Test (SRT) pathway analysis results

HSP family Total # SNPs P=0.05 P=0.01 P=0.001

HSP40 6352 0.72 (279) 0.68 (50) 0.31 (7)

 DNAJA 542 0.62 (13) 0.19 (9) 0.02 (7)

 DNAJB 1390 0.49 (70) 0.96 (1) 1.00 (0)

 DNAJC 4420 0.67 (196) 0.56 (40) 1.00 (0)

BAG 517 0.68 (16) 0.20 (10) 0.02 (9)

CHIPlike 292 1.00 (0) 1.00 (0) 1.00 (0)

Prefoldin 912 0.10 (93) 0.03 (29) 0.11 (3)

HSP70 1880 0.78 (94) 0.34 (29) 0.37 (2)

Pathway analysis results of the different HSP families at three different cut-offs for significance (P=0.05, P=0.01 and P=0.001). The p-values given
in the table depict the chance that the number of SNPs found to be significant at the given p-value cut-off is more than expected by chance. In bold
are those p-values passing a nominal threshold of significance. In brackets are the number of SNPs passing the threshold of significance depicted.
DNAJA, DNAJB and DNAJC are sub-families of HSP40.
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