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Abstract
The ability to maintain cognitive function during aging is a complex process subject to genetic and
environmental influences. Alzheimer’s disease (AD) is the most common disorder causing cognitive
decline among the elderly. Among those with AD, there is broad variation in the relationship between
AD neuropathology and clinical manifestations of dementia. Differences in expression of genes
involved in neural processing pathways may contribute to individual differences in maintenance of
cognitive function.

We performed whole genome expression profiling of RNA obtained from frontal cortex of clinically
non-demented and AD subjects to identify genes associated with brain aging and cognitive decline.
Genetic mapping information and biological function annotation were incorporated to highlight
genes of particular interest. The candidate genes identified in this study were compared with those
from two other studies in different tissues to identify common underlying transcriptional profiles. In
addition to confirming sweeping transcriptomal differences documented in previous studies of
cognitive decline, we present new evidence for up-regulation of actin-related processes and down-
regulation of translation, RNA processing and localization, and vesicle-mediated transport in
individuals with cognitive decline.
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1. Introduction
Finding the genes involved in a complex phenotype such as healthy brain aging is challenging
due to the biological complexity of the underlying genetic and environmental components. A
primary challenge is presented by the heterogeneity of the phenotype itself. Individuals exhibit
broad variation in the ability to maintain cognitive function during the aging process. Clinically
significant cognitive decline in the elderly is most commonly caused by Alzheimer’s disease
(AD). Diagnostic neuropathological features of AD include extracellular amyloid plaques and
intracellular neurofibrillary tangles (NFTs). However, there is considerable neuropathological
heterogeneity across individuals with clinical AD and individuals with no clinical signs of
dementia, making division into “cases” and “controls” based on neuropathology problematic.
In particular, there is tremendous variability in the relationship between the amount and
location of AD neuropathology in the brain and the clinical manifestation of AD symptoms
[61]. Individuals without loss of cognitive function may tolerate high levels of brain tissue
injury presumptively indexed by amyloid plaques and NFTs, while others demonstrate loss of
cognition with similar or even lower levels of lesion burden. These differences in protection
from the effects of AD neuropathology may be due to genetic differences at several levels
including the expression of gene products.

According to cognitive reserve theory, individuals differ in their capacity to maintain normative
cognitive function and, accordingly, those with greater capacity are better equipped to delay
or circumvent the damaging effects of brain lesions that in other less equipped individuals,
lead to clinical manifestations of AD. The theory postulates that this natural variability across
individuals is due to differences in neural processing mechanisms [32]. The physiological basis
of this mechanism is unknown, although it is likely to reflect environmental as well as genetic
factors [36,58]. Genetic variations can contribute to individual differences in normal cognitive
function. Interaction between these genetic differences and environmental factors over the
lifespan can amplify variation in cognitive function later in life.

There is growing evidence that variation in the quantity of a gene product, rather than simply
presence or absence of product, can be responsible for the subtle effects of complex traits
[21,30,62]. Several recent studies have shown that variation in gene expression is heritable
[12,46,72] and can be mapped as a quantitative trait [46]. We suggest that differences in
expression of genes in neural processing pathways are responsible for differences in the
maintenance of cognitive function, and at least in part account for an important component of
cognitive reserve.

To address this assertion, we performed whole genome expression profiling on a set of well-
characterized, clinically non-demented and AD subjects in order to identify genes, or gene
pathways, that contribute to cognitive decline. Subjects were stratified into four groups based
on cognitive status prior to death (non-demented or AD) and neuropathological status defined
by three categories of NFT burden (Braak stage I/II, III/IV, and V/VI) (Figure 1A). Non-
demented subjects were represented in all three Braak-stage categories, whereas AD subjects
were represented only in Braak stage V/VI. We designed three comparisons to test three
hypotheses (Figure 1B). In the first comparison, we postulated that all non-demented subjects,
taken as a whole (Groups 1, 2 and 3), would exhibit different gene expression profiles compared
to AD subjects (Group 4), irrespective of NFT burden. We refer to this as the Extreme Cognitive
Phenotypes Hypothesis (Hypothesis I). In the second comparison, we proposed that individuals
with lower NFT burden (Braak stage I/II and III/IV, Groups 1 and 2) would display different
expression profiles than those with higher NFT burden (Braak stage V/VI, Groups 3 and 4),
irrespective of cognitive ability. We refer to this as the Neuropathologic Process Hypothesis
(Hypothesis II). In the third comparison, we postulated that expression profiles in non-
demented subjects with a high NFT burden (Group 3) would differ from those in AD subjects
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with similar NFT pathology (Group 4). We refer to this as the Cognitive Reserve Hypothesis
(Hypothesis III).

We interpret our gene expression results in the context of prior evidence from genetic linkage
studies and biological function annotations to identify possible candidate susceptibility genes.
Furthermore, since genes that are differentially expressed across tissues involved in AD
pathology would provide valuable insight into common underlying genetic mechanisms in
brain aging, we compared genes identified in this study, using frontal cortex, with genes
identified in two other expression studies using hippocampus [8] and entorhinal cortex [20] .
Genes that were differentially expressed across the three studies, emphasizing common themes
of pathology underlying dementia, are key candidates for further studies of genetic risk factors
for cognitive decline.

2. Materials and methods
2.1 Patient and control samples

Postmortem human brain tissue comprised primarily of gray matter from frontal cortex was
obtained from the neuropathology core of the NIA-Layton Aging and Alzheimer’s Disease
Center, Oregon Health & Sciences University (OHSU). All subjects were characterized based
on specific clinical and neuropathologic criteria [43] through studies performed by the NIA-
Layton Aging and Alzheimer’s Disease Center. An extensive collection of clinical data,
including cognitive and functional measures, and neuropathologic data was available for all
subjects. Testing included annual cognitive, functional and neuropsychological examinations.
At autopsy, portions of the brain were frozen at −80°C and the remainder was prepared for
histological examination by fixation in 10% formalin. All subjects were scored for neuritic
amyloid plaques and neurofibrillary tangles according to NIA-Reagan criteria [1,43].

All subjects met the following minimal criteria for study inclusion: post-mortem interval < 24
hours, neurological examination within one year of death, Caucasian, non-detectable cancer
metastases, and minimal degradation of brain-derived RNA for microarray analysis (see
below). AD subjects were also required to have age at onset > 70 years and a clinical diagnosis
of Probable AD. AD subjects with a coexisting neuropathologic diagnosis of Parkinson’s
disease, Lewy Body Dementia or Frontotemporal Dementia were excluded from the study.
Non-AD subjects were required to have a clinical diagnosis of “non-demented”, a CDR score
of 0 and a Mini-Mental State Examination score (MMSE) > 25 (Table 1). Braak stage [9] was
used to further define all subjects with respect to severity of neurofibrillary tangle burden
(Figure 1A). The study sample comprised fourteen subjects (7 male, 7 female). Average age
at death was similar across all groups (89.7 - 93.6 years). Non-demented subjects had an
average MMSE score of 28.4; AD subjects had an average MMSE score of 14.4 (Table 1).

2.2 RNA isolation and hybridization
Approximately 500 mg of fresh frozen brain tissue from each individual was processed for
total RNA using the RNeasy kit (Qiagen Inc., Valencia, CA). RNA quality was assessed by
UV absorbance measurement and electrophoresis on RNA NanoChips using the 2100
Bioanalyzer (Agilent, Palo Alto, CA). Samples were considered acceptable for labeling and
further processing if UV260/280 ratios were greater than 1.7 and Bioanalyzer profiles showed
minimal degradation. For determination of degradation status, Bioanalyzer profiles were
referenced to a simultaneously processed control of high quality RNA whose profile correlated
with good performance on an Affymetrix GeneChip array (Gene Microarray Shared Resource,
OHSU).
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Two ug of total RNA from each subject was amplified and labeled using the AMC one cycle
cDNA, Affy IVT amplification/labeling protocol following manufacturer’s instructions
(Affymetrix Inc., Santa Clara, CA). Labeled targets were hybridized with Affymetrix
GeneChip HG-U133 Plus 2.0 arrays. These arrays contain 47,000 transcripts spanning the
entire human transcriptome. Sample labeling and array hybridizations and processing were
performed in the Affymetrix Microarray Core, Gene Microarray Shared Resource, OHSU.

2.3 Realtime RT-PCR
Confirmation of array results was performed using TaqMan chemistry in qRT-PCR.
Phenotypic heterogeneity as well as RNA quality profoundly effect gene expression levels.
Two additional non-demented subjects, conforming to the same rigorous phenotypic criteria,
were included with the original set of subjects, in order to substitute for two non-demented
subjects for which RNA had degraded in the interim between the microarray analysis and the
validation procedure. Polyadenylated mRNA from the total RNA isolated from frontal cortex
was reverse transcribed (Transcriptor RT, Roche Diagnostics Corp, IN) using oligo dT primers
(Invitrogen, CA). Specific primers corresponding to the short form of ITSN1 (Hs00495035_g1,
Applied Biosystems, TX) were combined with cDNA and dNTPs in a master mix (FastStart
DNA Master Hybrid Probes, Roche Diagnostics Corp, IN) and amplified by PCR in a
SmartCycler (Cepheid, CA). Human mRNA (Ambion, Inc, Tx ), treated in the same manner
was used as the control sample. Because standard housekeeping genes displayed variable
expression levels across sample groups, qRT-PCR reference genes were chosen from the
results of the HG-U133 Plus 2.0 arrays. Two different genes (POL2RF, RTN2) were chosen
based on their lack of differential expression across groups and for their relative levels of
expression similar to ITSN1 in the non-demented group. Samples were run in triplicate and
the efficiency for each reaction was determined based on linear regression analysis of the
exponential phase of the reaction [55]. Relative gene expression of ITSN1 to each reference
gene was calculated using the efficiencies and crossing threshold (Ct) of each reaction [52]:

2.4 Statistical analysis
An overview of the entire analytical work flow is provided in Figure 2. Statistical analyses
were performed in the R v2.0.1 system for statistical computation ([68],
http://www.R-project.org). Packages included in the Bioconductor v1.6 suite of analysis tools
for genomic data [24] were utilized for specific analyses, as well as custom scripts.

Hybridized arrays were rigorously evaluated for quality using the Affy package v1.5.8 [23] of
the Bioconductor project. Computer-generated graphs of the hybridization intensities across
the chips allowed a visual assessment of the consistency of the hybridization reaction. Model-
based normalization procedures were used to correct for systematic biases. Scatter plots [19]
were used to compare the shapes of the distributions before and after normalization. Post-
normalization residual plots were used to assess the model fit across all arrays.

Systematic errors cause technical variation which reduces the power of an array experiment to
elucidate true biological variation. To minimize the impact of this variation on data analysis
and biological interpretations [29], we used two different low level analysis approaches. Each
data set was analyzed separately, allowing us to compare the impact of the low level routines
on the downstream analysis. The Robust Multi-chip Analysis (RMA) [29] is a model-based
pre-processing algorithm used to correct for probe-level differences. RMA in the Affy package
was performed on log-transformed hybridization intensities using RMA background
correction, quantile normalization and median polish as a summary statistic. The Variance
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Stabilization and Calibration (VSN) [28] algorithm of the Affy package is a model-based
normalization algorithm that specifically transforms the data such that the variance is
independent of the mean intensity. The VSN algorithm was performed on intensity values and
summarized using the median polish algorithm.

RMA and VSN processed data sets were analyzed to identify putative differentially expressed
genes using Analysis of Variance (ANOVA) with the Linear Models for Microarray data
analysis package (LIMMA v1.8.10) [63] of the Bioconductor project. Individual linear models
were fitted for each transcript across the groups. The first two hypotheses were formally tested
as planned comparisons within this framework.

Because each transcript is tested separately, and given the large number of transcripts on the
array, the false positive error rate increases dramatically. Therefore, the q-value statistic [65],
a minimum measure of the False Discovery Rate (FDR), was used to correct for multiple
testing. The FDR is the number of predicted false positive results out of all significant tests.
This measures the significance of each gene, taking into account that thousands of genes are
being tested. Q-values were calculated from p-values generated in the LIMMA analysis using
the QVALUE package v1.1 for R [65].

For each analysis, the final list of putative differentially expressed genes was defined as those
probe sets with a q-value < 0.10 that occurred in both the RMA and VSN normalized data sets,
in order to balance statistical rigor with maximal identification of candidate genes and given
the discovery framework of this study.

It is noted that in the original experimental design, all three hypotheses were to be formally
tested. However, during the QA/QC process for sample quality and hybridization, the loss of
samples resulted in the third contrast being underpowered, leading to a different statistical
approach for this comparison. Vector Projection is a dimension reduction technique for the
rapid identification of genes with particular patterns of expression across groups (Terry Speed,
Department of Statistics, University of California, Berkley, and Genetics and Bioinformatics,
Walter and Eliza Hall Institute Australia; and Ingrid Lonnstedt, Department of Mathematics,
Uppsala University, personal communication to S. McWeeney, [59]). It is useful as an initial
exploratory data analysis tool, particularly when limited sample sizes preclude formal trend
analysis, as was the case with Hypothesis III. Each gene has a vector of its normalized
expression values across time. These values are projected onto the space spanned by the pattern
of interest (vector of coefficients or weightings for group). In this case, the pattern of interest
was a contrasting expression pattern between Cognitive Reserve (CR) and the other groups
(i.e., identify genes up-regulated in CR and down-regulated in the other groups, or vice versa).
Projection scores in the extreme tails of the normal Quantile-Quantile (QQ-plot) were used to
identify transcripts with the best fit to the pattern of interest. The significance level was set at
0.1 for q-values in all expression analyses due to the gene discovery framework of this study

2.5 Determination of biological significance
All transcripts on the array were annotated for gene name, function, and chromosome location
using NetAffx (http://www.affymetrix.com/analysis/index.affx, NCBI build 35). These
annotations were then used for subsequent downstream analysis. For overrepresentation
analyses (linkage, chromosome bands, GO), all significance levels were set at 0.05.

Transcripts that were differentially expressed in non-demented versus AD subjects (Hypothesis
I) were analyzed for overrepresentation in specific chromosome regions in two ways. First,
transcripts were annotated for cytogenetic bands and a χ2 test of independence was performed
to determine if there was evidence for association of transcript expression and cytogenetic band
location. Secondly, transcripts were examined for their presence in a chromosomal region
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known to be linked or associated with AD from previous studies. Concordant linkage/
association regions were identified [6]. The number of differentially expressed transcripts
located in these regions was compared to the number of transcripts in these regions on the
Affymetrix HGU133 Plus 2 GeneChip array, using a one-tailed Fisher’s exact test to determine
if the number of differentially expressed transcripts located in each region was greater than
that expected by chance.

Differentially expressed genes identified by ANOVA (q-value < 0.1) were assigned to
Biological Process categories of the Gene Ontology (GO) Consortium
(http://www.geneontology.org/ August, 2005). The GO is an international effort to define
genes and their products using a controlled vocabulary. We used GOSTAT [3] to assess
representation of differentially expressed genes in GO Biological Process categories.
Identification of pertinent pathways depends on the availability of annotations mapped to the
probe set. Differentially expressed genes were compared to all genes on the HG-U133Plus2
GeneChip array, using a 2 × 2 contingency table and counting the number of appearances of
each category for differentially expressed genes versus reference genes. The probability that
differentially expressed genes fall within a category more often than what would be expected
by chance was calculated by χ2 (Fisher’s Exact test if the counts within a category are below
5). FDR was used to correct for multiple testing by controlling for interdependencies among
the categories [4] given the hierarchical nature of the GO Ontology.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(http://www.genome.jp/kegg/, September, 2005) was used to classify differentially regulated
genes into canonical pathways for biological interpretation. Transcripts were annotated for
their presence in a KEGG pathway and the significance of the number of genes differentially
expressed in each pathway was determined by a one-tailed Fisher’s Exact Test.

2.6 Identification of genes in common across tissues
Comparison of our study with two previously published gene profiling experiments [8,20] was
used to identify genes that would reveal common pathophysiological mechanisms. First,
differential gene expression related to cognitive decline was determined by combining
transcripts differentially regulated in the comparisons of AD versus non-demented subjects in
hippocampus [8], entorhinal cortex [20] and frontal cortex (this study). Because Blalock, et al
[8] used the Affymetrix HG_U133A GeneChip array, we used a subset of data from the other
two studies that corresponded to the Probe IDs found on the Affymetrix HG_U133A GeneChip.
Significance was set at p < 0.1 for each data set and the intersection of Affymetrix Probe Ids
was defined as the set of transcripts in common. It is noted that we cite p-values rather than q-
values for this component as that is what was reported by the other studies. Because there are
often multiple transcripts mapping to one gene on the GeneChip array, we also generated a
data set of the intersection of differentially expressed genes in common among the three
experiments using the annotated gene symbol. Secondly, we compared the transcripts involved
in NFT formation (Hypothesis II) with the differentially expressed transcripts obtained by
Dunckley et al. [20] from neurons without NFTs from AD subjects versus adjacent neurons
with NFTs. The final data set of transcripts involved in NFT formation was defined to be the
intersection of Affymetrix HG_U133Plus2 Probe IDs differentially expressed in both data sets.

3. Results
Putative differentially expressed transcripts were identified based on Hypothesis I (extreme
cognitive phenotypes) and Hypothesis II (NFT formation) in order to identify genes involved
in different, but overlapping, features of age-related pathological processes. Particular attention
was focused on differentially expressed genes in chromosomal regions shown to be linked or
associated with AD in previous studies [59]. In addition, we used the Gene Ontology (GO)
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Biological Process categories to identify cellular events influenced by the differentially
expressed genes associated with cognitive decline. For the probe sets identified in our analyses,
only a subset had available GO annotations (Table 2). The overall level of available gene
annotation was 32% of the unique genes annotated for GO Biological Process terms.
Subsequent analyses are dependent on these annotations.

3.1 Extreme cognitive phenotypes
We identified 8346 transcripts, representing 5096 genes, that were differentially expressed (q
< 0.1) between non-demented and AD subjects (Hypothesis 1, Figure 1B) (Supplemental Table
1). Cytogenetic band annotations were available for 6857 transcripts, of which 339 (4.9%)
were located in regions with higher numbers of differentially expressed transcripts than
expected by chance (p < 0.05, Supplemental Table 2). Ten cytogenetic bands contained more
differentially regulated transcripts than would be expected by chance (p < 0.05, Supplemental
Table 2).

All 8346 differentially expressed transcripts were annotated for location in a genomic region
shown previously to be linked or associated with AD [6] (Supplemental Table 1). Of the total
8346, 873 transcripts were located within the sixteen linkage regions (Table 3). Of the
transcripts up-regulated in AD, 264 are located in linkage regions. The most significant up-
regulated transcript (35776_at) is the short form of Intersectin 1 (ITSN1), located in linkage
region 21q22.1-q22.2. Affymetrix probe sets allow comparison of specific alternative
transcripts in differential gene expression. For this gene, a different probe set interrogating the
short form is also significantly up-regulated (209297_at, q = 0.01) but the long form is not
differentially expressed (q = 0.25). These results were confirmed by qRT-PCR (Supplemental
Figure 1) where the short form of ITSN1 is up-regulated in AD relative to two different
reference genes (p = 0.009 and p= 0.025). The long form was not differentially expressed (data
not shown). The most significant down-regulated transcript, ATP6V1G2, is also located in a
linkage region, 6p21.3.

Cognitive decline, represented by AD subjects in our analysis, reveals a massive restructuring
of cellular physiology (Table 4). Many of the most significant up-regulated categories are
related to regulation of cellular functions. Categories related to transcription and its regulation,
including chromatin modification, are among the most highly represented. Transcripts for
actin-related processes and phosphate transport are also up-regulated.

Widespread down-regulation occurs in energy pathways and nucleic acid-related categories.
Additionally, secretory pathways, RNA-related categories including splicing and mRNA
processing, many pathways related to protein metabolism including folding, localization,
targeting, transport and translation are down-regulated. Transcripts from genes involved in
mitochondrial physiology are also down-regulated.

We utilized the KEGG database to place the differentially regulated genes into canonical
pathways (Table 5). Of the 5096 differentially expressed genes, 226 were found to be clustered
at levels greater than what would be expected by chance in 14 KEGG pathways. Of these,
nearly half (45.5%) are involved in energy metabolism (oxidative phosphorylation, ATP
synthesis, carbon fixation and CO2 fixation). An additional 18% are involved in genetic
information processing (transcription, translation and protein degradation). Carbohydrate
(12.8%), amino acid (9.7%) and lipid (2.2%) metabolism are also represented. The percent of
differentially expressed genes in each pathway (% abundance) varies from 37.2% - 71.4%. The
pathway with the greatest percentage of differentially expressed genes (synthesis and
degradation of ketone bodies) has the lowest number of total genes in the pathway. The pathway
containing the greatest number of differentially expressed transcripts (50.7%) was oxidative
phosphorylation.
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3.2 Neurofibrillary tangle formation
We identified 528 transcripts, representing 492 genes, which were differentially expressed (q
< 0.1) between subjects with low NFT pathology and those with high NFT levels (Hypothesis
II, Figure 1B) (Supplemental Table 3). Of these, 98.9% were also differentially regulated in
the Extreme Cognitive Phenotypes comparison. The six genes unique to Hypothesis II are close
to the 0.1 threshold for significance (data not shown). A total of 49 transcripts were located in
linked regions (Supplemental Table 3).

Overrepresentation in GO Biological Process categories reflected the dependence on current
annotation. Specifically, the significant categories were dominated by a small number of well
studied genes with pleiotropic effects (data not shown).

3.3 Cognitive reserve
Vector projection analysis allowed initial determination of putative candidate genes involved
in cognitive reserve. Eleven transcripts, all located outside known AD linkage regions, were
identified as possible candidates (Table 6). Of these, only one (GSTT1, involved in glutathione
metabolism) was also differentially regulated in the Extreme Cognitive Phenotypes
comparison. All other genes are unique to the Cognitive Reserve analysis.

3.4 Identification of common themes related to cognitive decline
We compared genes identified in this study, using frontal cortex, with genes identified in two
other expression studies using hippocampus and entorhinal cortex. Blalock et al [8] compared
hippocampal gene expression in non-demented and AD subjects stratified by severity of disease
as measured by NFT count and MMSE scores. Dunckley et a l [20] used laser capture
microdissection (LCM) to obtain RNA from neurons in entorhinal cortex, and then compared
gene expression patterns in NFT-containing neurons and adjacent NFT-free neurons in AD
subjects. Neurons without NFTs were also obtained from non-demented subjects for
comparison.

In order to identify genes common to the underlying process of cognitive decline, we combined
the data sets across the three different tissues (Table 7A and Table 8). Pairwise comparisons
for all transcripts on the HG_U133A GeneChip array showed similar concordance with our
data and either of the other data sets. Concordance rates among any two data sets varied between
7.1% and 20.8%. A total of 174 transcripts were concordant (FDR 10%) across all three data
sets. More stringent criteria (FDR 5%) resulted in a loss of 30% of those transcripts. The overall
concordance rate for differentially-regulated transcripts across all three data sets ranged from
1.0% - 3.9%. Of the 18 transcripts located in linkage regions (Table 8), six are involved in
intracellular transport (ITSN1, ATP6V1G2, SYNJ1, SYNCRIP, DIRAS2) and three are related
to mitochondria (ATP5J, ATP5C1, MRPS10). GO category analysis of the entire concordant
transcript IDs demonstrated that the most significantly overrepresented GO category for up-
regulated genes was signal transduction (data not shown). Down-regulated transcripts were
most notably overrepresented in energy pathways and carbohydrate metabolism (data not
shown). If the differentially expressed genes are mapped to gene symbol ID, the number of
genes common to all three data sets increases (8.1-36.6%, FDR 10%) (Table 7B and
Supplemental Table 4).

Dunckley et al [20] compared neurons with and without NFTs in AD subjects in order to
investigate NFT formation. We compared low Braak stage subjects with high Braak stage
subjects regardless of cognitive function for the same purpose. Transcripts differentially
expressed in both data sets showed 39 (9.8%) concordant transcripts (Supplemental Table 5).
Most are down-regulated in subjects with higher numbers of tangles (74.3%).
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4. Discussion
Results of our human transcriptome profiling confirm many of the sweeping transcriptional
differences associated with cognitive decline that have been previously documented, and
implicate genes involved in transcriptional regulation, energy pathways, ion homeostasis
dysregulation, apoptosis, and synaptic activity [8,14,20,37,73]. In addition, our results reveal
significant up-regulation of actin-related processes and down-regulation of translation, RNA
processing and localization, and vesicle mediated transport (Tables 4 and 5). This study
identifies candidate genes, located in linkage regions, which had not been previously implicated
in cognitive decline.

One difficulty with microarray results is that, because biochemical networks connect multiple
physiological processes, a plausible biological mechanism for the implication of many genes
can often be suggested. This is compounded when studying a complex trait impacting multiple
cellular functions. We found that interpreting gene expression results in the context of genetic
mapping studies and functional annotation allowed a more informed approach to identifying
candidate genes in brain aging.

4.1 Extreme cognitive differences
We localized differentially expressed genes in healthy aging versus cognitive decline with
reference to cytogenetic band annotations. In 14 genomic regions, more transcripts were
differentially expressed than would be expected by chance (Supplemental Table 2), indicating
possible co-regulation of genes in these regions by trans-acting factors. We identified
functional changes of genes located in known AD linkage regions through differences in
expression to identify cis-acting DNA polymorphisms. AD linkage regions did not overlap
with the 14 genomic regions, indicating that the greater number of genes located within linkage
regions was not coordinately regulated by trans-acting factors. The majority (87%) of
transcripts were not found in linkage regions. However, differentially regulated genes located
within the known AD linkage regions may contain cis-acting DNA polymorphisms that affect
their gene expression and contribute to the linkage signal. Our results identified 873 possible
candidate transcripts.

Biological annotation of these transcripts revealed that a number of these genes are involved
in synaptic dysfunction, which has been shown to be an early process in cognitive decline.
Synapse loss correlates positively with cognitive decline and indeed may occur prior to clinical
signs [60]. Enlarged endosomes appear early in the course of AD pathology and are not present
in healthy aging [11]. While many synapse-specific genes and vesicle-mediated transport genes
are generally down-regulated in our study, we have identified a significantly up-regulated
transcript, ITSN1, which is located in linkage region 21q22 (Supplemental Table 1). ITSN1
has not been studied in cognitive decline, although it has been postulated that ITSN1 might
affect APP processing [48] and vesicular trafficking in AD [33]. Analysis of the other published
data sets also identified ITSN1 as consistently up-regulated (Supplemental Table 4).

ITSN1 is a scaffold protein involved in synaptic vesicle recycling [42] and caveolae
internalization [53]. Overexpression of ITSN1 blocks clathrin-mediated endocytosis [54],
internalization of caveolae [53] and Ras activation [69] (Figure 3). Inhibition of endocytosis
has been shown to increase soluble APP alpha release [10,13,57]. The fundamental significance
of ITSN1 is its role in linking the endocytic machinery at the synapse with both the actin
cytoskeleton and signal transduction pathways. Signaling pathways are regulated through
ITSN1 binding of SOS and activation of RAS [69] and Elk1 activation through a RAS-
independent process involving JNK[45]. Rho/Ras signaling is related to actin cytoskeleton
through the protein kinase ROCK1 [38] that is also up-regulated in AD brain tissue
(Supplemental Tables 1 and 4). The consistent findings across expression studies and the
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functional consequences of its overexpression provide compelling evidence for a central role
for ITSN1 in the pathogenic mechanisms of cognitive decline.

Down-regulated transcripts include many genes involved in synaptic function (Supplemental
Table 1) including synaptojanin 1 (SYNJ1) located in linkage region 21q22.2. The most
significantly down-regulated transcript across all brain tissues is ATP6V1G2 (Supplemental
Tables 1 and 4) located in linkage region 6p21.3. ATP6V1G2 is a membrane bound vacuolar-
type ATPase that maintains the acidity of lysosomal vesicles [67]. Luminal acidification by
V-ATPases is required for proper intracellular vesicle sorting and degradation of endocytosed
proteins. The relationship of ATP6V1G2 to the regulation of synaptic vesicle recycling or brain
aging is unknown.

In addition to appropriate retrograde transport of endosomes, synaptic plasticity is also
dependent on the anterograde transport and localization of specific mRNA transcripts to the
synapse. Protein synthesis occurring at the synapse is considered to be a fundamental part of
healthy synaptic function. Dysregulation of microtubule subunits and molecular motors is seen
in cognitive decline (Supplemental Table 1) and down-regulation of all aspects of RNA
function and transport is widespread in cognitive decline (Table 4). Two transcripts related to
proper mRNA localization and translation at the synapse are located in linked regions.
Synaptotagmin binding, cytoplasmic RNA interacting protein (SYNCRIP, 6q14-15 ) is a
component of mRNA granules [2] binding mRNA and ensuring proper anterograde transport
[31]. SYNCRIP interacts with various isoforms of the membrane-bound synaptotagmin [44].
Molecular motor trafficking on microtubules is postulated to be blocked by protein aggregates
[56]. Failure of protein aggregates to be degraded through ubiquitin-mediated proteolysis has
been shown to occur in AD [17,35] and local protein degradation through the ubiquitin-
proteosome pathway has been shown to affect synaptic plasticity [25]. Many transcripts
involved in this pathway are down-regulated in cognitive decline (Supplemental Table 1). A
recent study suggests that cell death due to polyglutamine protein aggregates can be reduced
by overexpression of RNA binding protein 3 (RBM3) [34]. RBM3 and its related gene CIRBP
are down regulated in AD (Supplemental Table 1). These proteins are involved in response to
stress [71]. RBM3 is located in a linkage region (Xp11.2) and has recently been shown to
decrease microRNA (miRNA) levels with a parallel increase in protein synthesis [18].
MicroRNAs are small, highly conserved RNA molecules that regulate the expression of
messenger RNA by binding to the 3′-untranslated regions (3′-UTR). Each miRNA is thought
to regulate multiple genes and miRNA regulation is thought to influence many diverse cellular
processes [41]. The contribution of miRNA regulation to cognitive decline is unknown,
although miRNAs are postulated to be involved in processes related to synaptic plasticity
[40].

4.2 NFT formation
NFT formation precedes cognitive decline and is correlated with severity of dementia in AD
[7]. We identified a subset of genes that were differentially regulated in non-demented versus
AD subjects (Hypothesis I) and subjects with low versus high tangle burden (Hypothesis II)
(Supplemental Table 3). Overall, fewer transcripts were related to NFT formation and these
had higher q-values than transcripts identified in the comparison of Extreme Cognitive
Phenotypes (Supplemental Tables 1 and 3). This relationship is evident in other gene profiling
experiments in which more transcripts were correlated with cognitive scores than NFTs [8]
and more transcripts were differentially expressed in non-demented versus AD neurons than
in AD non-NFT neurons versus AD NFT neurons [20]. Genes identified in this comparison
may be more relevant to initial stages of brain pathology during NFT formation.
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4.3 Cognitive reserve
Discovery of genes involved in individual brain capacity to tolerate, or circumvent,
neuropathologic damage during aging would increase our ability to predict risk of dementia
and determine risk-reducing factors. Non-demented individuals with heavy NFT burden may
have more versatile neuronal processing mechanisms than individuals who develop dementia
[64]. Although the limited sample size precluded statistical analyses, exploratory data analysis
uncovered several genes with different patterns of expression in these subjects (Table 6).

Non-demented individuals with high Braak scores (Group 3) exhibited increased expression
of a ribosomal structural gene (RPS4Y1) and the neuropeptide receptor bombesin-like receptor
3 (BRS3), compared with non-demented subjects with lower Braak scores (Groups 1 and 2)
and AD subjects (Group 4). Bombesin-like neuropeptides are a family of G-protein-coupled
receptors that have pleiotropic physiological effects, such as increasing hypertension and
insulin secretion, stimulating gastric secretion, and modulating smooth muscle contraction
[49]. Mice lacking BRS3 show mild obesity associated with hypertension, impairment of
glucose tolerance and insulin resistance[50]. Dysregulated glucose metabolism has been shown
to occur in AD pathology[16,47]. Our results suggest the possibility that individual protection
of brain tissue from the pathological effects of NFTs results from regulation of protein synthesis
and glucose metabolism.

Of the genes that show lower expression in Group 3 subjects, one has been previously studied
in AD. Glutathione S-transferase theta 1 (GSTT1) is involved in detoxification of
environmental toxins, but its role in susceptibility to AD is inconclusive [5,66]. Two genes are
possibly involved in inflammatory processes. S100A8 is a subunit of Calprotectin, a calcium-
and zinc-binding protein up-regulated in many inflammatory conditions[26]. Neuronal
pentraxin II (NPTX2) is postulated to be involved in uptake of pro-inflammatory molecules
[27]. Rat NPTX2 is regulated by synaptic activity and promotes neuronal migration [70]. Rap
guanine nucleotide exchange factor 2 (RAPGEF2) is also involved in synaptic physiology
through binding to a synaptic scaffold protein, and is hypothesized to link synaptic plasma
membrane vesicles with RAS signal transduction [51]. These results further illustrate the
central roles of anti-inflammatory processes and regulation of synaptic activity in maintaining
healthy neuronal function. Additional experiments with larger sample sizes will be required to
confirm the role of these genes in protection from brain tissue damage.

4.4 Genes common to the pathological process across all tissues
Determination of concordance across three transcriptomal studies allowed us to identify 174
transcripts common to cognitive decline across entorhinal cortex, hippocampus and frontal
cortex. Synaptic plasticity—related genes are dysregulated in all three tissues. Likewise, down-
regulation of energy pathways and ubiquitin-mediated protein degradation is widespread.
Genes that function in these pathways are likely to be important in processes underlying the
development of AD pathology. It is important to note that differentially expressed transcripts
unique to each study may be the result of tissue specificity or non-biological differences in
study design. Continued comparisons across studies and tissues will allow us to further
elucidate the underlying genetic mechanisms of cognitive decline.

4.5 General considerations for transcriptomal studies
Central to the interpretation of biological significance of a particular differentially expressed
transcript is the quality of the annotations obtained from publicly available databases. Often,
complete annotation is not available for all of the transcripts interrogated. The annotation that
does exist is dynamic and constantly updated. Finally, while it is transcripts that are interrogated
on the array, it is common practice to map these transcripts to a gene index (such as Unigene
ID). There can often be a loss of information in such a mapping, as it ignores differences at the
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transcript level. A case in point highlighted in this study is ITSN1, which is commonly found
in two isoforms, a short form and a long form. Additionally, over 19 alternatively spliced forms
have been identified. Affymetrix GeneChip arrays target both the short and long forms of
ITSN1. In all three data sets, it was the short form only (Probe ID 35776_at) that was
differentially expressed. This finding was confirmed with qRT-PCR. In the analysis of the
microarray data, transcripts for the same gene are often seen as technical replicates, rather than
biological variants, such that any gene with discordant ProbeSets is discarded from further
analysis. This results in failure to detect unique isoforms and transcripts that may play a key
role in the biological process under study.

This highlights an important aspect of the dynamic and complex nature of the annotation
process that may not always be appreciated. There has been a great deal of recent debate
concerning the reliability of microarray gene expression on the same samples across different
platforms [22,39]. A key point that is often missed is that in order to compare the arrays,
individual transcripts are mapped to gene indices, due to the fact that different transcripts are
interrogated on different platforms. There is an inherent loss of information in this mapping as
alternate transcripts (each potentially with different expression patterns) are all mapped to the
same gene identifier. Attempting to determine concordance based on gene annotation (such as
gene symbol, name or Unigene ID) can be misleading and give overestimates of discordance,
as described above.

Validation studies of microarrays using qRT-PCR also can suffer from overestimates of
discordance between the arrays and the RT-PCR when primers are not designed to the same
targets as the array. Strong correlations are seen between qRT-PCR and microarray results
when the same transcript targets are tested [15]. This is clearly demonstrated by ITSN1 in this
study, where only one transcript variant is differentially expressed, making primer design even
more critical. These issues need to be considered in design of new studies and meta-analysis
of existing data.

5. Summary
We have described a gene profiling approach to dissecting the complex phenotypes involved
in brain aging. Comparison of our results with two previously published studies using a
comparable microarray platform revealed common pathways underlying cognitive decline in
three different brain tissues. Novel genes in pathways previously recognized as crucial to
healthy brain aging have been identified. Dysregulated genes that are both involved in known
AD critical pathways and located in linkage/association regions represent potential candidates
for gene association studies.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Subject Comparisons
A) Subjects were separated into four groups based on Braak stage and cognitive health. B)
Two separate ANOVA comparisons performed. I. Extreme Cognitive Phenotypes were
assessed by combining all non-demented subjects compared to AD subjects; II.
Neuropathological Process was assessed by comparing low Braak stage subjects with high
Braak stage subjects regardless of cognitive ability; III. Cognitive Reserve was assessed using
Vector projection comparing non-demented, Braak V/VI subjects with AD subjects.
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Figure 2. Analytical Work Flow
Raw data files were preprocessed and normalized using two different methods. Each data set
was analyzed separately by ANOVA (Hypotheses I & II) and Vector Projection (Hypothesis
III). Transcripts differentially expressed (DE) in both data sets (q-value < 0.1) were combined
into one data set for downstream analysis. DE transcripts were analyzed by χ2 for
overrepresentation in categories of interest (chromosome location, known AD linkage regions
and Gene Ontology Biological Process categories). Concordance of DE transcripts with two
previous studies was investigated.

Wilmot et al. Page 18

Neurobiol Aging. Author manuscript; available in PMC 2009 May 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure. 3. Altered metabolism due to increased expression of Intersectin1
Solid arrows are direct consequences of higher levels of ITSN1 in published reports. Dashed
arrow refers to the downstream effects of the MAPK signaling cascade on the phosphorylation
of Tau.
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Table 1
Subject Description

Non-demented AD

Braak I/II III/IV V/VI V/VI

Age 93.03 ± 12.19 90.85 ± 0.21 93.57 ± 1.59 89.74 ± 4.33

MMSE 28.0 ± 2.0 29.0 ± 1.41 28.33 ± 1.15 14.40 ± 6.99

Clinical DX ND
n=3

ND
n=3

ND
n=3

PRAD
n=5

Subjects were assigned to four groups based on Braak stage scoring (see Methods). MMSE, Minimental Status Exam; Clinical DX, clinical diagnosis;
ND, non-demented; Braak, Braak stage; n, number of subjects.
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Table 3
Differentially expressed transcripts located in genomic regions linked to Alzheimer’s diseasea

# of transcripts

Linkage Regions # DEb # on chipc p-valued

1p36 106 808 0.99

1q23-31 78 511 0.70

2p23-24 49 285 0.43

4q35 15 84 0.44

5p13-15 64 325 0.12

6p21 92 750 0.99

6q15-16 27 112 0.05

6q25-27 46 280 0.55

9p21 11 67 0.56

9q22 26 219 0.96

10q21-22 55 319 0.42

10q25 22 120 0.37

12p11-12 30 219 0.86

19q13 144 1256 1.00

21q21-22 66 499 0.96

Xp11-21 42 321 0.94

a
Linkage regions are reproduced from Bertram and Tanzi [6]. Transcripts differentially expressed (DE) between non-demented and AD subjects

(hypothesis I) were compared for overrepresentation in linkage regions.

b
DE, number of transcripts differentially expressed at q < 0.1 by ANOVA that are located in the linkage region

c
Number of transcripts on the chip that are located in the linkage region

d
p-values are from Fisher’s Exact test comparing transcripts DE at q < 0.1 to all transcripts on the Affymetrix HGU133Plus2 GeneChip in each linkage

region.

Neurobiol Aging. Author manuscript; available in PMC 2009 May 19.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wilmot et al. Page 23

Table 4
Biological process categories significantly overrepresented in Cognitive Differences Hypothesis (non-demented vs.
AD)

A. up regulated in AD

Category # genes DEa # genes on
chipb FDRc

regulation of cellular physiological process 208 2252 3.21E-05

regulation of biological process 231 2578 3.21E-05

regulation of cellular process 215 2365 3.21E-05

regulation of physiological process 214 2376 6.34E-05

regulation of transcription, DNA dependent 149 1533 6.35E-05

regulation of transcription 154 1598 6.35E-05

regulation of nucleic acid metabolism 155 1620 8.39E-05

regulation of cellular metabolism 157 1650 8.94E-05

transcription 159 1684 0.000115

transcription, DNA-dependent 151 1587 0.000137

regulation of metabolism 159 1733 0.000752

negative regulation of cellular physiological process 48 384 0.0011

actin filament-based process 17 88 0.00146

negative regulation of physiological process 49 412 0.00451

negative regulation of cellular process 49 416 0.0059

chromatin modification 16 87 0.00717

actin cytoskeleton organization and biogenesis 16 77 0.0114

negative regulation of biological process 51 456 0.0189

phosphate transport 14 78 0.0363

nucleic acid metabolism 205 2502 0.0418

B. Down regulated in AD

Category # genes # genes on
chip FDR

coenzyme metabolism 65 124 1.69E-32

cofactor metabolism 70 145 1.42E-30

oxidative phosphorylation 41 65 2.47E-27

coenzyme biosynthesis 41 81 1.25E-18

cofactor biosynthesis 45 96 6.15E-18

biosynthesis 217 919 3.27E-17

ribonucleotide biosynthesis 34 69 1.76E-14

nucleoside phosphate metabolism 25 42 1.76E-14

ATP biosynthesis 25 42 1.76E-14

ATP coupled proton transport 23 38 1.30E-13

energy coupled proton transport, down
electrochemical gradient 23 38 1.30E-13

ribonucleotide metabolism 34 72 1.58E-13
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B. Down regulated in AD

Category # genes # genes on
chip FDR

ATP metabolism 25 44 1.76E-13

group transfer coenzyme metabolism 28 54 4.57E-13

ribonucleotide triphosphate biosynthesis 27 51 4.57E-13

purine ribonucleotide triphosphate biosynthesis 27 51 4.57E-13

purine nucleoside triphosphate biosynthesis 27 51 4.57E-13

nucleoside triphosphate metabolism 27 52 1.27E-12

generation of precursor metabolites and energy 128 504 1.33E-12

intracellular transport 114 433 1.63E-12

cellular biosynthesis 183 807 2.29E-12

ribonucleoside triphosphate metabolism 27 53 2.55E-12

purine ribonucleoside triphosphate metabolism 27 53 2.55E-12

purine nucleoside triphosphate metabolism 27 53 2.55E-12

purine ribonucleotide biosynthesis 30 64 7.52E-12

purine nucleotide biosynthesis 31 68 1.18E-11

nucleoside triphosphate metabolism 27 55 1.59E-11

establishment of protein localization 108 417 2.77E-11

purine ribonucleotide metabolism 30 66 3.22E-11

purine nucleotide metabolism 31 70 4.56E-11

purine nucleotide metabolism 107 415 4.80E-11

protein transport 42 113 1.10E-10

nucleotide biosynthesis 108 425 1.23E-10

hydrogen transport 29 65 1.86E-10

proton transport 28 64 1.19E-09

nucleotide metabolism 51 159 2.90E-09

intracellular protein transport 74 271 7.39E-09

aerobic respiration 18 27 5.76E-08

cellular respiration 18 29 3.12E-07

ATP synthesis coupled electron transport 16 25 1.28E-06

metabolism 933 6083 1.75E-06

translation 42 138 1.75E-06

RNA metabolism 82 340 1.75E-06

ATP synthesis coupled electron transport 15 23 2.41E-06

acety-CoA metabolism 15 24 5.36E-06

main pathways of carbohydrate metabolism 29 84 5.82E-06

energy derivation by oxidation of organic compounds 38 127 1.61E-05

tricarboxylic acid cycle 13 20 2.10E-05

acety-CoA catabolism 13 20 2.10E-05

coenzyme catabolism 13 20 2.10E-05

cofactor catabolism 14 23 2.23E-05

secretory pathway 35 116 3.75E-05

cellular metabolism 869 5712 6.16E-05
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B. Down regulated in AD

Category # genes # genes on
chip FDR

macromolecule metabolism 462 2830 9.62E-05

RNA processing 63 266 0.000178

secretion 40 146 0.000178

protein folding 49 192 0.000189

mitochondrial electron transport, NADH to
ubiquinone 12 20 0.000191

mRNA metabolism 44 167 0.000211

cellular macromolecule metabolism 436 2674 0.000251

cellular physiological process 1164 7955 0.000273

protein biosynthesis 95 455 0.000434

RNA splicing, via transesterif 26 83 0.000452

nuclear mRNA splicing, via spliceosome 26 83 0.000452

RNA splicing, via transesterif 26 83 0.000452

electron transport 70 312 0.000476

establishment of localization 305 1803 0.000597

mRNA processing 39 147 0.000626

transport 304 1801 0.000739

localization 305 1810 0.000823

RNA splicing 31 111 0.00151

protein targeting 31 111 0.00151

biopolymer metabolism 235 1361 0.00199

macromolecule biosynthesis 102 513 0.00205

Golgi vesicle transport 16 44 0.00229

protein-mitochondrial targeting 10 18 0.00292

sterol biosynthesis 12 25 0.00316

primary metabolism 815 5466 0.00606

protein metabolism 400 2514 0.00833

mitochondrial organization and biogenesis 8 14 0.0141

translational initiation 16 49 0.0175

cellular protein metabolism 394 2496 0.0193

inner mitochondrial membrane organization and
biogenesis 5 6 0.0206

mitochondrial inner membrane protein import 5 6 0.0206

regulated secretory pathway 8 15 0.0248

quinone cofactor metabolism 4 4 0.0275

quinone cofactor biosynthesis 4 4 0.0275

ubiquinone biosynthesis 4 4 0.0275

ubiquinone metabolism 4 4 0.0275

lipid biosynthesis 39 170 0.036

a
the number of differentially expressed genes (q< 0.1 by ANOVA) that are members of the category
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b
the number of genes on the Affymetrix GeneChip that are members of the category

c
the FDR values are from χ2 analysis corrected for multiple testing (see methods)
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Table 5
Canonical Pathways involved in healthy aging

Pathway #
genesa

# genes in
pathwayb p-valuec % Ad

Oxidative phosphorylation 66 130 0.000 50.769

Proteasome 20 31 0.000 64.516

ATP synthesis 22 40 0.000 55.000

Infection 18 41 0.009 43.902

Citrate cycle (TCA cycle) 12 25 0.014 48.000

Synthesis and degradation of ketone bodies 5 7 0.015 71.429

RNA polymerase 11 23 0.019 47.826

Carbon fixation 10 22 0.037 45.455

Phenylalanine 6 11 0.041 54.545

Butanoate metabolism 17 44 0.044 38.636

Amyotrophic lateral sclerosis (ALS) 8 17 0.049 47.059

Reductive carboxylate cycle (CO2 fixation) 5 9 0.056 55.556

Valine 16 43 0.068 37.209

Aminoacyl-tRNA biosynthesis 10 25 0.088 40.000

a
the number of differentially expressed genes (q < 0.1 by ANOVA) that are members of the pathway

b
the total number of genes in the pathway

c
p-values are from a one-tailed Fisher’s Exact Test (see methods)

d
% abundance of differentially expressed genes in that pathway
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Table 6
Transcripts with maximum Differences between Group 3 (non-demented with high Braak score) and other Groups

A. Transcripts with an increased transcript in non-demented, high Braak
stage subjects.

Probe ID Gene Symbol chromosome
location

207369_at bombesin-like receptor 3
hypothetical gene supported by AK096952;

BRS3 Xq26-q28

226558_at AK126241; BC068588 LOC441057 4p16.3

238774_at Hypothetical protein LOC284058 LOC284058 17q21.31

201909_at ribosomal protein S4, Y-linked 1 RPS4Y1 Yp11.3

B. Transcripts with a decreased transcript in non-demented, high Braak
stage subjects.

203815_at glutathione S-transferase theta 1 GSTT1 22q11.23

224588_at

227671_at

203096_s_at Rap guanine nucleotide exchange factor
(GEF) 2 RAPGEF2 4q32.1

221728_x_at

202917_s_at S100 calcium binding protein A8
(calgranulin A) S100A8 1q21

213479_at neuronal pentraxin II NPTX2 7q21.3-q22.1
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Table 7
Concordance Rates per data set for Affymetrix HG_U133A GeneChip array.a

A. Intersection using Probe ID

10% FDR 5% FDR

UP DN UP DN

Blalockb 104 (8.4%) 493 (13.7%) 55 (9.4%) 392 (16.7%)

Dunckley 252 (20.4%) 733 (20.4%) 117 (19.9%) 488 (20.8%)

Blalock/Dunckley 451 (10.1%) 239 (8.4%) 254 (7.1%) 141 (10.0%)

all 3 data sets 33 (2.6%) 141 (3.9%) 6 (1.0%) 54 (2.3%)

B. Intersection using Gene Symbol

10% FDR

UP DN

Blalockb 258 (35.5%) 610 (27.5%)

Dunckley 195 (26.8%) 812 (36.6%)

Blalock/Dunckley 762 (21.7%) 554 (14.0%)

all 3 data sets 59 (8.1%) 274 (12.3%)

a
Concordance was determined for each pair of data sets by measuring the intersection of transcripts significantly differentially regulated at 10% and 5%

FDR. The number and percentage of transcripts concordant in each comparison is given.

b
The concordance of each data set with our results, between Blalock, et al and Dunckley, et al, and the concordance among all three data sets is presented.
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Table 8
Transcripts differentially expressed in non-demented versus demented that are common to all data sets.a

Upregulated in AD

Probe ID Symbol chromosome
locationb

p-value
Blalock et al

p-value
Dunckley et al

35776_at ITSN1 21q22.1-q22.2 0.05 0.00

201502_s_at NFKBIA 14q13 0.01 0.00

202273_at PDGFRB 5q31-q32 0.07 0.00

201125_s_at ITGB5 3q21.2 0.00 0.02

202861_at PER1 17p13.1-17p12 0.04 0.00

210473_s_at GPR125 4p15.31 0.07 0.01

203685_at BCL2 18q21.33, 18q21.3 0.00 0.07

CHKB ///

210069_at CPT1B 22q13.33 0.02 0.06

206766_at ITGA10 1q21 0.08 0.00

221527_s_at PARD3 10p11.22-p11.21 0.02 0.04

212346_s_at MXD4 4p16.3 0.08 0.02

213044_at ROCK1 18q11.1 0.10 0.03

203505_at ABCA1 9q31.1 0.01 0.01

36829_at PER1 17p13.1-17p12 0.03 0.00

217937_s_at HDAC7A 12q13.1 0.08 0.00

214594_x_at ATP8B1 18q21-q22,
18q21.31 0.06 0.00

DKFZP586A05

209703_x_at 22 12q13.12 0.04 0.00

205168_at DDR2 1q12-q23 0.00 0.04

DKFZP434A01

221191_at 31 7q11.23-q21.1 0.02 0.02

203080_s_at BAZ2B 2q23-q24 0.07 0.04

PRKX ///

204060_s_at PRKY Xp22.3 , Yp11.2 0.00 0.01

RHOQ ///

212122_at LOC284988 2p21 , 2q21.1 0.00 0.03

209370_s_at SH3BP2 4p16.3 0.02 0.06

202724_s_at FOXO1A 13q14.1 0.00 0.01

205111_s_at PLCE1 10q23 0.03 0.00

205288_at CDC14A 1p21 0.03 0.00

204061_at PRKX Xp22.3 0.02 0.00

202933_s_at YES1 18p11.31-p11.21 0.02 0.03

209108_at TM4SF6 Xq22 0.01 0.00
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Downregulated in AD

Probe ID Symbol chromosome
location

p-value
Blalock et al

p-value
Dunckley et al

214762_at ATP6V1G2 6p21.3 0.01 0.02

221020_s_at MFTC 8q22.3 0.06 0.00

210976_s_at PFKM 12q13.3 0.02 0.04

219443_at C20orf13 20p12.1 0.07 0.01

203889_at SGNE1 15q13-q14 0.05 0.09

202325_s_at ATP5J 21q21.1 0.09 0.03

201304_at NDUFA5 7q32 0.01 0.09

204675_at SRD5A1 5p15 0.08 0.00

222005_s_at GNG3 11p11 0.03 0.00

200720_s_at ACTR1A 10q24.32 0.06 0.00

208934_s_at LGALS8 1q42-q43 0.02 0.01

218291_at MAPBPIP 1q22 0.02 0.06

206290_s_at RGS7 1q43 0.01 0.00

206489_s_at DLGAP1 18p11.3 0.03 0.01

218488_at EIF2B3 1p34.1 0.03 0.02

213849_s_at PPP2R2B 5q31-5q32 0.01 0.02

215161_at CAMK1G 1q32-q41 0.00 0.04

204471_at GAP43 3q13.1-q13.2 0.03 0.00

200039_s_at PSMB2 1p34.2 0.03 0.01

213011_s_at TPI1 12p13 0.02 0.02

206055_s_at SNRPA1 15q26.3 0.07 0.09

209583_s_at CD200 3q12-q13 0.03 0.08

203218_at MAPK9 5q35 0.09 0.09

211023_at PDHB 3p21.1-p14.2 0.00 0.02

210027_s_at APEX1 14q11.2-q12 0.02 0.03

221471_at TDE1 20q13.1-13.3 0.02 0.01

218332_at BEX1 Xq21-q23 0.06 0.00

213666_at 6-Sep Xq24 0.00 0.03

210014_x_at IDH3B 20p13 0.04 0.03

201569_s_at CGI-51 22q13.31 0.07 0.00

211276_at TCEAL2 Xq22.1-q22.3 0.02 0.00

202634_at POLR2K 8q22.2 0.02 0.01

207142_at KCNJ3 2q24.1 0.10 0.08

221482_s_at ARPP-19 15q21.2 0.05 0.06

206342_x_at IDS Xq28 0.10 0.00

200822_x_at TPI1 12p13 0.04 0.03

212990_at SYNJ1 21q22.2 0.06 0.02

208870_x_at ATP5C1 10p15.1 0.03 0.08

200613_at AP2M1 3q28 0.03 0.00

218193_s_at GOLT1B 12p12.1 0.08 0.00

217948_at DKFZP564B147 Xq26.3 0.02 0.02
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Downregulated in AD

Probe ID Symbol chromosome
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202961_s_at ATP5J2 7q22.1 0.10 0.02

202279_at C14orf2 14q32.33 0.01 0.00

218404_at SNX10 7p15.2 0.02 0.02

204744_s_at IARS 9q21 0.05 0.04

202596_at ENSA 1q21.2 0.00 0.09

209075_s_at NIFUN 12q24.1 0.03 0.08

205549_at PCP4 21q22.2 0.01 0.01

218813_s_at SH3GLB2 9q34 0.07 0.01

208308_s_at GPI 19q13.1 0.09 0.05

208745_at ATP5L 11q23.3 0.04 0.04

200001_at CAPNS1 19q13.12 0.10 0.07

208906_at BSCL2 11q12-q13.5 0.08 0.08

206089_at NELL1 11p15.2-p15.1 0.00 0.08

205711_x_at ATP5C1 10p15.1 0.01 0.02

219196_at SCG3 15q21 0.04 0.05

209025_s_at SYNCRIP 6q14-q15 0.00 0.00

212826_s_at SLC25A6 Xp22.32 and Yp 0.01 0.01

209482_at POP7 7q22 0.04 0.08

211698_at CRI1 15q21.1-q21.2 0.01 0.10

201849_at BNIP3 10q26.3 0.03 0.00

201797_s_at VARS2 6p21.3 0.04 0.07

205899_at CCNA1 13q12.3-q13 0.08 0.07

201662_s_at ACSL3 2q34-q35 0.04 0.02

209056_s_at CDC5L 6p21 0.01 0.02

201524_x_at UBE2N 12q22 0.01 0.04

219619_at DIRAS2 9q22.2 0.04 0.06

206233_at B4GALT6 18q11 0.05 0.00

213333_at MDH2 7p12.3-q11.2 0.02 0.09

203079_s_at CUL2 10p11.21 0.02 0.03

213902_at ASAH1 8p22-p21.3 0.04 0.01

201400_at PSMB3 17q12 0.02 0.01

215691_x_at C1orf41 1p32.1-p33 0.01 0.00

217773_s_at NDUFA4 7p21.3 0.01 0.05

201568_at QP-C 5q31.1 0.06 0.02

206857_s_at FKBP1B 2p23.3 0.08 0.00

214436_at FBXL2 3p23 0.03 0.01

208977_x_at TUBB2 6p25 0.03 0.06

200650_s_at LDHA 11p15.4 0.01 0.00

216120_s_at ATP2B2 3p25.3 0.01 0.00

212296_at PSMD14 2q24.2 0.07 0.00

221437_s_at MRPS15 1p35-p34.1 0.09 0.01
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201381_x_at CACYBP 1q24-q25 0.07 0.00

206381_at SCN2A2 2q23-q24 0.09 0.04

209849_s_at RAD51C 17q22-q23 0.00 0.03

206949_s_at RUSC1 1q21-q22 0.03 0.00

208975_s_at KPNB1 17q21.32 0.04 0.08

210406_s_at RAB6A /// 11q13.3 , 2q31 0.01 0.01

RAB6C

200027_at NARS 18q21.2-q21.3 0.03 0.00

209914_s_at NRXN1 2p16.3 0.08 0.02

214005_at GGCX 2p12 0.06 0.00

201597_at COX7A2 6q12 0.05 0.00

213366_x_at ATP5C1 10p15.1 0.01 0.02

219073_s_at OSBPL10 3p22.3 0.00 0.00

208905_at CYCS 7p15.3 0.03 0.00

217801_at ATP5E 20q13.32 0.03 0.05

202309_at MTHFD1 14q24 0.00 0.00

203894_at TUBG2 17q21 0.00 0.02

209877_at SNCG 10q23.2-q23.3 0.02 0.09

216903_s_at CBARA1 10q22.1 0.09 0.01

202260_s_at STXBP1 9q34.1 0.08 0.00

201837_s_at STAF65(gamma) 2pter-p25.1 0.00 0.00

218226_s_at NDUFB4 3q13.33 0.06 0.00

207081_s_at PIK4CA 22q11.21 0.02 0.07

209142_s_at UBE2G1 1q42, 17p13.2 0.07 0.00

220045_at NEUROD6 7p14.3 0.01 0.02

202090_s_at UQCR 19p13.3 0.03 0.00

200734_s_at ARF3 12q13 0.01 0.00

213726_x_at TUBB2 6p25 0.02 0.04

201047_x_at RAB6A 11q13.3 0.06 0.07

204141_at TUBB2 6p25 0.02 0.00

210016_at MYT1L 2p25.3 0.01 0.03

208936_x_at LGALS8 1q42-q43 0.01 0.00

205691_at SYNGR3 16p13 0.01 0.00

203001_s_at STMN2 8q21.13 0.09 0.00

218732_at Bit1 17q23.2 0.10 0.05

205113_at NEF3 8p21 0.01 0.05

218106_s_at MRPS10 6p21.1-p12.1 0.06 0.05

203846_at TRIM32 9q33.1 0.01 0.00

209001_s_at ANAPC13 3q22.1 0.02 0.00

203797_at VSNL1 2p24.3 0.01 0.07

203303_at TCTE1L Xp21 0.05 0.00
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211071_s_at AF1Q 1q21 0.09 0.00

204247_s_at CDK5 7q36 0.01 0.04

221288_at GPR22 7q22-q31.1 0.01 0.07

201434_at TTC1 5q32-q33.2 0.03 0.00

212976_at TA-LRRP 1p22.2 0.03 0.07

203667_at TBCA 5q14.1 0.01 0.05

200625_s_at CAP1 1p34.2 0.02 0.00

218467_at TNFSF5IP1 18p11.21 0.02 0.01

204465_s_at INA 10q24.33 0.01 0.00

202754_at R3HDM 2q21.3 0.02 0.01

215518_at STXBP5L 3q13.33 0.05 0.00

222125_s_at PH-4 3p21.31 0.02 0.02

206051_at ELAVL4 1p34 0.09 0.03

202336_s_at PAM 5q14-q21 0.10 0.00

202022_at ALDOC 17cen-q12 0.02 0.08

201980_s_at RSU1 10p13 0.01 0.01

211069_s_at SUMO1 2q33 0.05 0.08

201527_at ATP6V1F 7q32 0.06 0.05

a
Differentially expressed transcripts are q < 0.1 from ANOVA

b
Values in bold are chromosomal regions linked to AD
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