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Abstract

Enzymatic cleavage of Amyloid-f Protein Precursor (ABPP) produces amyloid-p (AB) peptides
which form the insoluble cortical plagues characteristic of Alzheimer’s Disease (AD). ABPP is
post-transcriptionally processed into three major isoforms with differential cellular and tissue
expression patterns. Changes in ABPP isoform expression may be indicative of disease
pathogenesis in AD, but accurately measuring ABPP gene isoforms has been difficult to
standardize, reproduce, and interpret. In light of this, we developed a set of isoform specific
absolute quantification real time PCR standards that allow for quantification of transcript copy
numbers for total ABPP and all three major isoforms (ApPP695, ABPP751, and ABPP770) in
addition to glyceraldehyde-3-dehydrogenase (GAPDH) and examined expression patterns in
superior frontal gyrus (SFG) and cerebellar (CBL) samples from patients with (n=12) and without
AD (n=10). Both total ABPP and ABPP695 transcripts were significantly decreased in superior
frontal gyrus (SFG) of patients with AD compared to control (p=0.037 and p=0.034,
respectively). ABPP751 and ABPP770 transcripts numbers were not significantly different
between AD and control (p>0.15). There was trend for decreased percentage ApPP695 (p=0.051)
and increased percentage ABPP770 (p=0.013) expression in SFG of patients with AD. GAPDH
transcripts levels were also decreased significantly in the SFG of patients with AD compared to
control (p=0.005). Decreasing Total ABPP and ABPP695 copy number was associated with
increased plaque burden and decreased cognitive function. In this study we describe a simple
procedure for measuring ABPP isoform transcripts by real-time PCR and confirm previous studies
showing altered ABPP isoform expression patterns in AD.
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Introduction

A hallmark pathological finding in Alzheimer’s Disease (AD) is the presence of central
nervous system plaques containing insoluble amyloid-p (AB) resulting from proteolytic
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processing of Amyloid-p Protein Precursor (ABPP) [1]. ABPP is a ubiquitously expressed
type 1 transmembrane protein that is alternatively spliced into several isoforms in a tissue
specific manner. Each isoform can undergo processing along two major pathways to
produce several peptide products in addition to AB, with multiple suggested functions [2, 3].
The three major isoforms of ABPP are derived from post-transcriptional alternative splicing
that removes exon(s) 7 and/or 8; ABPP770 contains both, ABPP751 does not contain exon 8,
and APPP695 lacks exons 7 and 8. Exon 7 codes for a Kunitz-type protease inhibitor (KPI)
domain known as Protease Nexin-2 (PN2) that can regulate thrombosis through binding to
Factors Xa and Xla [4, 5]. ABPP695 has been described as the neuronally predominant
isoform; ABPP751 is abundant in CNS tissue, mostly in astrocytes and glial cells, but is also
found in high levels in peripheral tissues; ABPP770 is widely expressed in peripheral tissues
but minimally in CNS tissue [3].

Over the past twenty years, several groups have documented variation in ABPP isoform
expression in multiple regions of the brain affected by AD. In general, studies have found
either no change in total ABPP transcript levels or modest reductions in AD-affected areas of
the brain with simultaneous increases in KPI containing ABPP isoforms [6-8]. Alteration of
APPP isoform levels has also been observed in cortical tissues of subjects with other forms
of dementia [9, 10]. There is some inconsistency between studies, however. Some of the
variability between studies may be due to differences in anatomic location and sample
quality. In addition, progress in the area has been hampered to some degree by the technical
difficulty of in situ hybridization or nuclease protection assays and to a larger degree by the
limitation that relative quantification PCR (RQ-PCR) cannot be used to compare isoform
levels within studies or expression levels across independent studies.

In light of this, we developed a set of PCR primers to produce standard curves for measuring
total ABPP, each of the three major ABPP isoforms, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) by absolute quantification PCR (AQ-PCR). We then used
commercially available real-time PCR probe sets in conjunction with our isoform-specific
standards to measure ABPP isoform transcript levels in the frontal cortex of subjects with
AD and normal controls. This method is easily executed and allows for direct comparison of
gene copy number across isoforms, which one cannot do using relative quantification PCR
(RQ-PCR). We found that total ABPP and ABPP695 levels are reduced in the frontal cortex
in AD and the expression of ABPP770 as a percentage of total ABPP was elevated.
Decreasing total ABPP and ABPP695 copy number was associated with increasing plaque
burden and decreased cognitive function, suggesting the decrease was a result of neuronal
death or dysfunction. Further, this study illustrates the utility of absolute quantification PCR
as a research tool for understanding the biology of the ApPP system.

Materials and Methods

Preparation of APP isoform specific standards for AQ-PCR

To create absolute quantification standard curves, PCR primer pairs were designed to
amplify either total ABPP transcripts (ApPPcm), isoform specific transcripts for ABPP770,
APBPP751, or ABPP695, and GAPDH from cDNA libraries. Series of primers for each
standard were prepared to produce cDNASs with sequences encompassing the target region
measured by isoform specific TagMan assays (Applied Biosystems Inc). Testing of empiric
combinations yielded pairs of specific primers (Table 1 and Figure 1) which produced
cDNAs of known size that could be resolved by gel electrophoresis, physically isolated, and
purified. This step was necessary as each set of primers could amplify more than one
product (Figure 2a). However, after isolation and purification, only one cDNA was observed
for each of the standards; the cDNAs amplified as standards for total ABPP, ABPP770,
APBPP751, ABPP695, and GAPDH are 265, 215, 258, 300, and 305 bp long, respectively
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(Figure 2b). Purified samples were sequenced at the University of Vermont DNA Analysis
Core to ensure the proper sequence had been produced (See Supplementary Figure 1).
Concentration of the cDNA standards was determined by spectrometry (NanoDrop) and a
standard curve with known standard copy number for each transcript was made by serial
dilution.

Tissue Collection

Post-mortem brain samples were obtained from Banner Sun Health Research Institute (Sun
City, AZ) where they had been collected under an ongoing institutional review board
approved research protocol[11]. De-identified samples from human subjects clinically and
neuropathologically classified as having Alzheimer’s Disease (AD; n = 12) or no dementia
(ND; n = 10) (See Table 2) were tested in accordance with institutional review board
policies at the University of Vermont. Subjects without dementia (8 males / 2 females)
averaged 76.2 + 16.3 (mean + SD) years of age at expiry, and their last Mini-Mental Status
Exam (MMSE) scores averaged 28.6 £+ 1.5 (n=8; 2 subjects did not have a final MMSE
score). AD subjects (5 males / 7 females) were 76.2 + 9.2 years of age with last MMSE
scores averaging 9 £ 6.5 (n = 8; 4 subjects had no final MMSE score). Post-mortem intervals
for tissue collection averaged 3 hrs with no differences between ND and AD subjects
(p=0.5). AD subjects had frequent plaques and tangles and were all classified as Braak Stage
5 or 6. ND subjects had few to no plaques, low tangle density, and were classified as Braak
Stages 1 — 3. The ApoE4 genotype was present in 9 AD subjects, but only 2 ND subjects.

Extraction of RNA and preparation of cDNA from brain tissue

Frozen superior frontal gyrus (SFG) and cerebellar (CBL) samples were homogenized in
QIAzol reagent and RNA was extracted using RNeasy Lipid tissue mini kit (Qiagen).
During the extraction, RNA was treated with DNase | using RNase-free DNase sets
(Qiagen) according to the manufacturer’s instructions. A cDNA library was made using
Advantage RT-for-PCR kits (Clontech) from 1 pg of RNA with oligo-dT primers according
to manufacturer’s instructions.

Real-time PCR

Absolute quantification real-time PCR was carried out in a standard fashion using human
TagMan gene expression assays (assay IDs; ABPP-common / total ABPP:
Hs_00169098_m1; ABPP770: Hs_01552289_m1; ABPP751: Hs_01562342_m1; ABPP695:
Hs_01562345 m1; GAPDH: 4326317E) on an Applied Biosystems 7300 Real-Time PCR
System (Applied Biosystems Inc, Foster City, CA). Relative quantification real-time PCR
(RQ-PCR) was conducted using the same protocol for 18s rRNA (assay ID: 4319413E). All
samples were brought to room temperature before use. The PCR conditions were as follows:
one cycle at 50 °C for 2 min, one cycle at 95 °C for 10 min, and 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. All clinical samples were run in duplicate while serially diluted AQ-
PCR standards were run in triplicate. Transcript copy numbers were interpolated using the
ABI 7300 Sequence Detection Software. RQ-PCR data was analyzed using the 2-Ct method
[12]. Unamplified and TagMan amplified standards and samples were electrophoresed on a
4% agarose gel and visualized using ethidium bromide (Sigma) under UV excitation (See
Supplementary Figure 2) to determine the fidelity of the TagMan reactions. Relative
amounts of products in the gels were determined from digital analysis of fluorescence
intensity using ImageJ (National Institutes of Health).

Statistical analyses

Clinical data were analyzed using Fisher’s Exact test or unpaired, two-tailed Student’s t-test.
All gene expression data were analyzed using unpaired, heteroscedastic, two-tailed
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Student’s t-tests. Data were natural logarithm transformed where noted. Simple linear
regression was used to determine relationships between gene expression and clinical data. A
p-value less than 0.05 was considered significant. Data are presented as mean + SEM,
except where noted.

Characterization of ABPP isoform standards

Absolute quantification standards for each transcript amplified with high fidelity and
reproducibility; mean r2 for GAPDH standard curves was 0.9931 # 0.0051 (mean + SD;
n=5), mean r2 for total ABPP (ABPPcm) standards was 0.9970 + 0.0015 (n=6) (See
Supplemental Figure 3), mean r2 for ABPP695 standards was 0.9972 + 0.0023 (n=4), mean
r2 for ABPP751 standards was 0.9967 + 0.0026 (n=4), and mean r2 for ABPP770 standards
was 0.9909 + 0.0064 (n=4). Primer efficiencies were calculated and any run with an
efficiency <1.8 or >2.2 was excluded from further analysis [12]. Gel electrophoresis of
TagMan amplified AQ-PCR standards showed that only one amplicon was produced for
each standard (See Supplementary Figure 2a, lanes 7 — 11).

Decreased GAPDH expression in cortex of subjects with Alzheimer’s Disease

Using these AQ-PCR standards, we found average In GAPDH expression was decreased by
almost 70% in the SFG of subjects with AD compared to ND subjects (p=0.0053). A
decrease in GAPDH transcripts between CBL samples from AD or ND subjects was also
noted (p=0.017; Figure 3 and Table 3). Gel electrophoresis of TagMan amplified samples
showed that only one amplicon was produced (See Supplementary Figure 2a, lanes 17 — 20).
These data suggest a fundamental metabolic change in the AD-affected brain. To further
characterize this observation we examined expression of 18s rRNA using RQ-PCR. Mean
relative quantities, calculated using 2~ Ct, were not significantly different between AD and
ND SFG samples (1.1E-06 £ 2.4E-07 vs. 1.5E-06 + 3.7E-07, p = 0.29) or between CBL
samples (1.2E-06 + 3.4E-07 vs. 8.0E-07 £ 1.4E-07, p = 0.31). Based on these data we
concluded that our samples were intact, but that normalization of cerebral gene expression to
GAPDH is not appropriate in the setting of AD.

Decreased ABPP transcripts in the frontal cortex of subjects with Alzheimer’s Disease

A decrease in In-transformed total ABPP transcript number was found in the SFG of subjects
with AD compared to ND (p=0.037), mirrored by decreased expression of the ABPP695
isoform (p=0.034). Transcript levels of ABPP751 and ABPP770 in the SFG of subjects with
AD did not differ from ND subjects (p=0.15 and p=0.25 respectively) (Figure 4a; Table 3).
CBL samples served as controls as this area of the brain does not typically exhibit
substantial amyloid plaque burden in AD [13, 14]. No differences were found in total ABPP
copy number from subjects with AD compared to ND in the cerebellar samples. Likewise,
no differences were found in copy numbers of ABPP695, ABPP751, or ABPP770 between
AD and ND CBL samples (p>0.2 for all; Figure 4b; Table 3). Post-TagMan amplification
gel electrophoresis showed a single amplicon for reactions using ABPPcm and ABPP770
assays. APPP751 reactions consistently produced a second amplicon at very low levels and
APPP695 reactions produced a second amplicon at low but variable levels (See
Supplementary Figure 2b). These secondary amplicons constituted ~5% of the UV
fluorescence signal and did not affect overall interpretation of the data (See Discussion).

Altered ABPP isoform ratios in frontal cortex of subjects with Alzheimer’s Disease

For each tissue sample, the copies of the three measured isoforms accounted for 45.1 + 4.0%
of total ABPP transcript numbers. The ApPP695 isoform transcript was expressed at 15.7 +
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2.9% of total ABPP in the SFG of ND subjects and at 8.3 = 1.8% in the SFG of AD subjects,
a near significant decrease (p=0.051; see Table 4). The ABPP751 isoform comprised 30.0 £
5.6% of total ABPP in SFG of ND subjects and 30.9 + 5.7% in SFG of AD subjects
(p=0.92). The ABPP770 isoform was elevated in the SFG of AD subjects (3.3 + 0.4% of
APBPPcm) compared to the SFG of ND subjects (1.9 £ 0.3% of ABPPcm; p=0.013).
Collectively, the KPI-containing isoforms (ApPP751 and 770) accounted for 32.0 + 5.8% of
total ABPP in the SFG of ND subjects and 34.2 £ 6.0% in SFG from AD subjects(p=0.8).
Expression ratios were not different between CBL samples from AD or ND subjects.

Decreasing ABPP transcripts correlate with neuroanatomic pathology and mental status

Linear regression analysis showed that decreased In-transformed total ABPP and ABPP695
transcript numbers in SFG were correlated with higher amyloid plaque counts (r = 0.45, p =
0.035 and r = 0.45, p=0.038 respectively). Decreasing total ABPP and ABPP695 was also
associated with lower MMSE scores (r = 0.53, p = 0.034 and r =0.54, p = 0.03
respectively). Likewise, decreasing GAPDH copy numbers were significantly correlated to
increasing tangle density (r = 0.46, p = 0.032) and plaque counts (r = 0.54, p = 0.01) and
with decreased MMSE score (r = 0.60, p = 0.013). These associations suggest the decreasing
APBPP expression may be a result of neuronal cell loss or dysfunction.

Discussion

Using a refined method for quantitative analysis of gene expression levels of total ABPP, the
three major ABPP isoforms, and GAPDH by AQ-PCR, we found significantly decreased
transcripts for neuronal ABPP (ABPP695) and total ABPP in the frontal cortex of subjects
with AD compared to subjects without dementia. Further examination of isoform expression
showed increased percent ABPP770 in the superior frontal gyrus of subjects with AD. We
also found significantly decreased levels of GAPDH in the frontal cortex of subjects with
AD.

An important technical consideration for this type of study is the quality of tissue and
extracted RNA sample. CNS tissue samples degrade rapidly, so short PMI times are
necessary to ensure sample quality; PMI times were very low for all subjects in this study. A
limitation to this technique is the production of minor PCR products in samples by TagMan
primers. While no secondary products are produced in our standard sets, the amplification of
a secondary product by the ABPP751 and ABPP695 TagMan assays reduces the overall
accuracy of the method. Because these products accounted for only ~5% of the total product,
we did not adjust final transcript numbers based on the secondary product, but future
improvements in TagMan primers and post-amplification correction of transcript numbers
will further refine our ability to accurately quantify ABPP isoforms using AQ-PCR. Another
limitation to consider is the sample size of this study, which is relatively small. Therefore
these results need to be confirmed in larger, independent datasets.

Understanding the biology of ABPP regulation and the expression of specific isoforms is
critical to unraveling the pathology of AD. Preece et al found altered levels of ApPP
isoforms in the SFG of individuals with AD compared to ND by relative PCR, but this study
relied on primers which amplified multiple isoforms at one time and utilized a non-standard
ANCOVA-based multiple reference gene normalization making clear interpretation of the
data difficult[8]. Using a solution hybridization-RNase protection assay, Johnston et al
found decreased total ABPP expression and increased proportions of KPI-containing ABPP
isoforms in the mid-temporal gyrus of subjects with AD[6]. It should be noted that this
technique used total nuclear extracts and gave subtly different results based on
normalization to total RNA or DNA. Similarly, Liang et al showed increased total ABPP
expression in laser-capture microdissected neurons from the mid-temporal gyrus and
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posterior cingulate of subjects with AD using a gene expression microarray, but
confirmatory RQ-PCR found significant decreases in total ABPP expression normalized to
B-glucuronidase[15, 16]. Using AQ-PCR, Matsui et al found significantly increased levels
of KPI-containing ABPP in the mid-temporal gyrus of subjects with AD with a trend toward
increased total ABPP expression[7]. We found a small increase in KPI-containing ApPP770
in the cortex of subjects with AD, but no change in ABPP751 levels. The change of ApPP
isoform expression in our study was driven by the reduced ABPP695 level, which they did
not measure. There are two important differences between studies: the technique presented
here resolves cross-amplification of ABPP species in the standards by isolating the isoform-
specific amplicons following gel electrophoresis, and, while both studies noted a significant
decrease in GAPDH expression, we chose not to use it to normalize our copy number data.
Recent evidence suggests that GAPDH is functionally altered and decreased in AD through
oxidative mechanisms[17]. Our data support previous studies showing decreased expression
of total ABPP in the frontal cortex of patients with AD. We extend these data by showing
that these changes are due to decreased ABPP695. This decrease in both ABPP695 and
GAPDH suggests a loss of neurons and synaptic density. Future studies comparing ApPP
isoform expression with neuropathological and anatomic changes may yield new insights
into normal ageing and dementia.

While a great deal is known about neural ABPP and AB, ABPP is also widely expressed in
peripheral tissues from skin, intestinal epithelia, and skeletal muscle to leukocytes, platelets,
pancreas, and adipose tissue. The function and regulation of peripheral ABPP are not well
understood [18-25]. Decreased total ABPP expression and a decreased ratio of
APPP695/751 to ABPP770 has been documented in the platelets of subjects with AD by
immunoblot, suggesting a role for ABPP as a peripheral biomarker for AD progression[26,
27]. Increased ABPP levels and aberrant processing was also observed in lymphoblastoid
cells from subjects with familial AD in parallel with increased pro-inflammatory cytokine
expression[28]. These data are similar to our observation that ABPP is increased in
adipocytes of obese individuals and is correlated with a pro-inflammatory cytokine
expression profile [24, 29, 30]. Collectively, these data suggest peripheral changes in ABPP
expression may be related to the progression of AD.

Absolute quantification of ABPP isoforms using the method presented is technically easy
and can be implemented in a standardized fashion allowing ABPP isoform expression data to
be compared between experiments and across studies conducted by independent research
groups. This robust system could therefore have utility in developing biomarkers of AD
from CSF, blood or peripheral tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic for preparation of AQ-PCR standards for ABPP isoforms. ABPP species are
amplified from cDNA libraries using various primer combinations and resolved on an
agarose gel. Using predicted sizes for each amplicon, the isoform specific amplicon is
isolated and amplified. After sequencing the amplicon to ensure its fidelity, it can be used as
an isoform specific standard. The example here is for ABPP751. Primers (white boxes)
amplify multiple ABPP isoforms (Exon 7 - light grey, Exon 8 - dark grey, thus ABPP770,
APBPP751, ApPP695 from top to bottom). The amplicon for ABPP751 is excised from the gel
and re-amplified using the same primer set. This yields a large pool of the ABPP751-specific
amplicon which can then be diluted and used as a real-time PCR standard.
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Figure 2.
Preparation of Isoform Specific ABPP Standards. a) Agarose gel electrophoresis of isoform

specific primer pairs showing multiple amplicons; from left: 100bp ladder, ABPP770,
ABPP751, ABPP695 primer pair 1, ABPP695 primer pair 2, total ABPP primer pair 1, total
APBPP primer pair 2, and GAPDH. b) Agarose gel electrophoresis of isolated and PCR
amplified isoform specific standards; from left: 100 bp ladder, total ABPP, ABPP770,
ABPP751, ABPP695, and GAPDH. No additional amplicons were noted in any lane.
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Figure 3.
GAPDH transcript numbers are decreased in superior frontal gyrus in subjects with

Alzheimer’s Disease (AD; light grey) by ~70% compared to control subjects without
dementia (ND; dark grey)(*p=0.0053). A slight, but significant reduction in GAPDH was
found in cerebellar samples from subjects with AD compared to control (Tp=0.0168).
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Figure 4.

APBPP expression is altered in the frontal cortex in subjects with Alzheimer’s Disease (AD)
compared to subjects without dementia (ND). There were significant decreases in total
APBPP (ApBPP-cm) and ABPP695 in the superior frontal gyrus from subjects with AD
(*p=0.037 and **p=0.034, respectively). ABPP751 and ABPP770 tended to be decreased in
AD, but were not statistically different compared to ND (p=0.14 and p=0.25, respectively).
No differences were observed in cerebellar samples from either group (p = 0.21 — 0.54).
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Table 1

Absolute Quantification PCR Standards Primer Sequences

Reference Sequence  Forward Primer Sequence* Reverse Primer Sequence*
ABPP695 NM_201414.2 aggaggaagaagtggctgaggtgga tctcteggtgettggectcaa
ABPP751 NM_201413.2 gccgagcaatgatctcecgetggta tetctcggtgettggectcaa
ABPP770 NM_000484.3 gtgtgctctgaacaagccgagac ggatctcgggcaagaggttc
Total ABPP / ABPP-cm NM_000484.3 catggccagagtggaagccatgctc gagagactgattcatgcgctc
GAPDH NM_002046.3 tetgctectectgttcgacag tggtcgttgagggcaatgccag

*
All primers given in the 5' — 3’ direction
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Table 2

No Dementia  Alzheimer’s Disease
n 10 12
Sex (M/F) 8/2 5/7 p=0.099"*
Age (yrs = SD) 76.2+16.3 76.2+9.2 p=0.69
ApOE4 (Y / N) 218 9/3 p=0.015"*
Last MMSE (+ SD) 286+ 15" 9+65 p<<0.001
Post-Mortem Interval (hrs + SD) 3.0£13 2.7+0.6 p=0.50
All Plaque Score 08+18 133114 p<«0.001
Tangle Total 22+19 13.6+29 p<0.001
Braak Stage (+ SD) 1.6+09 56+0.5 p<«0.001

n=8

F%k

p-values from Fisher’s Exact test; all other p-values from unpaired Student’s t-test.
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