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Abstract

MicroRNA (miRNA) may be potential biomarkers of Alzheimer’s disease (AD). The objective of
this investigation was to demonstrate that miRNAS in human brain or biofluids are differentially
expressed according to disease status, tissue type, neuritic plaque score or Braak stage. Post-
mortem brain (PMB) miRNA were profiled using arrays and validated using quantitative RT-PCR
(QRT-PCR). Five gRT-PCR-validated miRNAs were measured in an independent sample of PMB,
cerebrospinal fluid and plasma from the same subjects. Plasma miR-15a was found to be
associated with plague score in the independent sample. In conclusion, miRNA present in human
biofluids may offer utility as biomarkers of AD.
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INTRODUCTION

Alzheimer’s disease (AD) is an age-associated dementia pathologically characterized by the
progressive accumulation of extracellular neuritic and AB plaques as well as intracellular
neurofibrillary tangles. The stereotypic progression of these pathologic changes hallmarks of
the disease and are used, at the time of autopsy, to establish a definitive diagnosis of AD
(Hyman et al., 2012). Evidence suggests that asymptomatic AD-specific pathogenesis begins
with plaque accumulation followed by tau tangle accumulation and neurodegeneration
(Forlenza et al., 2010; Humpel, 2011; Jack, 2012; Trojanowski et al., 2010). However, while
the greatest attributable risk for dementia is underlying AD pathologic changes (i.e.
neurofibrillary tangles and neuritic plaques), other pathologic changes, particularly vascular

Declaration of interest: The authors report no declarations of interest



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bekris et al.

Page 2

disease and Lewy body disease, are also significant contributors to dementia in the elderly
(Schneider et al., 2007; Sonnen et al., 2007; White et al., 2005). More importantly, in a large
number of dementia cases, there are multiple pathologic changes contributing to the
dementia syndrome (Schneider et al., 2007; Sonnen et al., 2007; White et al., 2005).

Taken together, these reports suggest that to effectively treat dementia, it will be vital to
monitor the neurodegenerative process with markers that are specific to the neuropathologic
changes present. Currently, the most robust AD biomarker is the combined decrease in AP
and increase in phosphorylated tau levels in cerebrospinal fluid (CSF) (Mulder et al., 2010;
van Harten et al., 2011). However, CSF markers of AD are only best able to discern
dementia type when patients are also clinically cognitively impaired. Ultimately, the ideal
AD specific biomarker will identify the neurodegenerative process before cognitive decline
begins (Forlenza et al., 2010; Humpel, 2011; Jack, 2012; Trojanowski et al., 2010).

Cancer research has described the advantages of microRNA (miRNA) as markers of disease
pathology (Zen & Zhang, 2012; Zhu & Fan, 2011) where specific miRNA correlate with
tumor type and show utility for monitoring tumor regression after treatment (Kong et al.,
2012; Mitchell et al., 2008). MiRNA are short 22 nucleotide endogenous noncoding RNA
molecules that regulate gene expression post-transcriptionally. Although their modes of
action are complex, miRNAs generally act as post-transcriptional repressors through
translational inhibition and messenger RNA (MRNA) cleavage, but they also may be
involved in epigenetic mechanisms of promoter silencing (Breving & Esquela-Kerscher,
2010; Das et al., 2013; Huntzinger & lzaurralde, 2011; Malumbres, 2013; Zhao et al., 2009).
In addition, activation or enhancement of gene translation has been described (Mortensen et
al., 2011; Srikantan et al., 2011). Animal models, post-mortem brain (PMB) and cell lines
have been utilized to characterize the association between miRNA expression in aging
(Smith-Vikos & Slack, 2012) and neurodegenerative disease (Delay et al., 2012; Mehler &
Mattick, 2006; Nelson et al., 2008a). MiRNAs have been described as particularly important
in the synapse where extracellular membrane microvesicles carry miRNA and play a major
role in the nervous system under both physiological and pathological conditions (Goldie &
Cairns, 2012; Lai & Breakefield, 2012; Olde Loohuis et al., 2012).

Evidence suggests that miRNA play a major role in the development and function of the
central nervous system (Delay et al., 2012; Mehler & Mattick, 2006; Nelson et al., 2008a).
MiRNA expression in AD is an emerging field where differences in miRNA levels in AD
CSF or brain compared to controls has been described (Cogswell et al., 2008; Nunez-
Iglesias et al., 2010; Schipper et al., 2007; Sethi & Lukiw, 2009; Wang et al., 2011).
Differential miRNA expression has been described in AD compared to controls using blood
mononuclear cells (Schipper et al., 2007) or cortex (Nunez-Iglesias et al., 2010; Sethi &
Lukiw, 2009; Wang et al., 2011). CSF and hippocampus (HP) miRNA levels have been
described in patients grouped into different Braak stages (Cogswell et al., 2008). Little is
known about differences in miRNA levels between AD and other neurodegenerative
diseases suggesting that additional studies of miRNA levels and neurodegenerative disease
are required to demonstrate the utility of miRNA as biomarkers of AD pathology. To the
best of our knowledge, a correlation between autopsy brain, live subject CSF, plasma
miRNA levels (from the same subjects) and neuritic plaque score or Braak stage in multiple
neurodegenerative diseases has not been described.

The first aim of this exploratory investigation was to identify potential miRNA biomarkers
of AD-specific neuropathology using both PMB profiling arrays and quantitative RT-PCR
(QRT-PCR). The second aim was to confirm the findings of the first aim in an independent
sample of PMB using gRT-PCR. The third aim was to determine if these potential miRNA
biomarkers are detectable in clinically relevant biofluids, specifically CSF or plasma.
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MiRNA profiling of AD compared to control HP miRNA levels and subsequent qRT-PCR
validation in both the same sample population and an independent replication sample
population revealed plasma miR-15a as a putative marker of neuritic plaque.

METHODS

Brain, CSF and plasma

Tissues used for this investigation were obtained from the University of Washington
Alzheimer’s Disease Research Center (UW ADRC) following informed consent approved
by the University of Washington institutional review board. Cerebrospinal fluid (CSF) and
plasma were obtained during life and cerebellum (CB) and hippocampus (HP) were obtained
at autopsy. All tissues were immediately frozen and stored at —80 °C. Patients were
volunteers in the UW ADRC, where they were diagnosed during life (McKhann et al., 1984)
and confirmed by post-mortem neuropathologic examination to have AD or another
neurodegenerative disease according to standard criteria (1997). For the purposes of this
study, neuropathologic AD was defined by the presence of a Consortium to Establish a
Registry for Alzheimer Disease (CERAD) neuritic plaque score of B or C and a Braak
neurofibrillary tangle stage 1V or greater (Mirra et al., 1991). Control individuals were
volunteers in the UWADRC and were never diagnosed with a central nervous system
disorder, including dementia, and upon post-mortem histopathological examination did not
meet criteria for an AD diagnosis. All autopsy material had a post-mortem interval less than
or equal to 9 hours to limit RNA and protein degradation of the brain samples. Use of
human tissue was approved by the University of Washington Institutional Review Board.

All CSF samples were collected in the morning after an overnight fast using the Sprotte 24-g
traumatic spinal needle with the patient in either the lateral decubitus or sitting position
(Peskind et al., 2005, 2006). Samples were aliquoted at the bedside and frozen immediately
on dry ice and stored at —80 °C until assayed. All samples used were from comparable
fractions of lumbar puncture, 20-25 ml, to limit variability from rostrocaudal concentration
gradients. CSF samples with more than 10 RBCs/jul were excluded from the study. Whole
blood was collected from subjects in ethylenediaminetetraacetic acid-coated tubes and
centrifuged at 1500 x g for 15 min (4 °C). Plasma was then transferred to sterile
polypropylene tubes on ice and centrifuged again at 3200 x g for 15 min (4 °C) to remove
platelets. Platelet-free plasma samples were then aliquoted into 1ml per tube, flash frozen
and stored at —80 °C within 90 min of blood collection. Tissue samples remained frozen at
-80 °C 1-4 years before RNA extraction. CSF, plasma and brain miRNA have been
previously reported to remain stable under these conditions (Mraz et al., 2009; Weber et al.,
2010).

CSF, plasma and brain miRNA have been previously reported to remain stable under these
conditions (Mraz et al., 2009; Weber et al., 2010).

RNA extraction and miRNA gRT-PCR

RNA was isolated from (1) 3mg of brain tissue, (2) 250 pl of CSF or (3) 250 pl of plasma
using the AllPrep DNA/RNA Mini Kit with a modification that utilized Qiagen DNA
elimination columns to deplete DNA content (Qiagen, Valencia, CA). In addition, a slight
modification in the protocol utilized 100% ethanol for capturing small RNAs according to
manufacturer’s instructions (Qiagen). Only total RNA samples with a A260/A280 ratio of
1.9-2.1 were utilized in this analysis. Samples were also tested for quality and integrity
using the RNA FlashGel™ System (Lonza, Basel, Switzerland). Total RNA was also DNase
treated using the TURBO DNA-free™ Kit (Applied Biosystems, Austin, TX) to further
deplete DNA content.
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For miRNA profiling of brain tissue, DNase-treated total RNA was pooled according to
disease status and brain region: (1) Control CB, (2) Control HP, (3) AD CB and (4) AD HP
(Figure 1). Three pls of equal concentrations (1.35 ng/ul) from each subject sample of
DNase-treated total RNA was pooled to equal n=21 subject samples per array. Four ng of
DNase-treated total RNA pools were reverse-transcribed using Megaplex RT primers human
pool A (Applied Biosystems, Austin, TX) as well as minus RT for detection of DNA
amplification. The RT primers human pool A contains specific stem-loop primers for 377
human miRNAs, three small housekeeping RNAs (RNU44, RNU48 and MammUG6) and one
negative control (ath-miR159a) and are all based on miRBase v. 10.1. A pre-amplification
step using equal amounts from each pool (2.5 pl) of RT or minus RT product was added to
enrich for human pool A array-specific miRNA using Megaplex PreAmp Primers pool A
(Applied Biosystems). Nine microliter of the resulting pre-amplification complementary
DNA (cDNA) plus 450 pl of TagManUniversal Master Mix, no AmpErase, UNG (Applied
Biosystems) was transferred to a TagMan Human miRNA A Array v2.0 (Applied
Biosystems), and quantitative PCR was performed using an Applied Biosystems 7900HT
Sequence Detection system. Cycling conditions were 50 °C for 2 min, 94.5 °C for 10 min,
40 cycles of 97 °C for 30 s and 59.7 °C for 1 min. Cycle threshold (CT) values were
recorded with SDS version 2.3 software (Applied Biosystems, Austin, TX).

To limit low efficiency miRNA and because reliable relative quantification (RQ) requires at
least 2 arrays without low efficiency miRNA, miRNA with CT values = 32 for three or more
of the arrays were considered beyond the limit of detection (a CT value of 35 represents a
single molecule template detection) and were excluded from the gRT-PCR validation step
(phase I1). Values of = 32 are represented as gray on the miRNome heat map (Supplemental
Table 1). For example, array miR-220 results for control CB, control HP and AD CB were
40 CT, whereas AD HP was 29 CT. All mi-RNA-220 values were removed from further
analysis (Supplemental Table 1). Please see the discussion section for limitations of this
method of exclusion. Because miRNA microarray has high intra-platform repeatability and
comparability to gRT-PCR when using reagents from the same company and when using the
same RNA extraction sample, to reduce variability between the array platform and the qRT-
PCR validation step, the first stage validation gRT-PCR step utilized the same concentration
and total RNA extraction product from each individual subject sample (as used in the pooled
samples from phase 1) as well as the same protocol and reagents (Applied Biosystems) as
described above (Nelson et al., 2008b; Sato et al., 2009). Briefly, total RNA (extracted from
each brain sample; controls CB and HP; n=21 subjects, AD CB and HP; n=21 patients;
Figure 1) is DNase treated; DNase-treated total RNA is reverse transcribed from each brain
sample. The resulting cDNA from each brain sample was then pre-amplified as described
above, and qRT-PCR was performed in triplicate. Triplicate mean CT values are provided in
Supplemental Table 2. Phase |11 validation analyzes individual subjects samples from an
independent sample (controls: n=3, AD: n=3, other neurodegenerative disease: n=6; Figure
1) and uses this same qRT-PCR procedure. Triplicate mean CT values for the phase 111
independent sample are provided in Supplemental Table 6.

Statistical analysis

Two RQ methods were used for analysis of array data and gRTPCR data of phases | and II.
(1) Standard RQ was calculated by normalizing CT values to endogenous controls (RNU44
and RNU48) to calculate ACT values. AACT were calculated by subtracting one array
miRNA ACT from another (i.e. ACT apHp ~ACT control HP=AACT). RQ ACT were calculated
as 278ACT _(2) Alternatively, CT values were subtracted from 41, and a RQ ratio was
calculated to provide a fold difference value (i.e. AD HP 41-CT/control HP 41-CT) (see
Supplemental Tables for all data). At least three miRNA were selected (mined) from each
RQ ratio quartile for phase 11 gRTPCR validation. To limit variability introduced by using
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endogenous controls that vary by tissue type (e.g. RNU44 and RNU48 were not detected in
phase 111 CSF and plasma) and disease status as reported by others (Carlsson et al., 2010;
Chang et al., 2010; Davoren et al., 2008) and commonly presented as relative to control,
statistical comparison data were not normalized to endogenous control values unless
otherwise noted. Instead, CT values were subtracted from 41 (41-CT) so that low CT values,
which represent high miRNA levels, are represented as high 41-CT values. Comparison of
array data 2722CT quartiles compared to the 41-CT quartiles demonstrates similarity for both
RQ methods and demonstrates feasibility of using 41-CT (Supplemental Table 1). Since
endogenous controls (RNU44 and RNU48) were not detected in CSF or plasma, all data
across all phases of the study are presented as 41-CT. CT, ACTs and AACTSs data (phase |
CT values were normalized to the RNU44, RNU48 and MammUG6; phase Il CT data were
normalized to RNU44 and RNU48 and phase 111 CT data are normalized to miR-132) are
available in the Supplemental Tables. All statistical test results (p values) are available in the
Supplemental Tables.

Disease status was dichotomized (AD versus controls based on criteria outlined above)
when applicable. Standard t-tests were used to test for significant differences in qRT-PCR
miRNA levels. Receiver operating characteristic (ROC) was used to test for sensitivity and
specificity of each miRNA (Supplemental Table 4). Linear regression was used to determine
correlation between miRNA level and disease status, neuritic plaque score or Braak Stage
(Supplemental Table 5). MiRNA with p values <0.05 for both linear regression and ROC
analyses were chosen for further validation in an independent sample. False discovery rates
were taken into account using Bonferroni correction for multiple comparisons and are noted
in the text, figures and tables. Statistical analyses and graph production were performed
utilizing SPSS version 13 (SPSS, Los Angeles, CA) and Prism version 3.03 (GraphPad
Software, La Jolla, CA).

Phase | miRNA profiling

The investigation included four phases (Figure 1). Phase | was the miRNA profiling phase
where samples were pooled from 21 AD patients or 21 control subject samples of CB or HP
and loaded onto four miRNA arrays to provide an AD miRNome for mining of AD-specific
miRNA. The study design is described in Figure 1. The population sample post-mortem
brain interval, Braak stage and plaque score are described in Table 1 and in more detail in
Supplemental Table 9.

To limit low efficiency miRNA and provide RQ of miRNA expression by disease status and
brain region, miRNA array results were restricted to miRNA data that were positive (<32
CT) for at least two arrays (control CB, control HP, AD CB or AD HP array pools)
(Supplemental Table 1). There were 215 miRNA with CT<32 for at least two arrays
(Supplemental Table 1; Figure 1). These 215 miRNA were divided into fold difference
quartiles according to each RQ ratio (AD HP/control HP, AD HP/AD CB, control HP/
control CB, and AD CB/control CB). MiRNA profiling quartile fold differences represent
(1) high, (2) high moderate, (3) low moderate and (4) low. Quartiles are represented in a
heat map where green is increased and red is decreased miRNA levels (Supplemental Table
1; Figure 2). CT, ACTs and AACTS, where data are normalized to endogenous controls, are
available in Supplemental Table 1.

To validate miRNA expression differences between AD HP and control HP, 21 miRNAs
were selected for phase 11 analyses, where at least three miRNAs were randomly chosen
from each RQ AD HP/control HP ratio quartile. A greater proportion of miRNA were
chosen from the low moderate quartiles using the hypothesis that moderately low miRNA
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may be both more easily detectable in phase 111 CSF and plasma than low miRNA as well as
more important in regulation of AD relevant miRNA expression since low miRNA levels
may result in up-regulation of AD-relevant genes (i.e. APP). CSF and plasma have been
reported to have lower concentrations of miRNA than other tissues (Weber et al., 2010).

Phase Il miRNA qRT-PCR first stage validation

In phase 11, phase I miRNA were validated using the same phase | population sample.
However, in phase Il, miRNA levels were measured from each individual subject, instead of
a pooled sample, where each AD patient or control subject CB and HP sample was analyzed.
MiRNA expression levels were measured using miRNA gRT-PCR. CT, ACTs and AACTS,
where data are normalized to endogenous controls, are available in Supplemental Tables.

To determine if miRNA level significantly predicts disease status, plague score or Braak
stage; sensitivity and specificity were evaluated for all 21 miRNA identified in phase |
(Supplemental Table 4). Five miRNA (miR-370, miR-328, miR-138, miR-132 and
miR-15a) had significant ROC as indicated by c-statistic (AUC) for high sensitivity and
specificity for either disease status, plague score or Braak stage (Supplemental Table 4).
MiR-15a was significantly correlated with plaque score (Figure 3, Panel A) and miR-370
with Braak stage (Figure 3, Panel B) in linear regression models. Other miRNA were only
marginally significantly correlated, in linear regression and Spearman correlation analyses,
with plaque score or Braak stage and did not remain significant after correction for multiple
comparisons (i.e. miR-328, miR-138 and miR-132; Supplemental Table 5).

Phase Il miRNA gRT-PCR independent sample validation

In phase 111, miRNA expression found to be significantly associated with disease status,
plaque score or Braak stage in phase Il for linear regression, Spearman correlation and ROC
analyses (p value, <0.05 without correction for multiple comparisons) were chosen for
further validation in a small independent replication sample. These miRNA (miR-370,
miR-328, miR-138, miR-132 and miR-15a) were tested for expression in CB, HP, CSF and
plasma. The population sample included; cognitively normal control subjects (n=3), AD
patients (n =3) and other neurodegenerative disease patients (Lewy body variant AD (n
=v2), dementia with Lewy bodies (n =1), frontotemporal dementia and Parkinson’s disease
dementia (n=1) (Table 1; Supplemental Table 9). Since endogenous controls (RNU44 and
RNUA48) were not detected in CSF or plasma, all data across all phase of the study are
presented as 41-CT. However, miR-132 was also used to normalize phase I11 data. CT,
ACTs and AACTSs data and analyses (where data is normalized to miR-132) are available in
Supplemental Tables 6 and 8. All statistical test results for phase 111 are available in
Supplemental Table 7.

All five miRNAs were detected in the independent sample CB and HP. CB and HP miRNA
levels were not significantly correlated with each other (Supplemental Figure 1, Panel A).
Three miRNA were detected in plasma and CSF (miR-328, miR-132 and miR-15a), but
those levels were not significantly correlated with each other (Supplemental Figure 1, Panel
B). CSF and plasma levels were not significantly different when comparing the mean of all
three miRNASs for each tissue (p value: 0.1232; data not shown). HP miR-15a levels were
non-significantly correlated with CSF (p value: 0.0630) and plasma levels (p value: 0.0865)
(Supplemental Figure 1, Panels C and D, respectively).

MiR-15a HP levels were marginally correlated with plaque score (p value: 0.0928) (Figure
4, Panel A). Plasma miR-15a levels correlated with plaque score (linear regression p value:
0.0118; remains significant after multiple comparison correction; Spearman correlation p

value: 0.0294) (Figure 4, Panel A) and Braak stage (linear regression p value: 0.0446; does
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not remain significant after multiple comparison correction) (Supplemental Figure 2, Panel
A). Plasma miR-15a levels are differentially expressed in AD compared to other
neurodegenerative diseases (Figure 4, Panel B; p value: 0.0473, not significant after multiple
comparison correction) and in low compared to high plaque score subjects (Figure 4, Panel
C; p value: 0.0467) but not between low and high Braak stage (Supplemental Figure 2, Panel
B; p value: 0.2167). All phase 111 linear regression and Spearman correlation p values are
available in Supplemental Table 7.

RQ (RQ=2-AACT) data are presented for each phase of the investigation to demonstrate that
a similar differential tissue expression of miR-15a was observed in each phase (Figure 5).
Phase 111 CT data were normalized to miR-132, and the fold difference between tissues were
calculated (MiR-132 was used since the endogenous controls available on the arrays of
phase | were not detected in CSF or plasma). RQ results from the pooled arrays of phase I,
gRT-PCR of phase Il and gRT-PCR of phase IlI are shown in Figure 5. There is a large fold
difference between AD HP and control HP for miR-15a for the phase | pooled array assay
(Figure 5, Panel A), the phase Il validation qRT-PCR assay (Figure 5, Panel B) and for the
phase IlI-independent replication sample qRTPCR assay (Figure 5, Panel C). Phase Ill qRT-
PCR of the three miRNA detected in CSF and plasma shows miR-15a fold difference is
greatest between AD plasma and other neurodegenerative disease plasma (Figure 5, Panel
D). ACT and RQ values (normalized to miR-132) are presented in supplemental Table 8.

MiRNA expression in human cell lines

AD HP has been reported to contain less neurons relative to astroglial populations than
cognitively normal controls (West et al., 2004). Since five miRNAs were found to be
associated with AD brain pathology, we hypothesized that neuronal miRNA expression, not
astroglia expression, accounts for the differential expression in controls compared to AD. To
test whether these miRNA are expressed in neurons compared to astroglia, miRNA
expression was measured in human cell lines (Supplemental Figure 3). All five miRNAs
were tested for expression in three human glioblastoma or astrocytoma cell lines (U138,
U118 and U87) and three human neuroblastoma cell lines (IMR32, CHP212 and SHSY5Y).
All five miRNAs were found to be expressed in all cell lines except for miR-370, which was
not expressed in the glioblastoma cell line U138 or U118 (Supplemental Figure 3, Panel A).
MiR-15a showed a significantly lower expression in human neuroblastoma cell lines
compared to glioblastoma/astrocytoma cell lines (Supplemental Figure 3, Panel B; p value:
0.0396).

Phase IV miRNA target gene prediction

To demonstrate that the five phase Il miRNAs represent putative regulators of AD relevant
genes, the prediction site www.microRNA.org was utilized (Betel et al., 2008, 2010; John et
al., 2004). AD-relevant genes were entered as target mMRNA. AD-relevant genes included
genes involved in amyloid precursor protein (APP) metabolism, tau phosphorylation and the
top 10 genes found to be associated withAD in GWAS (www.alzgene.org) (Supplemental
Figure 4). MiR-15a and MiR-370 were predicted to target the highest number of AD-
relevant genes. For example, miR-15a is predicted to target nine genes and miR-370 is
predicted to target seven genes, while miR-328 and miR-132 are predicted to target four
AD-relevant genes and miR-138 is predicted to target five AD-relevant genes (Supplemental
Figure 4).

DISCUSSION

Given that miRNAs play a role in neural development, nervous system function and
neurological diseases, it is reasonable to assume they may also serve as putative markers of
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neurodegeneration (Delay et al., 2012; Mehler & Mattick, 2006; Nelson et al., 2008a). The
overall aim of this exploratory investigation was to determine if miRNAs in human biofluids
are differentially expressed according to disease status, tissue type, CERAD plaque score
(neuritic plaques) or Braak stage (neurofibrillary tangles). Plasma miR-15a was found to be
associated with plague score in both the phase Il gRT-PCR validation sample and in the
phase I11 small independent sample. The main finding of this investigation was that some
candidate miRNA identified in AD PMB are detectable in human biofluid during life and
associated with the hallmarks of AD, neuritic plaques and neurofibrillary tangles. To our
knowledge, this investigation is the first to evaluate correlations between CB, HP, CSF or
plasma miRNA and plaque score or Braak stage in a sample of multiple neurodegenerative
diseases. The results from this study suggest that it may be possible to use CSF or plasma
miRNA levels to identify the hallmarks of AD neurodegeneration, neuritic plaques and
neurofibrillary tangles.

In the first phase of our study, we found 215 miRNAs, of the 377 miRNAs profiled, to be
expressed in the CB and HP of both AD and controls. MiRNA were grouped into quartiles
according to AD HP relative to control HP fold difference. Both down-regulated and up-
regulated AD HP miRNAs compared to control HP miRNAs were chosen for further
analyses. A greater proportion of down-regulated miRNASs were chosen using the
biologically based hypothesis that down-regulated miRNA may lead to up-regulation of
pathological genes, such as, APP or PSEN1 (Figure 2, Panel B). However, it is an equally
valid hypothesis that up-regulated miRNAs may inhibit AD-relevant gene expression and
play an important role in AD; therefore, up-regulated miRNAs were also analyzed (Figure 2,
Panel B).

In the second phase of this study, the same brain samples used in the first phase were further
analyzed. MiRNA gRTPCR was performed on individual subject samples to validate the
differential expression of 21 miRNA (Figure 2, Panel B). Of these 21 miRNA, five HP
miRNA showed significant sensitivity and specificity for AD, plaque score or Braak stage,
suggesting they are putative markers of AD pathology (Supplemental Tables 4 and 5).

Interestingly, phase 111 CB and HP levels of these five miRNAs were not significantly
correlated with each other (Supplemental Figure 1, Panel A), while miR-15a showed lower
levels in HP than in other tissues (Supplemental Figure 1, Panels A, C and D). These results
implicate a tissue specific pattern of expression. Differential mMiRNA expression according
to brain region is further supported by previous reports of differences in miRNA expression
across brain regions (Cogswell et al., 2008). It is important to characterize differential brain
region-specific miRNA expression in neurodegenerative disease since many
neurodegenerative diseases show brain region specific patterns of pathology. In addition,
defining tissue-specific miRNA patterns has proven useful in characterizing tumor-specific
miRNA targets and biomarkers in cancer research (Kong et al., 2012; Mitchell et al., 2008;
Zen & Zhang, 2012).

Linear regression and Spearman correlation analyses were used in phase Il analyses to
demonstrate that miRNA expression is associated with neuritic plaque score or Braak stage
(Supplemental Table 5; Figures 3 and 4). A correlation was found between brain miRNA
levels and either neuritic plague score or Braak stage for only some of the 5 miRNA
(Supplemental Table 5; Figure 4). MiR-370, miR-328 and miR-132 HP expression, but not
CB expression, was significantly correlated with Braak stage (Supplemental Table 5 for all
regression and Spearman correlation results; Figure 3, Panel B for miR-370; remains
significant after multiple comparison correction). While miR-328, miR-138 and miR-132
did not remain significant after correction for multiple comparisons, MiR-15a HP expression
was significantly correlated with neuritic plague score (Figure 3, Panel A; remains
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significant after multiple comparison correction) and Braak stage (Figure 3, Panel B; does
not remain significant after multiple comparison correction). MiR-15a CB expression
correlation with Braak stage is not significant.

Interestingly, CB miR-15a appears to be normally expressed at higher levels than HP
miR-15a, whereas under pathological conditions (high plaque score or Braak stage) CB and
HP miR-15a expression level is increasingly similar (Figures 3, Panel A). Previous study
suggests that CB shows very little, if any AD-related pathology in end-stage AD, compared
to HP (Bobinski et al., 1997; Fukutani et al., 1995; Rossler et al., 2002). Therefore, in this
study, CB was used as a control to be compared to HP. Indeed CB and HP miRNA did not
correlate with each other for the 5 miRNA evaluated (Supplemental Figure 1, Panel A)
suggesting that these 5 miRNA associated with AD pathology in HP did not show similar
expression patterns in CB.

Braak stage VI has the highest correlation with clinical dementia diagnosis (Abner et al.,
2011), and HP structure and cell type content is drastically affected where neurons are lost
and substituted cell populations include primarily glia and astrocytes (Fuller et al., 2010;
Wharton et al., 2009). Thus, since brain pathology at the time of death (end-stage disease) is
likely to be different than at the time of CSF of plasma draw during life, it follows that CSF
or plasma miRNA collected during life is an unlikely marker of miRNA present in the brain
at autopsy. However, this exploratory investigation provides evidence that PMB miRNA,
that correlates with brain pathology, may also be detectable in CSF or plasma during life
suggesting that certain miRNA may be a feasible clinical biomarkers of AD pathology. Even
though miRNA identified in this investigation were also found to be expressed in multiple
human cell lines, including glia, astrocytes or neurons (Supplemental Figure 3), it is
unknown whether the source of CSF or plasma miRNA are from cells in the brain or from
another source. Interestingly, regardless of the cell source, it appears that one miRNA,
miR-153, is detectable in a clinically applicable biofluid and correlates with AD-specific
neuropathology. Further analysis of CSF or plasma miRNA in independent samples using
the miRNA array data presented here may yield additional AD specific miRNA.
Furthermore, since only 377 miRNAs were tested in phase | of this investigation and over
1000 miRNAs have now been reported, many additional miRNAs remain to be evaluated as
potential markers of AD.

Interestingly, CSF and plasma levels of these five miRNAs did not correlate with each other
further suggesting differences in expression of these miRNA according to tissue type. Thus,
given that brain includes a multitude of brain cell types, including blood-derived cells in
addition to neurons or glial cells, we wondered if these five miRNA are expressed in human
neurons or astroglia. To test whether these miRNA are expressed in neurons or astroglia,
miRNA expression was measured in three human neuronal cell lines and three human
astrocytes and glial cell lines (Supplemental Figure 3). Most of these miRNA (miR-370 was
not expressed in U118 or U138) were expressed in the human cell lines tested suggesting
that these miRNA are not expressed only in blood cells, but may also be expressed in human
neurons and astroglia. However, the source of these five miRNAs in CSF and plasma is
unknown and could be peripherally derived.

Others have reported patterns of miRNA expression in cognitively normal subjects and in
AD brain, with both similar and contrasting results between studies (Cogswell et al., 2008;
Nunez-Iglesias et al., 2010; Wang et al., 2011). It has been proposed that contrasting results
between studies can be attributed to the tissue, platform and sample heterogeneity,
emphasizing the importance of replication samples for validation (Hebert & Nelson, 2012).
In this study, the same miRNA gqRT-PCR platform was utilized to measure brain miRNA
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levels in two independent samples in an attempt to account for tissue, platform and sample
heterogeneity.

To our knowledge, our study is the first to use an independent validation sample that
includes multiple neurodegenerative diseases as well as PMB brain samples, plasma and
CSF samples from the same subjects. The disadvantage of this approach was that the
number of subjects available that fit these criteria was limited and led to small sample size
limiting the power to detect low expressing miRNA and increasing the probability of false
negatives. However, a power calculation of the phase 11 miRNA gRT-PCR levels with an
alpha error level of 5% and a beta error level of 20% suggests that only three samples are
necessary to detect a difference between groups suggesting a low probability of false
negatives.

Despite small sample size, miR-15a levels are both detectable and differentially expressed
according to plaque score in the gRT-PCR validation sample of phase Il (Figure 3) as well
as in the independent sample of phase 111 (Figure 4) where miR-15a levels positively
correlate with neuritic plaque score. In addition, phase |1l HP miR-15a levels were
marginally correlated with plasma miR-15a and CSF miR- 15a (Figure 4). Plasma miR-15a
levels were highest in AD and the high plaque group compared to other neurodegenerative
diseases and low plaque group, respectively. In addition, miR-15a shows a similar pattern of
high relative tissue expression across all phases of this study (Figure 5). Taken together,
these results suggest that higher plasma miR-15a levels may be a feasible marker of both
high HP miR-15a levels and high neuritic plaque.

Results presented here should be approached with caution given that miR-370, miR-328,
miR-138 and miR-132 were differentially expressed in AD HP compared to control HP in
phase | and Il analyses of this study, but similar results were not significant in phase 111
analyses. In addition, miR-370 and miR-138 were not detected in CSF or plasma in our
independent study sample, whereas, in contrast, others have reported miR-370 in plasma
(Gao et al., 2012) and miR-138 in CSF (Cogswell et al., 2008). Furthermore, in contrast, to
the results presented in this study, a previous study describes human temporal cortex
miR-15a levels as negatively correlated with neuritic plaque (Wang et al., 2011). As
previously described, these contrasts may be attributable to differences in tissue, platform,
data analysis methods and population sample (Hebert & Nelson, 2012).

Interestingly, miR-370 has been reported to be associated with lipid metabolism, coronary
artery disease as well as cell proliferation of epithelial and neuronal cell types (Chang et al.,
2012; Gao et al., 2012; Garcia-Orti et al., 2012; lliopoulos et al., 2010; Liu et al., 2012; Wu
et al., 2012). MiR-328 has been described to modulate the expression of mouse beta-
amyloid precursor protein-converting enzyme 1(Boissonneault et al., 2009). MiR-138
appears to play a role in the response to peripheral nerve injury in mice (Adilakshmi et al.,
2012) and in dendritic spine morphogenesis (Siegel et al., 2009). There have been multiple
reports of miRNA- 132 involvement in neuronal development and maintenance, while
miR-132 loss is associated with tau exon 10 inclusion in progressive supranuclear palsy
(Edbauer et al., 2010; Kawashima et al., 2010; Luikart et al., 2011; Magill et al., 2010;
Nudelman et al., 2010; Pathania et al., 2012; Remenyi et al., 2010; Shaltiel et al., 2012;
Smith et al., 2011). Thus, given reports by others and the phase 11 results described in this
study, miR-370, miR-328, miR-138 and miR-132 may warrant further investigation.

Human miR-15a is located in a cluster at chromosome position 13q14 (Lagos-Quintana et
al., 2001), and deletions of this region have been described to be affected in more than half
of chronic lymphocytic leukemia cases and accelerate the proliferation of both human and
mouse B-cells (Calin et al., 2002; Klein et al., 2010). This miRNA cluster appears to
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function as a tumor suppressor (Ageilan et al., 2010; Bonci et al., 2008). In addition, cell
proliferation inhibition by this miRNA cluster has been reported in both lymphoid and non-
lymphoid tissue (Bonci et al., 2008). These findings suggest that miR-15a plays a major role
in cell proliferation.

Furthermore, miR-15a is predicted to target nine AD-relevant genes, and miR-370 is
predicted to target seven genes (Supplemental Figure 4). The other miRNA described in this
study are predicted to target four AD-relevant genes suggesting that these miRNA may play
arole in regulation of genes that play a role in AD (Supplemental Figure 4). However, the
direct impact of these miRNA on the regulation of AD genes remains to be determined.

A limitation of this exploratory investigation is that miRNA tested on the arrays that were
not expressed in all four conditions were eliminated from phase Il and phase 111 analyses.
This method may have led to elimination of important miRNA markers from the analysis.
For example, miRNA exclusively expressed in the AD HP (i.e. miR-220; Supplemental
Figure 4) may still be specific markers of AD; however, these miRNAs were not tested in
the present investigation. In addition, a limitation to measuring PMB miRNA candidates in
biofluids from CSF or plasma obtained from subjects while they were living is that mMiRNA
may not represent the population of mMiRNA present, in some cases, many years before
autopsy. Thus, further studies are needed to demonstrate that miRNA expressed in HP, but
not expressed in other regions of the brain, correlate with plaque score or Braak stage, and
are detectable in plasma or CSF.

Furthermore, a larger independent set of CSF or plasma samples from a clinically
characterized cohort that shows that miR-15a or other miRNA can distinguish AD, mildly
cognitively impaired, cognitively normal subjects that progress to AD or other
neurodegenerative diseases from cognitively normal controls is required to provide
definitive evidence that miRNAs are reliable biomarkers of AD specific neurodegeneration.

In summary, MiR-15a expression was found to be significantly correlated with increasing
neuritic plaque score in HP. In addition, plasma miR-15a was significantly different in AD
compared to other neurodegenerative diseases and for low plague compared to high plaque
subjects. Taken together, these results implicate plasma miR-15a level as a putative marker
of HP neuritic plaque pathology. In addition, these results suggest that a multi-phase
approach to biomarker discovery can yield candidate markers of AD in human biofluid and
emphasizes the feasibility of further study.

CONCLUSION

This exploratory investigation takes a multi-phase approach to detect miRNA differentially
expressed according to AD specific pathology. Five miRNAs were identified to be
associated with disease, neuritic plaque score or Braak stage suggesting that these miRNA
represent feasible markers of brain pathology. An independent sample provided proof-of-
principle that plasma miRNA levels correlate with brain pathology. MiRNA present in
biofluids may be a feasible marker of neuropathologic changes of AD and ultimately might
even provide a means to detect the presence of AD pathology prior clinical symptom onset.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Phase I: Identification of miRNA differentially expressed in AD brain compared to controls using miRN Aarrays.
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control cerebellum

Array 2 =377 miRNA
n=21 samples pooled
control hippocampus

Array 3 = 377 miRNA
n=21 samples pooled
AD cerebellum

Array 4 = 377 miRNA
n=21samples pooled
AD hippocampus

162 miRNA with CT values
232 on 3-4arrays

&

Excluded

|
e &

Phase II: Validation of phase | miRNA using qRT-PCR.

215 miRNA with CT values
< 32 onat least 2 arrays

g

Select 21 miRNA (at least 3 miRNA from each
AD HP / Control HP quartile) for qRT-PCR validation.

qRT-PCR of 21 miRNA
n=21 control cerebellum

qRT-PCR of 21 miRNA
n=21control hippocampus

qRT-PCR of 21 miRNA
n=21AD cerebellum

gRT-PCR of 21 miRNA
n=21AD hippocampus

16 miRNA have non-significant C-statistic or
corrleation with plaque score or Braak stage.

%

|7

S|

Select 5 miRNA with significant C-statistic,
plaque score or Braak stage correlation.

Phase IlI: Independent replication sample qRT-PCR validation of phase Il miRNA in brain, cerebrospinal fluid or plasma.

gqRT-PCR of 5 miRNA
n=12 cerebellum

qRT-PCR of 5 miRNA
n=12 hippocampus

gRT-PCR of 5 miRNA

n=12 cerebrospinal fluid

gRT-PCR of 5 miRNA
n=12 AD plasma

<

Phase IV: Bioinformatics prediction of miRNA AD relevant ta rgetD

Figurel.
Study design flow chart
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Figure2.

Phase | microRNA array heat maps. Panel A: heat map for relative quantification (RQ:
RQ=(41-CT array 1)/(41-CT array 2)). RQ values are color coded according to quartiles for
each RQ category (n=215 miRNA) and are arranged according to RQ AD HP/Control HP
quartiles (brackets). Panel B: heat map shows n=21 selected candidate miRNA. At least
three candidate miRNA from each AD HP/control HP RQ quartile were randomly selected
for phase Il validation (Panel B). Panel C: color codes for each quartile.
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Figure 3.

Phase Il hippocampus (HP) or cerebellum (CB) miRNA gRT-PCR level correlation with
neuritic plaque score or Braak stage. Of five miRNAs (miR-370, miR-328, miR-138,
miR-132 and miR-15a) that had significant sensitivity, specificity or correlation with disease
status, plaque score or Braak stage, two (miR-15a and miR-370) were significantly
correlated with either plaque score (HP miR-15a, linear regression p value, 0.0019,
Spearman correlation p value, 0.0028, Panel A) or Braak stage (HP miR-370, linear
regression p value, 0.0016, Spearman correlation p value, 0.0021, Panel B). *Remains
significant after Bonferroni correction for multiple comparisons.
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Figure4.

Phase 111 CB, HP, CSF and plasma miR-15a levels in controls, AD and other
neurodegenerative diseases (n=12). Plasma miR-15a levels significantly positively correlate
with plaque score (linear regression p value, 0.0118, Spearman correlation p value, 0.0294)
(Panel A). There is a difference in plasma miR-15a levels between; AD and other
neurodegenerative disease (p value, 0.0473) (Panel B). Significance does not remain after
taking into account multiple comparisons. There is a significant difference in plasma
miR-15a levels between low and high plaque score subjects (p value, 0.0467) (Panel C).
*Remains significant after Bonferroni correction for multiple comparisons.
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Phase Il qRT-PCR CB and HP

W ADHP-CntriHP
ADCB-CntriCB
B ADHP-ADCE

W CntriHP-CntriC8

miR-370 miR-328 miR-152 miR-138 miR-132

Phase Il gRT-PCR CSF and Plasma

W ADCSF-CntriCSF
ADCSF-otherCSF

N otherCSF-cntrICSF

B ADPlasma-CntriPlasma

¥ ADPlasma-otherPlasma

otherPlasma-cntriPlasma

miR-328 miR-15a miR-132

Relative quantification results for 5 miRNA from the pooled arrays of phase I, qRT-PCR
phase Il and qRT-PCR phase I1l. Data were normalized to miR-132, which was present in
all tissues; cerebellum (CB), hippocampus (HP), cerebrospinal fluid (CSF) and plasma. Data
are presented as a relative quantification (RQ)¥2 -DDCT, which represents the fold
difference between tissue type. There is a large fold difference between AD HP and control
HP for miR-15a for the phase | pooled array assay (Panel A), the phase Il validation gRT-
PCR assay (Panel B) and for the phase Il independent replication sample gRT-PCR (Panel
C). Phase 11l qRT-PCR of the 3 miRNA detected in CSF and plasma shows miR-15a fold
difference as greatest between AD plasma and other neurodegenerative disease plasma

(Panel D).
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