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Abstract. MicroRNAs have essential functional roles in brain development and neuronal specification but their roles in neurode-
generative diseases such as Alzheimer’s disease (AD) is unknown. Using a sensitive gRT-PCR platform we identified regional
and stage-specific deregulation of miRNA expression in AD patient brains. We used experimental validation in addition to
literature to reveal how the deregulated brain microRNAs are biomarkers for known and novel pathways in AD pathogenesis
related to amyloid processing, neurogenesis, insulin resistance, and innate immunity. We additionally recovered miRNAs from
cerebrospinal fluid and discovered AD-specific mMiRNA changes consistent with their role as potential biomarkers of disease.
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INTRODUCTION At early stages it is often difficult to conclusively di-
agnose in the clinic highlighting the need to devel-
Alzheimer's disease (AD) is an age-related dementia op novel biomarkers to inform the development and
characterized by memory loss and behavioral changes. testing of novel therapeutic agents. AD has a com-
plex progression including early development of neu-

ronal dysplasia, angiogenic changes, release of inflam-
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23,46]. Theregional appearance and progression of the MATERIALS AND METHODS

tangle pathologies and their impact on the destruction
of the memory centers of the brain (i.e., hippocampus

and isocortex) provide the basis for the Braak and Braak

classification [4]. Genetic alterations that increase the
A1 42 cleavage product through increased production
of the amyloid# protein precursor (BPP) or through
modulation of presenilin function and downstream pro-
cessing of 8PP have been linked to familial forms
of AD [23]. Also carriers of the APOE4 allele have
been shown to have an earlier age of onset of AD [55].
Recent studies have reported an association betwee
diabetes and the later onset of AD [3,12] supported by

Alzheimer’s disease samples and patient data

Age matched hippocampus, medial frontal gyrus,
and cerebellum samples from different Braak stages
were obtained from the Netherlands Brain Bank (Ta-
ble 1). Braak stage 5 and Braak stage 1 CSF was
obtained from the Kathleen Price Bryan Brain Bank

rl(Table 2).

observations of decreased glucose utilization and other

metabolic defects in AD brain [9,54,61]. Preclinical
studies would appear to support a link between AD and
dysregulated insulin signaling in that overexpression
of GSK335 in mice results in AD-like pathology and
memory deficits while inactivation of the transgene led
to improvements in both phenotypes [17].

MicroRNAs (miRNAs) are small regulatory RNAs
that bind the 3" UTR'’s of target genes and inhibit ex-
pression post-transcriptionally via inhibition of trans-
lation initiation or cleavage of mRNA [19,66]. Each
gene with a sizeable 3' UTR is capable of being reg-
ulated by multiple miRNAs and furthermore a single
MiRNA may bind multiple genes [59]. MiRNAs are

Brain miRNA isolation and detection

Brain tissue samples were homogenized in Trizol at
10 mg tissue/ml Trizol. After organic extraction the
aqueous phase was loaded onto an RNeasy column fol-
lowing standard total RNA protocols (Qiagen). The
flow-through from the RNeasy column wash, which
contains RNA< 200 bases, was adjusted to a final
ethanol concentration of 61% by addition of 0.66 vol-
umes of 100% ethanol and then loaded onto a mirVana
filter column (Ambion). The column was washed with
700 ul of miRNA Wash Solution 1, two times with

expressed in a specific spatiotemporal fashion and have 500 ;| of miRNA Wash Solution 2/3 (Ambion), and
been shown to be essential to brain morphogenesis in then eluted with 10Q 95°C water. Agilent Bioan-

lower organisms and in neuronal differentiation in cell
culture [35-37,56,57,67]. Currently, the few examples
of direct links between miRNAs and human diseases
of the brain include the intriguing finding of a single
nucleotide polymorphism in a family with Tourette’s
syndrome that increases the binding affinity of miR-
189 to the 3' UTR of SLITRK1 [1] and the downreg-
ulated expression of miR-133b in midbrain dopamin-

ergic neurons in human brain samples as well as pre-

clinical models of Parkinson’s disease [32]. To un-
derstand whether miRNA expression may be misregu-
lated in AD, the expression of over 300 miRNAs was
determined in hippocampus, medial frontal gyrus, and
cerebellum from early and late stage AD compared to

age-matched controls. These data reveal expression

changes in key miRNAs that: 1) are consistent with the
regional and time-dependent features of AD patholo-
gy; and 2) are linked through their targets to known
and novel pathways of disease. We additionally dis-

alyzer analysis showed the RNA eluted from the mir-
Vana column was highly enriched for low molecular
weight RNA. RNA concentrations were determined us-
ing a ND-1000 spectrophotometer (NanoDrop). MiR-
NA gquantification was performed using a reverse tran-
scription (RT) modification of the TagMai! miRNA
Assays (Applied Biosystems Inc.) [11]. 48-plex RT
mixes were obtained from Applied Biosystems, and by
concentrating the RT primers to 10 nM each in the fi-
nal RT reaction [38]. A total of 60 ng RNA was re-
verse transcribed in multiplexes of up to 48. Six to
7 separate 48-plex RTs were performed on each sam-
ple (Supplementary Table 1 — available at http://www.
j-alz.com/issues/14/vol14-1.html#supplementarydata).
After reverse transcription the cDNA was diluted and
aliquots were separately amplified using the 48 individ-
ual miRNA primer/probe mixes corresponding to the

covered that miRNAs can be detected in cerebrospinal "€Verse transcription multiplex. PCR reactions were

fluid (CSF); and importantly that CSF miRNAs are in-
deed altered in AD, in particular miRNAs related to

run as triplicates. Each multiplex RT contained 2—3
common snoRNAs that were subsequently used to nor-

multiple disease related pathways such as immune cell malize data from each sample across all pools. The

differentiation and innate immunity.

final data set was normalized as described below.
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Table 1
Brain sample data

Subject ID  Subject description Gender  Age (yr) pH PMD (hr)  ApoE

BRO-1 Braaks 0, non-demented female 52 7.16 6:50 3,3

BRO-2 Braaks 0, non-demented male 80 6.43 6:30 3,3

BR1-1 Braaks 1, non-demented female 83 6.48 5:30 3,2

BR1-2 Braaks 1, non-demented female 76 7.20 4:50 3,2

BR1-3 Braaks 1, non-demented male 82 6.07 7:40 3,3

BR1-4 Braaks 1, non-demented female 77 6.32 5:40 3,3

BR1-5 Braaks 1, non-demented male 96 6.65 6:30 3,3

BR3-1 Braaks 3, non-demented female 84 n/a 9:20 3,3

BR3-2 Braaks 3, non-demented female 20 6.50 4:45 3,3

BR3-3 Braaks 3, non-demented female 93 6.25 5:35 3,2

BR3-4 Braaks 3, non-demented female 91 6.51 5:20 3,2

BR3-5 Braaks 3, non-demented male 93 6.80 10:25 4,3

BR4-1 Braaks 4, Alzheimer’s disease  female 85 6.73 2:45 2,2

BR4-2 Braaks 4, Alzheimer’s disease  male 88 6.49 5:00 4,2

BR4-3 Braaks 4, Alzheimer’s disease  female 79 6.29 5:20 4,3

BR4-4 Braaks 4, Alzheimer’s disease  male 64 6.62 6:00 3,3

BR4-5 Braaks 4, Alzheimer’s disease  female 84 6.64 3:50 3,3

BR5-1 Braaks 5, Alzheimer's disease  female 82 6.49 4:35 4,3

BR5-2 Braaks 5, Alzheimer’s disease  male 71 6.21 5:20 4,3

BR5-3 Braaks 5, Alzheimer's disease  female 71 6.35 6:45 3,3

BR5-4 Braaks 5, Alzheimer’s disease  male 85 6.20 4:25 4,3

BR5-5 Braaks 5, Alzheimer’s disease  female 78 6.59 4:00 4,3

BR6-1 Braaks 6, Alzheimer’s disease  female 72 6.31 4:55 43

BR6-2 Braaks 6, Alzheimer’s disease  male 78 6.15 9:55 3,3

BR6-3 Braaks 6, Alzheimer's disease  female 64 6.65 3:40 4,3

BR6-4 Braaks 6, Alzheimer’s disease  male 72 6.51 5:30 4,2

BR6-5 Braaks 6, Alzheimer's disease  female 82 6.48 6:00 4,2

Table 2
CSF sample data. Samples 1133, 988 removed by correlation analysis; 795 and 1085 removed by between group analysis
Donor ID  Braak stage Gender Age(yr) PMD(hr) ApoE ngRNA/ CSF color
ml CSF
406 Braaks 1, non-demented control male 77 1:15 2,2 16.3 colorless
707 Braaks 1, non-demented control  male 80 4:15 3,3 12.5 colorless
795 Braaks 1, non-demented control male 81 7:13 3,4 22 colorless
838 Braaks 1, non-demented control male > 90 7:41 3,3 107.4  colorless
855 Braaks 1, non-demented control  female 73 1:37 3,3 33.4 pink
913 Braaks 1, non-demented control  female 67 8:00 3,3 251.1 colorless
922 Braaks 1, non-demented control  male 79 6:54 3,3 24.9 colorless
1037 Braaks 1, non-demented control  female 88 20:30 2,3 32.1 colorless
1076 Braaks 1, non-demented control  male 62 4:50 3,3 37.7 colorless
1169 Braaks 1, non-demented control male 88 17:20 2,3 145  colorless
988 Braaks 5, Alzheimer's Disease female 77 6:00 34 220.1 pale yellow
990 Braaks 5, Alzheimer’s Disease female 80 5:09 3,3 36.3 colorless
1058 Braaks 5, Alzheimer’s Disease female > 90 10:52 3,4 29.4  colorless
1085 Braaks 5, Alzheimer’s Disease male 71 6:30 3,4 19.9 colorless
1124 Braaks 5, Alzheimer’s Disease male 56 18:50 3,4 22.1 colorless
1133 Braaks 5, Alzheimer's Disease female 64 7:20 3,3 249  pale pink
1153 Braaks 5, Alzheimer’s Disease female 49 17:31 3,3 18.9 colorless
1259 Braaks 5, Alzheimer’s Disease female 79 8:00 4.4 10.8 colorless
1343 Braaks 5, Alzheimer’s Disease female 77 11:25 2,3 28.8 colorless
1344 Braaks 5, Alzheimer’s Disease male 65 23:30 3,4 14.4  colorless
CSF miRNA isolation and detection ed from 0.75-2ml of cerebrospinal fluid from a total of

20 donors using a glass fiber filter-based biofluid iso-
CSF samples for miRNA profiling studies were pro- lation method (Asuragen, Austin, TX). RNA was elut-
cessed by Asuragen, Inc. according to the company’s ed in 100ul of nuclease-free water (Ambion, Austin,
standard operating procedures. Total RNA was isolat- TX). The RNA was dried down and resuspended in
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14 ul of Nuclease-Free water. The RNA concentration
was determined by measuring 2:00n a NanoDro®
ND-3300 Fluorospectrometer using a modified proto-
col for the Quant-if™ RNA kit (Invitrogen, Carlsbad,
CA). CSF miRNA profiling was performed using RT
and pre-amplification modifications of the TagM&n
mMiRNA Assays (Applied Biosystems, [64]). 313-plex
RT mix and miRNA PreAmp primers were obtained
from Applied Biosystems (Struass et al., manuscript
in preparation). Four ng total CSF RNA was used in
duplicate 313-plex RT reactions. The cDNA was sub-
jected to pre-PCR amplification, 96/10min, 55C/2
min, 72°C/2min followed by 14 cycles of 98C/15 sec,
60°C/4 min. After pre-PCR amplification the cDNA
was diluted and aliquots were separately amplified us-
ing 308 individual miRNA primer probe mixes. PCR
reactions were run as triplicates.

Normalization of miRNA expression data

TagMan cycle threshold (Ct) values were converted
to expression abundance using the equatiofi -2t
but log2-abundance was used for all statistical calcula-
tions to ensure data normality. Each multiplex RT con-

J.P. Cogswell et al. / Identification of miRNA Changes in Alzheimer’s Disease Brain

gyrus. The-test was used rather than ANOVA because
the miRNA multiple pools were changed between the
Braak 5,6 and the Braak 3,4 assays. However, the Braak
0,1 was repeated for both assays, and was confirmed to
be a stable reference baseline for botlest analyses.
The t-test results were filtered by P-value, minimum
fold change, and minimum median miRNA expres-
sion. Supplementary Table 2 (available at http://www.
j-alz.com/issues/14/vol14-1.html#supplementarydata)
has all significanti(testp-value > 0.05) data filtered

by mean expression25. Only data with control sam-

ple replicate> 6 and AD sample replicate 7 were
considered in the final analysis. Graph displays fold
changes in linear space, with error bars reflecting stan-
dard errors converted from the log2est model.

Quality control of CSF miRNA expression data

CSF miRNA expression data was subjected to two
quality control analyses, sample correlation analysis,
and between groups analysis [13]. Sample correlation
analysis was performed using median-centered log2
miRNA abundances to generate a full correlation ma-
trix. Samples were considered technical outliers when

tained 2—3 common snoRNAs that were used to account their median correlation was more than 5 times the me-

for variation across RT pools. The geometric mean of

dian absolute deviation (MAD) across all other sample

the snoRNA expression values were used to normalize correlation values. Remaining samples were analyzed

the RT pools for each sample. Samples were subse-

guently normalized relative to one another prior to sta-
tistical analysis. This cross-sample normalization in-
cluded all primer sets which were easily detectable, de-
fined as having abundance50 in 90% of the samples.
The log2 expression fold changes for each qualifying
miRNA versus its median were computed. For each
sample, the distribution of these fold changes was com-
pared to the median distribution computed across all
samples. The normalizer was defined as the shift from
the median distribution within the 4D and 60" per-

using Between Groups Analysis from the Bioconductor
MADEA4 library. Samples whose component score dis-
tance was more than 5 times the MAD from the sample
group centroid were considered outliers. Remaining
samples were subjected to downstreatast analysis
and pathway enrichment analysis as described. Table 4
contains all significantt(testp-value> 0.05) data fil-
tered by mean expression25. Only data with control
sample replicate: 5 and AD sample replicate 5 were
considered in the final analysis.

centile range, applied to log2 abundances. The method Pathway enrichment analysis of miRNA data

has the effect of minimizing the number and extent of
reported changes, and as a by-product minimizes ex-
pression variance within sample groups. Note “before”
and “after” transformed distributions were visually ex-
amined for consistency.

Satistical analysis of miRNA expression data

Normalized miRNA log2 abundances were analyzed
using at-test for each pairing of Braak 5,6 versus
Braak 0,1 and Braak 3,4 versus Braak 0,1, for each
tissue, cerebellum, hippocampus, and medial frontal

In order to interrogate pathway effects of differential
mMiRNA expression, we used mRNA sequences predict-
ed to be affected by the miRNA's from the MIRANDA
and RNAHybrid methods. We applied a 0.01 P-value
cutoff to the predictions in order to focus only on the
highest quality and most conservative predictions, and
required that the predictions also be in agreement be-
tween the two methodologies. We generated a path-
way library from several available sources and inter-
sected their genes with the miRNA predicted genes.
Each pathway thereby contained a set of miRNA'S,
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Table 3
Effect of mIRNA knockdown and overexpression on mRNA abundance. Results of 2
independent transfections. mRNA abundance was measured by quantitative RT-PCR
72 hours after transfection of Pre-miR or Anti-miR and oligo controls using GAPDH
levels as a reference. PGAMZ phosphoglycerate mutase-1; IDH2 Isocitrate
Dehydrogenase 2; RPS6KB2p70S6K* = significant valueg < 0.05). Significant
results were obtained in the following cell lines: SK-n-AS for miR-32/PGAM1 and
miR-423/IDH2; HepG2 for miR-98/IDH2 and miR-193a/RPS6KB2

Experiment 1

Experiment 2

Transfection mMRNA measured % Control  StDev % Control  StDev
Pre-miR-32 PGAM1 81.12 4.41 78.18 3.84
Anti-miR-32 PGAM1 99.36 24.14 105.35 4.5
Pre-miR-98 IDH2 70.03 1.5 43.98 5.55
Anti-miR-98 IDH2 84.11 7.25 101.56 6.45
Pre-miR-193a RPS6KB2 7086 5.69 60.03 5.52
Anti-miR-193a RPS6KB2 82.06 0.65 109.33 23.28
Pre-miR-423 IDH2 59.33 7.09 60.19 4.75
Anti-miR-423 IDH2 82.75 9.03 93.15 0.17

each linked to one or more genes, many of which were
therefore represented by multiple miRNAs. The dis-
tinguishing feature, that genes are multiply represent-
ed, was supported by the understanding that multiple
miRNA's may bind and have an additive effect on a sin-
gle gene. This modification also enabled the analysis
to interrogate whether the miRNA changes supported a
coordinated effect on specific pathway functions. The
full enrichment library for the AD brain data comprised
approximately 4,000 total genes despite there being on-
ly 202 miRNA's detected above mean expression 20.
miRNA's were tested for pathway enrichment, after
filtering ¢-test data for P-value: 0.05, absolute fold
change> 1.5, and mean expression25. Enrichment
was performed using hypergeometric enrichment using
the specific universe size defined by detected miRNA's,
the predicted mRNA target genes, and the full pathway
library. Permutation correction of the P-value was per-
formed to assess random effects from among the de-
tected miRNA's. Details of the methods and steps are
in the Bioconductor package “miRNApath” [68].

Cdll line selection and transfection of pre-Mir and
Anti-miRs

The relative expression levels of 21 miRNAs and 24
MRNAs listed in Supplementary Table 3 (available at
http://www.j-alz.com/issues/14/vol14-1.html#supple-
mentarydata) were measured by gRT-PCR using Tag-
Man probes from Applied Biosystems. Expression
levels of the miRNAs were determined using TagMan
mMiRNA Assays (Applied Biosystems) and a propri-
etary miRNA qRT-PCR technology (Asuragen, patent-
pending). For each gRT-PCR assay, 10 ng of the miR-
NA fractions from the various cell isolates were reverse

transcribed in a 2@l reaction with the corresponding
miRNA specific RT primer using the RETROscript kit
(Ambion, Inc) with the following incubations: &
for 15 min, 42 C for 15 min, 95C for 5 min, then 4C
while preparing for PCR. Following cDNA synthesis, a
15 ul PCR was performed using the AB 7900HT (Ap-
plied Biosystems), the appropriate PCR primer/probe,
2 ul cDNA, and TagMan Universal PCR Master Mix
(Applied Biosystems). Cycling conditions were %5
for 10 min, then 50 cycles of 9% for 5 sec and 6TC
for 30 sec.

MRNA expression levels were determined using Tag-
Man Gene Expression Assays (Applied Biosystems).
MRNA fractions from the ten different cell types were
reverse transcribed (10 ng RNA input) with random
decamers using the RETROscript kit and the following
incubations: 42C for 60 min, 95C for 5 min, and then
4°C while preparing for PCR. Following cDNA syn-
thesis, a 1Qul PCR was performed using the Gene Ex-
pression Assays, 2l cDNA, TagMan Universal PCR
Master Mix (Applied Biosystems), and the same cy-
cling conditions as noted above. The appropriate cell
line for the analysis of each miRNA was selected based
on both the miRNA and mRNA profiling results. Cell
lines that expressed relatively low levels of the target
mMiRNA and detectable levels of the target mMRNA were
selected for the Pre-miR (Ambion) studies for each
miRNA. Cell lines that expressed relatively high levels
of the target miRNA and detectable levels of the tar-
get MRNA were selected for the Anti-miR (Ambion)
studies for each miRNA. Using these criteria, we were
able to evaluate all of the targeted miRNAs using 4
cell lines; SK-N-AS, HepG2, 22Rv1, and BJ cells. All
cell lines were purchased from American Type Culture
Collection (ATCC) and cultured using conditions rec-
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ommended by ATCC. Transfection conditions for the
delivery of small RNA molecules using Lipofectamine
2000 (Invitrogen) were developed. Optimal lipid con-
centrations for transfection were chosen for each cell
line based on a maximal decrease of GAPDH activity
in the KDalert assay (Ambion) post transfection of a
GAPDH siRNA versus its equivalent control as well as
minimal toxicity based on equivalent GAPDH protein
activity between control oligonucleotide and untrans-
fected cells and minimal visual toxicity.

The optimal transfection conditions for each cell line
were used to deliver Pre-miRs or Anti-miRs. The cell
lines HepG2, 22Rv1, and SK-N-AS were transfected
in triplicate using 0.1ul of Lipofectamine-2000 and
BJ were transfected with 04 of Lipofectamine 2000
using the reverse transfection protocol [50]. In brief,
3 picomoles of pre-miR, anti-miR, or siRNA control
(Ambion) were pipetted in triplicate for each cell line
into a 96-well tissue culture plate. Lipofectamine 2000
was diluted into 25:l volume of OptiMEM (Invitro-
gen) and incubated for 10 minutes at room temperature.
25 pl of diluted lipid was added to each well of the tis-
sue culture plate to which the siRNAs had been added.
The siRNA/Lipofectamine-2000 mixtures were incu-
bated for 20 minutes at room temperature. 5,000 cells
for each cell line listed above in 74 of growth media
was added to wells of complexed siRNA. The tissue
culture plates were incubated overnight at@7and
5% CGQ,. The medium was removed and replaced with
fresh growth media after 24 hours. GAPDH siRNA,
Let7b miRNA, and Pre-miR Negative Control (Am-
bion) were transfected into each cell line as controls.
The samples transfected with GAPDH siRNA were an-
alyzed to confirm the relative experimental transfection
efficiency. The samples transfected with let-7b miRNA
were analyzed for reduction of nRAS, a gene whose

expression has been observed to be regulated by let-
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negative control transfected sample. GAPDH mRNA
levels were used as an endogenous control to normal-
ize for variances in template input and the presence of
contaminants. The comparative Ct method was used
to generate fold change in the treated samples relative
to the negative control sampleAACt values were
converted to a percentage wherein the negative control
represents 100% expression.

RESULTS

Altered expression of microRNAs in AD hippocampus
and medial frontal gyrus

Small RNAs were isolated from age matched hip-
pocampus, medial frontal gyrus, and cerebellum sam-
ples from twenty-seven subjects; two Braak stage 0,
five Braak stage 1, and five each Braak stage 3,4,5and 6
(Table 1). MicroRNAs from Sanger release 7.0 and six
sno-RNAs were quantified by a customized version of
Applied Biosystems’ 48-plex RT followed by real-time
guantitative PCR assays (assay details in Supplemen-
tary Table 1). For statistical analysis data were grouped
by tissue region and subject Braak stage. The control
group was five Braak 1 and two Braak 0 samples. Two
AD groups were obtained by grouping Braak stages 5
with 6 (hereafter called B5,6) and 3 with 4 (called B3,4)
(Supplementary Table 2). ANOVA comparison of the
B5,6 and B3,4 groups with the control group revealed:
1) a greater number of significant results than would be
expected by chance; 2) an even distribution of under-
and over-expressed microRNAs; 3) a low standard er-
ror overall as expected except at the lowest abundances;
and 4) coincident changes in expression for each brain
region in isolation, and all combinations thereof. The
distribution of significant findings was greatest in hip-

7 [28]. The samples were harvested at 72 hours post pocampus in B3,4 as expected for the early stages of

transfection and analyzed for predicted effects.

Post-transfection RNA isolation and gRT-PCR of
MRNA expression

Following transfection of miRNA into the proper
cell type, RNA was isolated 24 and 72 hours post-
transfection using the MagMAX-96 Total RNA Isola-
tion Kit (Ambion, Inc). 11ul of RNA was converted
to cDNA using the cDNA synthesis protocol described
above. Note that a 1:2 dilution of the cDNA in water
was made prior to use. Transfected miRNA effects on
endogenous mRNA levels were calculated relative to a

AD.

As hippocampus and medial frontal gyrus are re-
gions primarily affected by AD pathology, the datawere
queried for miRNAs whose expression was significant-
ly (p < 0.05) altered in both regions as well as either or
both regionsinthe early (B3,4) and late (B5,6) stages of
the disease. Expression of twelve miRNAs (miR-200c,
-212,-264a,-27a, -30c, -30e-5p, -34a, -381, -422a, -423,
-9, -92) was altered in both hippocampus and medial
frontal gyrus in either B3,4 or B5,6 groups (Fig. 1A).
Expression of nine miRNAs (miR-100, -125b, -132,
-145, -146b, -148a, -210, -27b, -425) was shared be-
tween B3,4 and B5,6 in either or both hippocampus
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Fig. 1. (A) Directional fold changes for miRNAs altered in both hippocampus and medial frontal gyrus. MiRNA changes in cerebellum shown
for reference. All data shown is significant & 0.05).

Cerebellum; B3,4
Cerebellum; B5,6
Hippocampus; B3,4
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Medial Frontal Gyrus; B3,4
Medial Frontal Gyrus; B5,6
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hsa-miR-125b
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hsa-miR-146b
hsa-miR-148a
hsa-miR-210
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Fig. 1. (B) Directional fold changes for miRNAs altered in both B3,4 and B5,6 groups in either hippocampus, medial frontal gyrus, or both brain
regions. MiRNA changes in cerebellum shown for reference. All data shown is significan0(05).

and medial frontal gyrus (Fig. 1B). Of the 21 total miR-  cerebellum. Of the 12 miRNAs with additional signif-

NAs, nine (miR-145, -148a, -200c, -210, -26a, -30c, icant alterations in cerebellum (miR-100, -125b, -132,
-30e-5p, -423, and -92) were significantly changed in -146b, -212, -27a, -27b, -34a, -381, -422a, -425, -9)
hippocampus and/or medial frontal gyrus but not in all showed directional concordance between the signif-
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Fig. 2. MiR-9 and miR-132 roles and targets in neuronal life cycle. p2506p#50 GTPase activating protein.

icant brain regions. Only miR-146b was consistently

altered in both hippocampus and medial frontal gyrus
in both the B3,4 and B5,6 stages of the disease. MiR-
146b may be a negative regulator of innate immunity
and its downregulation in AD brain provides support

for an induction of Toll receptor signaling in AD [62].

MiRNAs important in neurogenesis and neuronal
differentiation are altered

MiRNA expression can change during the highly

staged events that characterize neurogenesis, morpho-

genesis and differentiation in culture [35]. Expression
of two of the miRNASs currently known to regulate these
processes, miR-9 and miR-132, were down-regulated
in hippocampus and medial frontal gyrus in our fil-
tered data set (Fig. 1A and 1B respectively) [37,57].
Expression of miR-9 is necessary for neurogenesis in
cultured stem cells and its downregulated expressionin
presenilin-1 knockout mice correlates with premature
cortical differentiation during embryogenesis [36,37,
57]. MiR-132, an inhibitor of p250GAP translation, is
consistently down in hippocampus, a site of neuroge-
nesis in the adult [67]. p250GAP has been character-
ized as having important roles in the process of neurite
extension and neurogenesis. Consistent with these ob-
servations miR-132 has been additionally linked to the
regulation of MeCP2 and BDNF expression [34]. Fig-
ure 2 depicts how the deregulated expression of these
miRNAs in AD could impact their key targets in neu-
rogenesis and neuronal differentiation.

MiRNAs mapped to metabolic pathways are altered

In order to assess pathways that may be affected by
the deregulated expression of mMiRNAs in AD, we used
MRNA binding site predictions at the intersection of
the MIRANDA and RNAhybrid methods and devel-
oped a pathway enrichment method employing hyper-
geometic enrichment [29] to assess the probability of a

pathway being coordinately regulated by the AD brain
mMiRNAs [68].

A set of up-regulated miRNAs that suggested co-
ordinate down-regulation of multiple genes and vice
versa was suggested by the analysis. Amongst the
up-regulated miRNAs included genes linked to amy-
loid/tau pathway as well as a cluster of metabolic path-
ways including insulin signaling, glycolysis, and glyco-
gen metabolism. Since the overall impact of the miR-
NA pathway enrichment was not supportive of an en-
hancement of amyloidosis and tau hyperposphoryla-
tion we did not pursue validation of these miRNA to
target relationships although we note that specific miR-
NAs predicted to regulate BACE1 and CDK5 could
contribute to pathogenesis (data not shown).

Since the pathway enrichment for insulin signaling,
glycolysis, and glycogen metabolism were directional-
ly consistent and the recent literature supports arole for
altered metabolism in AD pathogenesis we focused in-
stead on establishing whether a subset of the metabol-
ic MRNAs could affect expression of their predicted
targets. Since an evaluation of individual protein tar-
gets would require antibody validation and the tissue
reagents were limited we decided to investigate miRNA
modulation of MRNA levels in cells. Some miRNAs
have been shown to effect cleavage of their mRNA tar-
gets [52] and changes in mMRNA expression have been
used to elucidate pathways regulated by miRNAs [18,
42]. To evaluate miRNAs that could target mRNA lev-
els, we transfected cultured cells with synthetic (Pre-
miR) and antisense (Anti-miR) molecules for a select
set of 20 miRNAs, including the metabolic set (Am-
bion Inc) (Supplementary Table 3). We measured the
levels of 20 target MRNAs by gRT-PCR in cells trans-
fected with Pre-miRs and Anti-miRs. We used four
different cell lines for the studies and selected the cell
lines for each MiRNA and target mRNA based upon
the endogenous levels of the RNAs in the various cell
lines (see Materials and Methods). The introduction
of four different synthetic miRNAs (miR-193a, -98, -
32, and -423) elicited statistically significant decreas-
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Fig. 3. Directional fold changes for miRNAs relevant to metabolism. All data shown is signifigant)(05).

es in target MRNA expression in transfected cells (Ta-
ble 3). Transfection of anti-sense versions of the same
mMiRNAs failed to elicit a corresponding increase in the
expression levels of the same mRNA targets. While
disappointing, this is typical of in vitro experiments
where inhibitors of endogenous miRNAs tend to have
less of an effect than transfection of synthetic miRNAs
(data not shown). Of the target relationships, isoci-
trate dehydrogenase regulation is most interesting due
to opposing expression and putative impact of its regu-
latory miRNAs; upregulated miR-423 in hippocampus
and medial frontal gyrus suggests downregulation of
IDH2 while decreased miR-98 expression in cerebel-
lum, the region least affected by pathology, suggests
the converse (Fig. 3).

Additional support that AD altered miRNAs may af-
fect metabolism is seen with the increased expression
of miR-29a and miR-29b in B5,6 medial frontal gyrus
(Fig. 3) and miR-145 in B5,6 hippocampus and B3-6
medial frontal gyrus (Fig. 1B). MiR-29 was recently
shown to be induced in cellular and animals models of
insulin resistance and translationally regulates a sub-
unit of the branched chain ketoacid dehydrogenase with
potential consequences for glutamate homeostasis [21,
25,30,47,72]. In addition, miR-145 has been shown to
translationally inhibit insulin receptor substrate 1 and
IRS-1inturn hasbeen linked to various forms of insulin
resistance [58,60,70,71].

MiRNA expression is altered in Alzheimer’s CSF

Since miRNA expression appears to be more stable
than mRNAs and can be detected in human fluids [31]
we set out to examine whether miRNAs were: 1) de-
tectable in cerebrospinal fluid; and 2) were differen-
tially expressed between AD and non-affected patients.
MiRNAs were isolated from frozen cerebrospinal fluid
from 10 Braak 5 and 10 Braak 1 patients, none of whom
were used for the AD brain tissue study. In general
the RNA yields were low and variable between patients
(Table 2). To detect miRNAs in CSF we employed
a sensitive pre-amplification procedure that permitted
the detection of 201 out of the 242 miRNAs tested.
We observed an even distribution of under- and over-
expressed microRNAs and a low standard error over-
all as expected except at the lowest abundances. Two
outliers from each set of samples were removed based
on Correlation Analysis and Between Group Analy-
sis (BGA). Two of the excluded samples were among
the three that were observed to be slightly red in col-
or, suggesting their exclusion due a contribution from
contaminating blood cells.t-test analysis confirmed
significant differences in miRNA populations without
substantial change in the significant results before and
after outlier removal. Sixty miRNAs were detected as
significantly different f < 0.05) between the Braak
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stage 5 and Braak stage 1 samples. The distribution 26]. MiR-9, which is downregulated in B5,6 AD brain,

of fold changes was evenly distributed in both up and
down directions (Table 4). Notably all of the mem-
bers of the miR-30 family were induced although rel-
evant targets have not been described. Applying the
pathway enrichment algorithm to this dataset suggest-
ed up-regulation of genes in T cell signaling and in-
flammation [68]. While the target relationships had
not been confirmed for most miRNAs in the enrich-
ment pathways, we did observe that miRNAs linked to
immune cell functions including innate immunity (e.g.
miR-146b) [62] and T cell activation and differentia-
tion (e.g., miR-181a, miR-142) (Table 4) [10,40,49]

is necessary for the differentiation of stem cells to neu-
rons in cell culture [37]. MiR-9's role in neuronal dif-
ferentiation is mediated in part by phosphorylation of
TYR705 on STAT3 although the direct target of miR-9
is unknown. Decreased miR-9 expression is also as-
sociated with premature cortical differentiation during
the embryonic development of presenilin-1 knock out
mice [36]. If miR-9 has a critical role in neurogenesis
in vivo our data would suggest that functional deficits
may occur in the later stages of the disease.

MiR-132 is an activator of neuronal process out-
growth which translationally inhibits the p250GAP pro-

were frequently represented. These results show that tein and has an emerging role in regulating BDNF and
mMiRNAs can be recovered from frozen CSF and their MeCP2 expression [34,67]. MiR-132's decreased ex-
expression can distinguish Braak 5 AD from Braak 1 pression in B3,4 hippocampus as well as B5,6 hip-

patients. pocampus and medial frontal gyrus suggests deficits in
neuronal differentiation evenin the earliest stages of the
disease. Future exploration of the miRNAs altered in

DISCUSSION hippocampus and medial frontal gyrus (Fig. 1) should

reveal other miRNAs that have roles in neuronal life

This paper provides the first genome scale descrip- cycle decisions and progression and pathology of AD.
tion of MiRNASs that are differentially expressed in AD The miRNA changes observed here are likely to be
brain and importantly further demonstrates their pres- causes as well as consequences of the complex sig-
ence and disease-altered expression in cerebrospinalnal cascades leading to and resulting from formation
fluid. Through experimental follow up and literature  of AB;_42 and hyperphosphorylated tau [51]. For ex-
mining of MIRNA targets we could establish that the ample, A3;_42 is a weak activator of TOLL-receptor
identified miRNAs are useful biomarkers of known (TLR) signalling [43] but its effect on miR-132 and
and novel pathways contributing to AD pathogenesis. miR-146b needs to be tested since LPS, a strong TLR
The quantitative changes in expression we have seen in activator, induces these miRNAs in some non-neuronal
CSF provide initial hope that miRNAs could once pub- cell types but not others [48,62]. In fact, the down-
lished and independently replicated provide accessible regulation of miR-146b observed here lends support
biomarkers to aid diagnosis of AD. to an innate immunity hypothesis of AD pathogenesis.

We could identify many miRNAs whose expression TLR signaling is implicated in activation of microglia
was altered both early in disease as well asinthe regions that aid in the phagocytic clearance ofj Aibrils as
of the brain most affected by AD pathology. While well as increased neurodegeneration in animal models
cause and effect are difficult to establish our observation of AD [33,39,63]. TLRs are expressed in human AD
that many miRNAs were additionally altered in cere- brain and bacterial infection can exacerbate the time
bellum suggests expression changes were not mere-to onset of Alzheimer’s disease however there is lit-
ly consequences of pathology (since amyloid plague tle direct evidence that TLR pathways are upregulat-
pathology is limited in this region). The misregulated ed in AD [7,16]. Mir-146b has an important role in
expression patterns of miR-9 and miR-132 could ex- limiting TLR signaling by repressing translation of the
plain some features of the alterations in stem cell com- downstream effectors IRAK1 and TRAF6 [62]. The
mitment, neuronal differentiation and actin remodeling down-regulated expression of miR-146b in AD brain
seen in AD. While neurogenesis is most important in  should relieve translational repression of TLR signal-
the developing brain, the process continues in the adult ing and provides support that the exacerbation of innate
hippocampus [24]. Interestingly, an increased expres- immunity through TLR signaling could contribute to
sion of early neuronal markers in the hippocampus of neurodegeneration [39,62].
AD patients has been attributed to increased neurogen-  The targets of miRNAs shown here as well as in
esis although it is unknown whether the cells express- the literature support recent findings of metabolic defi-
ing these markers go on to become mature neurons [24, ciencies in AD and suggest novel genes and pathways
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Table 4
Directional fold changes for miRNAs altered in CSF. Data shown is signifigart 0.05). Expression abundances less than 40 are excluded

miRNA name Control mean Group mean Directional Control Group  t-test Std

fold change replicates replicates Pvalue error
hsa-let-7f 7663.96 16264.75 212 7 7 4.33E-02 0.48
hsa-miR-105 8553.03 21377.37 2.50 9 7 3.66E-05 0.22
hsa-miR-10a 13108.96 4902.92 —2.67 9 7 0.014398 0.51
hsa-miR-10b 1992.28 960.16 —2.07 9 6 0.033059 0.44
hsa-miR-125a 714011.81 1346274.28 1.89 9 7 0.024531 0.36
hsa-miR-126 156036.85 83587.17 -1.87 9 7 0.02404 0.36
hsa-miR-126 37753.62 22628.86 —-1.67 9 7 0.015319 0.27
hsa-miR-127 214022.02 96778.98 —-2.21 9 7 0.047424 0.53
hsa-miR-135a 92375.45 209350.05 2.27 9 7 0.049007 0.55
hsa-miR-138 2711.95 23372.99 8.62 7 2 0.004242 0.75
hsa-miR-141 70.62 182.83 2.59 8 6 0.006058 0.41
hsa-miR-142-5p 18180.09 6426.71 —2.83 9 7 0.044229 0.68
hsa-miR-143 3685.62 1319.53 —2.79 9 6 0.003901 0.42
hsa-miR-146b 102488.11 62347.63 —1.64 9 6 0.027952 0.29
hsa-miR-151 41327.98 73243.95 1.77 9 7 0.00048 0.18
hsa-miR-154 667.10 119.78 —5.57 8 5 0.008535 0.78
hsa-miR-15b 19020.18 5392.72 —3.53 8 7 0.0034 0.51
hsa-miR-181a 31419.34 12271.77 —2.56 9 7 0.042235 0.61
hsa-miR-181c 3975.13 2335.45 —-1.70 9 7 0.011449 0.26
hsa-miR-186 66153.66 250975.69 3.79 9 7 0.022184 0.75
hsa-miR-191 452777.91 1366051.74 3.02 9 7 0.004734 0.48
hsa-miR-194 4857.76 2292.67 —2.12 9 7 0.017115 0.40
hsa-miR-195 291373.88 175686.17 —1.66 9 7 0.048921 0.34
hsa-miR-197 89519.01 208382.64 2.33 9 7 0.003468 0.35
hsa-miR-199a 315824.65 72724.57 —4.34 9 7 0.009408 0.70
hsa-miR-204 52619342.77 300198156.95 5.71 9 7 0.005363 0.76
hsa-miR-205 111.44 287.83 2.58 8 5 0.043015 0.60
hsa-miR-214 18947.27 7759.53 —2.44 9 7 0.046434 0.59
hsa-miR-216 524.91 1652.52 3.15 8 7 0.024177 0.65
hsa-miR-221 26698.22 5359.28 —4.98 9 7 0.001908 0.61
hsa-miR-302b 43.76 158.85 3.63 8 6 0.016914 0.67
hsa-miR-30a-3p 413769.76 879601.20 2.13 9 7 0.036149 0.47
hsa-miR-30a-5p 1629245.30 4992433.01 3.06 9 7 0.016695 0.59
hsa-miR-30b 708987.21 2483172.97 3.50 9 7 0.00047 0.40
hsa-miR-30c 1183823.02 4455795.87 3.76 9 7 0.000281 0.40
hsa-miR-30d 221565.21 771805.04 3.48 9 7 0.013293 0.64
hsa-miR-32 21981.33 49029.27 2.23 9 7 0.029911 0.48
hsa-miR-338 22264.00 10682.01 —2.08 9 7 0.044754 0.48
hsa-miR-345 6310.17 19894.35 3.15 9 7 0.008013 0.54
hsa-miR-362 1121.76 2093.24 1.87 9 7 0.032303 0.38
hsa-miR-371 59.86 328.50 5.49 6 7 0.006945 0.74
hsa-miR-374 18327.35 35675.59 1.95 9 7 0.02724 0.39
hsa-miR-375 14633.72 52779.31 3.61 9 7 0.000816 0.44
hsa-miR-380-3p 61.88 182.84 2.95 9 4 0.039901 0.67
hsa-miR-422b 2870.63 1384.42 —-2.07 9 7 0.039726 0.46
hsa-miR-429 231.17 476.89 2.06 9 7 0.049168 0.49
hsa-miR-448 3878.16 11028.75 2.84 9 7 0.015653 0.55
hsa-miR-449 923.81 4920.67 5.33 9 7 0.037863 1.05
hsa-miR-451 104850.04 6869.91 —-15.30 9 6 0.010945 1.33
hsa-miR-455 2344.27 1371.68 -1.71 9 7 0.040107 0.34
hsa-miR-494 73.57 433.44 5.89 2 1 0.039138 0.16
hsa-miR-497 23572.28 12554.83 —1.88 9 7 1.55E-02 0.33
hsa-miR-501 803.45 1311.71 1.63 8 7 0.029021 0.29
hsa-miR-517a 430.19 2286.90 5.32 6 6 0.01878 0.86
hsa-miR-517b 480.84 2500.66 5.20 9 6 0.009039 0.78
hsa-miR-518b 178.46 1079.97 6.05 8 7 0.013889 0.91
hsa-miR-518f 66.79 290.21 4.35 7 7 0.032671 0.88
hsa-miR-5204a 45,72 166.05 3.63 8 6 0.03241 0.77
hsa-miR-526a 310.91 1560.38 5.02 9 7 0.009615 0.78
hsa-miR-99a 1967017.19 1216174.16 —1.62 9 7 0.033709 0.29
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to explore. Recent studies have reported an associ-
ation between diabetes and the later onset of AD [3,
12]. Regulation of brain insulin levels and the loss of
insulin receptor signaling molecules have been linked
to amyloid-mediated pathogenesis as well as memo-
ry [60,70]. IRS-1 is a key insulin receptor signal-
ing molecule whose loss of expression is linked to in-
sulin resistance [71]. IRS-1 expression is decreased in
AD and is regulated during memory tasks in rats [70].
MIR-145 has recently been shown to translationally
inhibit IRS-1 and miR-145’s increased expression in
the memory forming regions of AD patients could be
an additional mechanism leading to deceased IRS-1
expression in AD [58,71]. Of further relevance to
brain insulin signaling is our finding that miR-29a and
-29b are increased in B5,6 medial frontal gyrus since
miR-29 is induced in models of insulin resistance and
overexpression of miR-29 decreases uptake of glucose
and insulin [25]. MiR-29b has also been convinc-
ingly shown to inhibit translation of the dihydrolipoyl
branched chain acyltransferase (DBT) [47]. DBT is a
subunit of the branched chain alpha-ketoacid dehydro-
genase (BCKD) that is the last committed step in degra-
dation of branched chain amino acids. Branched chain
amino acids are essential nitrogen donors for glutamate
synthesis. Despite the accumulation of branched chain
amino acids and ketoacids, patients with BCKD de-
ficiences become glutamate deficient and experience
neurologic deterioration [72]. Branched chain alpha
keto-acids prevent the uptake of glutamate in rat cere-
bral cortex slices and cause neurotoxicity in cell cul-
ture suggesting a possible role in glutamate excitotoxi-
city [21,30]. Perhaps BCKD becomes deficient in AD
brain due to the induction of miR-29 and plays a con-
tributory role in pathways leading to excitotoxic neu-
ronal cell death. In addition, our finding that IDH2
can be regulated by miR-423 and miR-98 agrees with
reports that isocitrate dehydrogenase enzyme activi-
ty is decreased in AD prefrontal cortex and suggests
a mechanism for the relative sparing of the cerebel-
lum [8]. Isocitrate dehydrogenase 2 is an important en-
zyme in the control of mitochondrial redox balance and
its decreased expression could be an important contrib-
utor to the oxidative stress that is observed in AD [27,
41]. Dehydrogenase mRNAs in general well as other
mitochondrial enzymes are decreased in AD although
IDH2 and BCKD have not been directly examined [2,
6]. MiRNAs-29, 423, 98, and 145 appear to be useful
biomarkers for insulin resistance, glutamate and redox
homeostasis and their targets, IDH2 and BCKD, pro-
vide testable hypotheses with respect to their expres-
sion in Alzheimer’s disease brain.

J.P. Cogswell et al. / Identification of miRNA Changes in Alzheimer’s Disease Brain

While this paper was being prepared the altered ex-
pression of a limited set of mMiRNAs in AD hippocam-
pus was reported [44]. This paper only measured 13
miRNAs of relevance to brain development and some
individual results differ from our study. Possible ex-
planations for these differences may be in the samples
themselves, the differences in the sensitivity and speci-
ficities of the technologies employed, or the normaliza-
tion methods used. In our experience using column pu-
rified small RNA samples, putative small RNA house-
keeping genes demonstrate significant expression vari-
ation between samples that could influence data nor-
malization (see snoRNAs in Supplementary Table 2;
5S and U6 data not shown). Our method for normal-
ization relies on identifying the least variant miRNAs
for a given set of samples and using a normalization
adjustment to scale expression to the least variant set.
Also, because of high sequence similarity, microRNAs
within the same family are more difficult to distinguish
by oligonucleotide hybridization than by the stem-loop
RT primer used in our detection system.

This paper provides the first indication that miRNA
levels in CSF are affected by AD. Whether miRNAs are
present in CSF as a result of cell destruction, produc-
tion of exosomes [65], or even transport mechanisms,
as seen in plants, is unknown. While some miRNAs
are expressed at high levels in the brain (e.g., miR-181)
or are highly enriched in the choroid plexus at the in-
terface between blood and CSF (e.g., miR-204) [14],
there was no obvious relationship between the miRNAs
altered in CSF and the absolute levels in sites of AD
mediated destruction or the directional changesin those
regions. We propose that the miRNAs detected in these
frozen CSF samples are derived from immune cells in
the CSF. In normal CSFK, 80% of resident leukocytes
are blood-derived CD4 memory T cells with the re-
mainder comprised largely of monocytes and dendritic
cells [5,53]. The trafficking of these immune cells from
blood and local lymph nodes into CSF and ultimately
brain is important in immunosurveillance. In acute in-
flammatory diseases such as multiple sclerosis, an in-
flux of B cells or monocytes into CSF can be measured
although total cell counts are not altered in AD. The
pathway enrichment algorithm predicts a downregula-
tion of miRNAs in AD CSF involved in T lympho-
cyte signaling and inflammatory pathways [68]. The
mere fact that many of these immune-related miRNAs
are coordinately decreased in AD supports a deregu-
lation in inflammatory signaling rather than an influx
of inflammatory cells. For example, miR-146b was
down-regulated in CSF which, similar to brain, sup-
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ports an upregulation of innate immunity. Althoughtoll References

receptor signaling is normally associated with mono-
cytes, T lymphocytes have these pathways as well [45].
MiR-181a and miR-142-5p, which were downregulat-
ed in CSF, have roles in lymphocyte lineage determi-
nation [10,40,49] while miR-181 has been shown to
also affect T cell sensitivity [40] consistent with alter-
ations of these pathways in AD CSF. Further support
comes from miR’s-191, 221, 142, and 15b which are [2]
expressed at specific stages of T lymphocyte develop-
ment and show either up or down-regulated expression
in AD CSF [49]. Interestingly, miR-221 can inhibit c-
Kit expression while miR-10a inhibits the Homeobox
gene Hox-Al and both c-Kit and Hox-Al have roles in 3]
hematopoiesis and T cell development [20,22,69].
Cell-specific responses in AD brain and CSF could  [4]
be both causes and consequences of the disease. Fur-
ther work is required to characterize those miRNAs that [5]
contribute versus those that respond to hyperphospho-
rylation of Tau or A3; _4». Certainly miR-29 and miR- [6]
145 appear to be biomarkers of insulin resistance while
miR-146b helps establish a role for innate immunity in
AD pathogenesis. Furthermore IDH2 and BCKD are [7]
interesting MiRNA targets to interrogate in the future
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will focus on whether the miRNA changes in CSF can
be linked to AD specific signaling molecules, and, if
any of these changes are specific to AD, can be used to [
follow the course of AD or overlap with other neurode-
generative diseases involving inflammation. Collec-
tively these data illuminate the potential of miRNAs to
provide insights into AD pathogenesis and initial hope
that microRNAs could provide accessible biomarkers
to aid clinical diagnosis. [11]
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