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Although the role of APP and PSEN genes in genetic Alzheimer's
disease (AD) cases is well established, fairly little is known about
the molecular mechanisms affecting AB generation in sporadic AD.
Deficiency in Ap clearance is certainly a possibility, but increased
expression of proteins like APP or BACE1/B-secretase may also be
associated with the disease. We therefore investigated changes in
microRNA (miRNA) expression profiles of sporadic AD patients and
found that several miRNAs potentially involved in the regulation of
APP and BACE1 expression appeared to be decreased in diseased
brain. We show here that miR-29a, -29b-1, and -9 can regulate
BACE1 expression in vitro. The miR-29a/b-1 cluster was signifi-
cantly (and AD-dementia-specific) decreased in AD patients dis-
playing abnormally high BACE1 protein. Similar correlations be-
tween expression of this cluster and BACE1 were found during
brain development and in primary neuronal cultures. Finally, we
provide evidence for a potential causal relationship between
miR-29a/b-1 expression and Ap generation in a cell culture model.
We propose that loss of specific miRNAs can contribute to in-
creased BACE1 and Ap levels in sporadic AD.
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M utations in the APP and PSEN genes cause AB accumulation
and familial Alzheimer’s disease (AD) (1-4). However, little
is known about the mechanisms that contribute to AB accumulation
in the vast majority of sporadic AD cases. BACE1/B-secretase
cleavage of APP is the rate-limiting step for AB peptide production.
Increased BACE]1 expression is observed in patients with sporadic
AD (5-8), and several mechanisms for this up-regulation have been
proposed (9, 10). A link between BACE] levels, AB load, and AD
pathology has been reported (11), suggesting that increased
BACEL1 expression is indeed an important risk factor for spo-
radic AD.

miRNAs are small noncoding RNAs that control gene expres-
sion at the posttranscriptional level by binding to the 3’ untranslated
region (3'UTR) of target mRNAs leading to their translational
inhibition or sometimes degradation. Several miRNAs are specif-
ically expressed or enriched in the brain (12-15), and some have
been associated with neuronal differentiation, synaptic plasticity,
and memory formation (16, 17). The hypothesis that miRNA
pathways could contribute to neurodegeneration is appealing (18)
and has been tested to a certain degree in Drosophila (19) and
mouse models (18, 20, 21) in which all miRNAs are lacking.
Recently, Kim er al. (21) identified a subgroup of miRNAs,
normally enriched in the midbrain, which expression is altered in
sporadic Parkinson’s disease (PD). One of the affected miRNAs,
miR-133b, controls the differentiation and function of dopaminer-
gic neurons (which are lost in PD). Here, we sought to investigate
whether changes in miRNA expression exist in sporadic AD, and
whether these changes could contribute to AB pathology.

www.pnas.org/cgi/doi/10.1073/pnas.0710263105

Results

miRNA Profile Analysis of Sporadic AD Brain. In a pilot study, we
assessed the expression profiles of 328 human miRNAs from
sporadic AD patients [supporting information (SI), Dataset S1,
Dataset S2, and Dataset S3]. We profiled five AD cases and five
age-matched controls individually and used these data to identify
miRNAs that were significantly (P < 0.05, Student’s # test) altered
in AD brain (Fig. 14).

We used the prediction algorithms miRanda (22), Targetscan
(23, 24), Pictar (25), and miRbase (26) to identify AD-related
potential target genes for these miRNAs. Interestingly, at least 7 of
the 13 significantly altered miRNAs had candidate binding sites
within the 3" UTRs of BACE!I (miR-15a, -29b-1, -9, and -19b) or
APP (let-7, miR-101, miR-15a, and miR-106b) (Fig. 1 4 and B),
whereas only one candidate miRNA-binding site was found within
the 3' UTR of PSENI (miR-9) (data not shown). We did not find
miRNA target sites within the 3'"UTRs of PSEN2, Nicastrin, Pen-2,
Aph-la, Aph-1b, Neprilysin, and IDE genes, all implicated in AB
metabolism. The possibility that alterations in miRNA expression
could contribute to changes in APP and BACEI1 levels in sporadic
AD was further investigated.

High BACE1 Expression in a Subgroup of Sporadic AD Patients. We
evaluated BACE1 and APP protein expression in 34 sporadic AD
patients and 21 controls. Representative Western blot results are
shown in Fig. 24. The high variability of (full length) APP in control
patients precluded definitive conclusions with regard to the possible
correlation between miRNA changes and APP expression in AD
(Fig. 24, row 5, and data not shown). However, and consistent with
previous reports (5-10), BACE1 was significantly increased in AD
patient samples (Fig. 24, row 1). This difference is contributed by
a subgroup of AD patients (11 of 34) that displayed BACEI levels,
which were 2- to 5-fold higher than in controls (P = 0.019,
Mann-Whitney test) (Fig. 2B). We used the expression of the
y-secretase components Pen-2 and Nicastrin as further internal
controls (Fig. 24, rows 2-4) to demonstrate that observed changes
are specific for BACEL. Deglycosylation experiments finally
showed that both immature and mature BACEL species were
up-regulated in AD cases (Fig. S1).
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fold change p value
miR-210 11 0,66 0,00002
miR-181c 19 0,71 0,00184
miR-15a 13 0,65 0,00306
miR-9 1 0,77 0,00531
miR-22 17 0,83 0,01400
miR-101 1 0,69 0,01600
miR-197 1 1,25 0,01817
miR-511 10 1,21 0,02052
miR-29b-1 7 0,60 0,02751
let-7i 12 0,88 0,02827
miR-19b 13 0,64 0,03369
miR-320 8 1,15 0,03552
miR-106b 7 0,71 0,03643
miR-26b 2 0,79 0,03927
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Fig. 1. Changes in miRNA levels in sporadic AD brain. (A4) Significantly
changed miRNAs in cortex of sporadic AD cases. Differences (fold change,
compared with controls group), P values, and chromosome localization of
miRNA genes are shown. miRNAs predicted to target BACET and/or APP
3'UTRs identified by various algorithms: miRanda (www.microrna.org), Tar-
getscan (targetscan.org), Pictar (pictar.bio.nyu.edu), and miRbase (http:/
microrna.sanger.ac.uk) are highlighted in gray. (B) Conservation plot of hu-
man BACE1 and APP 3'UTRs with putative miRNA binding sites. The
percentage of conservation in four mammalian species (human, mouse, rat,
and dog) is shown. bp, base pairs.

Consistent with previous data (8), BACE1 mRNA levels re-
mained essentially unchanged in the AD samples (Fig. 2C), as
shown by quantitative RT-PCR (qQRT-PCR). Overall, these results
concur with the hypothesis that increased BACE1 expression is due
to alterations in posttranscriptional regulation mechanisms in a
subgroup of sporadic AD patients. These observations prompted us
to analyze in further detail the potential regulation of BACEI1
expression by miRNAs.

BACE1 Is a miRNA Target Gene. We generated a luciferase reporter
construct containing the 3’ UTR of human BACE1 (Fig. 34). We
cotransfected this construct with the miRNAs identified in our
microarray analysis (miR-15a, -9, -19b, and -29b-1) and included in
addition miR-29a and -124a. These two latter miRNAs also theo-
retically bind to the 3'"UTR of BACE], as indicated by our in silico
analysis (see above; data not shown). Of note, miR-29a, which is
coexpressed as a cluster with miR-29b-1 on chromosome 7 in
human (27), was found down-regulated by the microarray experi-
ments but failed to reach a significant value (Dataset S2), perhaps
because of the cross-reactivity of the miRNA probes (12).

We found that miR-29a (P = 0.008, Wilcoxon signed-rank test),
miR-29b-1 (P = 0.0313), and miR-9 (P = 0.0313) affected signif-
icantly luciferase expression (Fig. 3B), whereas miR-15a, -19b, and
-124a showed no effect in this assay. We could confirm that
miR-29a and -29b-1 showed coregulated expression with BACE1 in

6416 | www.pnas.org/cgi/doi/10.1073/pnas.0710263105
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Fig.2. BACE1 up-regulation in sporadic AD brain. (A) Representative West-
ern blot of BACE1 (probed with C-terminal antibody), Pen-2 (probed with B96
antibody), Nicastrin (probed with 9C3 antibody), APP full-length (probed with
B63 antibody), APP CTFs (probed with B63 and WO2 antibodies), and ApB
(probed with WO2 antibody) in AD and age-matched controls is shown.
B-actin was used as normalization control. Densitometric quantifications of
BACE1 are shown (fold difference, average of controls = 1). (B) Densitometric
quantifications of BACE1 protein levelsin sporadic AD (n = 34) vs. controls (n =
21). For each gel, the average of the controls was used as reference (i.e.,
1-fold). B-actin was used as normalization control. The graph mean is shown.
The “AD high BACE1" subgroup is defined as 2 standard deviations from the
controls group. (C) gqRT-PCR of BACE1 mRNA from representative controls (n =
20) and from AD patients (n = 34). B-Actin mRNA was used as normalization
control. The average of the controls was used as reference (i.e., 1-fold). The
graph mean is shown. NS, nonspecific band.

brain development and AD (see below), whereas we did not find
such correlation for miR-9. We therefore focused our further work
on miR-29a/b-1. These two miRNAs target conserved binding sites
within the BACE1 3'UTR (Fig. 3C). To exclude off-target effects,
we mutated the “top-score” miR-29a/b-1 seed sequence in the
BACEI! 3’ UTR (Fig. 3C). This mutation abrogated repression of
luciferase expression by miR-29a (Fig. 3B, last lane). We confirmed
these results in human neuroblastoma SK-N-SH cells, demonstrat-
ing that miR-29a/b-1 could suppress endogenous BACE1 expres-
sion by ~50% upon transient transfection (Fig. 3D).

Changes in miR-29a/b-1 Correlate with BACE1 Expression in AD. We
next evaluated to what extent miR-29a and -29b-1 accumulation was
affected in the subgroup of AD patients with high BACEI (see Fig.
2B) using qRT-PCR (which measures specifically mature miR-
NAs). We found a significant reduction of miR-29a (P = 0.015,
Mann—Whitney test) and miR-29b-1 (P = 0.043) in the subgroup of
AD with high BACE1 levels (n = 11) when compared with controls
(n = 21) or with patients with normal levels of BACE1 (n = 23,
indicated as low BACEL1) (Fig. 4 4 and B and Fig. S2). It should be
noted that we discuss here relative levels of expression of miRNAs.
A tendency toward lowered miR-9 levels was also observed in the
high BACEI patients, but these did not reach statistical significance

Hébert et al.
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Fig. 3. BACE1 is a miRNA target gene. (A) Schematic representation (not to
scale) of the BACE1 3’UTR luciferase construct. TK, thymidine kinase promo-
tor. Lug, luciferase gene. (B) BACE1 3'UTR (wt or mutant, see C) luciferase and
Renilla luciferase constructs were transfected into Hela cells with the indi-
cated miRNA oligonucleotides at a final concentration of 75 nM. Normalized
(to Renilla) sensor luciferase activity is shown as a percentage of the control
with a scrambled oligonucleotide. Error bars represent standard deviations
derived from three or more independent experiments performed in duplicate.
Statistical significance between control (scrambled miR-treated) and candi-
date miR-treated HelLa cells was determined by a Wilcoxon test (*, P < 0.05, **,
P < 0.01). (C) The sequence and putative binding sites of the miR-29a/b-1
family are shown. The miR-29a/b-1 seed sequence is highlighted in gray. In the
hBACE1 3'UTR MUT construct, the binding site for miR-29a/b-1 is mutated as
indicated. (D) Western blot analysis of endogenous BACE1 (probed with
C-terminal antibody), Nicastrin (used as additional control) and B-actin in
SK-N-SH cells treated with 75 nM (final concentration) of miR-29a/b-1. Note
that cell extracts were treated with PGNase F (Roche) overnight to remove
N-linked sugars before immunoblot analysis explaining the lower molecular
weight of BACE1 and Nicastrin. Densitometric quantifications of BACE1
(shown as fold difference) are shown.

(P = 0.07) (Fig. S3). The expression of miR-29¢, which belongs to
the miR-29 family but is located on chromosome 1, was not changed
between controls and patient subgroups (Fig. S3). We finally
verified miR-29a/b-1 levels in an additional group of nine patients
with non-AD dementia and found (Fig. 4 A and B, last lane) no
significant changes compared to controls. Thus, overall, we find that
in the subgroup of AD patients with increased BACE1 expression,
miR-29a and -29b-1 expression is significantly and specifically
decreased.

We finally found a statistically significant correlation between
BACEI! and miR-29a (P = 0.0128, Pearson’s correlation) (Fig. 4C)
and miR-29b-1 (P = 0.0216) (Fig. 4D) expression in the complete
set of AD cases (low and high BACEI together, n = 34) providing
further support for the hypothesis that changes in miR-29a or -29b-1
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contribute, at least in part, to overall changes in BACE1 expression
in AD. It should be noted that all of the experiments were
performed on cortical material (anterior temporal cortex) from the
patients. However, we repeated the analyses using material ob-
tained from cerebellum and found a similar correlation between
BACE1 and miR-29a/b-1 (n = 15) (Fig. S4).

Developmental Coregulation of miR-29a/b-1 and BACE1 in Brain. We
sought independent confirmation for the correlation between
miR-29a/b-1 expression and BACEI1 in nonpathological settings.
First, we found that miR-29a/b-1 followed BACE1 during brain
development (Fig. 5 A-C), suggesting a molecular mechanism for
the previously noticed developmental regulation of BACE1 (28).
Northern blot analysis showed that the BACE1 mRNA remained
remarkably stable over the analyzed time period (Fig. 5D), which
is a typical signature of miRNA regulation. Consistent with the
qRT-PCR and Northern blot results, we could show by in situ
hybridization that miR-29a and -29b-1 are developmentally regu-
lated in the mouse brain with highest expression in adult. Impor-
tantly, these miRNAs are coexpressed with BACE1 in all regions
of adult brain (Fig. SE and Fig. S5). We also found that miR-29a/b-1
is expressed in primary cultures of neuronal and glial cells (Fig. 5E),
which is consistent with previous observations (29). As seen by
others (30), BACEL1 is highly expressed in neurons (Fig. 5F),
whereas weak levels of BACE1 could be detected in glial cells after
prolonged exposure of the film (data not shown). Hence, miR-29a/
b-1 and BACEL1 are coexpressed in similar cell types in the brain.

miR-29a/b-1 Modulates BACE1 Activity and AB. We finally wanted to
determine a causal relationship between miR-29a/b-1 expression
and BACEL1 activity (and hence AB generation). Attempts to
modulate miR-29a/b-1 levels in primary neurons turned out to be
very inefficient, making definite conclusions from these assays
impossible. We therefore performed gain- and loss-of-function
experiments using HEK293 cells (that express weak levels of
endogenous miR-29a/b-1; see Fig. S5F) stably expressing human
APP Swedish form to target endogenous BACEI. In these cells,
both miR-29a and -29b-1 can down-regulate endogenous BACE1
upon transient overexpression (Fig. 64). As a control, we used a
scrambled miRNA oligonucleotide sequence. The levels of APP
B-CTFs and A peptide (the two major proteolytic fragments of
BACEL activity, Fig. 6D) are down-regulated upon miR-29a/b-1
expression (Fig. 64). These functional effects could be reversed
with complementary anti-miR-29a/b-1 oligonucleotides. Thus, loss
of the suppressing activity of the miR-29a/b-1 cluster can lead to an
increase in AB production in cell culture. In an independent set of
experiments, we show that soluble “shed” APP-B and soluble AR
is specifically reduced (=50—80%) upon miR-29a and/or miR-
29b-1 treatment (Fig. 6B). Here, soluble APP-a generated by
a-secretase activity was used as internal control. By transient
overexpression of BACEL, we could restore -secretase activity in
miR-29a/b-1-treated cells as observed by an increase in APP
B-CTFs (Fig. 6C). No change in AP levels is consistent with the
increase in Glu-11 APP B-CTFs (and loss of the WO2 antibody
epitope) in the presence of exogenously active BACE1 (31, 32).

Discussion

We conclude that an important subgroup (~30%) of sporadic AD
patients displays increased BACE1 protein expression in the brain
(this study and refs. 5-10), further establishing BACEL as an
important drug target for the treatment of AD. Based on (i)
theoretical predictions, (ii) in vitro validation in cells, (iii) the tight
correlation in expression during brain development and in isolated
primary cells, and (iv) careful analysis of a series of well preserved
frozen brain tissue of a sporadic AD population, we identify the
miR-29a/b-1 cluster as a potential major suppressor of BACE1
protein expression.
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It is clear that, apart from changes in miRNA expression, other
mechanisms can contribute to BACEL expression in AD (33).
BACE1 might also be regulated at the transcriptional level under
inflammatory conditions via the PPAR'y responsive elements (34).
However, in the patient samples we investigated here, BACE1
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Fig.6. Modulation of BACE1 activity by miR-29a/b-1. (A) Western blot analysis of endogenous human BACE1 (probed with 3D5 antibody) and APP-CTFs (« and
B) in premiR (miR-29a/b-1) or anti-miR (miR-29a/b-1 antisense)-treated HEK293-APP-Sw cells (75 nM final concentration). APP-CTFa and B-Actin were used as
loading controls. (B) Western blot analysis of secreted APP (a and B) and AB in premiR (miR-29a and/or miR-29b-1) treated HEK293-APP-Sw cells. Two
concentrations (25 or 75 nM) are shown. Densitometric quantifications of soluble AB and sAPPg are shown. The levels of SAPPa were used as normalization
control. AS, antisense. (C) Western blot analysis of APP-CTFs (« and B) in premiR-29a/b-1-treated HEK293-APP-Sw cells (75 nM final concentration) alone or in
combination with human BACE1 cDNA. APP-CTF« and B-actin were used as loading controls. Note that A peptides were immunoprecipitated with B7 antibody
before Western blot analysis with WO2. (D) Schematic representation (not to scale) of human APP 695 isoform and its cleavage sites by a-, 8-, and y-secretases.

The B-secretase Glu-11 cleavage site is indicated with a “**"’ sign. Epitopes from the antibodies used in this study are indicated.

can occur in neurons or astrocytes alike. BACE1/B-secretase can
become expressed in both cell types (32, 35-37), and increased
BACEL expression can be observed in neurons and glia in AD
patients and in AD mouse models (35, 37-39). Although neurons
and glia can theoretically contribute to AB load in the brain, further
work is now needed to address the cell-type specificity of the
observed effects of miR-29a/b-1 on BACE1 expression in vivo.

The loss of miR-29a/b-1 and increased BACE1 expression is not
specific for a certain brain area, as demonstrated by our separate
analysis of material taken from the cerebellum (a brain area not
affected by AD) and as suggested by the relative broad expression
pattern of BACE1 and miR-29a/b-1 in the brain. This does not
necessarily weaken our hypothesis, because its only implication is
that the alterations in BACE1 expression do not provide an
explanation for the increased sensitivity of particular brain regions
for the disease process. It should be noted that the same holds true
for the other known causes of (genetic) AD: whereas mutations or
gene duplications of, for instance, APP are present in all cells of the
brain, also in those cases only specific regions of the brain suffer
from AD.

A role for miRNAs in lifespan control and in aging in adult
worms has been documented (40). We speculate that during life
in humans, the gene-regulatory networks regulated by miRNAs
could become progressively compromised in some individuals.
This could influence brain function in many ways, but if by
chance the miR-29a/b-1 cluster is affected, this could lead to
decreased suppression of BACE1 expression and increased A
generation. Interestingly, Fabbri et al. (41) have recently shown
that the miR-29 family, via DNA methyltransferase 3A and 3B
transcriptional regulation, can regulate DNA methylation (41).
Abnormal DNA methylation can cause cell death and is docu-
mented to be altered in AD (42). In addition, work by Niwa et
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al. (43) supports a role for the let-7 miRNA family in modulating
Apl-1 expression in Caenorhabditis elegans, providing in vivo
evidence for the modulation of APP by miRNAs (43). Thus, the
combination of increased AB generation and of the gradual loss
of the fine genetic regulation by the miRNA networks in the
aging neurons could provide a scenario for the observed neu-
rodegeneration in sporadic AD. Loss of specific miRNAs sets
thus the stage for considering a “multiple hit hypothesis™ for
sporadic AD.

This study also suggests that miRNA expression profiles are
altered in sporadic AD. Whether these changes are specific for
sporadic AD, or whether they are a cause or a consequence of the
disease process, remains to be investigated. In addition, whether
these data can be used for diagnostic purposes, as seen in cancer
patients (for example, see ref. 44), remains an interesting possibility.
Of note, a study by Lukiw (45) showed that miR-9 and -128 were
significantly up-regulated in AD hippocampus. Although our mi-
croarray data identified miR-9 to be down-regulated in AD cortex,
these results are consistent with the idea that some miRNAs can be
differently expressed in AD brain.

In conclusion, the current findings suggest a loss-of-function
mechanism contributing to sporadic AD. Our work also provides an
interesting molecular link between sporadic AD and the amyloid
cascade.

Materials and Methods

Patients and Cell Lines. Details regarding patient information can be found in S/
Methods. Hela, SK-N-SH, HEK293, and HEK293 cells stably expressing APP-
Swedish form were cultured in DMEM/F12 medium, as described (46). Primary
cultures of cortical neurons and glial cells were prepared from wild-type mice as
described (32).
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miRNA Microarray. Details, including fold changes and statistical calculations, are
found in Dataset S1, Dataset S2, Dataset S3, and S/ Methods.

Antibodies. APP B63 (previously known as B10) (46), APP B/7 (32), APP WO2 (The
Genetics Company), APP B54.4 (recognizes specifically the APP-g cleavage Swed-
ish mutant epitope; a generous gift from B. Greenberg Cephelon), APP 6E10
(Signet Laboratories), B-Actin (Sigma-Aldrich), BACE1 C terminus (Prosci), BACE1
3D5 (9) (a generous gift from R. Vassar, Northwestern University, Evenston, IL),
Nicastrin 9C3 (47), Pen-2 B96 (46), and MAP2 (H-300, Santa Cruz Biotechnology)
were used.

Protein Extraction and Western Blot Analysis. Cells were rinsed in PBS and lysed
in buffer: 1% Triton X-100; 50 mM Hepes, pH 7.6; 150 mM NaCl; 1 mM EDTA;
and complete protease inhibitors (Roche). To detect proteins from the media,
DMEM/F12 medium was collected and spun at 1,000 xXg for 5 min. Then, the
supernatant was mixed with reducing loading buffer and heated at 70°C for
10 min. Proteins from human brain tissue, mouse brain (two to six brains from
wild-type mice were pooled per time point), mouse brain regions [one to two
brains from 6-month-old wild-type or BACE1 KO mice (32)], primary cortical
neurons (days in vitro 11), and primary glia (days in vitro 14) were extracted
by using the miRVana PARIS kit (Ambion). Immunoblot analysis was per-
formed as described (48).

gRT-PCR (MRNA and miRNA). Details are found in S/ Methods.

Northern Blot Analysis (MRNA and miRNA). Technical details are found in S/
Methods.
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formed by using the BACE1 C-terminal antibody. Details are available on
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Methods.

Statistical Methodologies. BACE 1 densitometric quantifications were performed
by using ImageQuant software (Amersham Biosciences). Statistical significance
was determined by using the two-tailed Mann-Whitney U, Wilcoxon signed rank,
or nonparametric Pearson’s correlation test. Calculations were performed by
using GraphPad Prism software.

Note. During the reviewing process, a paper was published confirming the
principle that BACE1 expression in AD is affected by changes in miRNAs (50).
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