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Genome-wide analysis of miRNA expression reveals a potential role
for miR-144 in brain aging and spinocerebellar ataxia pathogenesis
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bstract

Neurodegenerative pathologies associated with aging exhibit clinical and morphological features that are relatively specific to humans.
o gain insights into the evolution of the regulatory mechanisms of the aged brain, we compared age-related differences in microRNA

miRNA) expression levels in the cortex and cerebellum of humans, chimpanzees and rhesus macaques on a genome-wide scale. In contrast
o global miRNA downregulation, a small subset of miRNAs was found to be selectively upregulated in the aging brain of all 3 species.
otably, miR-144 that is highly conserved appeared to be associated with the aging progression. Moreover, miR-144 plays a central role

n regulating the expression of ataxin 1 (ATXN1), the disease-causing gene for the development spinocerebellar ataxia type 1 (SCA1).
iRNA activity, including miR-144, -101 and -130 processing, was increased in the cerebellum and cortex of SCA1 and Alzheimer patients

elative to healthy aged brains. Importantly, miR-144 and -101 inhibition increased ATXN1 levels in human cells. Thus, the activation of
iRNA expression in the aging brain may serve to reduce the cytotoxic effect of polyglutamine expanded ATXN1 and the deregulation of
iRNA expression may be a risk factor for disease development.
2010 Elsevier Inc. All rights reserved.
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. Introduction

The process of human brain aging is accompanied by a
ontinuous cognitive decline and is a major risk factor for
eveloping Alzheimer’s disease and other prevalent neuro-
egenerative disorders (Yankner, 2000). The organization
nd architecture of the mammalian brain is very complex
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nd consists of multiple different cell types. Brain develop-
ent and differentiation is a multistep process that is re-
ected in its neuron diversity. The multistep process likely
etermines the onset of brain aging and functional deterio-
ation of various brain regions (Blalock et al., 2003; Jiang et
l., 2001). Despite its ubiquity and importance, the mecha-
isms of brain aging remain poorly understood. The major
imitation is the complexity of the central nervous system
CNS) and the lack of suitable age-related biomarkers. Prior
ttempts to connect changes in gene expression to tissue
orphology as a function of age revealed common tran-

cription patterns for genes involved in electron transport
Zahn et al., 2007) in worms, flies, mice, and humans.
owever, despite these observations there was no overall

orrelation of gene regulation between different species,

ndicating fundamental differences in the aging process (Lo-
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rch et al., 2008). Within 1 species, gene expression studies
hich compared the transcriptomes of different brain re-
ions revealed that human cerebellum and cortex undergo
ifferent patterns of age-related alterations (Fraser et al.,
005).

Identifying the regulatory circuitry processes that control
ell differentiation and transmission of information between
eurons is fundamental to understanding changes in the
ging brain. MicroRNAs (miRNAs) regulate expression of
rotein-coding genes (Damiani et al., 2008; Schaefer et al.,
007). Several lines of evidence indicate that miRNAs con-
ribute to the control of brain development and its functional
nd structural reorganization, as a result of age progression
nd deterioration of neuronal metabolism. A subset of
iRNAs is selectively expressed in brain tissues (Landgraf et

l., 2007) and miRNA expression profiling in the adult brain
f different species separated the human brain regions from
hose of chimpanzee, mouse, and rat (Berezikov et al., 2006;
raser et al., 2005; Lee et al., 2000). Dicer inactivation leads

o degeneration of Purkinje cells (Schaefer et al., 2007) and
etinal cells deficient for Dicer undergo a progressive de-
eneration (Damiani et al., 2008). Specific miRNAs have
een shown to be involved in Alzheimer’s disease and other
eurodegenerative pathologies (Cogswell et al., 2008; Lukiw,
007; Nelson et al., 2008). However, how miRNA expression
s regulated during brain aging and how miRNAs participate in
he regulatory loops controlling brain function is not under-
tood.

An increasing number of studies addressing the role of
iRNAs in the pathogenesis of various diseases, including

ancer, showed that miRNA expression signatures might
erve as highly indicative biomarkers, whereas messenger
NA (mRNA) profiles themselves were highly inaccurate

Kumar et al., 2007; Lu et al., 2004). To incorporate miRNA
ene regulation into the model of brain gene regulatory
echanisms, we began to map miRNA expression patterns

n different brain regions of aged and young human indi-
iduals and nonhuman primates.

. Methods

.1. Tissue collection

All procedures were performed according to protocols
pproved by the Biomedical Primate Research Center An-
mal Care and Use Committee. Different brain regions were
issected from 4 chimpanzees (Pan troglodytes) and 5 rhe-
us macaques (Macaca mulatta). In all cases the individuals
uffered sudden death for reasons other than their partici-
ation in this study and without any relation to the tissues
sed. Human corresponding brain regions tissues from 8
umans (Homo sapiens) were obtained form the German
nd Dutch Brain Banks. Age and sex for all individuals are

isted in Supplementary Table 1. G
.2. Analysis of tissue morphology

Brain samples from rhesus macaques and chimpanzees
ere obtained and immediately frozen and stored at �80 °C

or further molecular analyses. Parts of the same samples
ere fixed in 4% neutral-buffered formalin for histological

xamination. After fixation in formalin and embedment in
araffin, 5 �m thick, hematoxylin-eosin-stained sections
ere prepared by routine methods and examined by light
icroscopy. For the purpose of our analyses parts of frontal

ortex and cerebellum were used from the same individual.

.3. Total RNA isolation and miRNA microarray design
nd hybridization

Total RNA, including miRNA, was purified from differ-
nt brain regions by the miRNeasy isolation kit (Qiagen,
alencia, CA). Total RNA quantification was performed
sing a NanoDrop N-100 spectrophotometer (NanoDrop,
ilmington, DE). RNA quality was evaluated by the Bio-

ad Experion Automated Electrophoresis System (Bio-Rad,
ercules, CA). Microarray-based miRNA expression pro-
ling was performed using miRCURY LNA human
icroRNA Array (Exiqon, Vedbaek, Denmark). The mi-

roarrays contained approximately 1200 assay probes cor-
esponding to the all annotated human and nonhuman pri-
ate miRNA sequences (miRBase, version 12, 2008; the
ellcome Trust Sanger Institute, Cambridgeshire, UK). To-

al RNA labeling and hybridization was performed using
tandard conditions according to manufacturer instructions.

.4. miRNA data acquisition and analysis

Data processing was performed using a ScanArray 4000
L scanner (Packard Biochip Technologies, Topsfield, MA)

nd the image analysis was carried out by the ImaGene software
BioDiscovery, Inc., El Sequndo, CA). Data from each mi-
roarray was normalized between the 2 channels of each
rray using the global LOWESS regression algorithm. miR-
As undetectable in all samples were removed. A miRNA

xpression database was established for identification of miR-
As with high discriminatory power between different sam-
les. Both supervised analysis and unsupervised hierarchical
lustering were performed to generate a multiclass classifier.

.5. RT-PCRs

Total RNA from rhesus monkey, chimpanzees, and hu-
an brain regions and HEK393T cells was prepared by
iRNAEasy kit (Qiagen). Complementary DNA (cDNA)

ynthesis was carried out with both Superscript II (In-
itrogen) and oligo-dT primers or with TaqMan Reverse
ranscription kit (Applied Biosystems, Foster City,
A) according to manufacturer instructions. Detection of
uman ataxin 1 (ATXN1) and glyceraldehyde-3-phos-
hate dehydrogenase (GAPDH) mRNA levels was car-
ied out with primers: ATXN1-forward 5=-GACCTCG-

TGGAGCTTGGTTTAC-3= and ATXN1-reverse 5=-
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GCTGCTCAGCCTTGTGTGTCC-3= and GAPDH-forward
=-CGTATTGGGCGCCTGGTCACCAG-3= and GAPDH-re-
erse 5=-GTTGTCATGGATGACCTTGGCCAG-3= (Lee et
l., 2008). miR-144 and miR-101 detection was performed
sing quantitative TaqMan, miRNA assays (Applied Biosys-
ems, Foster City, CA) according to manufacturer protocols.

.6. Cell transfection and protein assay

HEK293T cells were plated the day before transfection
t 2 � 105 cells per well in 6-well plates. The following day,
00 pmol of small interfering RNAs (siRNA) or miRNA
uplexes or 200 pmol of miRNA inhibitors were transfected
sing lipofectamine 2000 (Invitrogen, Carlsbad, CA) ac-
ording to manufacturer instructions and cells were cultured
n DMEM medium with 10% fetal bovine serum. After
8-hour incubation cells were harvested and lysed with
IPA buffer supplemented with complete protease inhibitor
ocktail (Roche, Branchburg, NJ). Western blot analysis for
TXN1 and GAPDH were performed with ATXN1 (Cell
ignaling, Danvers, MA) and GAPDH (Santa Cruz Biotech,
anta Cruz, CA) primary anibodies. All of the siRNA, miRNA
uplexes, and miRNA inhibitors were purchased from Dhar-
acon, Co. (Lafayette, CO) The siRNA primer sequences used

or Ago2 knockdowns were Ago2, 5=-GCA-CGG-AAG-UCC-
UC-UGA-AUU-3= and 5=-pUUC-AGA-UGG-ACU-UCC-
UG-CUU-3. Statistical analysis was performed by analysis
f variance (ANOVA).

.7. Dual luciferase assay

HEK293T cells were plated the day before transfection at 2
104 cells per well in 12-well plates. The following day, 50

mol of miRNA duplexes or 2=-O-methyl-modified masking
ligos and 100 ng of ATXN1-3=UTR-hLuc were cotransfected
nto the cells using lipofectamine 2000 (Invitrogen, Carlsbad,
A) according to manufacturer instructions. Blocking of miR-
44 binding sites within ATXN1 3=UTR was carried out with
=-O-methyl-modified primers: ATXN1-M1, 5=-UAG-CCU-
CA-GUA-CAG-UAA-UCU-GGA-U-3=; ATXN1-M2, 5=-
AG-UGA GAU-ACA-GUA-CUU-GUU-GA-3=; ATXN1-
3, 5=-AUA-GGA-AUG-AAC-AGU-AUU-CUC-AA-3=;
TXN1-M4, 5=-UCU-GGA-GGA-CAG-UAU-GUU-AUC-U-
=, as previously described (Choi et al., 2007; Xiao et al.,
007). HEK293T cells were first transfected with the masking
ligos and ATXN1-3=UTR-hLuc reporters followed by miR-
44 mimic transfection 24 hours later. Luciferase assays were
erformed after 72 hours using Dual Luciferase Reporter As-
ay System (Promega, Madison, WI) according to manufac-
urer protocols. The experiments were carried out in triplicates.

. Results

.1. Activated miRNAs in the aging brain of primates

Regulatory gene expression circuitries that evolved in the
rimate brain are considered to be important to age-related

hanges in cognition processes, motor and balance coordina- m
ion, and susceptibility to neurodegeneration. To identify alter-
tions in miRNA expression patterns during aging, cortical and
erebellar samples from young and old rhesus macaques,
himpanzees, and humans were used to isolate total RNA.
ubsequently, we interrogated Exiqon microRNA arrays rep-
esenting �1700 capture probes, covering all miRNAs anno-
ated in miRBase 11.0. miRNA. The transcription profiles of
hesus monkeys, chimpanzees, and humans at approximately
imilar biological age were compared (Supplementary Table 1
nd Supplementary Figs 2 and 3) Approximately 80 miRNAs
er tissue were detected representing the cerebellum and cortex
iRNA expression profile (Landgraf et al., 2007). This anal-

sis revealed a cluster of coregulated miRNA genes with
educed expression, and another cluster of miRNAs char-
cterized by increased expression levels in the cerebellum of
ged individuals (Fig. 1A and B). Notably, miRNA profiles
n 12-year-old rhesus monkeys clustered together with the
oung subjects indicating an age-restricted miRNA induc-
ion. It is worth noting that a subset of miRNAs (miR-576-
p, miR-1287, miR-184) was selectively induced in middle-
ged rhesus macaques (Fig. 1A). In contrast, miRNA
xpression in the frontal cortex appears to be less affected by
ging and showed more uniform patterns when young and old
ubjects were compared (Fig. 2A and B). However, consistent
ith the patterns observed in the cerebellum, selected miRNAs
ere upregulated in the cortex of aged subjects as well (Fig.
A and B). This suggests that the miRNA signature of the
onhuman primate and human brain may be individually de-
ned and that the pattern of age-related changes is determined
y the genetic makeup of the species. Genetic variants or
utations in the regulatory gene elements or regulatory factor

olymorphisms that occur in the population may account for
he individual differences in miRNA expression.

miRNAs that were selectively upregulated in the aged
ndividuals exhibited significant heterogeneity and showed
ittle interspecies and tissue conservation with the exception
f miR-144 (Fig. 1C). miRNA profilings revealed that miR-
44 expression was upregulated in the aging cerebellum and
ortex of chimpanzees and rhesus macaques but not in the
uman cortex (Fig. 1A and B and Fig. 2A and B). In fact,
iR-144 levels were found to be lower in the human cortex

Fig. 2B). These findings suggest that miR-144 expression
n the human brain is spatially and temporally regulated
ifferently than in nonhuman primates. To confirm this
bservation we investigated the expression of miR-144 in
he cerebellum and cortex of additional nonhuman primates
nd human subjects. Quantitative reverse transcriptase poly-
erase chain reaction (qRT-PCR) analysis demonstrated

hat miR-144 levels were consistently upregulated in the
erebellum and cortex with the progress of aging except the
uman cortex (Fig. 1D), suggesting that miR-144 might be
ssential for the modulation of gene expression during ag-
ng. The absence of miR-144 upregulation in normal aged
uman cortex appears to contradict the overall pattern on

iR-144 expression in the aging brain. However, it is worth
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oting that miR-144 levels were increased in the cortex of
lzheimer’s patients indicating that the mechanism(s) that

rigger miR-144 induction are intact (Fig. 3C). Additional
iRNA profiling analysis of Alzheimer frontal cortex con-
rmed these findings (data not shown).

.2. miRNAs-directed gene targeting is evolutionary
onserved in the cerebellum of adults

To identify the mechanism and genes that may be tar-
eted by members of the miRNA groups that showed in-

ig. 1. Expression of selected microRNAs (miRNAs) is induced in the ag
iRNA expression profiling comparing 1-year-old (RC1), 12-year-old (RC2

B) Heat map of miRNA expression profiling comparing young 14-year-old
HC1) versus old 61-year-old (HC2) human cerebellum. Groups of upregulated
nterspecies conservation. (D) miR-144 expression analysis. qRT-PCR ana
re presented as relative light units (RLU). See Supplementary Table 1 for d
n duplicates and data are shown as mean � standard error of the mean (
reased expression in aging brain, we searched the Regula- m
ory RNA network and TargetScan prediction algorithms
Grimson et al., 2007; Lewis et al., 2005; Sewer et al.,
005). In general, different miRNAs may act cooperatively
n the same mRNA to suppress its translation. To determine
hether this is the case for the miRNAs that were identified,
e interrogated the human cerebellum and frontal cortex

ranscriptomes and focused on predictions that contained
ultiple sites for individual miRNAs members that were

ctivated in the aged cerebellum and cortex. The top scoring
enes identified represent a relatively conserved group of

bellum of rhesus macaques, chimpanzees, and humans. (A) Heat map of
5-year-old (RC3) macaque cerebellum. Upregulated miRNAs are indicated.

versus old 40-year-old (CC2) chimpazee cerebellum and young 17-year-old
are indicated. (C) Venn diagram of induced age-specific miRNAs that show

f miRNA expression using 2 independent sets of samples. miRNA levels
ray bars, young subjects; black bars, old subjects. Analysis was performed
ing cere
), and 2
(CC1)
miRNA
lysis o
etails. G
RNAs based on the evolutionary preserved miRNA re-
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ponse elements pattern with a biological role in transcrip-
ion regulation and these target genes are either specific or
ave a suspected neuronal function (Supplementary Fig. 1A
nd B, Table 1). A characteristic feature of these target

ig. 2. microRNA (miRNA) expression in the aging cortex of rhesus mac
omparing 1-year-old (RF1), 12-year-old (RF2), and 25-year-old (RF3) rhe
iRNA expression profiling comparing young 14-year-old (CF1) versus

ersus old 61-year-old (HF2) human frontal cortex. (C) Venn diagram of
enes was the sharing of the long 3= UTRs suggesting that 1
he genes may be under strong posttranscriptional control
nd subjected to miRNA-directed repression. Intriguingly,
e also identified ataxin 1, a protein that is implicated in the
athogenesis of spinocerebellar ataxia (SCA1) (Banfi et al.,

chimpanzees, and humans. (A) Heat map of miRNA expression profiling
caque frontal cortex. Upregulated miRNAs are indicated. (B) Heat map of
year-old (CF2) chimpanzee frontal cortex and young 17-year-old (HF1)

age-specific miRNAs that show interspecies conservation.
aques,
sus ma
old 40-
994; Davidson et al., 2000; Gatchel and Zoghbi, 2005).
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oreover, 2 additional genes identified in our screen, gamma-
minobutyric acid (GABA) receptor A1 (GABARA1) and
uclear factor I/B (NFIB), have been reported to be regu-
ated by miRNAs as well (Barbato et al., 2009; Fujita et al.,
008; Sathyan et al., 2007).

.3. miRNA gene expression is upregulated in the brain
f SCA1 patients

We reasoned that miRNA expression profiles might play

ig. 3. Activation of microRNA (miRNA) expression in the brain of spino
n the cerebellum of young (HC1, 17 years old), old (HC2, 61 years old), an
n the cortex of young (HF1, 17 years old), old (HF2, 61 years old), and
C) qRT-PCR analysis of miR-144 in 2 independent sets of samples perf
ontrol: 61- and 62-year-old; Alzheimer: 93- and 76-year-old; SCA1: 65-

SEM). (D) qRT-PCR analysis of miR-101 in 2 independent sets of samples
ontrol: 61- and 62-year-old; Alzheimer: 93- and 76-year-old; SCA1: 65- an
tatistical analysis was performed by ANOVA. (E) Histopathological ana
atient with SCA1. The hematoxylin-eosin stain shows severe loss of
F) RT-PCR analysis of ataxin 1 (ATXN1) and GAPDH expression in
1-year-old), Alzheimer (76-year-old) and SCA1 (47 years old) individ
xpression levels in the cortex of SCA1 subjects compared with the cerebe
n SCA1 subject because of poly-glutamine expansion.
role in the progressive degeneration of cerebellar neurons (
n SCA1 patients (Lee et al., 2008). To identify miRNA
hanges associated with SCA1 pathogenesis, we profiled
erebellar and cortical RNA samples prepared from human
rains (Fig. 3A and B). As can be seen, miRNAs expression
as markedly increased in the cortex and cerebellum of
CA1 patients relative to miRNA profiles of healthy young
nd old individuals. The increase was considerably more
rominent in the cortex as more miRNA genes were in-
uced in the cortical samples compared with the cerebellum

lar ataxia type 1 (SCA1) patients. (A) Comparison of miRNA expression
1 (HCS1, 65 years old) individuals. (B) Comparison of miRNA expression
(HCF1, 65 years old) individuals. Only upregulated miRNAs are shown.
in triplicates. miRNA levels are presented as relative light units (RLU).
-year-old. Data are shown as mean values � standard error of the mean
ed in triplicates. miRNA levels are presented as relative light units (RLU).
ar-old. Data are shown as mean values � SEM. *p � 0.05 versus controls.
cerebellum and cortex of SCA1 diseased individual. (a) Cerebellum of a
e cells. (b) The hematoxylin-eosin stain shows normal cortical layers.
rtex and cerebellum of young (control 1, 17-year-old), old (control 2,
uantification of results is indicated. (G) ATXN1 protein exhibits lower
representative Western blot is shown. ATXN1 molecular weight is higher
cerebel
d SCA
SCA1
ormed
and 47

perform
d 47-ye

lysis of
Purkinj
the co

uals. Q
llum. A
Fig. 3A and B). Notably, miR-144 appeared to be slightly
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ownregulated in SCA1 cerebellum samples when com-
ared with the aged controls, in contrast to the strong in-
uction in the cortex. In addition, a number of miRNAs that
re predicted to target ATXN1 for degradation were found
o be upregulated, including miR-101, -130a, -19a and -302
mong others. Reverse transcriptase polymerase chain re-
ction (RT-PCR) analysis of miR-144 and -101 expressions
n 2 independent sample sets confirmed the results of the
rofiling experiments. Further, we found miRNA induction
n Alzheimer disease affected brain samples (Fig. 3C and
). We analyzed ATXN1 mRNA expression as well and

ound that the induction of miRNAs in SCA1 brain regions
orrelated well with both ATXN1 mRNA expression and
he level of neuronal degeneration in the cerebellum versus
he relatively protected cortical neurons (Fig. 3E and F).
dditional support for this finding was provided by the
rotein blot analysis of ATXN1 in the cortex and cerebel-
um of SCA1 patients. The results showed slightly lower
TXN1 protein levels in the cortex compared with the
CA1 cerebellum (Fig. 3G). ATXN1 mutations and the
esulting SCA1 pathology are restricted to Purkinje neurons
n the cerebellum, which can be underrepresented in our
iRNA screen. However, miR-101 expression has been

emonstrated previously in the Purkinje cells (Schaefer et
l., 2007) and miR-144 is likely to be expressed in various
euronal cell lineages consistent with its broad expression
onservation. Moreover, there is evidence that miRNAs
ave a systemic effect and can function as signaling mole-
ules (Dinger et al., 2008). Thus, miR-144 might act as a
aracrine factor on Purkinje neurons even if it is underex-
ressed. The close proximity of Purkinje neurons and gran-
lar cells is likely to facilitate the cell-cell communication

able 1
ummary of the top scoring genes predicted to be regulated by induced m

ene Name

erebellum
TNPO1 Transportin 1
SH3TC2 SH3 domain tetratricopeptide
ZBTB34 Zinc finger BTB domain containing
ATXN1 Ataxin 1
TET2 Tet oncogene family member
ZFXH4 Zinc finger homeobox 4
PAPD5 PAP associated domain containing 5
CUGBP2 CUG triplet repeat RNA binding protein
FBN2 Fibrilin

rontal cortex
SH3TC2 SH3 domain tetratricopeptide
AAK1 AP2 associated kinase
NFIB Nuclear factor I/B
TET2 Tet oncogene family member
IKZF2 IKAROS family zinc finger 2
ATXN1 Ataxin 1
NUFIP2 Nuclear fragile X mental retardation
MYT1L Myelin transcription factor 1 like
GABARA1 GABA receptor A1

enes that are conserved in rhesus macaques, chimpanzees, and humans a
ey: GABA, gamma-aminobutyric acid.
nd transfer of miRNAs. t
.4. MiR-144 represses ATXN1 expression

ATXN1 gene encodes in its 3=-UTR multiple potential
inding sites for miR-144 and ATXN1 expression is pre-
icted to be regulated by different miRNA subsets (Fig.
A). Recently, Lee et al. provided evidence that miR-101,
130 and -19 regulate the expression of exogenous ATXN1
n several cell lines (Lee et al., 2008). We tested whether
iR-144 also regulates endogenous ATXN1 levels within

ells at the posttranscriptional level. ATXN1 3=UTR con-
ains 3 conserved and 2 nonconserved binding elements for
iR-144 (Fig. 4A). First, overexpression of either miR-144

r -101 duplex RNA and ATXN1 siRNA in 293T cells
esulted in a significant decrease in endogenous ATXN1
rotein levels as assessed by Western blotting (Fig. 4B). In
ontrast, miR-25 transfection failed to affect ATXN1 ex-
ression. As a control, overexpression of an unrelated
iRNA (let-7) did not affect ATXN1 levels in transfected

ells (data not shown).
Second, transfections with miRNA inhibitors and Ago2

iRNAs of 293T cells led to an increase in ATXN1 protein
evels compared with control conditions as demonstrated by

estern blotting. GAPDH levels remained unchanged (Fig.
C). The results indicated that miR-144 and -101 reduced
onsiderably ATXN1 protein expression suggesting that
oth miRNAs act as translational repressors. We also no-
iced that miR-101 and -144 consensus elements are evolu-
ionary conserved and partially overlap within ATXN1
=UTR, suggesting that the mechanism of ATXN1 regula-
ion by miR-144 and -101 is conserved in primates. Taken
ogether, our results suggest that miRNAs, and miR-144 in
articular, are an important component of ATXN1 regula-

in the aging human cerebellum and cortex

xpected seed sites miR-144 sites miR-101 sites

.7383 8 4

.1805 6 5

.6775 6 4

.6036 5 4

.2944 2 1

.9494 4 3

.8176 3 2

.7458 3 1

.6231 4 4

.0218 6 5

.7973 2 2

.4804 1 3

.3523 2 1

.1894 1 1

.1894 5 4

.1304 1 1

.9262 1

.6428 2 2

lighted. The number of miR-144 and miR-101 binding sites is indicated.
iRNAs

E

6
6
5
5
5
4
4
4
3

5
4
4
4
4
4
4
3
2

re high
ory pathway. It remains to be determined whether miR-144
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nd -101 activities are temporally coordinated or they com-
ete for binding to ATXN1 3=UTR.

To test whether the predicted miRNA-binding sites are
unctional, we carried out dual luciferase assays in the
resence of miR-144, -101 and -25. HEK293T cells were
ransfected with a vector containing the entire ATXN1 3=-
TR= region ligated downstream of the luciferase reporter
ene. In the context of the full-length 3= UTR (pGL3-
ATXN1 3= UTR 1–7,015), miR-144 and -101 markedly
educed reporter gene expression, whereas such reduction
as not observed following transfection with miR-25, com-
ared with the pGL3 control (Fig. 4D). miR-144 and -101

ig. 4. Regulation of ataxin 1 (ATXN1) expression by miR-144 and miR-1
iR-101, and miR-25 response elements. (B) MiR-144 and miR-101 red

hown. Relative fold changes in ATXN1 protein levels after transfection
iR-101, and Ago2 increases the ATXN1 protein amount. Relative fold chang

ssay of cotransfections by using ATXN1 3=UTR reporter and miRs expressio
nalysis was performed by analysis of variance (ANOVA). (E and F) Luc
nd miRs expression vectors. *p � 0.05 versus luciferase-ATXN1 vector tr
ssay of cotransfections by using ATXN1-1-1,1600 3=UTR and ATXN1-4
asking oligos and miR-144 expression vectors. *p � 0.05 versus lucifer
ll experiments were performed in triplicates. 3=UTR � 3=-untranslated r
ere tested both separately and in combination resulting in A
imilar reduction of hATXN1-luciferease activity. Noncon-
erved miR-144 binding sites contributed to miR-144-in-
uced repression as well (Fig. 4E and F). To address the
unctionality of miR-144 response elements within ATXN1
=UTR we used miRNA binding sites masking strategy that
mploys modified antisense oligonucleotides that bind miR-
44 response elements in ATXN1 3=UTR and block
iRNA accessibility to its target (Choi et al., 2007; Xiao et

l., 2007). The results depicted in Fig. 4G and H show that
locking the accessibility to miR-144 response elements within
TXN1 3=UTR abolished the repressive effect of miR-144. As
second approach we cotransfected HEK293T cells with

Schematic of human ATXN1 3=UTR indicating the location of miR-144,
e levels of ATXN1 in HEK293T cells. A representative Western blot is
iR-144, miR-101, and miR-25 are indicated. (C) Inhibition of miR-144,
XN1 levels after quantification of western blots are indicated. (D) Luciferase

rs. *p � 0.05; **p � 0.01 versus luciferase-ATXN1 transfections. Statistical
assay of cotransfections by using portions of ATXN1 3=UTR as reporters
ions. Statistical analysis was performed by ANOVA. (G and H) Luciferase
,015 3=UTR as reporters in combination with miR-144 binding elements
N1 vector transfections. Statistical analysis was performed by ANOVA.
01. (A)
uced th
with m

es in AT
n vecto
iferase
ansfect
,200–7

ase-ATX
TXN1-3=UTR luciferase construct and miR-144 inhibitor.
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small, but significant increase of luciferase activity was
onsistently observed providing additional evidence that
iR-144 binding sites act as repressor elements (Supple-
entary Fig. 4). In conclusion, these data indicate that
iR-144 has the ability to bind directly to the ATXN1
=UTR and suppress the translation of ATXN1.

It is worth noting that molecular mechanisms that con-
ribute to SCA1 pathogenesis in the cerebellum have been
eproduced in 293T cells and ATXN1 expression induces
heir cell death. Inhibition of selected miRNAs increased the
evels of cytotoxic mutant hATXN1[86Q] and significantly
educed cell viability (Lee et al., 2008). At this point it
emains unclear whether miRNA response is directly related
o the accumulation of mutant ATXN1 and how polyQ
utation might affects the accessibility of miR-144 and

107 binding elements as a result of altered RNA secondary
tructure.

. Discussion

miRNAs are essential negative regulators of gene ex-
ression during cell development and differentiation in
igher eukaryotes. To date, using deep-sequencing ap-
roaches and bioinformatics similarity searches, 692
iRNAs have been identified in humans and 639 and 454

n chimpanzee and rhesus macaques, respectively (Baev et
l., 2009; Berezikov et al., 2006; Landgraf et al., 2007; Yue et
l., 2008). The comparison of these miRNAs revealed a very
igh degree of interspecies similarity at the level of mature
iRNAs and precursor sequences.
Our results reveal that miRNA expression is differen-

ially regulated in the cortex and cerebellum of humans
nd nonhuman primates during aging. The miRNA levels
emain relatively stable in the cortex in contrast to the
eneral miRNA downregulation associated with the ag-
ng cerebellum. This observation is significant and ap-
arently reflects the temporal functional status of neuro-
al activity in the cortex and cerebellum. Despite the fact
hat there is no unifying specific miRNA pattern associ-
ted with the brain aging the group of targeted genes
emained remarkably conserved especially when their
ole in biological process regulation was used as a criteria
or the ontological analysis. This finding implies that the
nset of aging, susceptibility to environmental stress, and
he risk of disease development might be encoded within
he genes itself which in turn determines the individual
ene expression profiles.

miR-144 was found to be the sole miRNA that was
onsistently upregulated in the aging primate cerebellum
nd nonhuman primate cortex. This finding suggests that
iR-144 plays a central coordinating role in the posttran-

criptional regulation of selected group of genes that are
ubjected to strong miRNA control in the brain. A detailed
nderstanding of the physiological mechanisms and factors
nvolved in the miRNA processing in the brain will require

urther studies. However, our observation that miRNA ex- s
ression is induced in brains from SCA1 patients, especially
he cortex, fits in well with several studies that suggested
rotective functions for miRNAs (Hebert and Strooper,
009; Kumar et al., 2007; Lu et al., 2005; Schaefer et al.,
007).

The ataxin 1 gene contains a long 3= UTR that is highly
onserved and appears to be targeted by multiple miRNAs.
he same observation is applicable to other target genes

dentified by our screen indicating that during evolution a
trong selection process has been operating on genes with
ong 3= UTR in the cerebellum and cortex to retain their
usceptibility to miRNA regulation. It is expected that
ownregulation of miRNA expression during the progress
f aging would lead to a diminished control on posttran-
criptional processing of ATXN1 and miRNA increased
ccumulation in the cerebellum and cortex of SCA1 sub-
ects might be a compensatory reaction to diminish the
ffect of ATXN1 mutation. Two different mechanisms may
ccount for this phenomenon: first, miRNA response might
e directly or indirectly linked to the mutant ATXN1 ex-
ression or second, a result of a general transcriptional
eregulation in ATXN1 targets tissues (Fig. 5). The aging
rain retains the expression of selected miRNAs that might
e able to exercise an adequate control on ATXN1 expres-
ion and reduce its expression during the progression of
CA1 pathogenesis, but will be increasingly susceptible to
iRNA inhibition. A search in the Genetic Association
atabase revealed that in addition to SCA1, ATXN1 is

ssociated with Parkinson disease, bipolar disorder, schizo-
hrenia, myotonic dystrophy/Huntington’s disease, and
estless leg syndrome in support for the biological relevance
f ATXN1 in diseases sensitive to protein dosage. ATXN1
s a polyglutamine disease protein, whose mutant (glu-
amine repeat-expanded) form plays a pivotal role in SCA1
athogenesis. Although ATXN1 was identified a decade
go, its exact function, other than its involvement in SCA1,
emained unclear. Recent observations suggest that the pri-
ary function of ATXN1 is chromatin binding and tran-

criptional repression (Gatchel and Zoghbi, 2005). Several
ther polyglutamine disease proteins have also been found
o associate with transcriptional corepression (Freiman and
jian, 2002; Zhai et al., 2005). Thus, it is evident that the

ig. 5. Model depicting microRNAs (miRNAs) regulatory networks in the
ging brain and the potential protective feedback loops that operate in

pinocerebellar ataxia type 1 (SCA1)-affected brain compartments.
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ccumulation of polyglutamine mutants trigger miRNA re-
ponse to limit the negative effect on gene transcription.

.1. Concluding remarks

We performed an unbiased screen for aging-specific
iRNAs in different primate species and demonstrated that
subset of miRNAs is upregulated in the process of brain

ging. MiR-144 was consistently upregulated in the primate
erebellum and nonhuman primate cortex and miR-144 ac-
umulation appeared to be conserved in the primate brain.
ur results address a long-standing problem in the field of
rain aging and neurodegeneration. It is documented that
he expanded polyglutamine proteins, such as ATXN1, are
biquitously expressed, but the disease affects only subsets
f neurons within a specific brain structure. These data
uggest that the sensitivity of particular neuron population
o the mutant protein might depend on the effectiveness of
iRNA response. Thus, it is likely that the maintenance of

elected miRNA expression in the aging brain is a default
rotective function and the deregulation of this mechanism
ontributes to neurodegenerative disorders.
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