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Abstract
Emerging evidence indicates that microRNAs (miRNAs) may play an important role in the
pathogenesis of Huntington’s disease (HD). To identify the individual miRNAs that are altered in
HD and may therefore regulate a gene network underlying mutant huntingtin-induced neuronal
dysfunction in HD, we performed miRNA array analysis combined with mRNA profiling in the
cerebral cortex from N171-82Q HD mice. Expression profiles of miRNAs as well as mRNAs in
HD mouse cerebral cortex were analyzed and confirmed at different stages of disease progression;
the most significant changes of miRNAs in the cerebral cortex were also detected in the striatum
of HD mice. Our results revealed a significant alteration of miR-200 family members, miR-200a
and miR-200c in the cerebral cortex and the striatum, at the early stage of disease progression in
N171-82Q HD mice. We used a coordinated approach to integrate miRNA and mRNA profiling,
and applied bioinformatics to predict a target gene network potentially regulated by these
significantly altered miRNAs that might be involved in HD disease progression. Interestingly,
miR-200a and miR-200c are predicted to target genes regulating synaptic function,
neurodevelopment and neuronal survival. Our results suggest that altered expression of miR-200a
and miR-200c may interrupt the production of proteins involved in neuronal plasticity and
survival, and further investigation of the involvement of perturbed miRNA expression in HD
pathogenesis is warranted, and may lead to reveal novel approaches for HD therapy.
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Introduction
Huntington’s disease (HD) is a fatal neurodegenerative disease caused by mutation of the
huntingtin (HTT) gene. The causative mutation in the HTT gene was shown to be a CAG
expansion within the first coding exon, leading to a polyglutamine expansion in the HTT
protein. The polyglutamine expansion converts HTT from a neuroprotective to a neurotoxic
protein (Cattaneo et al. 2005). HTT is expressed ubiquitously in humans and rodents, with
the highest levels found in neurons and the testes. Complete knockout of the mouse HTT
gene (Hdh) causes embryonic death before day 8.5 (E8.5, before gastrulation and the
formation of the nervous system) (Trottier et al. 1995, Ferrante et al. 1997). After
gastrulation, HTT becomes important for neurogenesis. In addition to its function in
development, HTT may play a role in neurodevelopment, regulation of apoptosis, control of
BDNF production, vesicular and mitochondrial transport, neuronal gene transcription, and
synaptic transmission (Cattaneo et al. 2005, Zuccato et al.2010). The exact function of HTT
in cells still remains largely unknown however. Despite ubiquitous HTT expression in
neurons throughout the brain, striatal and cortical neurons are most vulnerable in HD (Fusco
et al. 1999). Although a vast amount of literature indicate possible molecular mechanisms
are involved in the neuronal dysfunction and neuronal degeneration observed in HD, such as
loss of BDNF, excitotoxicity and corticalstriatal dysfunction, proteolysis, misfolding
aggregation and clearance of mutant HTT, mitochondrial dysfunction, transcriptional
dysregulation, and autophagy, the pathogenic mechanisms caused by the mutant HTT
remain incompletely characterized (Zuccato et al. 2010). Various molecular changes precede
behavioral symptoms in HD, including deregulation of gene expression (Augood et al.
1997b, Augood et al. 1997a), and histone modifications(Gray 2011). Such changes suggest
that understanding regulation of gene expression may provide potential therapeutic
strategies to forestall the disease process in HD.

The discovery of microRNAs (miRNAs) has broadened our overall understanding of the
mechanisms regulating gene expression, by revealing an entirely novel level of gene
regulatory control. MiRNAs are endogenous, single-stranded, noncoding RNA molecules,
typically 22 nucleotides in length that negatively regulate gene expression. MiRNAs are
expressed in all tissues, but the brain appears to have the greatest diversity of miRNAs
(Thomson et al. 2004). There is emerging evidence that miRNAs may play an important role
in neuronal development as well as in the pathogenesis of neurodegenerative disorders
(Conrad et al. 2006, Trivedi & Ramakrishna 2009, Bilen et al. 2006, Kim et al. 2007). A
study shows that ablating the miRNA processing protein dicer in dopaminoceptive neurons
produces behavioral and neuroanatomical phenotypes before neurodegeneration (Cuellar et
al. 2008), highlighting the contribution of deregulated miRNAs to neurological
dysfunctional consequence before cell death. Indeed, several miRNAs regulated by
repressor element-1 transcription factor (REST) have significantly altered expression levels
in HD (Johnson et al. 2008), and another study reported that miR9/miR9* regulates REST
and CoREST and is downregulated in HD (Packer et al. 2008, Johnson et al. 2008). These
findings suggest that dysregulation of neuronal miRNAs might be involved in HD
pathogenesis; however, how the network of miRNAs is altered in the early stages of the
disease, and how these changes contribute to dysregulation of gene expression remain
unknown.
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Our objective was to identify miRNA(s) that altered before neuronal death, and may
contribute to mutant HTT-induced neuronal dysfunction and further degeneration in HD.
This was accomplished by interrogation of miRNA signature and mRNA expression profiles
in cerebral cortex of a mouse model of HD, and further investigating the significantly
changed miRNAs in the striatum. By obtaining expression-profiling data from HD mice at
different ages, we were able to analyze the dynamic changes in miRNA and mRNA
expression that occur at the early and middle stages of disease progression in HD mice.
Figure 1 shows a schematic diagram describing the experimental procedures and data
analysis approaches used in this study.

Here we present a comprehensive analysis of miRNA expression signatures integrated with
gene expression profiles in the cerebral cortex of an HD mouse model. By interrogating the
data from miRNA and mRNA profiling, we identified the significantly altered miRNAs in
the brain of HD mice at early stage of disease and the targeted genes by these altered
miRNAs. The results reveal a subset of miRNAs that are specifically deregulated at an early
stage of disease in HD mice, and predict possible target genes that are negatively correlated
with significantly altered miRNAs in these mice, suggesting that these miRNAs may be part
of a gene-regulatory network that contributes to mutant HTT-induced neuronal dysfunction
and degeneration.

Materials and Methods
Animals

N171-82Q HD mice express a human N-terminal-truncated HTT with 82 polyglutamine
repeats driven by a mouse prion protein promoter; these exhibit the motor phenotypes
around 12 weeks of age (Cheng et al. 2011) before much neurodegeneration occurs.
Apoptotic neurons were detected in the cortex and striatum at 4.5 months of age, and
TUNEL-positive neurons in N171-82Q mice appeared as the animals became older at 5
months of age (Yu et al. 2003).

Transgenic mice were identified by PCR analysis of genomic DNA extracted from mouse
tail. Genotyping was conducted using a three-way PCR analysis: two primers were
complementary to the prion protein genomic DNA sequence (PrP-sense 5′-
CCTCTTGTGACTATGTGGACTGATGTCGG-3′ and PrP-antisense 5′-
GTGGATACCCCCTCCCCCAGCCTAGACC-3′). The amplified product of this reaction is
700 bp in length. The antisense primer is also complementary to the 3′-untranslated portion
of the PrP vector and, in combination with a third sense primer to the HD sequence
(HD-591-5′: 5′-GAACTTTCAGCTACCAAGAAAGACCGTGT-3′), generated a
transgene-specific product that is 350 bp in length. Transgenic mice were mated
continuously to hybrid (C3H/HEJ×C57 BL/6J F1) mice, and the mice were maintained on
the hybrid background. Because we previously reported that we found a sex-dependent
difference between males and females as we reported previously (Duan et al. 2003, Duan et
al. 2008), we used male mice in the present study. The mice at different stages were
anesthetized by isofluorane and the brains were dissected quickly on ice and different brain
regions were stored at −80°C in RNA later solution to prevent RNA degradation. All animal
experiments were performed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by Johns Hopkins University
Animal Care Committees. Body weight was monitored weekly as well as survival.

RNA preparation
Total RNA including small RNA was extracted with TRIZOL (Invitrogen) according to the
manufacturer’s instruction. Briefly, brain tissue samples were homogenized in Trizol
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reagent, chloroform was added to the tissue lysate and tubes were shaken vigorously for 15
sec to mix well and incubated at room temperature for 5 min. The homogenate was
separated into aqueous and organic phases by centrifugation. The upper, aqueous phase
containing RNA was then extracted. RNA was eluted with nuclease-free water. RNA
quantification and quality were assessed by using the RNA 6000 Nano Kit and 2100
Bioanalyzer (Agilent Technologies UK Ltd, West Lothian, UK).

miRNA microarray hybridization
miRNA labeling and hybridization were performed as previously described (Cunningham et
al. 2009). One microgram of total RNA containing miRNAs was first polyadenylated, the
introduced polyA tail was used as a priming site for cDNA synthesis. The primer used for
cDNA synthesis is biotinylated and contains a universal PCR primer sequence. cDNA was
added to the multiplexed miRNA specific oligo pool (Illumina, San Diego, CA) heated to
70°C, and the oligos were allowed to anneal as the temperature of the cDNAs was slowly
decreased to 40°C. During the annealing step the oligo/cDNA hybrids were bound to
streptavidin-coated paramagnetic particles and, after washing, the bound annealed oligos
were extended through the cDNA primer, forming an amplifiable product. The extended
oligos were eluted from the beads and added to a PCR reaction, in which one of the
universal primers was fluorescently labeled and the other biotinylated. These amplified PCR
products were captured on streptavidin-coated beads, washed, and then denatured to yield
single-stranded fluorescent molecules. These were hybridized to arrays containing the
captured oligos for 30 min at 60°C, then overnight at 45°C (Universal 12 BeadChip,
Illumina, San Diego, CA). Arrays were washed and scanned on the Illumina BeadArray
Reader, and automatic image registration and intensity extraction software was used to
derive intensity data. The array intensity data were imported into BeadStudio v3.2
(Illumina).

miRNA microarray data analysis
Average values of the replicate spots of each miRNA on the microarray were normalized by
global normalization. The correction factor was calculated by dividing the sum of intensities
of each sample by the average of all the samples. The normalized values were calculated by
multiplying average intensities of each miRNA with the correction factor. Raw intensity
data for each experiment were transformed to log10, and used for the calculation of Z-
scores. Significant changes in miRNA expression were calculated in the form of Z- ratios
and/or Z-test values, by using Z-score values in all calculations. Z-ratios constitute a
measure of the change in miRNA expression of a given gene from control group value,
expressed in units of standard deviation from the average change of all genes for that
comparison. The Z-ratio is a measure of fold change between comparisons, and the p values
test for reproducibility of the intensity of a gene among biological replicate arrays: Z-ratio
(between condition A and B) = z(A) − z(B)/SD deviation). Remaining genes were analyzed
by two-way ANOVA to establish the statistical significance of differential levels of
expression between ages and genotypes (p < 0.05). Comparisons between Z-ratios, however,
test for equivalence of significant changes between the HD group and control (WT group).
All miRNA expression changes were assessed through comparison with control samples. A
Z-ratio value of ± 1.50 and/or a Z-test value p < 0.01 were the significance thresholds used
in this study. Hierarchical clustering was performed with the software package DIANE 6.0,
a spreadsheet-based microarray analysis program based on the SAS JMP7.0 system.

mRNA microarray hybridization
Total RNA was used to generate biotin-labeled cRNA by using the Illumina TotalPrep RNA
Amplification Kit (Ambion; Austin, TX, cat #IL1791). A total of 0.75 μg of biotin-labeled
cRNA was hybridized at 58 °C for 16 h to Illumina’s Sentrix MouseRef-8 Expression Bead-
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Chips (Illumina, San Diego, CA). The arrays were washed and blocked, and the labeled
cRNA was detected by staining with streptavidin-Cy3. The arrays were scanned with an
Illumina BeadStation 500× Genetic Analysis Systems scanner and the image data were
extracted using the Illumina BeadStudio software, Version 3.0. mRNA microarray data were
analyzed by a method similar to miRNA analysis by using DIANE 6.0.

qRT-PCR
The miRCURY LNA microRNA PCR system (Exiqon) was used to detect levels of mature
mmu-miR-200a and mmu-miR-200c in brain tissue. U6 was used as control for
normalization. Briefly, 10 ng of total RNA were used to synthesize first-strand cDNA with
the first-strand cDNA synthesis kit and the miR-specific or control RT primers. Each
individual miRNA or U6 was amplified using the miRCURY LNA SYBRGreen master mix,
miRNA specific LNA PCR primer, the universal primer or the control PCR primers. ABI
7900HT Fast Real-Time PCR System was used to perform PCR amplification. Data were
analyzed by applying the comparative quantification method.

Construction of mouse pre-miR-200a expressing vector and Trim2-3′UTR reporter vector
A pPRIME-CMV-GFP-FF3 vector (kindly provided by Dr. Stephen Elledge, Harvard
University) was used to generate a construct expressing mouse pre-miR-200a. The cDNA
containing mouse pre-miR-200a was amplified from mouse genomic DNA by PCR. The
EcoR I restriction enzyme site was added to the reverse primer. The sequence of mouse pre-
miR-200a was confirmed by DNA sequencing. Full length 3′UTR of Trim2 with predicted
miR-200a binding sites were amplified from genomic DNA and inserted into a pMIR-
REPORT luciferase vector and the sequence was confirmed by DNA sequencing.

Striatal cell model of HD
Immortalized striatal precursor cells expressing normal HTT (STHdhQ7/Q7) or mutant HTT
(STHdhQ111/Q111) were initially derived from huntingtin knock-in mouse model, the cells
were provided by Dr. Marcy McDonald at MGH and were prepared as described previously
(Trettel et al. 2000). The cells were maintained at 33°C in high glucose DMED (Invitrogen,
Cat #11995065) medium with 10% of fetal bovine serum (FBS, GIBCO, Cat# 16140071),
1% of Penicillin-Streptomycin (Invitrogen, Cat# 15140122), 1% of L-glutamate (Invitrogen,
Cat #25030081) and 400ug/ml of G418 (Mediatech, Cat# 30-234-CR), in a humidified
atmosphere of 95% air and 5% of CO2.

MiR-200a expression and pMIR-REPORT luciferase assay
Full length 3′-UTR of Trim2 and miR-200a were transfected into immortalized striatal cells
expressing mutant HTT (STHdhQ111/Q111) by using Lipofectamine 2000 (Invitrogen Inc)
according to the manufacturer’s instruction. Twenty-four hours after transfection, the total
RNA was extracted and mature miR-200a expression was determined. Cells co-transfected
with Trim2 3′UTR reporter vector and vector expressing pre-miR-200a were used for
luciferase assay by ONE-Glo™ System (Promega).

Results
MiRNAs and mRNAs are dynamically regulated along disease progression in HD mice

To determine how mutant HTT modulates miRNA expression along disease progression in
HD mice, we analyzed miRNAs profiles in the cerebral cortex of N171-82Q HD mice and
their littermate controls at 12 weeks and 18 weeks of age, 12 weeks of age represents the
onset of motor phenotype, and 18 weeks of age represent the middle state of disease
progresssion. Cerebral cortex samples were collected from male N171-82Q HD mice and
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age-matched littermate control mice. The male N171-82Q mice live to about 22–24 weeks
of age on average, and have onset of motor impairment around 12 weeks. Our analysis
revealed 15 miRNAs that were significantly deregulated at 12 weeks of age (Fig. 2a) and 24
miRNAs that were altered significantly at 18 weeks of age (Fig. 2b). Three criteria were
used to establish significance of a difference in levels of a miRNA between wild type and
HD mice: Z-ratio > 1.2; false discovery rate (FDR) <0.3; and p<0.05 (Fig. 2). Among these
39 miRNAs that were differentially expressed between HD mice and wild type control mice,
14 miRNAs were previously reported to be enriched in brain (blue bars in Fig. 2) (Bak et al.
2008) and 25 miRNAs are newly described miRNAs in brain (red bars in Fig. 2).
Interestingly, seven dramatically upregulated miRNAs in 12-week-old HD mice belong to
two families: miR-200a, miR-200c, miR-141 and miR-429 belong to one family, and
miR-96, miR-182 and miR-183 belong to another family. To further determine the
expression pattern of miRNAs with disease progression, we compared miRNA expression
profiles of cortical tissue samples from 12- and 18-week-old HD mice. Interestingly, we
found that seven miRNAs were specifically upregulated at the early stage of disease
progression in HD mice (Fig 2c), suggesting that alteration of these miRNAs might
contribute to the disease pathogenesis by post-transcriptional regulation of gene expression.

Gene microarray analysis from the same samples that we examined for miRNA profiles
identified 83 upregulated mRNAs (numbers in red) and 176 downregulated mRNAs
(numbers in blue) in 12-week-old HD mice compared to littermate control mice (Fig. 3 and
Suppl. Table 1). There were 167 transcripts upregulated (numbers in red) and 106 transcripts
downregulated (numbers in blue) in 18-week-old HD mice compared to their age-matched
controls (Fig. 3 and Suppl Table 2). Levels of several gene transcripts were also altered with
disease progression; 43 genes were upregulated (numbers in red) and 43 genes were
downregulated (numbers in blue) in the cerebral cortex of 12-week-old HD mice compared
to 18-week-old HD mice (Fig. 4 and Suppl. Table 3). The majority of mRNAs altered in HD
mice did not overlap with the changes in control mice, suggesting that these changes are
specific to HD (Fig. 4 and Suppl Table 4).

Significantly altered miRNAs are detected by qRT-PCR in the cortex and striatum of
N171-82Q HD mice

To further confirm the changes of miRNAs identified in the miRNA array analysis, we used
quantitative RT-PCR (qRT-PCR) to determine their levels in tissue samples from the
cerebral cortex. We confirmed the upregulation of miR-200a and miR-200c in the cortex of
12 weeks old HD mice (Fig. 5); the changes of miR-200a and miR-200c are also detected in
the striatum of N171-82Q mice (Fig. 5). The expression levels of other miRNAs, including
miR-182, miR-183, miR-96, miR-141, and miR-429, were too low to be detected in these
brain regions by qRT-PCR (data not shown). Furthermore, we detected dynamic changes of
miR-200a (Fig 6a) and miR-200c (Fig 6b) along disease progression in the cortex and
striatum of HD mice by qRT-PCR; levels of both miR-200a and miR-200c were
significantly elevated at the early stage of disease progression (8- and 12-week-old HD
mice), but did not differ at the later stage of disease progression (18-week-old HD mice)
compared to age-matched wild type mice (Fig. 6). These results further indicated that
miRNA regulation is altered dynamically as disease progresses.

Computational predictions of putative targets of miRNAs altered in HD mice suggest
potential mechanisms underlying synaptic dysfunction and compromised neurogenesis in
HD

We used the computational algorithm Target Scan 5.1 to identify putative targets for
confirmed deregulated miR-200a and miR-200c on the basis of “seed sequence” homology
with 3′-UTRs of mRNA transcripts (Krek et al. 2005, Grimson et al. 2007). The total
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number of target genes predicted is 680 for miR-200a and 462 for miR-200c. These two
miRNAs have considerable sequence similarity; in particular, the “seed sequences” of these
two miRNAs (UAACACUGU) are identical. This similarity predicts that these two miRNAs
would have overlapping sets of target genes. We then filtered the list of predicted targets
with the mRNA profile analyzed in the same set of RNA samples. We identified 10
predicted target genes of miR-200a and 12 predicted target genes of miR-200c that were
indeed downregulated in the cerebral cortex of HD mice in our mRNA array data (Table 1).
The mRNAs encoding ATP2A2, ATXN, and NRXN1 are shared targets for miR-200a and
miR-200c. Interestingly, these downregulated target genes of miR-200a and miR-200c have
been suggested to play important roles in synaptic function, axonal trafficking,
neurotransmitter release, neurogenesis, and neuronal survival (Table 1). Upregulation of
miR-200a and miR-200c might repress these genes involved in progressive neuronal
dysfunction and neurodegeneration in HD.

Trim2 is a confirmed target of miR-200a
As an additional approach to identifying the predicted target mRNAs of miRNAs, we
constructed pre-miR-200a in a pPRIME-CMV-GFP-FF3 viral vector. Expression of
miR-200a in striatal cells expressing mutant HTT (STHdhQ 111/Q111) (Trettel et al. 2000)
was identified by GFP fluorescence (Fig. 7a). Striatal cells transfected with pre-miR-200a
produced mature miR-200a (Fig. 7b–c). We selected the gene encoding Trim2, as Trim2
plays important roles in neurite outgrowth and is involved in neurodegeneration (Balastik et
al. 2008, Khazaei et al.). Luciferase reporter vectors with full-length 3′-UTR regions of
Trim2 and mutation of the miR-200a binding sites were constructed (Fig. 7d).
Overexpression of miR-200a significantly inhibited luciferase activity in Trim2 3′-UTR-
transfected striatal cells (Fig. 7e). In contrast, mutation of miR-200a binding sites in 3′UTR
region of Trim2 abolished this inhibitory effect (Fig 7e), suggesting that Trim2 is indeed a
target of miR-200a. Furthermore, striatal cells transfected with miR-200a exhibited
decreased Trim2 protein levels (Suppl Fig. 2), whereas striatal cells transfected with
miR-200a antisense displayed increased Trim2 levels (Fig 7f). Our results confirm that
Trim2 is a target of miR-200a.

Discussion
HD brain cells display profound abnormalities in gene transcription (Hodges et al. 2006).
Microarray studies have demonstrated that large numbers of mRNAs are diminished in
mouse models of HD (Luthi-Carter et al. 2000, Luthi-Carter et al. 2002), with the most
profound changes occurring in the striatum and motor cortex (Hodges et al. 2006). Selective
gene dysregulation in HD occurs before overt neurological symptoms (Augood et al.
1997b), strongly suggesting that the gene dysregulation is an important causative factor in
HD. Therefore, understanding the cause of the gene dysregulation may accelerate the
discovery of promising therapeutic targets for HD (Leone et al. 2008). MiRNAs represent an
elegant gene-regulatory mechanism by which mRNAs are repressed or degraded in a
sequence-specific manner; miRNAs are essential gene regulators in the central nervous
system where they control the development and function of neuronal circuits (Kosik 2006).
We have identified two miRNAs, miR-200a and miR-200c, that are significantly
upregulated at the presymptomatic stage of the disease process in an HD mouse model.
Comparative analysis of networks suggests that these two miRNAs may control genes
involved in mutant HTT-induced neuronal dysfunction, including abnormal synaptic
transmission and disturbed neurogenesis.

The functions of miR-200a and miR-200c in brain remains largely unknown; there is a
report that miR-200a is involved in regulating olfactory neurogenesis (Choi et al. 2008), and
recent studies indicated that miR-200a upregulated in a cell model of HD (Sinha et al.) and
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an HD mouse model (Lee et al.). Interestingly, the predicted target genes of miR-200a and
miR-200c that are altered in HD mouse brains can be divided into following categories
(Table 1). The first category includes genes involved in synaptic function, including
KCNA2 (Dodson et al. 2003, Dodson et al. 2002), KIF3a (Chung et al. 2009),
NRXN1(Etherton et al. 2009, Fairless et al. 2008), PTPRD (Pulido et al. 1995a, Pulido et al.
1995b, Wallace et al. 1998), RTN4RL1(Barton et al. 2003, Wang et al. 2002),
DNAJC5(Miller et al. 2003, Chamberlain et al. 2001), Lin7b (Butz et al. 1998, Sudo et al.
2006), PPP1R9B (Meng et al. 2009); these molecules play important roles in regulating
neurotransmitter release, axonal transport, synaptogenesis, and synaptic plasticity. The study
by Hodges et al (Hodges et al. 2006) shows that the downregulation of multiple genes in HD
may underlie a defect in the capacity to maintain axonal projections. In agreement with these
findings, our analysis revealed that genes controlling axonal guidance are enriched in the list
of predicted targets of the miR-200a and miR-200c. The second category includes genes
involved in development and neurogenesis, including NFIC (Mason et al. 2009), NGEF
((Rodrigues et al. 2000), PCTK1 (Tang et al. 2006), and PDPK1(Pahnke et al. 2004). The
third category includes genes highly expressed in the brain that play important roles in
neuronal survival, including ATXN1(Lam et al. 2006, Goold et al. 2007), PRKCB1(Lintas
et al. 2009), TRIM2 (Balastik et al. 2008), OLFM1(Nakaya et al. 2008), and ST3GAL5
(Guillerme-Bosselut et al. 2009). It is worth to mention that a couple of significantly
downregulated target genes of miR-200a, DRD2 and NEGF, are highly expressed in the
most vulnerable brain regions in HD (Table 1 & Suppl Table 1). It has been reported that
DRD2 mRNA levels decreased in neurons expressing mutant HTT (Luthi-Carter et al.
2000), and dysregulation of DRD2 is a sensitive measure for HD pathology in mice (Crook
& Housman 2012). DRD2 shows high expression levels in medium spiny neurons of the
indirect pathway (striatopalladial) of the basal ganglion, which are among the earliest to die
in HD. Our data indicated that DRD2 is a target of miR-200 and its expression decreased in
the cortex of N171-82Q mice at 12 weeks of age, suggesting that tartgeting miR-200 might
provide a protective approach to rescue DRD2 levels and preserve the normal function of
the striatopalladial pathway. NGEF is a protein predominantly expressed in brain, with the
strongest signal in the caudate nucleus (Rodrigues et al. 2000) where selective
neurodegeneration occurs in HD, previous studies also revealed decline of NGEF in striatal
neurons expressing HTT 171-82Q and human HD caudate (Runne et al. 2008). Further study
of these target genes and its regulation by miRNA may provide new approaches to treat HD.

Previous studies have shown that transcription factor REST regulates miRNAs in HD
(Johnson et al. 2008, Packer et al. 2008, Lau & de Strooper). It is noteworthy that levels of a
set of miRNAs regulated by REST did not differ in the N171-82Q HD model in the present
study (Suppl Fig. 1). The differences between our study and other studies might be due to
the disease stages, since we examined the early changes of disease progression, whereas
most previous studies used postmortem brain tissues which are at the end stage of disease
progression, or at the late stage in HD mouse model (Packer et al. 2008, Johnson et al.
2008). As we found in the current study, miRNAs were altered dynamically during disease
progression. Therefore, it is possible that regulation of miRNAs varies at different stages of
disease. These differences also suggest considerable heterogeneity among different mouse
models as well as between mouse and human, which warrants further detailed study of these
possibilities. Nevertheless, we have identify miR-200a, which is consistently altered in other
HD models (Lee et al., Sinha et al.), suggesting that it may also play an important role in the
pathogenesis of this disease. Moreover, we confirmed that Trim2 is a target of miR-200a,
and its levels are decreased in cells expressing mutant HTT in our present study. This is
consistent with upregulation of miR-200a in HD models. Trim2 is an E3-ubiquitin ligase
and plays a role in regulate neuronal polarization and axon outgrowth (Khazaei et al.), and
Trim2 knock-out mice develop intention tremor, spontaneous seizure, and early-onset
neurodegeneration (Balastik et al. 2008). Our data provided the first evidence in

Jin et al. Page 8

J Neurochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dysregulation of miR-200a and Trim2 in HD, further investigation of the role of miR-200a
and Trim2 in mutant HTT-induced neuronal dysfunction and degeneration may provide
insight on developing potential therapeutic targets for HD.

In summary, our findings suggest that dysregulation of miR-200a and miR-200c occurs
early in the disease process and may result in reduced production of several different
proteins critical for neuronal plasticity and survival in N171-82Q HD model. Further
understanding how miRNAs are selectively affected and the possible specific role of these
deregulated miRNAs in the pathological progression of HD, may reveal novel aspects of the
molecular underpinnings of HD, and may also lead to the development of novel therapeutic
approaches for preventing or delaying the neurodegenerative process.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic flow diagram describing procedures used to identify inversely correlated putative
target genes of the differentially expressed miRNAs in HD mice.
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Fig. 2. Significantly altered miRNAs in the cerebral cortex of N171-82Q HD mice by miRNA
microarray analysis
From 382 distinct miRNAs included on our array, (a) 8 miRNAs were significantly
upregulated and 7 miRNAs were downregulated in cerebral cortex of 12-week-old HD mice
compared to those in their age-matched littermate nontransgenic controls. (b) 16 miRNAs
were upregulated and 8 miRNAs were downregulated in cerebral cortex of 18-week-old HD
mice compared to those in their age-matched littermate controls. Blue bars represent
previously described brain-enriched miRNAs, and red bars represent newly identified
miRNAs in brains in our study. (c) miRNAs were significantly upregulated in the cerebral
cortex of 12-week-old HD mice compared to those in 18-week-old HD mice. The criteria for
the selection of significantly changed miRNAs is fold change >1.2, FDR<0.3, and p<0.05
(Z-test). N=3 samples each group.
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Fig 3. Significantly altered gene expression and Z-ratio values were identified between HD mice
and wild type controls by microarray analysis
Top panel: Venn diagram summarizes distinct and overlapping expression of mRNAs in
cerebral cortex of HD mice compared to their controls at 12 and 18 weeks of age. Numbers
of upregulated gene (Red) and downregulated gene (Blue). Note that there are 71
upregulated genes and 149 downregulated genes present only in 12-week-old HD mouse
brains; and 155 genes are upregulated, and 79 genes are downregulated only in 18-week-old
HD mice. Twelve upregulated genes and 27 downregulated genes are commonly present in
both 12-week-old and 18-week-old HD mouse brains. Bottom colored bar graphs represent
Z-ratios of top 100 significantly altered mRNAs. Criteria for the selection of significantly
changed mRNAs are: fold change >1.2, FDR<0.3, and p<0.05 (Z-test). n=3
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Fig. 4. Significantly altered gene expression and Z-ratio were identified in cerebral cortex of 12-
week-old mice and 18-week-old mice by microarray analysis
Top panel: Venn diagram summarizes distinct mRNA expression profiles and overlapping
genes in HD mice along with disease progression or wild type (WT) control mice along with
age. Numbers represent upregulated gene (Red), and downregulated gene (Blue). Note that
there are 41 genes that are upregulated and 40 genes are downregulated in 18-week-old HD
mouse brains compared to those in 12-week-old HD mouse brains, while 98 genes are
upregulated and 121 genes are downregulated in 18-week-old wild type mouse brains
compared to those in 12-week-old wild type mouse brains. Only 2 genes that are upregulated
and 3 genes that are downregulated commonly exist in both HD and wild type mouse brains
as age increases from 12 weeks to 18 weeks. Bottom Z-ratio graphs show top 100
significantly altered genes between 18-week-old HD mouse brains and 12-week-old HD
brains (left) or between 18-week-old wild type mouse brains versus 12-week-old wild type
mouse brains, according to the criteria for the selection of significantly changed mRNAs, i.e,
fold change >1.2, FDR<0.3, and p<0.05 (Z-test). n=3.
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Fig. 5. Significantly altered miR-200a and miR-200c were detected in the cortex and striatum of
N171-82Q HD mice by quantitative RT-PCR
MiR-200a levels were significantly upregulated in the cortex (a) and striatum (b) of 12-
week-old HD mice; miR-200c levels were significantly upregulated in the cortex (c) and
striatum (d) of 12-week-old HD mice. Bars represent Mean and STD, n= 5–6 mice in each
group. *p<0.05 vs the levels of age-matched littermate controls by Student’s t-tests.
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Fig. 6. Dynamic changes of miR-200a and miR-200c from presymptomatic stage to late disease
progression in the cortex and striatum of N171-82Q
(a) Levels of miR-200a and miR-200c in the cortex of N171-82Q at different ages. (b)
Levels of miR-200a and miR-200c in the striatum of N171-82Q mice at different ages. Bars
represent Mean and STD, n= 5–6 mice in each group. *p<0.05 vs the levels of age-matched
littermate controls by Student’s t-tests.
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Fig. 7. Trim2 is a target of miR-200a
(a) Immortalized striatal cells expressing mutant HTT (STHdhQ111/Q111 cells) were
transfected with pPRIME-CMV-GFP-FF3-pre miR-200a. Cells with green fluorescence
represent transfected cells. (b) STHdhQ111/Q111 cells transfected with pre-miR-200a produce
mature miR-200a detected by real-time qPCR. (c) Quantification of miR-200a levels in
STHdhQ111/Q111 cells transfected with pre-miR-200a. (d) DNA sequencing confirmed the
mutation of two binding sites of mouse Trim 2 full length 3′UTR: from ‘agtgtt’ to ‘CgCgtC’
and from ‘cagtgttt’ to ‘GCgCgtCt’, respectively, by site mutagenesis. (e) Luciferase activity
assayed in STHdhQ111/Q111 cells transfected with miR-200a and 3′UTR regions of Trim2 or
3′-UTR with mutation of miR-200a binding sites (Trim2 3′UTR-mut). Mean ± STD, n= 3.
*p<0.05 vs Trim2 3′UTR transfected group; **p<0.05 vs Trim2 3′UTR+miR-200a
transfected group by ANOVA followed by Scheffe’s post-hoc analysis. (f) Western blots of
Trim2 levels in striatal cells transfected with miR-200a or antisense to miR-200a. Cells were
collected 24 h after transfection.

Jin et al. Page 19

J Neurochem. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jin et al. Page 20

Ta
bl

e 
1

Si
gn

if
ic

an
tly

 in
ve

rs
el

y-
re

gu
la

te
d 

ge
ne

s 
of

 p
re

di
ct

ed
 ta

rg
et

s 
of

 m
iR

-2
00

a 
an

d 
m

iR
-2

00
c 

in
 th

e 
co

rt
ex

 o
f 

12
-w

ee
k-

ol
d 

N
17

1-
82

Q
 m

ic
e.

G
en

es
F

ol
d 

ch
an

ge
 (

H
D

/W
T

)
z-

ra
ti

o
P

 v
al

ue
T

ar
ge

t 
of

F
un

ct
io

n

G
en

es
 in

vo
lv

ed
 in

 s
yn

ap
ti

c 
fu

nc
ti

on

K
IF

3a
−

1.
42

−
1.

97
0.

02
34

20
0a

In
vo

lv
ed

 in
 a

nt
er

og
ra

de
 tr

an
sp

or
t

N
R

X
N

1
−

1.
48

−
2.

23
0.

01
8

20
0a

, 2
00

c
E

nc
od

es
 n

eu
re

xi
n 

1α
, f

un
ct

io
n 

in
 th

e 
ve

rt
eb

ra
te

 n
er

vo
us

 s
ys

te
m

 a
s 

ce
ll 

ad
he

si
on

 m
ol

ec
ul

es
 a

nd
 r

ec
ep

to
rs

, r
eq

ui
re

d 
fo

r
sy

na
ps

e 
fo

rm
at

io
n,

 m
ed

ia
te

s 
th

e 
as

se
m

bl
y 

of
 p

re
sy

na
pt

ic
 te

rm
in

al
s

PT
PR

D
−

1.
43

−
1.

96
0.

00
05

20
0a

Pr
om

ot
es

 n
eu

ri
te

 g
ro

w
th

, r
eg

ul
at

es
 a

xo
n 

gu
id

an
ce

R
T

N
4R

L
1

−
1.

53
−

2.
37

0.
00

00
3

20
0a

L
oc

al
iz

es
 to

 th
e 

su
rf

ac
e 

of
 n

eu
ro

ns
 in

cl
ud

in
g 

ax
on

s,
 m

ay
 p

la
y 

a 
ro

le
 in

 r
eg

ul
at

in
g 

ax
on

al
 r

eg
en

er
at

io
n 

an
d 

pl
as

tic
ity

 in
 th

e
ad

ul
t C

N
S

D
N

A
JC

5
−

1.
31

−
1.

53
0.

01
19

20
0c

M
ay

 h
av

e 
an

 im
po

rt
an

t r
ol

e 
in

 p
re

sy
na

pt
ic

 f
un

ct
io

n.
 M

ay
 b

e 
in

vo
lv

ed
 in

 c
al

ci
um

-d
ep

en
de

nt
 n

eu
ro

tr
an

sm
itt

er
 r

el
ea

se
 a

t
ne

rv
e 

en
di

ng
s

K
C

N
A

2
−

1.
92

−
3.

47
0.

00
00

2
20

0c
Po

ta
ss

iu
m

 c
ha

nn
el

, r
eg

ul
at

es
 n

eu
ro

tr
an

sm
itt

er
 r

el
ea

se
 a

nd
 n

eu
ro

na
l e

xc
ita

bi
lit

y

L
in

7b
−

1.
52

−
2.

29
0.

00
2

20
0c

E
ns

ur
es

 p
ro

pe
r 

lo
ca

liz
at

io
n 

of
 G

R
IN

2B
 (

su
bu

ni
t 2

B
 o

f 
th

e 
N

M
D

A
 r

ec
ep

to
r)

 to
 n

eu
ro

na
l p

os
ts

yn
ap

tic
 d

en
si

ty
 a

nd
 m

ay
fu

nc
tio

n 
in

 lo
ca

liz
in

g 
sy

na
pt

ic
 v

es
ic

le
s 

at
 s

yn
ap

se
s 

w
he

re
 it

 is
 r

ec
ru

ite
d 

by
 b

et
a-

ca
te

ni
n 

an
d 

ca
dh

er
in

PP
P1

R
9B

−
1.

56
−

2.
53

0.
02

75
20

0c
A

ct
s 

as
 a

 s
ca

ff
ol

d 
pr

ot
ei

n 
in

 m
ul

tip
le

 s
ig

na
lin

g 
pa

th
w

ay
s.

 M
od

ul
at

es
 e

xc
ita

to
ry

 s
yn

ap
tic

 tr
an

sm
is

si
on

 a
nd

 d
en

dr
iti

c 
sp

in
e

m
or

ph
ol

og
y.

 M
ay

 e
st

ab
lis

h 
a 

si
gn

al
in

g 
co

m
pl

ex
 f

or
 d

op
am

in
er

gi
c 

ne
ur

ot
ra

ns
m

is
si

on
 th

ro
ug

h 
D

2 
re

ce
pt

or
s 

by
 li

nk
in

g
re

ce
pt

or
s 

to
 d

ow
ns

tr
ea

m
 s

ig
na

lin
g 

m
ol

ec
ul

es
 a

nd
 th

e 
ac

tin
 c

yt
os

ke
le

to
n

D
R

D
2

−
1.

33
−

1.
72

0.
04

2
20

0a
D

op
am

in
e 

re
ce

pt
or

 D
2,

 d
op

am
in

e 
tr

an
sm

is
si

on

G
en

es
 in

vo
lv

ed
 in

 d
ev

el
op

m
en

t 
an

d 
ne

ur
og

en
es

is

N
FI

C
−

1.
76

−
3.

12
0.

02
07

20
0c

D
N

A
 b

in
di

ng
 tr

an
sc

ri
pt

io
n 

fa
ct

or
, r

eg
ul

at
es

 n
eu

ra
l p

ro
ge

ni
to

r 
di

ff
er

en
tia

tio
n

N
G

E
F

−
1.

71
−

2.
84

0.
00

00
2

20
0c

Pl
ay

s 
a 

ro
le

 in
 a

xo
n 

gu
id

an
ce

 r
eg

ul
at

in
g 

ep
hr

in
-i

nd
uc

ed
 g

ro
w

th
 c

on
e 

co
lla

ps
e

PC
T

K
1

−
1.

37
−

1.
74

0.
00

06
20

0c
M

ay
 p

la
y 

a 
ro

le
 in

 s
ig

na
l t

ra
ns

du
ct

io
n 

ca
sc

ad
es

 in
 te

rm
in

al
ly

 d
if

fe
re

nt
ia

te
d 

ce
lls

G
en

es
 h

ig
hl

y 
ex

pr
es

se
d 

in
 b

ra
in

, f
un

ct
io

ns
 n

ot
 w

el
l-

kn
ow

n,
 o

r 
pl

ay
 r

ol
es

 in
 n

eu
ro

na
l s

ur
vi

va
l a

nd
 f

un
ct

io
n

A
T

X
N

1
−

1.
82

−
3.

32
0.

00
03

20
0a

, 2
00

c
In

vo
lv

ed
 in

 R
N

A
 m

et
ab

ol
is

m
, A

T
X

N
1 

fu
nc

tio
ns

 a
s 

a 
ge

ne
tic

 r
is

k 
m

od
if

ie
r 

th
at

 c
on

tr
ib

ut
es

 to
 A

lz
he

im
er

’s
 d

is
ea

se
pa

th
og

en
es

is
 th

ro
ug

h 
a 

lo
ss

-o
f-

fu
nc

tio
n 

m
ec

ha
ni

sm
 b

y 
re

gu
la

tin
g 
β-

se
cr

et
as

e 
cl

ea
va

ge
 o

f 
A

PP
 a

nd
 A
β 

le
ve

ls

PR
K

C
B

1
−

1.
47

−
2.

08
0.

00
00

2
20

0c
A

 c
al

ci
um

-a
ct

iv
at

ed
, p

ho
sp

ho
lip

id
-d

ep
en

de
nt

, s
er

in
e-

 a
nd

 th
re

on
in

e-
sp

ec
if

ic
 e

nz
ym

e,
 m

ay
 a

ls
o 

re
gu

la
te

 n
eu

ro
na

l f
un

ct
io

ns

T
R

IM
2

−
1.

4
−

1.
77

0.
00

51
20

0a
U

bi
qu

iti
n 

lig
as

e,
 th

e 
pr

ot
ei

n 
lo

ca
liz

es
 to

 c
yt

op
la

sm
ic

 f
ila

m
en

ts
, b

in
ds

 to
 n

eu
ro

fi
la

m
en

t l
ig

ht
 s

ub
un

it 
(N

F-
L

) 
an

d 
re

gu
la

te
s

N
F-

L
 u

bi
qu

iti
na

tio
n,

 d
ys

re
gu

la
tio

n 
tr

ig
ge

rs
 n

eu
ro

de
ge

ne
ra

tio
n

O
L

FM
1

−
1.

76
−

3.
00

0.
00

03
20

0a
A

bu
nd

an
t e

xp
re

ss
io

n 
in

 b
ra

in
, f

un
ct

io
n 

no
t k

no
w

n

ST
3G

A
L

5
−

1.
37

−
1.

77
0.

00
01

20
0a

T
he

 e
nc

od
ed

 p
ro

te
in

 is
 a

 m
em

be
r 

of
 g

ly
co

sy
ltr

an
sf

er
as

e 
fa

m
ily

 2
9 

an
d 

m
ay

 b
e 

lo
ca

liz
ed

 to
 th

e 
G

ol
gi

 a
pp

ar
at

us
, C

at
al

yz
es

fo
rm

at
io

n 
of

 g
an

gl
io

si
de

 G
M

3.
 P

ar
tic

ip
at

es
 in

 th
e 

in
du

ct
io

n 
of

 c
el

l d
if

fe
re

nt
ia

tio
n,

J Neurochem. Author manuscript; available in PMC 2013 November 01.


