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MicroRNAs (miRNAs) are a class of small, noncoding RNAs that
function as posttranscriptional regulators of gene expression. Many
miRNAs are expressed in the developing brain and regulatemultiple
aspects of neural development, including neurogenesis, dendrito-
genesis, andsynapse formation.Rett syndrome (RTT) is aprogressive
neurodevelopmental disorder caused by mutations in the gene
encoding methyl-CpG–binding protein 2 (MECP2). Although Mecp2
is known toact as a global transcriptional regulator,miRNAs that are
directly regulated by Mecp2 in the brain are not known. Using mas-
sively parallel sequencing methods, we have identified miRNAs
whose expression is altered in cerebella of Mecp2-null mice before
and after the onset of severe neurological symptoms. In vivo ge-
nome-wide analyses indicate that promoter regions of a significant
fraction of dysregulated miRNA transcripts, including a large poly-
cistronic cluster of brain-specific miRNAs, are DNA-methylated and
are bound directly by Mecp2. Functional analysis demonstrates that
the 3′ UTR of messenger RNA encoding Brain-derived neurotrophic
factor (Bdnf) can be targeted by multiple miRNAs aberrantly up-
regulated in the absence of Mecp2. Taken together, these results
suggest that dysregulation of miRNAs may contribute to RTT path-
oetiology and also may provide a valuable resource for further
investigations of the role of miRNAs in RTT.
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Rett syndrome (RTT;Mendelian Inheritance inMan 312750) is
an autism-spectrum disorder caused primarily by loss-of-

function mutations in the X-linked methyl-CpG–binding protein 2
(MECP2) gene (1). After apparently normal development for 6–18
mo, RTT patients acquire severe neurological symptoms including
breathing irregularities, ataxia, seizures, autistic traits, and mental
retardation (2). They also show regression of head growth and loss
of acquired motor skills. Mice with genetic deletion of Mecp2 de-
velop normally until 6 wk after birth, when they exhibit many
symptomatic features of RTT patients, and die prematurely by 12
wk of age (3, 4). Functional and electrophysiological studies of
mouse models of RTT have confirmed that aberrant Mecp2 levels
lead to deficits in neuronal maturation, synaptogenesis, and neural
circuit connectivity (5–7). Furthermore, restoration of wild-type
Mecp2 expression in Mecp2-null mice at symptomatic stages can
functionally rescue a wide spectrum of disease symptoms and
preventprematuredeath (8). Thesefindings therefore indicate that
mousemodels ofRTTmay serve as powerful tools for investigating
molecular functions of Mecp2 relevant to disease progression.
Both in vitro biochemical analysis and in vivo chromatin im-

munoprecipitation (ChIP) assays suggest that Mecp2 specifically
binds to methylated DNA and may function as a global tran-
scriptional regulator by recruiting chromatin-remodeling com-

plexes or regulating higher-order chromatin structures (9–13).
Although a few neuronal genes have been identified as direct
targets for Mecp2 (14, 15), our knowledge about Mecp2-regulated
genes and pathways in the brain remains limited. Recent studies
have identified an unexpectedly large number of genes that are
dysregulated in discrete brain regions of mouse models with ab-
errant Mecp2 levels (16, 17). Notably, Mecp2-dependent changes
in gene expression are small in magnitude, generally less than
twofold (17). Thus, Mecp2 may be required for fine-tuning gene
expression of a cohort of protein-coding genes through direct and/
or indirect mechanisms.
MicroRNAs (miRNAs) are a class of endogenous RNAs that

are 21–23 nt in length. These small, noncodingRNAs can base pair
to cognate sites in 3′ UTR of protein-coding mRNAs to regulate
mRNA translation and/or stability negatively (18, 19). A growing
body of evidence suggests that miRNAs play critical roles in nor-
mal neuronal functions, and dysregulation of miRNAs is impli-
cated in neurological diseases (19–23). Because hundreds of genes
can be directly repressed, albeit each to a modest degree, by in-
dividual miRNAs (24, 25), abnormal levels of miRNAs may con-
tribute to disease progression of RTT and related neurological
disorders by altering protein output from neuronal mRNAs.
However, it is technically challenging for conventional microarray-
based technologies to quantify miRNA levels accurately in vivo,
because of the small size of miRNAs and high sequence homology
among family members. Thus, unbiased high-throughput se-
quencing approaches are needed to investigate Mecp2-dependent
regulation of miRNAs.
In this study, we systematically examined expression levels of all

annotated mature miRNAs (∼700 miRNAs) in the cerebella of
control (Mecp2+/y; hereafter referred to as “WT”) and mutant
(Mecp2−/y; “KO”) mice at multiple stages of disease progression
using massively parallel sequencing technologies. We also per-
formed in vivo genome-wide mapping of Mecp2 promoter occu-
pancy to identify miRNAs that may be regulated directly by
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Mecp2. Moreover, computational analysis and luciferase reporter
assays demonstrated that multiple de-repressed miRNAs may
negatively regulate the 3′ UTR of Brain-derived neurotrophic
factor (Bdnf) mRNA, down-regulation of which has been impli-
cated in RTT etiology (26). Collectively, our unbiased high-
throughput screening approaches have identified dysregulated
miRNAs in a mouse model of RTT, thereby providing a valuable
resource for further investigations of the role of miRNAs in RTT.

Results
Massively Parallel Sequencing of miRNAs in WT and KO Mouse
Cerebella. To identify miRNAs dysregulated in a specific brain
region of the RTT mouse model, we focused our analysis on the
cerebellum, a brain region highly enriched withMecp2-expressing
neurons and critically involved in motor controls. A number of
RTT phenotypes (e.g., ataxia, abnormal gait, and hypoactivity)
could be attributed to cerebellar dysfunction. We prepared small
RNA libraries from four pairs of WT and KO mouse cerebella at
pre-/early-symptomatic stages (6 wk) for SOLiD massively par-
allel sequencing (Applied Biosystems). The SOLiD platform di-
rectly sequences individual RNA species in small RNA libraries,
thereby providing an unbiased and quantitative measurement of
relative concentrations of individual miRNAs in a highly re-
producible manner (SI Appendix, Fig. 1) (27). To minimize var-
iations among sequencing assays, we took advantage of the
multiplexing capability of the SOLiD system to sequence control
and mutant small RNA libraries simultaneously by using primers
with distinct barcodes. We sequenced small RNA libraries pre-
pared from pooled WT and KO cerebella with an average of 3
million short reads per sample. These sequence reads then were
mapped to all 590 nonredundant mouse miRNA precursor se-
quences (a as exemplified by mmu-mir-137 in SI Appendix, Fig. 2),
and comparable numbers of reads mapped to known genomic loci
encoding miRNA precursors were obtained from WT and KO
samples (SI Appendix, Table 1). Notably, the passenger strand
(also known as “star sequences”) of miRNA precursors, many of
which are transient intermediates duringmiRNAbiogenesis, were
identified frequently by our sequencing analysis, suggesting that
these sequencing assays are of sufficient depth to detect mature
miRNAs expressed at low levels. To validate further the accuracy
of the SOLiD sequencing system, we used quantitative TaqMan
miRNA quantitative PCR (qPCR) assays to examine a panel of
maturemiRNAs whose expression levels may span a wide range in
the mouse brain. A comparison of the threshold cycles de-
termined by qPCR assays and read counts from sequencing
revealed good correlation between these two methods (SI Ap-
pendix, Fig. 3A). Together, these results indicate that the SOLiD
small RNA sequencing assay can quantify the expression levels of
mature miRNAs in vivo reliably over a wide dynamic range.
We next identified mature miRNAs differentially expressed in

control and mutant cerebella by directly comparing the number of
sequencing reads for individual miRNAs. This analysis showed
that there were 85 up-regulated and 43 down-regulated mature
miRNAs (>1.5-fold and >10 reads) in KO cerebella compared
withWT (Fig. 1A and SI Appendix, Table 2). By normalizing to the
level of the ubiquitously expressed U6 spliceosomal RNA, Taq-
Man qPCR assays successfully validated a majority (11 of 13) of
randomly selected dysregulated miRNAs identified by SOLiD
sequencing (SI Appendix, Fig. 3B). Our sequencing analysis also
confirmed several miRNAs previously found to be dysregulated in
cultured Mecp2-null postnatal cortical neurons (miR-132) or
adult hippocampal neural stem cells (e.g., miR-137, miR-222, and
miR-221) (SI Appendix, Table 2) (28, 29), suggesting that Mecp2-
dependent regulation of thesemiRNAsmay be conserved in other
brain regions. Furthermore, results from both SOLiD sequencing
and TaqMan qPCR assays indicated that most dysregulated
miRNAs were associated with moderate (less than twofold)
changes in expression in absence of Mecp2, in agreement with the

finding that Mecp2 is generally involved in fine-tuning the gene
expression levels (17).
Because distinct sets of miRNAs could be dysregulated before

and after the onset of severe disease symptoms, we performed
additional SOLiD small RNA sequencing analysis of two litters of
mice (two controls and fourmutants) 8 wk after birth to investigate
how Mecp2 may contribute to dysregulating miRNAs at the
symptomatic stage. This analysis identified 52 up-regulated miR-
NAs and 20 down-regulated miRNAs (averaged fold change >1.5;
three or more of four pairs show the same trend) at the symp-
tomatic stage (SI Appendix, Table 3). Further analysis indicated
that 15maturemiRNAs were consistently up-regulated in both the
pre-/early symptomatic (6 wk) and symptomatic (8 wk) stages,
a number significantly higher than expected by chance (P= 0.001,
hypergeometric test) (Fig. 1 A and B). In contrast, only three
mature miRNAs were found to be reproducibly down-regulated at
both ages (P = 0.12). Moreover, TaqMan miRNA qPCR assays
confirmed dysregulatedmiRNAs detected in two stages (miR-137)
or specific to the symptomatic stage (miR-34c and miR-101a) (SI
Appendix, Fig. 3C). Interestingly, a cohort of other small, non-
coding RNAs (e.g., tRNAs, rRNAs, and snRNAs) also became
dysregulated in postnatal KO cerebella (SI Appendix, Table 4),
suggesting that Mecp2-dependent regulation of noncoding RNAs
is not restricted to miRNAs. Collectively, these results suggest that
Mecp2may be required for regulating expression levels of a cohort
of miRNAs at multiple stages of disease progression.

Fig. 1. Systematic identification of dysregulated miRNAs in WT and KO
cerebella. (A) Venn diagram of the number of up- or down-regulated miR-
NAs detected in Mecp2-null cerebella. Note that a significant portion of
aberrantly up-regulated mature miRNAs is detected consistently in Mecp2-
null mice at both the pre-/early-symptomatic stage (6 wk postnatal) and the
symptomatic stage (8 wk postnatal). (B) Heat map representation of 18
mature miRNAs that are dysregulated consistently in Mecp2-null mice at
both the pre-/early-symptomatic stage (four pairs of 6-wk-postnatal WT and
KO littermates sequenced as pooled samples) and the symptomatic stage
(four pairs of >8-wk-postnatal WT and KO samples sequenced individually).
Color intensity represents the degree of differential expression of miRNAs
between WT and KO cerebella. (C) Genomic representation (NCBI build 36)
of aggregated sequencing reads mapped to dysregulated miRNAs at the
pre-/early-symptomatic (6-wk-postnatal) stage. Sequencing read counts for
a given mature miRNA sequence are indicated also.
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In Vivo Genome-Wide Mapping of Mecp2 Occupancy at miRNA Gene
Promoters. Because KO mice develop the neurological symptoms
over a course of several weeks, many dysregulated miRNAs may
represent secondary effects caused by long-term deletion ofMecp2.
To identify miRNAs directly regulated by Mecp2, we sought to
determine Mecp2 occupancy encompassing miRNA gene pro-
moters by ChIP analysis using polyclonal antibodies that were
qualified to immunoprecipitate Mecp2 under cross-linking con-
ditions (30) (SI Appendix, Fig. 4). Mature miRNAs are generated
from larger primary transcripts (ormiRNA transcription units), but
transcriptional start sites (TSSs) for most miRNA transcripts are
not experimentally defined.To circumvent this problem,we focused
on 185 primary miRNA transcripts (specifying at least 336 mature
miRNAs) whose TSSs were computationally predicted with high
confidence on the basis of histone-modification signatures
(H3K4me3 and H3K36me3 for TSSs and transcribed regions, re-
spectively), evolutionary conservation, and available EST data (31).
We thus designed customized tiling microarrays to cover the pro-
moter regions of these 185 miRNA transcript units with known/
predicted TSSs. Immunoprecipitated DNA and total genomic
DNA from postnatal cerebella (6–8 wk) were cohybridized to the
customized tiling microarray (NimbleGen) to examine Mecp2 oc-
cupancy at genomic regions flanking predicted miRNA gene pro-
moters. Using a sliding window-based statistical algorithm
optimized for identifying epigeneticmarks with a broad enrichment
pattern (DNA methylation and certain histone modifications, e.g.,
H3K36me3), replicate ChIP-chip experiments showed that Mecp2
was enriched in 1-kb (or 5-kb) genomic regions flanking putative
transcription start sites of 12 (or 39) primary miRNA transcripts
(1-kb: 6.5%; 5-kb: 21% of 185 predicted miRNA transcripts) (Fig.
2A and SI Appendix, Table 5), as exemplified by miRNA transcripts
encodingmiR-137 ormiR-34b/34c (Fig. 2B). TheMecp2 occupancy
within these genomic regions was specific, because Mecp2 ChIP-
chip signalswerenot observedat the same sites inKOcerebella (Fig.
2B). Locus-specific ChIP-qPCR analysis further confirmed these
observations (Fig. 2C, Upper). In agreement with the known bio-
chemical function ofMecp2 as amethyl-CpG–binding protein (13),
methylated DNA immunoprecipitation followed by the same pro-
moter tiling microarrays (MeDIP-chip) and locus-specific DNA
methylation analyses showed that Mecp2-bound regions generally
were DNA- methylated (Fig. 2 B and C). In contrast, promoter
regions of nontarget miRNAs (e.g., miR-10a) were not DNA-
methylated (Fig. 2 B and C). Taken together, these results suggest
that Mecp2 binds directly to DNA-methylated promoter regions of
a subset ofprimarymiRNAtranscripts inmousepostnatal cerebella.
Mecp2 occupancy at DNA-methylated gene promoters may

promote transcription silencing or activation by recruiting tran-
scriptional corepressor complexes (e.g., mSin3a/Hdac) or activa-
tors, respectively (14, 15, 17). To elucidate the regulatory effect of
Mecp2 onmiRNA biogenesis at the transcriptional level, we cross-
referenced Mecp2 ChIP-chip results to the expression profiles of
miRNAs. Six (50.0%) of 12 proximal promoter targets were up-
regulated at the pre-/early-symptomatic stage (Fig. 2A, Left and
SI Appendix, Table 5), a percentage significantly higher than
expected by chance (P= 0.0054, hypergeometric test). In contrast,
only one proximal promoter target of Mecp2 was down-regulated
(8.3%, P= 0.43). Similar results were obtained for distal promoter
targets (Fig. 2A, Right). Notably, although not all mature miRNAs
from the same polycistronic transcript showed more than 1.5-fold
change inKOcerebella,maturemiRNAs in the same transcript that
failed to display >1.5-fold difference generally exhibited a similar
trend of change in expression. Thus, we concluded that Mecp2
binding at the proximal promoter of miRNA transcripts primarily
facilitates transcriptional repression in postnatal mouse cerebella.

Mecp2 Directly Regulates a Large Cluster of miRNAs Within the Dlk1-
Gtl2 Imprinting Domain. One of the primary miRNA transcripts
directly targeted by Mecp2 encodes a large cluster of miRNAs

embedded within the Dlk1-Gtl2 imprinting domain on mouse
chromosome 12 (32, 33). A recent report has shown that the dif-
ferential methylation region close to the Gtl2 promoter region is
bound by α thalassemia/mental retardation syndrome X-linked
(ATRX)/Mecp2/Cohesin proteins, suggesting a role for Mecp2 in
transcriptional control of this region (34). Using chromosomal
tiling microarrays that cover the entire Dlk1-Gtl2 domain, we
performed Mecp2 ChIP-chip analysis in postnatal cerebella (6–8
wk) and identified additional Mecp2-binding sites within this

Fig. 2. MeCP2 binds directly to gene-regulatory regions of a cohort of
miRNAs. (A) Number of Mecp2 directly bound miRNA targets that are up-
regulated, down-regulated, and unchanged (Other) in 6-wk-postnatal cer-
ebella. MiRNA transcripts without Mecp2-binding sites within 1-kb (proxi-
mal) or 5-kb (distal) regions flanking their TSSs are considered nontargets.
Note that only up-regulated miRNAs are significantly enriched in both
proximal (P = 0.0054, hypergeometric test) and distal (P = 0.0066) Mecp2
miRNA targets. (B) MeCP2 occupancy and DNA methylation (−log10 P value)
are shown for two targets (miR-137 and miR-34b/34c) and one nontarget
(miR-10a) in WT and KO cerebella. Genomic positions for nearby known
protein-coding genes and CpG islands are shown also. Selected regions that
are validated by ChIP/MeDIP-qPCR for Mecp2 occupancy and DNA methyl-
ation are highlighted in gray. The DNA methylation level within two regions
(indicated by blue bars) flanking the miR-137 gene is validated further by
bisulphite conversion followed by mass spectrometry (Sequenom). (C) ChIP
of endogenous Mecp2 occupancy (Upper) and MeDIP-based DNA methyla-
tion analyses (Lower) for two miRNA targets and one nontarget in WT and
KO cerebella. Error bars represent SEM. *P < 0.01.
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imprinting domain (Fig. 3 and SI Appendix, Fig. 5). MeDIP-chip
assays further demonstrated that these Mecp2-enriched regions,
including the putative promoter region of the polycistronic
miRNA primary transcript (arrows in Fig. 3), were generally DNA-
methylated. Therefore, Mecp2 may be involved directly in regu-
lating transcription of these miRNAs. Indeed, sequencing analysis
of 6-wk WT cerebellar RNAs indicated that 31 of 41 miRNA pre-
cursors within this miRNA cluster had detectable transcription
(>10 reads); 22 of 31 transcribed miRNAs showed a consistent
trend (sequencing reads mapped to guide and passenger strands
exhibited same trend) of increased expression, and two showed
a consistent trend of decreased expression in KO cerebella (SI
Appendix, Table 6). Moreover, expression of 15 mature miRNAs
exhibited a >1.5-fold increase in the absence of Mecp2 (e.g., miR-
666andmiR-543 inFig. 1B),whereas nomaturemiRNAwas down-
regulated >1.5-fold (SI Appendix, Table 6). Thus, Mecp2 acts pri-
marily as a negative regulator of this polycistronic miRNA tran-
script. Interestingly, mature miRNAs generated from this single
polycistronic transcript reproducibly exhibited drastically different
levels of expression (SI Appendix, Table 6), suggesting the existence
of additional miRNA-specific posttranscriptional regulation of
precursor processing and/or mature miRNAs stability (35). Such

posttranscriptional regulationofmiRNAbiogenesis alsomaybe the
cause of the observed difference in the extent of dysregulation of
mature miRNAs derived from the same polycistronic transcript. To
test furtherwhetherMecp2exerts its transcriptionally repressive role
at the promoter region of this miRNA transcript unit by recruiting
transcriptional corepressors (e.g., histone deacetylases) (13), we
performed ChIP-chip analysis of histone acetylation and found a
significant increase inhistoneH3/H4acetylation levels at theMecp2-
bound promoter region in KO as compared with WT (Fig. 3). Col-
lectively, these results indicate that Mecp2 may regulate directly the
expression of this imprinted polycistronic transcript encoding a large
number of miRNAs and also reveal complex patterns of miRNA
biogenesis at both transcriptional and posttranscriptional levels.

Mecp2-Repressed miRNAs Target the 3′ UTR of Bdnf mRNA. MiRNAs
selectively regulate their target mRNAs primarily through base
pairingbetween two toeightnucleotidesofmiRNAs (alsoknownas
seed regions) and the 3′ UTR of mRNAs (36). Computational
algorithms analyzing the sequence complementarity between seed
regions and evolutionarily conserved domains of 3′ UTRs can
provide useful predictions of the potential physiological targets for
mammalianmiRNAs (36, 37). Toassess the functional relevance of
Mecp2-regulated miRNAs, we sought to determine the effect of
these miRNAs on mRNA targets that potentially were involved in
disease progression. Bdnf mRNA and protein levels have been
shown previously to be significantly reduced in multiple regions of
RTT mouse brain, including cortex and cerebellum, at both early
and late symptomatic stage. Importantly, decrease in Bdnf levels
has been shown to exacerbate the progressionof disease phenotype
inRTTmousemodels (26, 28).Wenoted that theBdnf 3′UTRwas
predicted to be targeted by multiple aberrantly up-regulated
miRNAs by several independent algorithms (SI Appendix, Fig. 6).
For example, TargetScan analysis indicated that Bdnf 3′ UTR
contained a total of 20 miRNA-binding sites (11 highly conserved
and 9 poorly conserved) for 16 miRNAs (representing 13 distinct
seed sequences or miRNA families) aberrantly up-regulated in
Mecp2-null cerebella at the pre-/early-symptomatic stage (SI Ap-
pendix, Fig. 6).However, only fourmiRNAs down-regulated inKO
cerebella were predicted to target theBdnf 3′UTR (two conserved
sites and two nonconserved sites). Hence, dysregulated miRNAs
may primarily function to regulate negatively Bdnf mRNA trans-
lation/stability inMecp2-null cerebella (16, 26).
To validate experimentally the computationally predicted in-

teraction between dysregulatedmiRNAs inKO cerebella andBdnf
mRNA, we performed luciferase assays using a Bdnf 3′ UTR-
containing reporter (pISO-Bdnf) (Fig. 4A). We first examined the
overall effect of miRNAs dysregulated in absence ofMecp2 on the
Bdnf 3′UTR by transfecting the pISO-Bdnf reporter into WT and
KO postnatal cerebellar neurons; a roughly 30% decrease in lu-
ciferase reporter activities from the Bdnf 3′ UTR reporter was
observed in mutant neurons as compared with controls (SI Ap-
pendix, Fig. 7A). The human BDNF 3′UTR has been shown to be
repressed by increased levels of miR-30a (38), a miRNA that was
expressed in mouse brains and was further elevated in KO cere-
bella at 6 wk. To determine whether the endogenous miR-30a is
involved in suppressing Bdnf expression, we cotransfected the
pISO-Bdnf and 2′-O-methyl (2′-O-Me)-modified antisense oli-
goribonucleotide-based inhibitor into cerebellar neurons. The in-
hibitor for miR-30a and a closely related family member, miR-30d
(2′-O-Me-30a/d), significantly enhanced the pISO-Bdnf luciferase
activities in WT neurons (SI Appendix, Fig. 7A), indicating that
endogenous miR-30a/d may participate in regulating of Bdnf lev-
els. Interestingly, in KO neurons, even with a higher dose (up to
200 nM), 2′-O-Me-30a/d could restore the pISO-Bdnf luciferase
activity only partially, suggesting involvement of additional miR-
NAs in repressing Bdnf levels (Fig. 4A). We then tested two more
miRNAs with multiple evolutionarily conserved putative binding
sites within theBdnf 3′UTR,miR-381(two sites) andmiR-495 (two

Fig. 3. Mecp2 binds to specific genomic regions within the Dlk1-Gtl2 im-
printing domain. Mecp2 occupancy, DNA methylation, and histone H3/4 acet-
ylation (H3/4ac) in WT and/or KO cerebella (6 wk postnatal) within a 300-kb
region of the Dlk1-Gtl2 imprinting domain are shown. Statistically enriched
regions (−log10 P > 2) are denoted as vertical bars. Mecp2 enrichment at the
putative transcription start site for the polycistronic miRNA transcript is indi-
cated by arrows.
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sites), both of which were aberrantly up-regulated in KO cerebella
at 6 wk after birth and were derived from the Mecp2 directly reg-
ulated polycistronic transcript within the Dlk1-Gtl2 imprinting
domain. Luciferase reporter assays indicated that both miRNAs
could down-regulate the pISO-Bdnf luciferase activities signifi-
cantly (Fig. 4B). Conversely, inhibition of miR-381 and miR-495
resulted in significant up-regulation of Bdnf 3′UTR luciferase
reporter activities (Fig. 4C). These effects on the Bdnf 3′ UTR
reporter were specific to miR-381 and miR-495, because miR-137
or a control miRNA (a Caenorhabditis elegans-specific miRNA,
cel-miR-67), did not regulate the pISO-Bdnf reporter (no binding
site for miR-137 or cel-miR-67 is present in pISO-Bdnf) (Fig. 4B).
Furthermore, Bdnf ELISAs demonstrated that inhibiting miR-
381 and miR-495 in both control and Mecp2-deficient neurons
could increase the endogenous level of Bdnf (Fig. 4 D and E and
SI Appendix, Fig. 7B). Collectively, these results indicate that
multiple aberrantly up-regulated miRNAs in KO cerebella, in-
cluding miR-30a/d, miR-381, and miR-495, may contribute to
down-regulation of Bdnf in RTT brains.

Discussion
In this study, ourgenome-wideanalyseshaveestablished thatMecp2
can contribute to transcriptional regulation of a cohort of miRNAs
in amouseRTTmodel.Roughly 17%of all knownmaturemiRNAs
are found to be considerably dysregulated (>1.5-fold) in KO cere-
bella before the onset of severe neurological symptoms (6 wk after
birth). Combined ChIP-chip and expression analyses support
a model in which Mecp2 binding at promoter regions of miRNA
transcription units acts primarily as a transcriptional repressor (SI
Appendix, Fig. 8A), possibly by recruiting histone deacetylase, be-
cause levels of acetylated histone H3 and H4 in Mecp2-null brains
increased significantly at many Mecp2-bound regions (Fig. 3) (13).
Interestingly, many up-regulated mature miRNAs (18%, 15 of 85
up-regulated at 6 wk after birth; 71%, five of seven up-regulated at
both 6 and 8 wk after birth) are from a large polycistronic cluster of
miRNAs (encoding a total of 41miRNAgenes)within theDlk1-Gtl2
imprinting domain. Although currently it is unclear which chromo-
some (maternal or paternal) is targeted preferentially by Mecp2
within this imprinting domain in the postnatal cerebella, our chro-
mosome-wide analyses ofMecp2 occupancy and DNAmethylation
levels suggest that Mecp2 may bind directly to multiple DNA-

methylated regions within the Dlk1-Gtl2 imprinting domain, in-
cluding the putative promoter regions of the polycistronic miRNA
transcription unit. Because transcription of miRNAs within this
cluster has been shown to be regulated by neuronal activity (39), it
will be of interest to determine whether Mecp2 connects neuronal
activity to transcriptional control of these miRNAs (40, 41). Fur-
thermore, several miRNAs expressed from this cluster are impli-
cated in regulation of dendritogenesis and synapse formation/
maturation (20, 39). In support of the notion that dysregulation of
synapse-localizedmiRNAsmay contribute toneurological disorders
(42), including RTT and other autism-spectrum disorders, multiple
Mecp2-regulated miRNAs have been reported to be enriched at
synapses (direct targets: miR-341, miR-137, and miR-381; non-
targets: miR-29a, and miR-7) (43). Mecp2-regulated miRNAs in
neurons therefore may serve as a critical mechanistic link between
nucleus-localized Mecp2 and cytoplasmic/synaptic proteins.
Because miRNAs function as negative regulators of mRNAs,

Mecp2 may promote expression of neuronal protein-coding genes
indirectly by repressing specific miRNAs. We have tested this
possibility by focusing on the potential interactions between
Mecp2-regulated miRNAs and the mRNA encoding Bdnf, be-
cause Bdnf mRNA/protein levels are reduced significantly in KO
cerebella (26). Functional analysis suggests that multiple miRNAs
aberrantly up-regulated in Mecp2-null cerebella may target the 3′
UTR of Bdnf directly; therefore, it is tempting to propose that
additional brain-specific transcripts down-regulated in mutant
cerebella and/or hypothalamus (16, 17) also are negatively regu-
lated by derepressedmiRNAs. Interestingly, Bdnf and/or neuronal
activity, in turn, can induce the expression of miRNAs, including
miR-212 and miR-132 (44), both of which are down-regulated in
KO cerebella and can repress Mecp2 by targeting the 3′ UTR of
Mecp2 mRNA (28, 45), thereby forming a regulatory feedback
loop between Mecp2 and these Bdnf-induced miRNAs (SI Ap-
pendix, Fig. 8B). Taken together, our study has set the stage for
future studies to elucidate fully the physiological mRNA targets of
Mecp2-regulated miRNAs and their relative contributions to the
course of RTT disease.

Materials and Methods
SOLiD Sequencing and Data Analysis. Cerebellar RNA samples were prepared
from WT and KO littermates at the pre- or early-symptomatic stage (6 wk
postnatal) or symptomatic stage (8 wk postnatal) and were sequenced

Fig. 4. Essential roles of Mecp2-regulated miRNAs in regula-
tion of Bdnf expression. (A) Schematic diagram of the pISO
luciferase reporter containing the first 800 bp of the Bdnf 3′
UTR (pISO-Bdnf). Also shown are aberrantly up-regulated
miRNAs (>1.5-fold) in KO cerebella at the early-symptomatic
stage (6 wk postnatal) that are predicted to target the Bdnf 3′
UTR by at least two independent target-prediction algorithms
(TargetScan, miRanda, or PicTar/DIANA microT). (B) Luciferase
assays in 293T cells transfected with miRNA mimics duplexes
(100 nM). Error bars represent SEM. *P < 0.05; n ≥ 4. Note that
other miRNAs [cel-miR-67 (specifically expressed in C. elegans)
and miR-137] were used as negative controls for pISO-Bdnf. (C)
Luciferase assays in WT cerebellar neurons transfected with
control (100 nM) or miR-381/495 (100 nM) 2’-O-Methyl oligo-
nucleotide inhibitors. Error bars represent SEM. *P < 0.05; n ≥
5. (D) Immunoblotting of Mecp2 in postnatal cortical neurons
infected with lentiviruses expressing a control shRNA or
a shRNA specific for Mecp2. (E) Bdnf ELISAs in postnatal cor-
tical neurons. Error bars represent SEM. *P < 0.05; n = 4.
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according to the SOLiD small RNA-Seq Kit protocol (Applied Biosystems).
Detailed descriptions of the SOLiD sequencing methods and data analysis are
in SI Appendix.

ChIP and Mecp2 ChIP-Chip. To immunoprecipitate chromatin bound by Mecp2
using validated polyclonal antibodies (30), cerebella isolated from four pairs
of 6- to 8-wk-old Mecp2+/y and Mecp2-/y littermates were homogenized and
cross-linked with 1% formaldehyde for 10 min at room temperature fol-
lowed by exposure to 0.125 M glycine to stop the cross-linking reaction. ChIP
analysis was performed as previously described (46). ChIP-qPCR was per-
formed in an iCycler (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad).
Primer sequences used in real-time PCR are listed in SI Appendix.

For microarray analyses, we amplified input and immunoprecipitated DNA
using whole-genome amplification kits (WGA; Sigma). Sample labeling, hy-
bridization, data extraction, and peak detection were performed according
to standard procedures by NimbleGen Systems. Two separate hybridizations
using biological independent samples (pooled from four pairs of WT and KO
cerebella) were performed and yielded similar results. We combined and
averaged the signals from replicate arrays. For identification of probes as-
sociated with a significant level of Mecp2 signals, a built-in sliding window-
based statistical test (in NimbleScan2.5) was used. A detailed description of
ChIP-chip data analysis is in SI Appendix.

MeDIP and MeDIP-chip. MeDIP assays were performed as previously described
(46). For microarray analyses, we amplified input and immunoprecipitated DNA

by the monoclonal 5-methylcytosine antibody (Eurogentec) using whole-ge-
nomeamplification kits (WGA; Sigma). Labeling, hybridization, array processing,
and data extraction were done following procedures described for ChIP-chip.

Luciferase Reporter Assay and BDNF ELISA. For luciferase report assays, we
cloned Nrxn3 and Bdnf 3′ UTR sequences into the pISO fly luciferase construct
(47). miRNA-specific mimics or 2′-O-methyl inhibitors (Dharmacon) and the fly
luciferase plasmid were cotransfected into mouse (cortical or cerebellar) neu-
rons using Lipofectamine 2000 (Invitrogen). A TK renilla luciferase reporter
(Promega) also was cotransfected as a control for transfection efficiency.
Protein lysates were extracted from neurons electroporated (Lonza) with
miRNA-specific mimics or 2′-O-methyl inhibitors, and BDNF ELISAs were per-
formed as previously described (26).
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