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ABSTRACT

Although methyl CpG binding domain protein-2 (MeCP2) is commonly understood to function as a
silencing factor at methylated DNA sequences, recent studies also show that MeCP2 can bind
unmethylated sequences and coordinate gene activation. MeCP2 displays broad binding patterns
throughout the genome, with high expression levels similar to histone H1 in neurons. Despite its
significant presence in the brain, only subtle gene expression changes occur in the absence of MeCP2.
This may reflect a more complex regulatory mechanism of MeCP2 to complement chromatin binding.
Using an RNA immunoprecipitation of native chromatin technique, we identify MeCP2 interacting
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microRNAs in mouse primary cortical neurons. In addition, comparison with mRNA sequencing data from
Mecp2-null mice suggests that differentially expressed genes may indeed be targeted by MeCP2-
interacting microRNAs. These findings highlight the MeCP2 interaction with microRNAs that may

modulate its binding with chromatin and regulate gene expression.

Introduction

Methyl CpG binding domain protein-2 (MeCP2) is a chroma-
tin-binding factor that was first isolated through its affinity for
methylated CpG dinucleotides in 1992." Although ubiquitously
expressed, MeCP2 is particularly abundant in neurons and
plays a critical role in their development and function. The sig-
nificance of this role was highlighted in 1999 with the discovery
that mutations in the MECP2 gene resulted in Rett syndrome.
This connection garnered interest in and accelerated MeCP2
research. Rett syndrome, first described by Andreas Rett in
1966, is a postnatal X-linked neurodevelopmental disorder that
affects one in 10,000 females.>* The condition is characterized
by normal development for the first 6 to 18 months of age, fol-
lowed by a regression period in which individuals typically
develop neurological and physical symptoms such as gait
abnormalities, deceleration of head growth, loss of acquired
speech, stereotypical hand movements (clasping), diminished
eye contact, and breathing disturbances.>

Although MeCP2 is expressed throughout the body, it is
more abundant in brain.® Correspondingly, brain-specific dele-
tion of the Mecp2 gene at embryonic day 12 results in a similar
phenotype to that observed in a whole body knockout model,
indicating that mutations in MECP2 have a greater impact in the
brain relative to other tissues.” Indeed, outside of Rett syndrome,
various losses in MeCP2 functionality/expression have been
reported in other neuropsychiatric disorders, such as Angelman

syndrome,® non-symptomatic mental retardation,” and some
forms of autism.'®"" Furthermore, MeCP2 related disorders are
not limited to loss of function/expression, but also arise from
gain of function/expression. In a condition referred to as MECP2
duplication syndrome, a phenotype similar to that of Rett syn-
drome presents in individuals who have additional copies of the
MECP2 gene."” Therefore, specific regulation of MeCP2 is neces-
sary for normal function and development of the brain.

The conventional model of MeCP2 binding with chromatin
is dependent upon methylated DNA. However, recent experi-
mental evidence suggests MeCP2 can bind both methylated
and unmethylated genomic sequences.'>'* We have previously
shown that MeCP2 binding at unmethylated CpG sites of the
mouse Slc6a2 promoter is functionally associated with tran-
scriptional suppression.'” Beyond CpG, further studies have
revealed that MeCP2 can bind methylated cytosine followed by
adenine, cytosine, or thymine, while methylated cytosine fol-
lowed by adenine has been shown to recruit MeCP2 to long
genes (>100 kb), repressing transcription.'®'” The modified
DNA nucleotide 5-hydroxymethylcytosine was also recently
shown to be involved in recruitment of MeCP2 to chroma-
tin."®'” Beyond DNA enrichment, RNA immunopurification
combined with sequencing (RIP-seq) using anti-MeCP2 anti-
body shows that MeCP2 binds with several regulatory long
noncoding RNAs (ncRNAs), including MALAT1 and
RNCR3.? Interactions with regulatory ncRNAs represent an
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attractive mechanism that may denote specific MeCP2-RNA
dependent targeting of gene regulation.

MeCP2 is a multifunctional protein implicated in alternative
splicing and microRNA processing.”' > Part of this activity
occurs via interactions with the spliceosome component Y box-
binding protein 1 (YB1) in an RNA-dependent manner.”!
More recently, MeCP2 was shown to bind the nuclear micro-
processing subunit DGCRS in order to suppress microRNAs
targeting genes critical for neuronal development such as
CREB, LIMKI1, and PUM2.>> Other studies have also shown
physical binding of RNAs with MeCP2.**** In the context of
these studies, it was anticipated that identification of MeCP2-
associated small RNAs would further support the hypothesis of
RNA dependent binding of MeCP2 to chromatin.

Here, we identify MeCP2-bound small RNAs using a native
chromatin RIP-seq strategy in mouse primary cortical neurons
and examine MeCP2 interaction with chromosomal micro-
RNAs in regulation of chromatin binding and gene regulation.

Methods
Mouse primary cortical cell culture

Embryos of day 15 from C57BL/6 mice were used to prepare pri-
mary cortical neurons as described previously.” Isolated cortical
neurons were seeded at a density of 2 x 107 cells onto poly-D-
lysine treated T75 flasks and maintained in a humidified 37°C
incubator with 5% CO,. Cells were maintained in plating medium
for 2 h before replacing medium with serum-free growth media
consisting of neurobasal media containing B27 supplements, gen-
tamicin and glutamine. Cultures were allowed to mature for
6 days in vitro (DIV) before harvesting for experiments.

RNA immunoprecipitation and massive parallel
sequencing (RIP-seq)

Preparation of soluble chromatin fractions using micrococcal
nuclease (MNase) digestion. Briefly, the 6 DIV primary cortical
neurons were scraped off the bottom of the flask in 1 mM
EDTA in PBS™/~ (Ca** and Mg’" free) and centrifuged to pel-
let. Cell pellet was re-suspended and incubated in 600 uL
nucleus isolation buffer [15 mM Tris-HCL pH 7.5, 60 mM KCl,
0.5 M sucrose, 0.25 mM EDTA, 0.125 mM EGTA, 1 mM DTT,
0.5 mM PMSF, 0.15 mM spermidine, 0.15 mM spermine, 0.2%
NP-40, 1 x complete proteinase inhibitor (PI) (Roche)] for
5 min at 4°C with rotation then centrifuged for 3 min at
5000 g. The precipitate, containing cell nuclei and the superna-
tant, containing cytosolic fraction were recovered. The precipi-
tate was re-suspended in 400 uL of MNase digestion buffer
[20 mM Tris-HCl, 70 mM NaCl, 20 mM KCl, 5 mM MgC],
3 mM CaCl, 0.5 mM PMSF, 1 x complete PI (Roche)] and 250
units of micrococcal nuclease (Worthington) were added. The
MNase digestion was performed for 12 min. Digestion was
stopped by addition of 16 uL MNase stop solution (125 mM
EDTA, 125 mM EGTA). The digest was centrifuged (5 min,
5000 g, 4°C) and S1 chromatin fraction (first supernatant) was
collected. The pellet was lysed in 400 nL of MNase lysis buffer
(2 mM EDTA with PI) for 15 min at 4°C by rotation and lysed
material was centrifuged for 5 min at 5000 g at 4 °C. Second
supernatant S2 was recovered and the pellet (P fraction) was re-
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suspended in nuclear isolation buffer with PI. MNase digestion
produced two distinct chromatin fractions designated as S1 chro-
matin fraction (micrococcal nuclease sensitive and mononucleo-
somal enriched) and S2 chromatin fraction (micrococcal nuclease
resistant and oligonucleosomal enriched) as described previ-
ously.”® MNase digestion of chromatin and the purity of the prep-
aration was assessed by analyzing length of DNA fragments in
each chromatin fraction by gel electrophoresis.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE). Chromatin samples (20 pL of chromatin fraction
diluted with 10 L dH,O) were then heated to 85°C for 4 min
and a SeeBlue® Plus2 pre-stained molecular weight size stan-
dard were size fractionated on 4-12% gradient gels (NuPAGE®
Bis-Tris precast gels, Invitrogen) using NuPAGE MOPS run-
ning buffer at 120 V for 2-3 h. Proteins were transferred from
the gel to prewet PVDF membranes in NuPAGE transfer buffer
by electrophoresis at 30 V, overnight at 4°C. PVDF membranes
were incubated in blocking buffer (3% BSA in PBST (PBS con-
taining 0.05% v/v tween 20) for 1 h at RT. Membranes were
then incubated in primary antibody (diluted 1:1000 in buffer
containing PBST, 3% BSA, 0.02% sodium azide) overnight at
4°C then washed 4 times in wash buffer (0.5% skim milk in
PBST). The membrane was incubated with an appropriate sec-
ondary horseradish peroxidase conjugated antibody (diluted
1:20,000 in wash buffer) for 30 min at RT with agitation fol-
lowed by 4-5 washes in PBST buffer. Protein expression was
visualized using enhanced chemiluminescent reagent kit
(Sigma-Aldrich) and detected by exposing membranes to high
performance chemiluminescent film for an optimized time.
Film was developed using a Kodak X-ray developer according
to the manufacturer’s instructions. Antibodies used were anti-
Brm (Abcam, ab15597), anti-Brgl (Abcam, ab4081), anti-Dhx9
(ThermoFisher, PA5-19542), anti-Hpl alpha (Abcam,
ab77256), anti-MeCP2 antibody (M9317, Sigma), anti-Pol II
(Millipore, 05-623).

Chromatin Immunoprecipitation on MNase digested chro-
matin fractions. Chromatin immunoprecipitation was per-
formed on MNase digested chromatin fractions S1 and S2
using anti-MeCP2 antibody. To avoid RNA degradation while
performing RIP, RNase free tubes and RNase inhibitor RNase-
OUT reagent (Invitrogen) were used. RNA was purified from
immunopurified chromatin and sequenced with massive paral-
lel sequencing for the discovery of small ncRNAs bound by
MeCP2. Briefly, 1 ug of quantified DNA in chromatin was
retained as input material. To each tube, 5 g of chromatin
diluted in ChIP dilution buffer was added, along with 20 pL of
protein A Dynabeads (Invitrogen) for pre-clearing. An addi-
tional equal number of tubes were set up in parallel containing
475 pL ChIP dilution buffer and 20 uL of protein A Dyna-
beads, with either 3 ug of anti-MeCP2 antibody (Sigma) or
Rabbit IgG (non-specific antibody). All tubes were placed at
4°C with rotation for 1 h for pre-clearing and pre-binding. Pre-
cleared chromatin was separated from beads using a magnetic
rack (Invitrogen) and was transferred to a parallel set of tubes
containing beads pre-bound to antibodies. RNaseOUT reagent
was added to the tubes and incubated overnight at 4°C with
rotation in order to precipitate chromatin. The next day, chro-
matin-bound beads were washed twice consecutively with
0.5 mL of the following buffers, in order: low salt buffer, high
salt buffer, LiCl buffer, and TE buffer. RNaseOUT was added
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to all wash buffers. After washes, ChIP elution buffer was added
to the retained input material and to antibody and no-antibody
or IgG controls and sample pooled together into anti-MeCP2
antibody bound, No antibody or IgG-bound control, and Input.
RNA was purified using Trizol and mirVana miRNAs isolation
kit (Ambion).

Deep sequencing of the immunopurified small ncRNAs. We
performed deep sequencing of the immunopurified small
ncRNAs from active and silent chromatin. Small RNAs were
converted into cDNA and sequenced using the Illumina high-
throughput sequencing. A cDNA library was prepared accord-
ing to the Illumina Small RNA v1.5 protocol. Briefly, adapters
were ligated at 3’ and 5 ends of the RNA and RNA was then
reverse transcribed to cDNA, after which cDNA was amplified
for 14 or 18 cycles of PCR. Complimentary DNA libraries were
size-selected on an agarose gel. The quality and quantity of the
library was evaluated using the Shimadzu MultiNA. Sequencing
was performed for 51 cycles using the Genome Analyzer IIx,
according to the manufacturer’s protocols. Image analysis and
base calling were performed using the software supplied with
the Genome Analyzer instrument.

Bioinformatics analysis of RIP-seq data

Alignment of the sequenced reads to the mouse genome
(GRCm38/mm10) was performed using OLego spliced read
alignment program.”” A matrix file was generated using read
counts for all gene transcripts from each sample derived from
the bam files. In the matrix, transcript IDs were placed in rows
and sample names were placed in columns. Paired analysis was
performed using the Bioconductor package edgeR*® to detect
RNA transcripts bound by MeCP2. Transcripts enriched from
each fraction was normalized to their respective input (Total
RNA isolated from S1 and S2 chromatin fraction). A paired fac-
torial statistical analysis method was used to detected tran-
scripts with increased enrichment in the S2 chromatin fraction
relative to S1. RNA transcripts were considered significantly
enriched, if the Benjamini-Hochberg false discovery rate (FDR)
adjusted P value was less than 0.05.

Quantitative RT-PCR to validate RIP-seq

RIP-seq data was validated by qRT-PCR using miScript RT
PCR II kit (Qiagen) and miScript microRNA primer assays fol-
lowing manufacturer’s instructions. Interaction of miRNAs
with MeCP2 in the soluble S1 and S2 fractions was determined
by comparing % input of anti-MeCP2 bound normalized to the
% input of the no antibody control. Data is presented as percent
input corrected for no antibody control samples. For RNase
digestion, immunopurified RNA was digested with RNase A
solution (Sigma, R4642) at a final concentration of 10 pg/ml
and incubated at RT for 10 min prior to RNA purification.

RIP PCR in mouse cerebellum

Nuclei obtained from mouse cerebellum were digested with
MNase to prepare S1 and S2 chromatin fractions. RIP using
anti-MeCP2 antibody was performed in both chromatin frac-
tions. RNA was isolated from immunoprecipitated chromatin

using Trizol and RNeasy MinElute kit (Qiagen). Complemen-
tary DNA synthesis and qRT-PCR were performed with miS-
cript microRNA RT PCR kit from Qiagen. Binding of
microRNAs with MeCP2 was determined by comparing per-
cent input of anti-MeCP2 with the percent of input of non-
specific IgG antibody.

MeCP2 mouse model

Mecp2 wild type (129/C57BL6 background) and symptomatic
Mecp2 Null (Mecp2tm1Tam) were used for RNA sequencing.
MeCP2 Null mice became symptomatic at ages between 8-14
weeks based on the phenotypic development of body trembling,
labored breathing, and hind-limb clasping. Therefore, RNA iso-
lated from these mice were used for RNA sequencing.

RNA-seq

Total RNA was extracted from the cerebellum of Mecp2 wild
type (129/C57BL6 background) and symptomatic Mecp2 Null
(Mecp2tm1Tam) male mice aged 8-14 weeks using TRIzol
reagent. Equal amounts of total RNA (5 ug per sample) were
subsequently used in the construction of sequencing libraries
using a RNA-sequencing library preparation kit (Illumina).
Sequencing of the RNA-seq libraries was performed with a
Genome Analyzer IIx (Illumina), and a 36-cycle version 4
sequencing kit (Illumina) according to the manufacturer’s pro-
tocol. Sequence and quality data were extracted from cluster
cycle imaging using Pipeline v1.6 software (Illumina) and
aligned to the mouse genome (July 2007 NCBI37/mm9 assem-
bly) using the burrows-wheeler aligner.”® Aligned reads were
imported into the SeqMonk software package in which reads
were quantified for overlapping gene transcripts. Transcript
read counts were normalized for total sample reads before rela-
tive quantitation between samples. Heatmaps were generated
using the R package, ComplexHeatmaps.”® One of the MeCP2
Null samples was excluded because of abnormal 3 prime distri-
bution of sequencing reads. The remaining MeCP2 Null
sequencing data was compared with each WT set to screen for
changes in expression overall. However, we believe that the
data reflects the generalized pattern of changes in Mecp2 Null
models and this is consistent with previous studies that indicate
suppression of gene expression by MeCP2. At least two other
studies have presented ChIP—microarray data that show a
majority of genes have a lower expression in the absence of
MeCP2 in both in vitro and in vivo settings.'>"*

Analysis of gene targets of MeCP2 interacting microRNAs

Genes were ranked by significance and fold change as described
previously’' prior to Gene Set Enrichment Analysis (GSEA).*
Reactome pathway gene sets were obtained from MSigDB ver-
sion 5.2 (http://software.broadinstitute.org/gsea/msigdb).”* In
addition, gene targets of microRNA were obtained from the
starBase mouse microRNA database (2016 release)** and con-
verted into GMT format for GSEA to determine if microRNA
gene targets are generally suppressed or activated in Mecp2 null
mice. GSEA was run using the classical scoring method with
1000 permutations.


http://software.broadinstitute.org/gsea/msigdb

Results

RNA immunoprecipitation combined with sequencing
(RIP-seq) identified MeCP2 interacting microRNAs

Since native RNA immunoprecipitation (nRIP) was the method
of choice to identify MeCP2 interacting chromosomal RNAs,
nuclei from mouse primary cortical neurons were subjected to
MNase digestion to prepare soluble chromatin for nRIP
(Fig. 1A). DNA gel electrophoresis showed that MNase diges-
tion of nuclei isolated from mouse primary cortical neurons
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generated distinct chromatin fractions (Fig. 1B). Western blot
analysis of chromatin fractions was performed using antibodies
against MeCP2, HP1q, Pol II, and other protein components of
MeCP2 co-regulatory complex such as Brgl, Brm, and Dhx9.
In the mouse primary cortical neurons, MeCP2 was detected in
both S1 and S2 chromatin fractions (Fig. 1C). Thus, we per-
formed nRIP in both chromatin fractions. RNA was isolated
from immunopurified complexes captured with anti-MeCP2
antibody. Purified RNA was sequenced with massive parallel
sequencing platform to discover chromosomal RNAs bound by
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Figure 1. RNA immunoprecipitation sequencing (RIP-seq) analysis. (A) lllustration of native RNA immunoprecipitation combined with massive parallel sequencing (nRIP-
seq) protocol. (B-C) Micrococcal nuclease digestion of mouse primary cortical neurons. (B) Gel electrophoresis of DNA purified from different fractions in mouse primary
cortical neurons after MNase digestion for 12 minutes. S1 is MNase sensitive chromatin fraction contains mainly mononucleosomes whereas S2 is MNase resistant chroma-
tin fraction containing nucleosomal ladder (Di, Tri and so on). (C) Western blot analysis of MNase digested chromatin fractions in mice cortical neurons with antibodies
against MeCP2, Hp1e, Brg1, Brm, Dhx9, and Pol Il. (D) Smear plots showing log2 fold change (log2FC) plotted against log2 counts per million (CPM). Red dots on positive
scale in plot represent small transcripts (125) with increased binding with MeCP2 in MNase resistant S2 chromatin fraction relative to MNase sensitive S1 chromatin frac-
tion. (E) Percentage of different classes of RNA transcripts bound with MeCP2 where microRNAs were the most abundant small ncRNAs that were bound by MeCP2.
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MeCP2. Total chromatin bound RNA termed as input was also
sequenced to normalized immunopurified RNAs. Screening of
MeCP2 immunopurified complexes identified several RNAs
including protein coding and noncoding RNAs such as micro-
RNAs. Paired factorial analysis of deep sequencing data identi-
fied enrichment of 125 transcripts by MeCP2 in S2 chromatin
fraction relative to MNase sensitive S1 chromatin fraction as
shown by red dots in Fig. 1D. Of 125 transcripts, 87 were
microRNAs that was the most abundant class of MeCP2-bound
small RNA transcripts (69.6%) (Fig. 1E). Individual
microRNAs and fold enrichment is presented in Table 1.
Supplemental Table 1 represents transcripts other than micro-
RNAs identified by RIP-seq.

Validation of RIP-seq data by qRT PCR

In order to verify that the candidate MeCP2 binding small
RNAs identified with deep sequencing represent true interac-
tion and not artifacts from sequencing or bioinformatics proc-
essing, PCR validation was undertaken. RNA-MeCP2
interactions in mouse primary cortical neurons were investi-
gated using microRNA specific qQPCR assays. Enrichment of
microRNA by RIP-PCR is expressed as % input bound by
MeCP2 normalized to % input bound by no antibody (beads
only). The binding of 5 microRNAs including miR-375, miR-
126, miR-455, miR-542, and let-7i was determined in S1 and S2
chromatin fractions. Binding of these microRNAs with MeCP2
was significantly increased in S2 chromatin fraction relative to
S1 chromatin fraction, which was consistent with the RIP-seq
data (Fig. 2A). Optimization experiments for the RIP protocol
using RNase confirm qRT-PCR amplification signal is derived
from RNA and not DNA. The immunopurified RNA was
digested with RNase A enzyme before cDNA synthesis. RNase
treatment significantly reduced amplification of MeCP2 inter-
acting microRNAs miR-375, miR-126, and let-7i from both S1
and S2 chromatin fractions (Fig. 2B-D).

MeCP2 binds microRNAs in vivo in mouse cerebellum

MeCP2-RIP was performed in MNase digested chromatin frac-
tions from mouse cerebellum to show that MeCP2 also binds
microRNAs in vivo. RIP followed by microRNA specific qRT-
PCR for microRNAs miR-375, miR-126, and let-7i showed
MeCP2 interaction with these microRNAs. MicroRNAs miR-
375, miR-126, and let-7i were significantly enriched with
MeCP2 in S2 chromatin fraction in mice cerebellum. These
results confirm MeCP2 binds microRNAs in vivo in mouse cer-
ebellum presented in Fig. 3A-B.

Gene expression changes in Mecp2 null mouse cerebellum
and gene targets of MeCP2-interacting microRNAs

MeCP2 is a nuclear protein with increased affinity to bind
methylated DNA. Global gene expression has been measured
previously in Rett mouse model.”> We sequenced mRNA spe-
cifically to identify targets of MeCP2 protein in mice cerebel-
lum. Fig. 4A represents a heat map showing top 50 genes
dysregulated in mouse cerebellum when Mecp2 was knocked
out. Reactome Gene Set Enrichment Analysis (GSEA) revealed

Table 1. List of microRNAs with increased binding to Mecp2 in the MNase resistant
S2 chromatin fraction relative to the S1 chromatin fraction and discovered with
small RIP-seq. Chromatin fractions were isolated from mouse primary cortical neu-
rons. FC, Fold change; CPM, count per million; adjusted P value, FDR. Samples
ordered in sequence of highest to lowest P value.

logFC logCPM  Adjusted P

S2 S2 value
relative to relative to  S2 relative

Name S1 S1 to S1
ENSMUSG00000065616_Mir375 5.7236 1.2889 9.3219E-16
ENSMUSG00000065445_Mir143 5.3202 5.7183  1.6413E-12
ENSMUSG00000065601_Mir146 43887 45887 1.4796E-09
ENSMUSG00000065529_Mir22 4.0697 5.1515 1.0101E-07
ENSMUSG00000065526_Mir337 3.5443 3.1029  1.9034E-07
ENSMUSG00000085148_Mir22hg 3.9599 5.1649  1.9394E-06
ENSMUSG00000065444_Mir27a 3.8220 0.9588  2.6029E-06
ENSMUSG00000065540_Mir126 5.3568 3.5255  2.1864E-05
ENSMUSG00000077921_Mir872 3.0591 48706 2.4842E-05
ENSMUSG00000065603_Mir218-1 4.7393 0.5784  2.4842E-05
ENSMUSG00000093337_Mir5109 2.1246 9.0693  4.4918E-05
ENSMUSG00000070102_Mir455 41022 1.9968 7.2821E-05
ENSMUSG00000093026_mmu-mir-378a 4.0000 4.6699  1.4986E-04
ENSMUSG00000076361_Mir182 4.7561 3.0580 2.1953E-04
ENSMUSG00000065565_Mir181a-1 3.9722 54701 2.2832E-04
ENSMUSG00000070110_Mir504 49274 1.1584  2.3487E-04
ENSMUSG00000065490_Mir30c-1 3.5235 0.9244 2.3487E-04
ENSMUSG00000065515_Mir152 3.7306 3.7416  2.5227E-04
ENSMUSG00000089357_Mir2137 4.3250 1.2561 3.1367E-04
ENSMUSG00000093291_mmu-mir-299b 3.9091 0.7569  3.2010E-04
ENSMUSG00000076052_Mir541 3.2833 8.0734  3.2535E-04
ENSMUSG00000065479_Mir125a 2.9606 73353  4.0182E-04
ENSMUSG00000065619_Mir183 4.3280 25586 4.7651E-04
ENSMUSG00000092984_Mir5115 3.2621 49969 6.4777E-04
ENSMUSG00000065493_Mir34a 4.9099 1.0441  7.8736E-04
ENSMUSG00000070109_Mir497 4.9292 1.0330 1.1072E-03
ENSMUSG00000065574_Mir203 3.0769 44668 1.1278E-03
ENSMUSG00000093108_Mir344f 4.7679 1.2487  1.4456E-03
ENSMUSG00000092876_mmu-mir-9-1 3.2319 1.0412  1.8314E-03
ENSMUSG00000065505_Mir148a 4.7333 8.6709 1.8516E-03
ENSMUSG00000070129_Mir136 3.0353 42290 1.8866E-03
ENSMUSG00000065589_Mir301 2.9921 22141 1.8969E-03
ENSMUSG00000065530_Mir99a 3.9546 11.4561  2.3855E-03
ENSMUSG00000065590_Mir212 3.3449 23841 2.4216E-03
ENSMUSG00000065583_Mir218-2 3.6369 3.9330 2.4216E-03
ENSMUSG00000093224_mmu-mir-380 4.0628 3.8551  2.5789E-03
ENSMUSG00000065434_Mir7-1 2.5356 33770 3.0706E-03
ENSMUSG00000070076_Mir127 3.5064 8.9905 3.5340E-03
ENSMUSG00000065429_Mir345 3.4412 41212 3.9509E-03
ENSMUSG00000065532_Mir187 3.0074 26240 5.2249E-03
ENSMUSG00000093046_Mir3081 3.5110 1.6448  5.3507E-03
ENSMUSG00000092995_Mir16-1 2.6095 24160 5.3507E-03
ENSMUSG00000065607_Mir331 3.6915 25022 5.3814E-03
ENSMUSG00000088148_Mir1983 3.3683 2.8936  8.2724E-03
ENSMUSG00000065538_Mir153 24791 0.8858 9.6861E-03
ENSMUSG00000080331_Mir1298 45784 6.8219  1.0597E-02
ENSMUSG00000065494_Mir28 3.9165 3.6876  1.1353E-02
ENSMUSG00000065579_Mir425 4.7262 25114  1.1776E-02
ENSMUSG00000065415_Mir217 41240 0.8310  1.2468E-02
ENSMUSG00000092915_mmu-mir-191 3.0043 73223 1.2571E-02
ENSMUSG00000065472_Mir125b-2 3.1532 48656 1.3091E-02
ENSMUSG00000065409_Mir30e 2.9034 6.9804 1.3867E-02
ENSMUSG00000070101_Mir341 3.5452 35018  1.4092E-02
ENSMUSG00000065483_Mir181c 3.1394 46644 1.4272E-02
ENSMUSG00000070074_Mir484 2.7291 42684 1.4808E-02
ENSMUSG00000065410_Mir298 3.0132 6.2660  1.5344E-02
ENSMUSG00000065433_Mir370 3.6509 8.0840 1.5386E-02
ENSMUSG00000065406_Mirlet7i 3.1816 11.9423  1.7820E-02
ENSMUSG00000076338_Mir181d 3.0143 7.8515  1.8980E-02
ENSMUSG00000065609_Mir7-2 41393 1.3322  1.9095E-02
ENSMUSG00000065560_Mir148b 3.6616 6.5430  2.5005E-02
ENSMUSG00000093238_Mir9-3 43474 2.6964 2.7670E-02
ENSMUSG00000065567_Mir30c-2 3.7779 44308 2.8376E-02
ENSMUSG00000065423_Mir181a-2 3.5691 45353  2.8376E-02
ENSMUSG00000089726_Mir17hg 3.2364 94175 2.8471E-02
ENSMUSG00000065426_Mir134 3.6948 4.7557  3.2208E-02
ENSMUSG00000065428_Mir382 3.1401 6.6342 3.4257E-02

(continued)



Table 1. (Continued)

logFC logCPM  Adjusted P
S2 S2 value
relative to relative to  S2 relative
Name S1 S1 to S1
ENSMUSG00000065577_Mir329 4.0540 2.5779  3.4371E-02
ENSMUSG00000093011_Mir100 41421 11.2520  3.4925E-02
ENSMUSG00000072900_Mir540 3.5130 1.0657  3.4925E-02
ENSMUSG00000070080_Mir431 3.1441 3.8900 3.6217E-02
ENSMUSG00000070100_Mir362 2.7667 21171 3.6707E-02
ENSMUSG00000065570_Mir412 3.5721 1.1110  3.7874E-02
ENSMUSG00000076140_Mir542 3.5096 2.1533  4.2872E-02
ENSMUSG00000065536_Mir98 2.7844 5.0088 4.3073E-02
ENSMUSG00000080441_Mir1249 24492 1.0397 4.4226E-02
ENSMUSG00000070139_Mir532 2.8454 7.5266 4.6602E-02
ENSMUSG00000070130_Mir328 3.2948 48399 4.6602E-02
ENSMUSG00000065613_Mir92-2 4.1678 2.0651 4.6602E-02
ENSMUSG00000065551_Mir210 3.0160 3.1104 4.6602E-02
ENSMUSG00000065542_Mir224 3.7459 1.8243  4.6602E-02
ENSMUSG00000065524_Mir135a-2 3.1806 1.8864  4.6602E-02
ENSMUSG00000065450_Mir448 3.7226 2.0543  4.6602E-02
ENSMUSG00000065431_Mir186 2.5933 44717 4.6602E-02
ENSMUSG00000080669_Mir1224 3.5073 1.7346  4.8296E-02
ENSMUSG00000092988_Mir3093 24630 1.2308 4.8368E-02
ENSMUSG00000065471_Mir222 43033 3.1861 4.8368E-02
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dysregulation of pathways with neurological significance
including the inhibition of ligand gated ion channels and
GABA A receptor activation, as well as induction of pathways
related to carbohydrate metabolism and L1ICAM interactions
(Fig. 4B).

If MeCP2 is required for the nuclear action of microRNAs,
then the target genes of these microRNAs will likely be dysre-
gulated in Mecp2 null mouse. To determine whether miRNA
target gene sets are collectively altered in expression, we curated
a database of empirically determined target genes of 303 mature
microRNAs** and evaluated their differential expression using
GSEA. From the 303 microRNA target sets, 296 sets contained
10 or more genes detected in the Mecp2 null mouse. Of these,
206 sets demonstrated a significant (FDR <0.05) inhibition of
expression, while none showed a statistically significant
increase (Fig. 4C). Of the 87 MeCP2 interacting microRNAs,
there were 57 with target gene sets included in this enrichment
analysis and all showed statistically significant inhibition of tar-
get genes (Fig. 4D). These results support the notion that
MeCP2 binding at these loci may be associated with its interac-
tion with microRNAs.
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Figure 2. Validation of RIP-seq data using qRT-PCR. MeCP2-RNA candidate interactions were validated in mouse primary cortical neurons using gRT PCR. (A) Data pre-
sented as percent of input (total chromatin RNA) bound by MeCP2 and normalized to the percent input bound in no antibody control samples. (B) MicroRNA miR-375
gRT PCR with and without RNase treatment. (C) MicroRNA miR-126 qRT PCR after RNase A treatment of MeCP2 bound RNAs in mouse primary cortical neurons. RNase A
treatment of RNA isolated after MeCP2-RIP decreased amplification of miR-126 from both S1 and S2 chromatin fractions. (D) Let-7i qRT PCR after RNase A treatment of
MeCP2 bound RNAs in mouse primary cortical neurons. RNase A treatment of RNA isolated after MeCP2-RIP decreased amplification of let-7i from both S1 and S2 chroma-
tin fractions; S1, MNase sensitive chromatin fraction; S2, MNase resistant chromatin fraction; n = 3; t test *P<0.05, **P<0.01; error bars represent mean =+ SEM.
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A MeCP2 bound small RNAs in S1 chromatin fractions in
mouse cerebellum
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Figure 3. Mecp2 interaction with chromosomal RNA in mouse cerebellum. Candidate MeCP2-RNA interactions were also validated in vivo in mouse cerebellum using qRT
PCR (A) MeCP2 and candidate microRNAs interactions in S1 chromatin fraction. (B) MeCP2 and candidate microRNAs interactions in S2 chromatin fraction; n = 3; Paired

t test *P<0.05, **P<0.01; error bars represent mean =SEM.

Discussion

Growing evidence suggests that DNA methylation is not neces-
sary for MeCP2 chromatin binding.'”’® RIP combined with
sequencing identified small RNAs including microRNAs bound
by MeCP2 in mouse primary cortical neurons. Targets of these
microRNAs include several genes that are dysregulated in
Mecp2 null mice cerebellum. This suggests that MeCP2 binding
may be regulated in an RNA dependent manner to regulate
gene expression. We have previously identified several long
ncRNAs including MALAT1 and RNCR3 associated with
MeCP2 by RIP-seq with formaldehyde cross linking and
sequencing libraries without size selection.”® Here, native RIP
combined with small RNA sequencing was performed using
mouse primary cortical neurons. Performing nRIP with
increased antibody specificity and efficiency and small RNA
sequencing enhances confidence in identifying novel interac-
tion of small RNAs with MeCP2.

Our current findings suggest that the MeCP2 interactions
might also be regulated in an RNA-dependent manner. Non-
coding RNAs have been implicated in transcriptional gene reg-
ulation.””  The best-characterized lincRNAs, XIST and
HOTAIR, have been shown to repress transcription by recruit-
ing the chromatin modifying enzyme complexes such as
PRC2.%** Previous experimental evidence suggests that con-
served components of the RNAi machinery direct the forma-
tion of chromatin assembly by sequence-specific siRNA.*!
Although a mechanism by which ncRNAs could regulate
MeCP2 binding to chromatin remains to be determined,
ncRNAs are speculated to guide MeCP2 to chromatin to regu-
late gene expression.

The majority of MeCP2 bound small RNA transcripts in our
RIP-seq data were microRNAs (69.6%). They are short non-
coding RNAs that regulate gene expression. Previous experi-
mental identification of the majority of nuclear identified small
RNAs belong to microRNAs class of ncRNA, which supports
the abundance of microRNA in our small RIP-seq data.*>*’ In
the present study, we identified a novel MeCP2 interaction
with chromosomal microRNAs and hypothesize putative roles
in transcriptional regulation. While MeCP2 is known to bind

to chromatin in the context of methylated DNA, the experi-
mental results described here suggest an expansion of roles that
include transcriptional regulation mediated by interacting
microRNAs. Becoming an integral component of our view of
the transcriptional mechanisms of gene expression, miRNAs
are emerging as regulatory nodes coordinated by signaling mol-
ecules. For example, MeCP2 suppresses miR-195 processing by
regulating the DGCR8/Drosha complex that play critical roles
in neural development.”> MeCP2 interferes with the assembly
of Drosha and DGCR8 complex, which is implicated in targets
of MeCP2-suppressed microRNAs such as CREB. Phosphory-
lation of MeCP2 regulates an intramolecular switch for binding
to DGCRS8 and suggest the control of microRNA processing
represents a mechanism of gene regulation and neural develop-
ment. Recently, using a novel assay—RNA of isolated chroma-
tin combined with deep sequencing (RICh-seq)—we have
identified microRNA Let-7i mediated NET gene suppression by
MeCP2 in Postural tachycardia syndrome.** Because miRNA
processing is a highly-regulated process it is not surprising to
reveal that almost half of the MeCP2 bound microRNAs are
altered in expression from KO mice show’> and consistent with
our experimental observations derived from RIP-seq. While
this large dataset requires functional validation, our computa-
tional analysis supports the notion that the microRNAs may
influence the capacity of MeCP2 to interact with chromatin to
regulate gene expression.

MeCP2 interaction with microRNAs was also evident in vivo
in mouse cerebellum. Results of RIP followed by qRT PCR in
mouse cerebellum provided further support for MeCP2 interac-
tion with microRNAs highlighting the potential importance for
these interactions in the brain in vivo.

Our novel findings presented here suggest a new mechanism
of RNA dependent MeCP2 binding on chromatin. Interaction
of chromosomal microRNAs with MeCP2 represents an addi-
tional complexity in its genome-wide binding. While the exper-
imental data presented here suggest MeCP2 is a prime
candidate for microRNA mediated regulation, we cannot rule
out regulatory components of the MeCP2 complex influence
context-dependent microRNA binding. The limitation of the
study is that starbase predicted targets of MeCP2 interacting
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Figure 4. Gene sets targeted by MeCP2 interacting microRNAs. (A) Gene expression changes in Mecp2 null mouse cerebellum. Heat map showing a list of top 50 genes
dysregulated in Mecp2 null mouse cerebellum compared to wild type mouse cerebellum. The top 50 genes were determined by the absolute fold change. (B) Reactome
pathway analysis using GSEA. Up to 10 statistically significant (FDR <0.05) gene sets in the up- and down-regulated direction. (C) Summary of GSEA using microRNA tar-
get genes from Starbase. Of the 296 sets of microRNA target genes, 206 are significantly downregulated (FDR <0.05, green color). (D) MeCP2-interacting microRNA target
gene sets are all inhibited (FDR <0.05) in Mecp2 null mouse model.
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microRNAs need to be experimentally validated. These results
support the involvement of microRNAs in meditating MeCP2
associated gene regulation in the brain. Future studies are
required to understand the importance of MeCP2 interaction
with microRNAs.

Data availability

Deep sequencing data is available from the GEO database
under accession GSE107085.
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