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SUMMARY

Mutations in the methyl-DNA-binding repressor pro-
tein MeCP2 cause the devastating neurodevelopmen-
tal disorder Rett syndrome. It has been challenging to
understand how MeCP2 regulates transcription
because MeCP2 binds broadly across the genome
and MeCP2 mutations are associated with wide-
spread small-magnitude changes in neuronal gene
expression. We demonstrate here that MeCP2 re-
presses nascent RNA transcription of highly methyl-
ated long genes in the brain through its interaction
with the NCoR co-repressor complex. By measuring
the rates of transcriptional initiation and elongation
directly in the brain, we find that MeCP2 has no
measurable effect on transcriptional elongation, but
instead represses the rate at which Pol Il initiates tran-
scription of highly methylated long genes. These find-
ings suggest a new model of MeCP2 function in which
MeCP2 binds broadly across highly methylated re-
gions of DNA, but acts at transcription start sites to
attenuate transcriptional initiation.

INTRODUCTION

Mutations in MECP2 cause Rett syndrome (RTT), a severe neu-
rodevelopmental disorder characterized by progressive loss of
speech and social engagement, seizures, and motor disabilities
(Amir et al., 1999). MECP2 encodes a protein that is expressed at
~10-fold higher levels in neurons than other cell types (Skene
et al.,, 2010), in which it preferentially binds methylated DNA
and interacts with transcriptional co-repressors (Lewis et al.,
1992; Nan et al., 1998). Missense mutations in either the
methyl-binding domain (MBD) or transcriptional repressor
domain (TRD) of MECP2 are sufficient to cause RTT (Tillotson
et al., 2017; Yusufzai and Wolffe, 2000), suggesting that at least
one function of MeCP2 is to repress gene expression in a DNA
methylation-dependent manner.
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Nevertheless, it has been challenging to understand precisely
how MeCP2 regulates transcription because there are numerous
small-magnitude up- and downward changes in gene expres-
sion when MeCP2 function is disrupted, and it is unclear which
of these changes are direct transcriptional consequences of
MeCP2 loss and which are secondary to associated cellular or
developmental abnormalities (Chahrour et al., 2008; Tudor
et al., 2002). Moreover, unlike classic sequence-specific tran-
scriptional repressors that bind to defined sites within gene reg-
ulatory regions, MeCP2 binds broadly throughout the genome to
methylated DNA at CG and CA dinucleotides (Chen et al., 2015;
Cohen et al., 2011; Gabel et al., 2015; Lagger et al., 2017; Skene
et al., 2010), complicating attempts to link MeCP2 binding to the
repression of specific genes.

Several recent studies searched for characteristic features of the
genes that are misregulated with loss of MeCP2 and found that
genes that are long (>100 kb) and have high levels of gene body
mCA are preferentially upregulated when MeCP2 is mutated and
downregulated when MeCP2 is overexpressed (Chen et al.,
2015; Gabel et al., 2015; Kinde et al., 2016; Lagger et al., 2017;
Renthal et al., 2018; Stroud et al., 2017; Sugino et al., 2014). The
repression of highly methylated long genes by MeCP2 in neurons
may have particular relevance to the pathophysiology of RTT
because the levels of gene body mCA and MeCP2 protein are
higher in neurons compared with other cell types. In addition, the
levels of mCA and MeCP2 protein increase significantly as RTT en-
sues in the postnatal period (Gabel et al., 2015; Lister et al., 2013;
Skene et al., 2010). The preferential repression of long genes with
high levels of gene body mCA and MeCP2 binding has led to the
hypothesis that MeCP2 might function as a transcriptional speed
bump, in which it acts as a weak repressor of elongating RNA po-
lymerase (Pol Il) (Cholewa-Waclaw et al., 2019; Kinde et al., 2016).

However, the role of MeCP2 in repressing highly methylated
long genes remains controversial, as a recent study suggested
that MeCP2-dependent repression of long genes is not observed
when nascent RNA transcripts are analyzed, attributing the
increased expression of mature long mRNAs to a yet-to-be-
defined post-transcriptional mechanism (Johnson et al., 2017).
It has also been suggested that the observed upregulation of
long mRNAs when MeCP2 function is disrupted is an artifact of
amplification bias during library preparation for RNA sequencing
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(RNA-seq) or microarray experiments (Raman et al., 2018). Last,
it has been suggested that MeCP2 might function directly as an
activator of transcription or to regulate RNA splicing (Chahrour
etal., 2008; Young et al., 2005), so there remains significant con-
troversy about if and how MeCP2 affects the production of
nascent RNA transcripts, whether MeCP2 actually functions as
a transcriptional repressor, and if so, at what step in the process
of MRNA synthesis and processing MeCP2 acts.

In this study, we generate a resource of high-confidence
MeCP2-dependent gene expression changes across dozens of
biological replicates of wild-type (WT) versus MeCP2-mutant
brains to demonstrate that when MeCP2 function is disrupted,
the expression of both nascent and mature RNA transcripts
derived from highly methylated long genes is significantly
increased. By characterizing Pol Il binding at base pair resolution
in MeCP2-mutant mice, we made the surprising observation that
although MeCP2 is distributed throughout the body of highly meth-
ylated long genes, MeCP2 acts at the transcription initiation site to
limit the synthesis of MRNAs, rather than functioning as a brake on
transcriptional elongation. This suggests a model of MeCP2 func-
tion in which MeCP2 inhibits the rate of transcriptional initiation via
its interaction with transcription start sites (TSSs), gene bodies,
and Mb-scale regions up- and downstream of genes—regions
that we show are in direct three-dimensional contact with the
TSS. The finding that MeCP2 represses the rate of transcriptional
initiation of highly methylated long genes suggests that the devel-
opment of MeCP2 mimetics that selectively inhibit transcriptional
initiation might be a useful therapeutic approach for treating RTT.

RESULTS

Upregulation of Highly Methylated Long Genes with

Loss of MeCP2 Is Reproducible and Not Due to
Amplification Bias

To provide sufficient statistical power to reproducibly detect
small-magnitude MeCP2-dependent changes in the expression
of nascent and mature mRNA transcripts, we sequenced whole-
cell, nuclear, and chromatin-associated RNA from the forebrains
of ten 8-week-old male MeCP2 knockout (KO) mice and ten
WT littermate control mice (Figures 1A, S1A, and S1B). To avoid
batch effects, 20 separate libraries (10 KO and 10 WT) from each
RNA fraction were prepared at the same time. We initially
focused on the whole-cell RNA and identified 2,870 differentially
expressed genes between MeCP2-KO and WT samples
(1,368 upregulated, 1,502 downregulated; false discovery rate
[FDR] < 0.05) (Figure 1B; Table S1). Because of the large number
of replicates, it was possible to achieve a high level of confidence
in the statistical significance of the differences we observed. This
contrasts with previous studies using a meta-analysis that al-
lowed an examination of trends within the dataset but did not
permit an accurate assessment of individual genes (Gabel
et al., 2015). Importantly, no significantly misregulated genes
were identified when the WT and KO genotypes were shuffled
by randomly selecting 5 WT samples and 5 MeCP2-KO samples
and comparing them with the remaining 10 samples (Figure 1B),
indicating that the identified gene expression changes reflect the
disruption of MeCP2 function as opposed to sample-to-sample
variability.

The genes significantly upregulated in the MeCP2 KO include
genes known to be important for normal brain development
and function, such as Auts2, Efna5, and Scn1b, many of which
have been observed to be upregulated in human individuals
with RTT (Renthal et al., 2018). The genes significantly upregu-
lated in the MeCP2 KO exhibit significantly increased gene
length, gene body mCA levels, and gene body MeCP2 binding
compared with genes whose expression is unaffected in the
MeCP2 KO (Figures 1C and S1C). Moreover, the magnitude of
the gene expression differences between the MeCP2-KO and
WT samples correlates with both the level of gene body mCA
and gene length such that the greater the amount of gene body
mCA and the longer the genes, the greater the upregulation in
the absence of MeCP2 (Figure 1D). The upregulation of these
genes when MeCP2 function is disrupted likely reflects the loss
of MeCP2 rather than sample variability, because there is no cor-
relation with mCA levels or gene length for these same genes
whenthe 20 WT and MeCP2-KO samples are shuffled (Figure 1D).
Consistent with previous findings, the genes upregulated in
MeCP2 KO compared with WT tend to have high levels of mCA,
but not mCG, relative to unaffected genes (Figures 1C and
S1C; Chen et al., 2015; Gabel et al., 2015). The increased gene
length, mCA levels, and MeCP2 binding of the genes upregulated
in MeCP2 mutants was also seen when compared with a set of
expression-matched, unaffected genes (Figure S1D) as well as
when fold-change cutoffs were applied (Figures S1E and S1F).

To determineif the observed length-dependent gene upregula-
tion is due to amplification bias during library preparation (Raman
etal., 2018), the same ten MeCP2 KO and ten WT whole-cell RNA
samples that were used for RNA-seq and validated using gPCR
(Figure S1G; Table S2) were analyzed using NanoString
nCounter, an amplification-free gene expression analysis method
(Geiss et al., 2008). NanoString was used to assay 200 genes,
including 96 genes that are significantly upregulated and 96
genes that are significantly downregulated in the KO compared
with WT by RNA-seq (Table S3). The fold change in gene expres-
sion between the KO and WT samples as measured using Nano-
String was highly correlated with that measured using RNA-seq,
even for genes greater than 100 kb in length (genes < 100 kb, r =
0.937; genes > 100 kb, r = 0.961; Figures 1E and S1H).

Together, these results demonstrate that the small-magnitude
but statistically significant upregulation of highly methylated long
genes in MeCP2-KO compared with WT mice is caused by the
loss of MeCP2 function and not sample-to-sample variability or
amplification bias. Given the higher levels of gene body mCA
and MeCP2 binding within the upregulated gene set (Figure 1C),
MeCP2’s known function as an NCoR-dependent transcriptional
repressor, and that known RTT-causing missense mutations
disrupt the MeCP2-NCoR interaction (Lyst et al., 2013; Nan
et al., 1997), we focused our subsequent analysis on the genes
upregulated upon disruption of MeCP2 function. We consider
in the Discussion the contribution to RTT of genes that are down-
regulated upon MeCP2 disruption.

MeCP2 Represses Transcription of Highly Methylated
Long Genes

The enrichment of MeCP2 binding and mCA in the genes that are
significantly upregulated when MeCP2 function is disrupted
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Figure 1. Upregulation of Highly Methylated Long Genes with Loss of MeCP2 Function Is Reproducible and Not Due to Amplification Bias
(A) Schematic of cellular fractionation for RNA-seq from ten WT and ten MeCP2-KO 8-week-old mice.

(B) Differential expression analysis from whole-cell RNA-seq of ten MeCP2 KO versus ten WT (left) or five randomly selected WT and five randomly selected KO
versus the remaining ten samples (shuffled, right). Significantly misregulated genes (FDR < 0.05) shown in red (upregulated) or blue (downregulated).

(C) Boxplots of gene length, gene body mCA levels (MCA/CA), gene body MeCP2 ChlIP/input, and gene body mCG levels (mMCG/CG) of genes unaffected,
upregulated, or downregulated in MeCP2 KO versus WT whole-cell RNA-seq. Gene body defined as 3 kb downstream of the TSS to the transcription termination
site (TTS) for genes > 4.5 kb in length. n.s., p > 0.05; **p < 0.01 and ****p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplots show median (line),
interquartile range (IQR, box), 1.5 x IQR (whiskers), and 1.57 x IQR/y/n (notch).

(D) Mean fold changes of significantly misregulated genes from (B) displayed as a function of gene body mCA/CA (left) or gene length (right, x-axis is log1o scale).
Pearson correlation between gene misregulation and mCA/CA was significantly greater in KO versus WT than shuffled (KO versus WT, r = 0.056; shuffled, r =
—0.018; permutation test, p = 0.01). Pearson correlation between gene misregulation and gene length was significantly greater in KO versus WT than shuffled (KO
versus WT, r = 0.242; shuffled, r = —0.01; permutation test, p < 0.001). Lines represent mean fold change in expression for 60-gene bins with 6-gene steps; ribbon
is SD of each bin.

(E) Pearson correlation of fold change in expression in KO versus WT assayed by NanoString nCounter with fold change in expression in KO versus WT assayed
by RNA-seq for short genes (<100 kb, left, r = 0.937) or long genes (>100 kb, right, r = 0.961). Genes significantly misregulated (FDR < 0.05) in both NanoString and
RNA-seq are shown in green; genes significantly misregulated only in RNA-seq are shown in orange.

See also Figure S1 and Tables S1, S2, and S3.

suggests that MeCP2 directly binds to and represses the tran-
scription of this set of genes. To investigate this possibility, we

seq (FDR < 0.05) (Figures 2A and 2B; Table S1). Notably, there
were no significantly misregulated genes detected in either frac-

analyzed the nuclear and chromatin-associated RNA from ten
MeCP2 KO and ten WT mice and identified 1,688 significantly
misregulated genes in the nuclear RNA-seq and 1,626 signifi-
cantly misregulated genes in the chromatin-associated RNA-
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tion upon sample shuffling.

Similar to the findings from our whole-cell RNA-seq, we found
that genes significantly upregulated in the MeCP2-KO compared
with- WT nuclear and chromatin-associated fractions are
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Figure 2. MeCP2 Represses Transcription of Highly Methylated Long Genes
(A and B) Differential expression analysis from nuclear (A) or chromatin-associated (B) RNA-seq of ten MeCP2 KO versus ten WT (left) or shuffled (right).
Significantly misregulated genes (FDR < 0.05) shown in red (upregulated) or blue (downregulated).
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significantly longer and have higher gene body mCA levels and
MeCP2 binding than unaffected or downregulated genes (Figures
2C, 2D, S2A, and S2B). Moreover, in both the nuclear and chro-
matin-associated samples, the fold change in expression of the
genes that are significantly misregulated in the MeCP2 KO
compared with WT correlates with both gene length and gene
body mCA levels, whereas there is no correlation with gene length
or mCA levels for these same genes when the WT and MeCP2-KO
samples are shuffled (Figures 2E and 2F). There is also significant
overlap among the up- and downregulated genes across the
three cellular fractions, and the fold changes of gene expression
across these fractions are strongly correlated, indicating that
genes that are transcriptionally upregulated upon MeCP2 disrup-
tion are also upregulated as the mRNA matures (Figure S2C).

To further investigate whether the upregulation of highly meth-
ylated long genes upon the disruption of MeCP2 function is due to
a defect in transcriptional repression, we performed chromatin
immunoprecipitation sequencing (ChlP-seq) for the histone modi-
fication H3K36me3, which coats transcribed gene bodies in a
manner that is correlated with the expression of the gene (Pokho-
lok et al., 2005). When gene body H3K36me3 ChlP-seq signal was
compared between the forebrains of ten WT and ten MeCP2-KO
mice, we found that relative to the genes that were downregulated
or unaffected in the MeCP2-KO brain, there was a significant in-
crease in H3K36me3 in the MeCP2 KO compared with WT across
the transcribed regions of genes that are significantly upregulated
in the MeCP2-KO brain (Figures 2G and 2H; Table S4). We de-
tected 1,684 genes with significant changes in gene body
H3K36me3 in the MeCP2 KO compared with WT, and the fold
change in H3K36me3 correlated with both gene body mCA levels
and gene length (Figures S2D and S2E). Thus, we find that disrup-
tion of MeCP2 function is associated with the upregulation of
nascent RNA transcripts from highly methylated long genes, indi-
cating that MeCP2 functions within the nucleus to restrict the tran-
scription of these genes. We consider possible reasons for the
discrepancy between our findings and those of Johnson et al.
(2017) in the Supplemental Information.

MeCP2-Dependent Repression of Highly Methylated
Long Genes Requires Methylated DNA Binding and
Interaction with the NCoR Co-repressor Complex
Missense mutations in either the MeCP2 MBD or the TRD are suf-
ficient to cause RTT, so we asked whether these functions of
MeCP2 are required for MeCP2 to repress the transcription of

highly methylated long genes. Because mutations of the MeCP2
MBD result in an unstable protein (Brown et al., 2016), we turned
to a mouse strain in which Dnmt3a, the enzyme responsible for
depositing mCA, is disrupted in the brain (Nestin-cre; Dnmt3a™"
mice, referred to as Dnmt3a cKO) (Gabel et al., 2015; Kaneda
et al., 2004). Dnmt3a-cKO mice have significantly reduced mCA
levels, but only slightly reduced mCG levels, and have decreased
MeCP2 binding at genes that have high mCA levels in WT mice
(Gabel et al., 2015; Kinde et al., 2016; Stroud et al., 2017), thereby
providing a method to explore the effects disrupted MeCP2 DNA
binding on gene expression. To this end, we analyzed RNA-seq
from the cortex of Dnmt3a-cKO mice and found that the fold
change in gene expression in the Dnmt3a cKO compared with
WT was significantly higher for genes that are upregulated in the
MeCP2 KO versus WT mice (Figure S3A; Table S1). This suggests
that MeCP2 binding to mCA is required for its transcriptional
repression of highly methylated long genes.

The MeCP2 R306C point mutation gives rise to RTT and specif-
ically disrupts the interaction between MeCP2 and the NCoR co-
repressor complex while leaving MeCP2 protein expression and
DNA binding intact (Figures 3A-3C; Kruusvee et al., 2017; Lyst
etal.,2013). Toinvestigate the role of NCoR recruitment in the regu-
lation of highly methylated long genes, we performed nuclear,
chromatin-associated, and whole-cell RNA-seq from the fore-
brains of ten 8- to 12-week-old male MeCP2 R306C mice and
ten WT littermate control mice (Table S1). In all three cellular frac-
tions, the genes that were significantly upregulated in R306C
compared with WT were significantly longer and displayed
increased gene body mCA levels and MeCP2 binding compared
with the downregulated or unaffected genes (Figures 3D-3F and
S3B-S3E), with significant overlap among the genes misregulated
in MeCP2-KO, MeCP2 R306C, and Dnmt3a-cKO mice (Figure 3G).
Moreover, MeCP2-dependent gene expression changes were not
observed when comparing ten 1-week-old MeCP2 R306C and ten
WT littermate control mice, an age at whichmCA levels have not yet
accumulated in neurons (Figures 3H-3J). Together, these findings
support a model in which the presence of postnatal mCA dictates
where MeCP2 and NCoR are recruited to repress transcription.

Loss of MeCP2 Function Leads to Increased Histone
Acetylation in Highly Methylated Long Genes

The NCoR co-repressor complex includes the histone deacety-
lase (Hdac) Hdac3 (Li et al., 2000), suggesting that the upregula-
tion of highly methylated long genes in the absence of MeCP2

(C and D) Boxplots of gene length, gene body mCA/CA, gene body MeCP2 ChlP/input, and gene body mCG/CG in genes upregulated, downregulated, or
unaffected in MeCP2 KO versus WT nuclear (C) or chromatin-associated (D) RNA-seq. n.s., p > 0.05; ***p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test).
Boxplots show median (line), IQR (box), 1.5 x IQR (whiskers), and 1.57 x IQR/y/n (notch).

(E and F) Mean fold changes of genes significantly misregulated in MeCP2 KO versus WT nuclear (E) or chromatin-associated (F) RNA-seq displayed as a function
of gene body mCA/CA (left) or gene length (right, x-axis is log4q scale). Pearson correlation between gene misregulation and mCA/CA was significantly greater in
KO versus WT than shuffled in nuclear (KO versus WT, r = 0.125; shuffled, r = —0.008; permutation test, p < 0.001) and chromatin-associated (KO versus WT, r =
0.194; shuffled, r = —0.017; permutation test, p < 0.001). Pearson correlation between gene misregulation and gene length was significantly greater in KO versus
WT than shuffled in nuclear (KO versus WT, r = 0.238; shuffled, r = —0.028; permutation test, p < 0.001) and chromatin-associated (KO versus WT, r = 0.309;
shuffled, r = 0.079; permutation test, p < 0.001). Lines represent mean fold change in expression for 40-gene bins with 4-gene steps; ribbon is SD of each bin.
(G) Genome browser tracks of H3K36me3 ChlP-seq from ten WT and ten MeCP2-KO forebrains for an example upregulated (top) or downregulated (bottom) gene
in MeCP2 KO versus WT RNA-seq. Reads from ten replicates are combined and displayed as overlay tracks.

(H) Boxplot of KO versus WT H3K36me3 gene body (TSS to TTS) ChIP signal in genes unaffected, upregulated, or downregulated in KO versus WT whole-cell
RNA-seq. ***p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplot shows median (line), IQR (box), 1.5 x IQR (whiskers), and 1.57 x IQR//n (notch).

See also Figure S2 and Tables S1 and S4.
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Figure 3. MeCP2-Dependent Repression of Highly Methylated Long Genes Requires Interaction with the NCoR Co-repressor Complex

CellPress

(A) Top: diagram of MeCP2 protein and domains, showing location of R306C mutation. MBD, methyl-binding domain; TRD, transcriptional repressor domain.
Bottom: western blot for MeCP2 compared with B-actin loading control from visual cortex of MeCP2 R306C and WT mice.

(B) Mean gene body MeCP2 ChlIP/input from four R306C and four WT forebrains displayed as a function of gene body mCA/CA (left) or mCG/CG (right). Pearson
correlation of MeCP2 ChIP with DNA methylation is unaffected by the R306C mutation (mMCA/CA: WT, r = 0.740; R306C, r = 0.733; permutation test, p = 0.554;
mCG/CG: WT, r = 0.204; R306C, r = 0.205; permutation test, p = 0.932). Lines represent mean log, MeCP2 ChlP/input for 400-gene bins with 40-gene steps;
ribbon is SD of each bin.

(legend continued on next page)
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could be due to decreased Hdac activity (Koerner et al., 2018).
Consistent with this idea, we observed significantly reduced
Hdac activity associated with MeCP2 immunoprecipitates from
R306C compared with WT forebrain (Figure 4A). The reduction
in Hdac activity observed in R306C mice is specific to the
MeCP2-associated NCoR complex, as no difference in Hdac ac-
tivity was detected in lysates prior to MeCP2 immunoprecipita-
tion (Figure 4A), and the overall histone acetylation levels were
unchanged in R306C compared with WT mice (Figures S3F
and S3G). To investigate whether loss of the MeCP2-NCoR inter-
action leads to changes in histone acetylation specifically at
MeCP2-affected loci, we performed ChIP-seq for H3K27ac,
H3K9ac, and H4K12ac, histone acetylation marks previously
shown to be removed by Hdac3 (Bhaskara et al., 2010; Figure 4B;
Table S4). Compared with WT tissue, R306C samples exhibited
a small but significant increase in histone acetylation selectively
at the TSS and gene bodies of genes upregulated in MeCP2
R306C mice (Figure 4C). Similar effects were also observed for
H3K27ac at MeCP2-repressed loci in MeCP2-KO samples (Fig-
ures 4D and 4E; Table S4). These findings suggest that the loss
of the MeCP2-NCoR interaction leads to increased histone acet-
ylation across genes that are upregulated when MeCP2 function
is disrupted, and that in the WT brain, MeCP2 likely represses
transcription at least in part via the Hdac activity of its associated
NCoR complex.

No Detectable Changes in Transcriptional Elongation
Rates with Disruption of MeCP2 Function

We next investigated which steps of transcription are repressed
by MeCP2. The enrichment of mCA levels and MeCP2 within
gene bodies (Figure S1C) and the gene length-dependent tran-
scriptional upregulation when MeCP2 function is disrupted (Fig-
ure 1D) are consistent with a cumulative repressive effect of
MeCP2 bound across the gene body. Several possible mecha-

nisms of MeCP2 action that might be important for transcrip-
tional fidelity, but whose disruption could manifest as increased
gene transcription when MeCP2 function is disrupted, can be
envisioned; MeCP2 might (1) increase the frequency of prema-
ture Pol Il termination, (2) slow the basal Pol Il elongation rate,
(3) slow the rate of co-transcriptional splicing, (4) suppress
spurious intragenic transcriptional initiation, or (5) act at a dis-
tance to suppress transcriptional initiation (Figure 5A).

We sought evidence for one or more of these possible mech-
anisms, leveraging the data from our RNA-seq experiments. To
investigate if MeCP2 increases the frequency of premature Pol
Il termination, we used the ratio of chromatin-associated RNA-
seq reads mapping to the last intron compared with the first
intron of each gene (Boswell et al., 2017). If MeCP2 mutations
decrease the frequency of premature Pol Il termination (increase
Pol II processivity), we would expect an increase in the ratio of
last to first intron reads in MeCP2-KO compared with WT
mice. However, this analysis revealed no significant differences
in these ratios between KO and WT (Figure S4A). To investigate
whether MeCP2 regulates co-transcriptional splicing, we calcu-
lated the fraction of reads corresponding to the un-spliced
transcript for each gene using the MeCP2-KO and WT chro-
matin-associated RNA-seq data (Herzel and Neugebauer,
2015; Khodor et al., 2011). This analysis revealed no significant
changes in the fraction of un-spliced transcripts in KO compared
with WT (Figure S4B). We next investigated whether MeCP2 sup-
presses spurious intragenic transcriptional initiation, as has been
reported for Dnmt3b in embryonic stem cells (ESCs) (Neri et al.,
2017), by asking if there is an increase in the ratio of sequencing
reads between the last and first exons in the MeCP2-KO whole-
cell RNA-seq. No shift in this ratio was apparent, even for genes
that are significantly upregulated in the MeCP2 KO (Figure S4C).
Thus, at the level of sensitivity of these assays, we find no evi-
dence that MeCP2 represses transcription by increasing the

(C) Western blot of input, IgG immunoprecipitation (IP), and MeCP2 IP from WT or R306C forebrain probed with antibodies to MeCP2, Sin3a, and NCoR complex
components Hdac3 and Tblr1. The interaction of MeCP2 with Hdac3 and Tblr1, but not Sin3a, is disrupted by the R306C mutation.

(D) Differential expression analysis from whole-cell RNA-seq of ten 8- to 12-week-old R306C versus ten WT (left) or shuffled (right). Significantly misregulated
genes (FDR < 0.05) shown in red (upregulated) or blue (downregulated).

(E) Boxplots of gene length, gene body mCA/CA, gene body MeCP2 ChiP/input, and gene body mCG/CG of genes unaffected, upregulated, or downregulated in
R306C compared with WT whole-cell RNA-seq. n.s., p > 0.05; **p < 0.01 and ***p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplots show median
(line), IQR (box), 1.5 x IQR (whiskers), and 1.57 x IQR/y/n (notch).

(F) Mean fold changes of the significantly misregulated genes described in (D) displayed as a function of gene body mCA/CA (left) or gene length (right, x-axis is
log1o scale). Pearson correlation between gene misregulation and mCA/CA was significantly greater in R306C versus WT than shuffled (R306C versus WT, r =
0.222; shuffled, r = 0.008; permutation test, p < 0.001). Pearson correlation between gene misregulation and gene length was significantly greater in R306C versus
WT than shuffled (R306C versus WT, r = 0.251; shuffled, r = 0.045; permutation test, p < 0.001). Lines represent mean fold change in expression for 40-gene bins
with 4-gene steps; ribbon is SD of each bin.

(G) Venn diagram of the number of genes significantly upregulated (left) or downregulated (right) in MeCP2 KO, MeCP2 R306C, and Dnmt3a cKO whole-cell RNA-
seq. p values describing the overlap between pairs of gene lists were calculated using Fisher’s exact test.

(H) Mean mCA/CA at 1 week (left) or 10 weeks (right) across genes unaffected, upregulated, or downregulated in 8 to 12 week MeCP2 R306C versus WT whole-
cell RNA-seq. Lines represent mean signal across genes in each list. The —20 to +3 kb and TTS to +20 kb regions are divided into 200 bp bins; TSS +3kbto TTS is
a metagene with 100 equally sized bins per gene.

() Differential expression analysis from whole-cell RNA-seq of ten 1-week-old R306C versus ten WT mice. Significantly misregulated genes (FDR < 0.05) shown in
red (upregulated) or blue (downregulated). The one significantly misregulated gene, Cd99/2, contains six 129 strain-specific SNPs in its 3’ UTR that have remained
in cis with the R306C allele despite extensive backcrossing with C57/BI6 mice. Given that Cd99/2 is not misregulated in RNA-seq from MeCP2-KO mice or
chromatin-associated RNA-seq from R306C mice along with the known role of the 3’ UTR in miRNA-dependent mRNA stability, the effect on Cd99/2 expression is
likely independent of MeCP2 and reflects a difference in mRNA stability caused by the 3" UTR SNPs.

(J) Mean fold changes of all expressed genes described in (|) displayed as a function of 1-week-old gene body mCA/CA. Pearson correlation between gene
misregulation and mCA/CA is not significantly greater in R306C versus WT than Shuffled (R306C versus WT, r = 0.003; shuffled, r = 0.013; permutation test, p =
0.447). Lines represent mean fold change in expression for 500-gene bins with 50-gene steps; ribbon is SD of each bin.

See also Figure S3 and Tables S1 and S3.
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Figure 4. Loss of MeCP2 Function Leads to Increased Histone Acetylation in Highly Methylated Long Genes

(A) Histone deacetylase (Hdac) activity of nuclear input, IgG control IP, or MeCP2 IP from WT or R306C forebrain, either untreated or treated with the Hdac
inhibitor trichostatin A (TSA, 1 uM). Dashed line indicates signal from wells without Hdac enzyme. Lines represent mean of three replicates; error bars are SD.
Hdac activity is significantly reduced in R306C compared with WT MeCP2 IP (p = 0.02), but not in the input (p = 0.93). Two-tailed unpaired t test.

(B) Genome Browser tracks of H3K27ac (n = 2), H3K9ac (n = 5), and H4K12ac (n = 3) ChIP-seq from WT and R306C forebrain for an example gene upregulated in
R306C versus WT RNA-seq. Reads from replicates are combined and displayed as overlay tracks.
(C) Boxplots of R306C versus WT H3K9ac (left), H4K12ac (middle), and H3K27ac (right) ChlP-seq signal in TSS (—1 to +1 kb) or gene body (TSS +3 kb to
TTS) of genes unaffected, upregulated, or downregulated in R306C versus WT whole-cell RNA-seq. ****p < 0.0001 (Kruskal-Wallis test with Dunn’s post
hoc test). Boxplots show median (line), IQR (box), 1.5 x IQR (whiskers), and 1.57 x IQR/{/n (notch).

(legend continued on next page)
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frequency of premature Pol Il termination, slowing co-transcrip-
tional splicing, or suppressing intragenic initiation.

To investigate a possible effect of MeCP2 on transcriptional
pausing, we used precision run-on sequencing (PRO-seq)
(Kwak et al., 2013). Chromatin from brain tissue of MeCP2-KO,
R306C, and Dnmt3a-cKO mice and their respective WT controls
was subjected to an ex vivo transcriptional run-on assay using
chain-terminating biotin-NTPs, which, after purification and
sequencing, identifies where Pol Il is bound at single-base pair
resolution at the time of tissue harvest (Figure S4D). If mCA-
bound MeCP2 functions as a speed bump to slow transcriptional
elongation, we would expect to observe increased Pol Il occu-
pancy directly upstream of mCA sites enriched for MeCP2 bind-
ing that is lost with disruption of MeCP2. After confirming that
mCA patterns do not change when MeCP2 function is disrupted
(Figure S4E) and that we could detect Pol Il accumulation at
known sites (Figure S4F; Mayer et al., 2015), we analyzed
PRO-seq signal at intragenic mCA sites (Lister et al., 2013), but
found no evidence of Pol Il pausing or a change in occupancy
when MeCP2 or Dnmt3a function was disrupted (Figure 5B).

Although the lack of change in pausing over mCA sites sug-
gested that MeCP2 does not promote Pol |l pausing at mCA sites
within gene bodies, it remained possible that disruption of
MeCP2 function and concomitant increases in histone acetyla-
tion accelerate transcriptional elongation by creating a more
permissive chromatin environment throughout the entire gene
body. To measure rates of transcriptional elongation directly,
we performed PRO-seq after treating mice with flavopiridol
(FP), an inhibitor of the transition of paused Pol Il to active elon-
gation. FP does not affect elongating Pol Il, so at increasing time
points after FP treatment, a depletion of Pol Il (negative wave) is
observed within the gene body at increasing distances from the
TSS, with the rate of displacement of this wave front serving as a
measure of elongation rate (Jonkers et al., 2014). To test whether
MeCP2 regulates transcriptional elongation, FP was injected into
MeCP2-KO or WT mice for 20, 40, or 60 min prior to nuclear
isolation from forebrain tissue and PRO-seq analysis (Figures
5C and 5D). Elongation rates could be calculated for 341 genes
greater than 200 kb in length, yielding values between 2 and 3.5
kb/min that correlated positively with gene body H3K27me2 and
first intron length (Figures 5E-5G and S4G; Table S5), consistent
with elongation rates and genome-wide correlations previously
measured in cultured cells (Duffy et al., 2018; Jonkers et al.,
2014; Veloso et al., 2014). Comparing elongation rates in the
MeCP2 KO with those in WT identified no significant difference
between genes upregulated in the MeCP2 KO compared with
the downregulated or unaffected genes (Figure 5H). There was
also no strong relationship between WT elongation rates and
gene body mCA levels or MeCP2 ChIP signal (Figures 5G and
S4G), further suggesting that MeCP2 does not function to
measurably restrain transcriptional elongation.

MeCP2 Reduces the Rate of Pol Il Initiation at Highly
Methylated Long Genes

The lack of evidence for MeCP2-dependent regulation of tran-
scriptional elongation led us to reconsider our hypothesis that
MeCP2 functions as a speed bump within gene bodies. In this re-
gard, in MeCP2-KO, R306C, and Dnmt3a-cKO mice compared
with their WT controls, we observed significantly more PRO-seq
signal at both the TSS and gene bodies of genes that are signifi-
cantly upregulated in these mice compared with the downregu-
lated or unaffected genes (Figures 6A-6C; Table S4). We also
observed similar effects in MeCP2 KO and R306C mice using
Pol Il ChIP-seq (Figures S5A-S5C; Table S4). Together, these find-
ings indicate that the loss of MeCP2 function leads to increased Pol
Il binding at the TSS of highly methylated long genes, raising the
possibility that MeCP2 might repress transcriptional initiation.

To directly measure the rate of transcriptional initiation for
MeCP2-regulated genes in the brains of WT and MeCP2-KO
mice, we quantified TSS PRO-seq signal at various times after
FP treatment. Because FP inhibits the transition of Pol Il to active
elongation, but not initiation, the rate of transcriptional initiation
can be calculated as the increase in TSS PRO-seq signal over
time (Figures 6D and 6E). The calculated initiation rates in WT
mice positively correlate with gene expression, TSS H3K27ac,
and Pol Il binding, and negatively correlate with TSS MeCP2 bind-
ing and methylation (Figure 6F). Comparing initiation rates in
MeCP2-KO and WT samples, we found increased initiation rates
in the MeCP2 KO specifically for the set of genes upregulated in
the MeCP2 KO (Figures 6G and S5D; Table S5). In addition, the
fold change in gene misregulation in MeCP2 KO compared with
WT directly correlated with the fold change in initiation rate in
MeCP2 KO compared with WT (Figure 6H). These findings,
together with the observation by ChiP-seq that there is increased
Pol Iland H3K27ac at the TSS of genes that are upregulated in the
MeCP2 KO, suggest that MeCP2 primarily functions to repress the
rate of transcriptional initiation of highly methylated long genes.

MeCP2 May Act from a Distance to Repress
Transcriptional Initiation

The observation that MeCP2 represses transcriptional initiation led
us to revisit the distribution of MeCP2 binding with respect to the
TSS of each gene. In this regard, relative to the MeCP2 KO, we
observe an enrichment of MeCP2 ChlIP signal in WT forebrain at
the TSS and regions flanking the TSS of genes upregulated in
MeCP2 KO compared with WT (Figures S5E-S5H). Although one
interpretation of these findings is that MeCP2 at the TSS directly
represses transcriptional initiation, mCA and MeCP2 are also en-
riched within gene bodies and in Mb-scale domains up- and down-
stream of gene bodies of the genes that are upregulated in the
MeCP2 KO (Figures S6A-S6C). Moreover, the chromatin in these
large domains of mCA and MeCP2 becomes hyperacetylated in
MeCP2-KO compared with WT mice (Figure S6D), suggesting

(D) Genome Browser tracks of H3K27ac ChlIP-seq from ten WT and ten MeCP2-KO forebrain for an example upregulated (top) or downregulated (bottom) gene in
MeCP2 KO versus WT RNA-seq. Reads from ten replicates are combined and displayed as overlay tracks.

(E) Boxplots of MeCP2 KO versus WT H3K27ac ChlIP-seq signal in TSS (—1 to +1 kb) or gene body (TSS +3 kb to TTS) for genes unaffected, upregulated, or
downregulated in KO versus WT whole-cell RNA-seq. ***p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplots show median (line), IQR (box), 1.5 x

IQR (whiskers), and 1.57 x IQR/y/n (notch).
See also Figure S3 and Table S4.
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In MeCP2 KO vs. WT:

1. Increased Pol Il processivity

2. Increased Pol Il elongation rates

3. Increased co-transcriptional splicing
4. Spurious intragenic initiation

5. Increased transcriptional initiation
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Figure 5. No Detectable Changes in Transcriptional Elongation with Disruption of MeCP2 Function
(A) Possible mechanisms for MeCP2-dependent transcriptional repression of highly methylated long genes.
(B) Analysis of Pol Il pausing at gene body mCA sites. Aggregate plots of PRO-seq read coverage relative to gene average PRO-seq coverage for WT and MeCP2
KO (top), WT and R306C (middle), and WT and Dnmt3a cKO (bottom), in introns of expressed genes, centered on CA sites that are unmethylated (left), the 10%
lowest mCA/CA levels (center), and the 10% highest mCA/CA levels (right).
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(legend continued on next page)
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that MeCP2 may repress transcription across Mb-scale domains
of chromatin proportionally to the level of mCA and amount of
MeCP2 bound, possibly by acting on the TSS from a distance
through three-dimensional contacts.

To further test this hypothesis, we performed Hi-C on the fore-
brains of MeCP2-WT and KO mice. MeCP2 does not appear to
regulate the formation of higher order chromatin structure, as
the genome-wide distribution of chromatin contacts, A-B com-
partments, and topologically associating domains (TADs) was
highly similar between WT and KO mice (Figures 7A-7D, S7A,
and S7B). We next investigated if there are contacts between
the TSS and up- and downstream regions that might explain
how MeCP2 bound there might be positioned to repress initia-
tion. We observed an enrichment of TSS contacts, particularly
in the direction of the gene body, that appeared strongest for
the genes upregulated in MeCP2-KO compared with WT mice
(Figure 7E). These TSS-gene body contacts are correlated with
the expression level of genes, as suggested previously (Lee et
al., 2016; Larkin et al., 2012), and are observed in the adult brain
and embryonic cortical neurons but not in ESCs (Bonev et al.,
2017; Figure S7C). In both MeCP2 WT and KO forebrain, we
observed significantly greater observed/expected TSS-gene
body contacts in the genes upregulated in MeCP2-KO mice
compared with expression-matched, unaffected genes (Figures
7F and 7G). In addition, because the genes upregulated in
MeCP2-KO mice tend to be long, they have a greater number
of total observed TSS-gene body contacts than downregulated
or unaffected genes (Figure S7D). Interestingly, there is no differ-
ence in TSS-gene body contacts between MeCP2-KO and WT
mice (Figures 7F and 7G), suggesting that MeCP2 is not required
for the formation of TSS-gene body contacts but that these con-
tacts may position MeCP2 bound within the gene body so that
it can repress initiation at the TSS. Thus, genes with more
TSS-gene body contacts may be particularly susceptible to the
repressive effects of gene body MeCP2 on initiation.

DISCUSSION

Given the broad distribution of MeCP2 binding to chromatin and
the relatively subtle changes in mRNA levels when MeCP2 func-
tion is disrupted, it has been difficult to understand the mecha-
nisms by which MeCP2 regulates gene expression. The previous

finding that genes that are long and have high levels of gene body
mCA are preferentially upregulated with loss of MeCP2 (Chen
et al., 2015; Gabel et al., 2015; Kinde et al., 2016; Sugino et al.,
2014) provided a potential inroad to address this issue and led
to the hypothesis that MeCP2 binding to gene body mCA sites
might inhibit transcriptional elongation (Cholewa-Waclaw et al.,
2019; Kinde et al., 2016). However, these observations largely
relied on a meta-analysis of previously published studies or small
sample sizes. Here, we generated a resource of high-confidence
MeCP2-regulated genes using dozens of biological replicates
and multiple independent methods of analysis. Together, these
approaches across two animal models of RTT all lead to the
same conclusion: MeCP2 is a weak repressor of the transcription
of highly methylated long genes (see also Clemens et al., 2019
[this issue of Molecular Cell]).

Although MeCP2 can bind mCG with high affinity to regulate
gene expression in some contexts, we find that MeCP2-depen-
dent gene expression changes in mouse cortex are primarily
associated with higher levels of mCA and occur only after the
accumulation of mCA in neurons. Moreover, there is significant
overlap between the genes misregulated in MeCP2 and Dnmt3a
mutant mice, suggesting that mCA deposition is required for
MeCP2-dependent gene repression in the mature brain. Recent
mathematical modeling of MeCP2 function suggested that
MeCP2 might function by slowing transcriptional elongation
(Cholewa-Waclaw et al., 2019), but our genome-wide experi-
mental measurements of transcriptional elongation and initiation
rates in the brain led to the surprising observation that MeCP2 in-
hibits transcriptional initiation of highly methylated long genes
through its interaction with the NCoR co-repressor, without
having any detectable effect on transcriptional elongation.
Consistent with this idea, decreased binding of the NCoR com-
plex component Hdac3 at the TSS has been reported in MeCP2-
deficient hippocampus (Nott et al., 2016).

There are several mutually compatible mechanisms by which
MeCP2 might regulate transcriptional initiation. Given that in
WT mice, MeCP2 is present at the TSS of genes upregulated
in MeCP2-mutant mice, MeCP2 could act locally at the TSS
via NCoR to repress initiation, possibly by inhibiting the recruit-
ment of Pol Il to the TSS. Such a model, however, does not ac-
count for MeCP2 enrichment in gene bodies and over Mb-scale
domains up- and downstream of genes that are upregulated in

(C) MeCP2-KO and WT mice were injected with flavopiridol (FP) for 0, 20, 40, or 60 min, and nuclei were isolated for PRO-seq. Genome Browser tracks show
PRO-seq signal from MeCP2 KO and WT forebrain after FP treatment. Black bars indicate location of identified transcription wave front.

(D) Heatmap of PRO-seq signal in MeCP2 KO and WT after 0, 20, 40, or 60 min of FP. Each row represents an individual gene. Black lines indicate location of
identified transcription wave front. Scale bar indicates PRO-seq read density per base pair.

(E) Pol Il elongation rates were calculated for each gene as the change in distance of the transcription wave front (kb) over time of FP treatment (min). Plots show
WT and KO transcription wave fronts at each time point for representative unaffected, upregulated, or downregulated genes. The slope of the linear fit represents
the elongation rate.

(F) Scatterplot of calculated elongation rates in MeCP2 KO versus WT. Genes > 200 kb with an R? of the linear fit > 0.9 are included. r value corresponds to
Pearson correlation.

(G) Heatmap of Pearson correlations between WT elongation rates and gene features. Exon density is number of exons per kilobase; expression is RPKM (reads
per kilobase of transcript per million mapped reads) from whole-cell RNA-seq. mCG/CG, mCA/CA, and MeCP2 ChlP/input levels calculated from TSS +3 kb to
TTS; H3K36me3 and H3K79me2 ChIP constitute the TSS to TTS regions.

(H) Boxplot of MeCP2 KO versus WT elongation rates for genes unaffected (194 genes), upregulated (126 genes), or downregulated (21 genes) in MeCP2 KO
versus WT whole-cell RNA-seq. n.s., p > 0.05 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplot shows median (line), IQR (box), 1.5 x IQR (whiskers), and
1.57 x IQR/y/n (notch).

See also Figure S4 and Table S5.
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Figure 6. MeCP2 Reduces the Rate of Pol Il Initiation at Highly Methylated Long Genes

(A-C) Boxplots of MeCP2 KO versus WT (A), R306C versus WT (B), and Dnmt3a cKO versus WT (C) PRO-seq signal in TSS (-1 to +1 kb, left) or gene body (+1 kb
to TTS, right) of genes unaffected, upregulated, or downregulated in MeCP2 KO versus WT (A), R306C versus WT (B), and Dnmt3a cKO versus WT (C) whole-cell
RNA-seq. *p < 0.05 and ****p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplots show median (line), IQR (box), 1.5 x IQR (whiskers), and 1.57 x IQR/
J/n (notch).

(D) Aggregate plots of TSS PRO-seq signal in MeCP2 KO or WT at 0, 20, 40, or 60 min after FP injection. Lines represent mean signal of two or three replicates.
(E) Pol Il initiation rates were calculated as change in TSS PRO-seq signal (ps) over time of FP treatment (min). Plots show WT and KO TSS PRO-seq signal at each
time point for representative unaffected, upregulated, or downregulated genes. The slope of the linear fit represents the rate of initiation.

(F) Heatmap of Pearson correlations between WT initiation rates and gene features. mCG, mCA, MeCP2 ChiIP, H3K27ac ChlIP, Pol Il Ser5p ChIP, and 0 min FP
TSS PRO-seq signal are shown for —1 to +1 kb relative to TSS. Expression is RPKM from whole-cell RNA-seq.

(G) Boxplot of MeCP2 KO versus WT initiation rate for genes unaffected (3667 genes), upregulated (412 genes), or downregulated (339 genes) in MeCP2 KO
versus WT whole-cell RNA-seq. ***p < 0.0001 (Kruskal-Wallis test with Dunn’s post hoc test). Boxplot shows median (line), IQR (box), 1.5 x IQR (whiskers), and
1.57 x IQR/4/n (notch).

(H) Mean fold changes of genes significantly misregulated in MeCP2 KO versus WT whole-cell RNA-seq displayed as a function of the fold change in MeCP2 KO
versus WT initiation rates. Pearson correlation between gene misregulation and initiation rate misregulation was significantly greater in KO versus WT than
shuffled (KO versus WT, r = 0.423; shuffled, r = —0.087; permutation test, p < 0.001). Lines represent mean fold change in expression for 30-gene bins with 3-gene
steps; ribbon is SD of each bin.

See also Figures S5 and S6 and Tables S4 and S5.
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Figure 7. MeCP2 May Act from a Distance to Repress Transcriptional Initiation

(A) Hi-C from WT and MeCP2-KO forebrain tissue (n = 3). Knight-Ruiz normalized observed contact matrices for chr3 at 250 kb resolution and the first eigenvector
at 100 kb resolution for WT (left) and MeCP2 KO (right). Scale bar adjusted to account for total coverage on chr3 in each condition.

(B) Decay of relative contact probability as function of genomic distance. Lines represent mean values from three replicates; ribbons are SEM.

(C) Average contact enrichment between pairs of 100 kb loci arranged by eigenvalue (shown on top) for WT (left) and MeCP2 KO (right).

(legend continued on next page)
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MeCP2-mutant mice. Our observation that there are frequent
contacts between the TSS and gene body provides a possible
explanation for how MeCP2 beyond the TSS could repress initi-
ation. One possibility is that MeCP2 bound in the gene body
represses transcriptional initiation through the interaction of
intragenic enhancers with promoters, as suggested by Clemens
et al. (2019). However, although our Hi-C data suggest that the
strongest TSS-gene body interactions occur at sites with en-
riched H3K27ac (i.e., regions that are likely intragenic enhancers)
(Figure S7F), such contacts occur throughout the gene body, not
just with enhancers. It is therefore possible that longer genes
tend to be upregulated in MeCP2-mutant mice because longer
genes have more TSS-gene body contacts (Figure S7D). These
interactions are independent of MeCP2 but likely function to po-
sition gene body MeCP2 and NCoR close to the promoter where
they would then attenuate transcriptional initiation. Finally, it
should also be acknowledged that it is possible that large do-
mains of MeCP2 binding, which Clemens et al. (2019) observed
are delineated by TAD boundaries, may recruit NCoR/Hdac3 to
deacetylate and compact the surrounding chromatin, and as a
result indirectly reduce initiation of genes within these domains
(Figure S6D). However, we favor a model in which the full array
of gene body-TSS contacts, including intragenic enhancers,
deliver MeCP2 to the TSS to repress transcriptional initiation
(Figure 7H). Additional studies are needed to resolve whether
MeCP2 represses transcriptional initiation by binding directly
to the TSS, gene body, enhancers, Mb domains, or a combina-
tion of these genomic elements.

It is important to note that, as in most other studies to date,
MeCP2-regulated genes were identified in the brains of mature
MeCP2-mutant compared with WT mice. It is likely that some
of the observed changes in gene expression are caused by
indirect transcriptional or developmental phenotypes in MeCP2
mutants rather than direct effects of MeCP2 loss on transcrip-
tion. We focused our study on the genes that are upregulated
in MeCP2-mutant mice because these genes have the highest
levels of mCA and MeCP2 binding and because MeCP2 re-
presses reporter gene transcription through its interaction with
the NCoR co-repressor (Lyst et al., 2013; Nan et al., 1997).
However, the genes that are downregulated by the disruption
of MeCP2 function still have higher mCA levels, MeCP2 binding,
and gene body-TSS contacts than genes unaffected by the
disruption of MeCP2. Indeed, MeCP2 has been suggested in
one report to function as a transcriptional activator (Chahrour
et al., 2008). Future studies that investigate the kinetics of gene

misregulation following acute loss of MeCP2 will be critical to
distinguish the direct targets of MeCP2 from those that are mis-
regulated as a secondary consequence of the loss of MeCP2
function.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Histone H3K27ac Abcam Cat# ab4729; RRID:AB_2118291
Rabbit anti-Histone H3K36me3 Abcam Cat# ab9050; RRID:AB_306966
Rabbit anti-Histone H3K79me2 Abcam Cat# ab3594; RRID:AB_303937
Rabbit anti-Histone H3K9ac Millipore Cat# 06-942; RRID:AB_310308
Rabbit anti-Histone H3 Abcam Cat# ab1791; RRID:AB_302613
Rabbit anti-Histone H4K12ac Millipore Cat# 07-595; RRID:AB_310740
Rabbit anti-Histone H4 Abcam Cat# ab10158; RRID:AB_296888
Mouse anti-RNA Pol Il Abcam Cat# ab817; RRID:AB_306327

Rat anti-RNA Pol Il Phospho-Ser5 Millipore Cat# 04-1572; RRID:AB_11213421
Rabbit anti-MeCP2 (Chen et al., 2003) N/A

Mouse anti-MeCP2 Sigma Cat# M6818; RRID:AB_262075
Mouse IgG control Sigma Cat# M5284; RRID:AB_1163685
Rabbit anti-Gapdh Sigma Cat# G9545; RRID:AB_796208
Rabbit anti-Snrp70 Abcam Cat# ab83306; RRID:AB_10673827
Rabbit anti-Hdac3 Sigma Cat# H3034; RRID:AB_260037
Rabbit anti-Tblr1 Bethyl Cat# A300-408A; RRID:AB_420967
Rabbit anti-mSin3a Santa Cruz Cat# sc-994; RRID:AB_2187760
Rabbit anti-YY1 Abcam Cat# ab109237; RRID:AB_10890662

Chemicals, Peptides, and Recombinant Proteins

Flavopiridol hydrochloride

Tocris Bioscience

Cat# 309410; CAS: 131740-09-5

Critical Commercial Assays

RNeasy Micro Kit QIAGEN Cat# 74004
NEBNext Ultra Directional Library Prep Kit for llumina  NEB Cat# E7420L
NEBNext rRNA Depletion Kit NEB Cat# E6310X
NEBNext Multiplex Oligos for lllumina NEB Cat# E7335L
NuGEN Ovation Ultralow System V2 NuGEN Cat# 0344-32
Fluorescent HDAC Activity Assay Active Motif Cat# 56200
Deposited Data

Raw and analyzed RNA-seq, NanoString, ChlP-seq, This study GEO: GSE128186

PRO-seq, OxBS-seq, and Hi-C data
Bisulfite-sequencing data
Hi-C data from ES cells and cortical neurons

(Lister et al., 2013)
(Bonev et al., 2017)

GEO: GSE47966
GEO: GSE96107

Experimental Models: Organisms/Strains

Mouse: Mecp2 KO The Jackson Laboratory ~ JAX: 003890
Mouse: Mecp2 R306C (Lyst et al., 2013) N/A

Mouse: Nestin-cre The Jackson Laboratory ~ JAX: 003771
Mouse: Dnmt3a™" (Kaneda et al., 2004) N/A
Oligonucleotides

gPCR primers for gene expression (Table S2) N/A

qPCR primers for ChiIP (Table S2) N/A
Oligonucleotides for PRO-seq (Mahat et al., 2016) N/A

Software and Algorithms

Trimmomatic (v0.36)
STAR (v2.5.2b)

(Bolger et al., 2014)
(Dobin et al., 2013)
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http://www.usadellab.org/cms/?page=trimmomatic
https://github.com/alexdobin/STAR
(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

RSeqQC (v2.6.4)
Subread featureCounts (v1.6.0)
edgeR (v3.18.1)

deepTools (v3.0.2)
BEDTools (v2.26)
SAMtools (v0.1.19)
nSolver (v4.0)

Bowtie2 (v2.2.9)

UCSC tools (v363)
BBTools (v37.90)
BEDOPS (v2.4.30)

Homer (v4.9)

MACS?2 (v2.1.1.20160309)
FIMO (meme v5.0.3)
EnrichedHeatmap (v1.14)

BSmap (v2.74)
Shaman (v2.0)

(Wang et al., 2012)
(Liao et al., 2014)

(Robinson et al., 2010)

(Ramirez et al., 2016)

(Quinlan and Hall, 2010)

(Li et al., 2009)
NanoString

(Langmead and
Salzberg, 2012)

UCSC-tools
BBTools

(Neph et al., 2012)
(Heinz et al., 2010)
(Zhang et al., 2008)
(Grant et al., 2011)
(Gu et al., 2018)

(Xi and Li, 2009)
Shaman

http://rseqc.sourceforge.net/
http://subread.sourceforge.net/

https://bioconductor.org/packages/release/bioc/
html/edgeR.html

https://github.com/deeptools/deepTools
https://github.com/arg5x/bedtools2
http://samtools.sourceforge.net/

https://www.nanostring.com/products/analysis-
software/nsolver

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

http://hgdownload.soe.ucsc.edu/admin/exe/linux.x86_64/
https://sourceforge.net/projects/bbmap/
https://github.com/bedops/bedops
http://homer.ucsd.edu/homer/
https://github.com/taoliu/MACS
http://meme-suite.org/doc/fimo.html

https://bioconductor.org/packages/release/bioc/html/
EnrichedHeatmap.html

https://code.google.com/archive/p/bsmap/
https://bitbucket.org/tanaylab/shaman

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by Michael Greenberg
(michael_greenberg@hms.harvard.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

All animal experiments were approved by the National Institutes of Health and the Harvard Medical School Institutional Animal Care
and Use Committee and were conducted in compliance with the relevant ethical regulations. 8-week-old male Mecp2 knockout (KO)
mice (Mecp2™¥) and their wild-type controls (Mecp2*”Y) were obtained from Jackson Labs (Stock No. 003890). This line was originally
generated by Adrian Bird (Guy et al., 2001). Mecp2 R306C knock-in mice were generated previously (Lyst et al., 2013). Female het-
erozygous Mecp2™3%6/* mice were crossed with male wild-type C57BL/6J mice to generate hemizygous male Mecp2R05¢Y and
Mecp2*" littermate controls that were analyzed at either 1 week or 8-12 weeks of age. Dnmt3a conditional knock-out (cKO) mice
were generated by crossing Dnmt3a™" mice (Kaneda et al., 2004) with Nestin-cre mice (Tronche et al., 1999). Littermate control
comparisons were between wild-type (Dnmt3a™") and Dnmt3a cKO (Nestin-cre; Dnmt3a™") mice, with an equal number of male
and female mice in each group. Mice were housed under a standard 12-hour light cycle. Mecp2 KO and R306C mice all demon-
strated decreased locomotor activity at time of analysis (8-12 weeks old).

METHOD DETAILS

Cellular fractionation and RNA sequencing

Forebrain (cortex and hippocampus) was dissected from 10 8-week-old male MeCP2 knock-out and 10 WT littermate controls,
10 8-to-12-week-old male R306C and 10 WT littermate controls, and 10 1-week-old male R306C and 10 WT littermate controls
and flash frozen. Tissue was removed from dry ice and placed directly into a dounce with 5 mL of Homogenization buffer
(HB: 250 mM sucrose, 25 mM KCI, 5 mM MgCl,, 20 mM Tricine KOH pH 7.8, 0.04% BSA, 5 ng/mL Actinomycin D, and RNAsin
(Promega)). After 10 strokes with the tight pestle, a 5% Igepal (Sigma) solution in HB was added to a final concentration of
0.32%, followed by five additional strokes with the tight pestle. At this point, 200 pL of lysate was pipetted into a tube with 600 pL
Trizol LS (Invitrogen) as the “whole cell” sample. The remaining lysate was filtered first through a 40 um cell strainer and then through
a 20 pm Celltrics filter. Lysate was diluted 1:2 in HB to dilute Igepal to 0.16%, then centrifuged at 500 g for 5 minutes at 4°C. The
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nuclear pellet was washed twice with 1 mL HB by resuspending and centrifuging at 500 g for 5 minutes at 4°C. Nuclei were resus-
pended in TmL HB and 200 pL was pipetted into a separate tube, spun at 500 g for 5 minutes at 4°C, and the pellet was resuspended
in Trizol as the “nuclear fraction.” The remaining 800 uL was spun at 500 g for 5 minutes at 4°C, then resuspended in 200 pL Glycerol
buffer (20 mM Tris pH 8, 75 mM NaCl, 0.5 mM EDTA, 50% glycerol, 0.85 mM DTT). 200 pL of Nuclear lysis buffer (1% Igepal, 20 mM
HEPES pH 7.5, 300 mM NaCl, 0.2 mM EDTA) was added and nuclei were resuspended, vortexed, and incubated at 4°C for 5 minutes.
Chromatin was spun at 16,000 g for 10 minutes at 4°C, and the pellet was resuspended in 800 uL Trizol and homogenized to
solubilize. For Dnmt3a cKO mice, visual cortex was dissected and homogenized in Trizol. For all samples, total RNA was chloroform
extracted and purified with the QIAGEN RNeasy Micro Kit with on-column DNase treatment. RNA-seq libraries were generated with
the NEBNext Ultra Directional Library Prep Kit with rRNA depletion. Libraries were sequenced on an lllumina Nextseq 500 with 85 bp
single-end reads. All libraries to be compared as a set for differential expression analysis (e.g., 10 KO and 10 WT whole-cell) were
prepared and sequenced at the same time to reduce batch effects.

Nanostring nCounter gene expression assay

Nanostring nCounter probes were designed to 200 genes based on fold-changes and significance from the MeCP2 KO versus WT
whole-cell RNA-seq (96 significantly upregulated genes, 96 significantly downregulated genes, 6 housekeeping genes, and positive
controls Mecp2 and Irak1). Nanostring gene expression analysis was performed at the Boston Children’s Hospital Molecular
Genetics Core Facility on the same 10 MeCP2 KO and 10 WT and 10 R306C and 10 WT whole-cell RNA used for RNA-seq. RNA
(100 ng) was hybridized to capture probes and reporter probes for 16 hours at 65°C. Hybridized RNA was scanned with the nCounter
Sprint Profiler following the manufacturer’s instructions.

Quantitative PCR validation of RNA-seq

cDNA was generated from 500 ng of whole-cell MeCP2 KO and WT RNA with the Superscript Ill First-strand synthesis system (Life
Technologies) with random hexamer priming. Quantitative PCR was performed with gene-specific primers (Table S2) with SYBR
green detection on a Roche Lightcycler 480. Relative transcript levels and fold-changes were calculated by normalizing to two
housekeeping genes with unaltered expression by RNA-seq or Nanostring (Aars and Tada2b).

Chromatin immunoprecipitation sequencing

Forebrain (cortex and hippocampus) was dissected from 8-to-12-week-old male mice and flash frozen. Tissue was homogenized
in 1% formaldehyde and cross-linked for 10 minutes at room temperature. Cross-linking was quenched with 125 mM glycine for 5 mi-
nutes at room temperature. Tissue was pelleted by spinning at 500 g for 5 minutes at 4°C, washed once with PBS, then spun again at
500 g for 5 minutes at 4°C. Cells were lysed by resuspending in L1 buffer (50 mM HEPES pH 7.5, 140mM NaCl, 1 mM EDTA pH 8,
1 mM EGTA pH 8, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, protease inhibitors) and rotating at 4°C for 10 minutes, then spun
at 500 g for 5 minutes at 4°C. Nuclei were washed for 10 minutes at 4°C in L2 buffer (10 mM Tris pH 8, 200 mM NaCl, protease in-
hibitors), then spun at 500 g for 5 minutes at 4°C. Nuclei were resuspended in LB3 buffer (10 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-Lauroylsarcosine, protease inhibitors), and sonicated in a Diagenode Bioruptor (High
Power, 60 cycles, 30 s on/45 s off). Insoluble material was removed by spinning at 16,000 g for 10 minutes at 4°C, and Triton X-100
was added to soluble chromatin at a final concentration of 1%. Chromatin was pre-cleared for two hours with Protein A (for rabbit
antibodies) or Protein G (for mouse and rat antibodies) Dynabeads, then incubated with Protein A or Protein G Dynabeads conjugated
to antibodies overnight at 4°C. Antibodies used were: H3K27ac (Abcam ab4729), H3K36me3 (Abcam ab9050), H4K12ac (Millipore
07-595), H3K9ac (Millipore 06-942), H3K79me2 (Abcam ab3594), Pol Il (Abcam ab817), Pol Il Ser5p (Millipore 04-1572), MeCP2 anti-
body 1 (Chen et al., 2003), and MeCP2 antibody 2 (Sigma M6818). Beads were washed twice with Low Salt Buffer (20 mM Tris pH 8,
150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), twice with High Salt Buffer (20 mM Tris pH 8, 500 mM NaCl, 2 mM EDTA,
1% Triton X-100, 0.1% SDS), twice with LiCl Wash Buffer (10 mM Tris pH 8, 1 mM EDTA, 1% NP-40, 250 mM LiCl, 1% sodium
deoxycholate) and once with TE Buffer (50 mM Tris pH 8, 10 mM EDTA) at 4°C. Chromatin was eluted off beads by incubating in
TE Buffer with 1% SDS at 65°C for one hour, and crosslinks were reversed by incubating overnight at 65°C. Chromatin was treated
with RNase A for 30 minutes at 37°C and Proteinase K for 2 hours at 55°C. DNA was phenol-chloroform extracted and purified with
the QIAGEN PCR purification kit. Quantitative PCR was performed with gene-specific primers (Table S2) with SYBR green detection
on a QuantStudio 3 (Applied Biosystems). ChlP-seq libraries were generated using the NuGEN Ovation Ultralow System V2 following
manufacturer instructions. Libraries were sequenced on an lllumina Nextseq 500 with 85 bp single-end reads.

MeCP2 Immunoprecipitation

Forebrain tissue from 6 male R306C mice and 6 wild-type littermates (ages 8-to-15-weeks-old) was dissected and flash frozen.
Tissue was removed from dry ice and added to a dounce with 5 mL buffer A (10 mM HEPES pH 7.5, 25 mM KCI, 0.15 M Spermine,
0.5 M Spermidine, 1 mM EDTA, 2 M Sucrose, 10% glycerol, and 1X protease inhibitor cocktail (Sigma Aldrich 5056489001)). Each
brain was stroked 20 times using a tight pestle, and the resulting homogenate was combined with another homogenate from a
second brain of the same genotype, yielding a 10 mL homogenate of two brains. Homogenates were rotated at 4°C for 10 minutes
and layered on top of 2 mL Buffer A and spun at 24,000 RPM for 40 minutes at 4°C in an SW-41 rotor. The nuclear pellet was
resuspended in 1 mL NE1 Buffer (20 mM HEPES pH 7.5, 10 mM NaCl, 1 mM MgCl,, 0.1% Triton X-100, 1 mM DTT, and 1X protease
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inhibitor cocktail), and spun again at 800 g for 5 minutes at 4°C. The nuclear pellet was resuspended in 100 puL NE1, split into two
tubes and 1 uL Benzonase was added to each tube for 5 minutes at room temperature. The tubes were returned to ice and the volume
was raised to 200 pL with NE1. NaCl was added to a final concentration of 150 mM. Samples were rotated at 4°C for 20 minutes, then
spun at 16,000 g for 20 minutes at 4°C to remove insoluble material. 150 uL of NE1-150 (20 mM HEPES pH 7.5, 150 mM NaCl, 1 mM
MgCly, 0.1% Triton X-100, 1 mM DTT, and 1X protease inhibitor cocktail) was added to each supernatant. Two 17.5 pL-aliquots of
each supernatant were set aside for downstream use in the HDAC kit and for western blots (“input”). NE1-150 (12.5 uL) was added to
each input aliquot for total volumes of 30 ulL; these were stored at 4°C until the HDAC assay, or until LDS-BME was added, respec-
tively. For each tube of nuclear supernatant, either 5 ng of MeCP2 antibody (Sigma M6818) or 5 ng of IgG control (Sigma M5284) was
added, and samples were rotated for 1 hour at 4°C. Protein G Sepharose Beads (Sigma P3296) were washed 4 times with 1 mL
NE1-150. 10 pL of beads were added to each IgG and MeCP2 IP and rotated for another hour at 4°C. The beads were washed
four times with NE1-150 and resuspended in NE1-150 to a total volume of 62 uL. A 42 pL aliquot was taken from each IP tube
and set aside for use during the HDAC assay. The remaining 20 pL of each IP fraction and the input aliquots previously set aside
for western blots were eluted in 20 pL of LDS-BME mix (LDS-BME mix: 1X LDS, 5% 2-mercaptoethanol, using PBS as the solvent).
The eluates were boiled at 95°C for 15 minutes, and any sample with beads was spun for 2 minutes at 8000 g at room temperature.
The 20 pL supernatant was placed into a new tube for running western blots.

Hdac assay

Fluorescent HDAC Activity assay (Active Motif 56200) was performed immediately following IP elution as described in the assay
manual. Input samples consisted of the 30 pL input aliquots previously set aside for the HDAC assay mixed with 95 ul. HDAC Assay
Buffer. 30 pL of this mix was used per well of input condition. IP samples were plated as 20 uL of each IP aliquot added directly to
every well of IP condition followed by 10 pL of HDAC Assay Buffer. All input and IP samples were plated in wells with or without the
presence of Trichostatin A, 1 uM final concentration. The assay plate was incubated for 60 minutes at 37°C and then incubated at
room temperature for 15 minutes. Fluorescence was measured using a Biotek Synergy 4 microplate reader and Biotek Gen5 software
(version 1.1) at 360 nm excitation and 460 nm emission (Tungsten bulb, sensitivity = 100, top probe vertical offset = 4.0 mm, column
offset = 0 mm). pmol of deacetylated lysine product formed was interpolated from a linear standard curve of known amounts of
deacetylated lysine product (HDAC Assay Standard) plotted against fluorescence intensity.

Western blotting

Tissue was homogenized in RIPA buffer (50 mM Tris pH 8, 150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, pro-
tease inhibitors) and incubated on ice for 15 minutes. Lysates were sonicated in a Diagenode Bioruptor (High Power, 10 cycles, 30 s
on/30 s off), then spun at 16,000 g for 10 minutes at 4°C to remove insoluble material. LDS and B-Me (5% final concentration) were
added to lysates and samples were boiled at 95°C for 15 minutes. Samples from tissue lysate, immunoprecipitation, or cellular frac-
tionation were run on 4%-12% Bis-Tris gels (Life Technologies) and transferred to nitrocellulose membranes. Membranes were
blocked for 1 hour at room temperature, then incubated with primary antibodies overnight at 4°C, washed 3 times with TBS-T, incu-
bated with secondary antibodies for 45 minutes at room temperature, and then washed 3 times with TBS-T. Blocking and antibody
incubations were performed in 4% BSA in TBS-T. Western blots were imaged on a Li-Cor Odyssey. Primary antibodies used were:
Gapdh (Sigma G9545, 1:5000), Snrp70 (Abcam ab83306, 1:1000 from 0.9 pg/ul variable stock), Histone H3 (Abcam ab1791, 1:5000),
MeCP2 (Chen et al., 2003), B-actin (Abcam ab8226, 1:2000), Hdac3 (Sigma H3034, 1:2500), Tbir1 (Bethyl A300-408A, 1:2000),
mSin3a (Santa Cruz sc-994, 1:500), H3K9ac (Millipore 06-942 1:2000), H3K27ac (Abcam ab4729, 1:10,000), H4K12ac (Millipore
07-595 1:2000), and Histone H4 (Abcam ab10158 1:2000). Western blots were quantified with Imaged.

Precision run-on sequencing (PRO-seq)

Chromatin Isolation for PRO-seq

Forebrain (cortex and hippocampus) was dissected from 8-to-12-week-old MeCP2 KO, MeCP2 R306C, Dnmt3a cKO mice and their
respective WT littermate controls. Tissue was homogenized in ice-cold PBS using a Dounce homogenizer, and nuclei were pelleted
by spinning at 17,000 g for 5 minutes at 4°C. Chromatin isolation was performed as previously described (Chu et al., 2018). Nuclei
were resuspended in lysis buffer (NUN: 0.3 M NaCl, 1 M Urea, 20 mM HEPES pH 7.5, 7.5 mM MgCl,, 0.2 mM EDTA, 1% NP-40, 1 mM
DTT, cOmplete Protease Inhibitor (Roche), 40 units/mL SUPERase In RNase Inhibitor (Invitrogen)) and incubated on ice for 30 mi-
nutes. Lysed nuclei were centrifuged at 12,500 g for 30 minutes at 4°C. The resulting insoluble chromatin pellet was washed in
50 mM Tris-HCI pH 7.5 and placed in 50 pL chromatin storage buffer (25% glycerol, 50 mM Tris-HCI pH 8.0, 5 mM MgAc,,
0.1 mM EDTA, 5 mM DTT, 40 units/mL SUPERase In RNase Inhibitor). Chromatin was solubilized by sonicating on a Diagenode
Bioruptor (High Power, 40 cycles, 30 s on/30 s off). Solubilized chromatin was flash-frozen in liquid nitrogen and stored at —80°C.
RNA purification for PRO-seq

PRO-seq RNA purification and library preparation was performed as previously described (Kwak et al., 2013; Mahat et al., 2016).
Frozen chromatin was thawed on ice and combined with 50 pL 2X Run-on Buffer (10 mM Tris-HCI pH 8.0, 5 mM MgCl,, 300 mM
KCI, 40 puM Biotin-11-ATP, 40 uM Biotin-11-GTP, 40 uM Biotin-11-CTP, 40 puM Biotin-11-UTP, 1% Sarksosyl, 1 mM DTT,
0.8 units/uL SUPERase In RNase Inhibitor). The reaction was incubated at 37°C for 5 minutes and then quenched with 500 pL Trizol
LS, combined with 130 pL chloroform, and centrifuged at 17,000 g for 5 minutes at 4°C. The aqueous layer containing RNA was
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combined with 1 mL ice-cold ethanol and 2.5 uL GlycoBlue (Invitrogen) and centrifuged at 17,000 g for 15 minutes at 4°C. The RNA
pellet was washed in 75% ethanol, air-dried, and resuspended in 20 uL nuclease-free water. RNA was hydrolyzed by adding 5 uL 1 N
NaOH and incubating for 4 minutes at 4°C, then neutralized with 30 pL 1 M Tris-HCI pH 7.0. Hydrolyzed RNA was run on a Micro Bio-
Spin P-30 Column (Bio-Rad) to remove excess salts. Biotinylated RNA was purified with magnetic streptavidin beads (NEB) at room
temperature for 20 minutes and washed 2 times each with 500 pL High-Salt (2 M NaCl, 50 mM Tris-HCI pH 7.4, 0.5% Triton X-100, 4
units/mL SUPERase In RNase Inhibitor), Binding (300 mM NaCl, 10 mM Tris-HCI pH 7.4, 0.1% Triton X-100, 4 units/mL SUPERase In
RNase Inhibitor), and Low-Salt (5 mM Tris-HCI pH 7.4, 0.1% Triton X-100, 4 units/mL SUPERase In RNase Inhibitor) wash buffers.
Beads were resuspended in 300 pL Trizol, and combined with 60 uL chloroform, and RNA was purified as above.

Library Preparation for PRO-seq

The dried RNA pellet was resuspended in 4 uL of 12.5 uM Reverse 3' RNA adaptor and used to make a T4 RNA Ligase | reaction mix
(5 uM Reverse 3' RNA Adaptor, 1X T4 RNA Ligase | Buffer, 1 mM ATP, 10 units T4 RNA Ligase |, 10% PEG 8000, 2 units/uL SUPERase
In RNase Inhibitor). The reaction was incubated overnight at 20°C. The ligated RNA was purified with magnetic streptavidin beads,
washed, and extracted with Trizol as above. The RNA was treated with RNA 5’ Pyrophosphohydrolase (RppH) to remove the 5’ cap
(1X NEBuffer 2, 10 units RppH, 0.2 units/uL SUPERase In RNase Inhibitor) and incubated for 1 hour at 37°C. A hydroxyl repair reaction
mix (1X PNK Buffer, 1 mM ATP, 25 units PNK, 0.2 units/uL SUPERase In RNase Inhibitor) was added directly to the Rpph reaction and
incubated for an additional hour at 37°C. RNA was extracted with Trizol as above. The dried RNA pellet was resuspended in 4 uL of
12.5 uM Reverse 5’ RNA adaptor and used to make a T4 RNA Ligase | reaction mix (5 uM Reverse 5 RNA Adaptor, 1X T4 RNA Ligase |
Buffer, 1 mM ATP, 10 units T4 RNA Ligase I, 10% PEG 8000, 2 units/uL SUPERase In RNase Inhibitor). The reaction was incubated
overnight at 20°C. The ligated RNA was purified with magnetic streptavidin beads, washed, and extracted with Trizol as above. The
resulting RNA library was reverse transcribed using SuperScript Ill Reverse Transcriptase (Invitrogen). The cDNA libraries were
amplified using Q5 DNA Polymerase (NEB) for 14 cycles or more, as determined by a test amplification with diluted cDNA. Amplified
libraries were purified on Agencourt RNAClean XP beads. Libraries were sequenced on an lllumina Nextseq 500 with 75 bp single-
end reads.

Flavopiridol PRO-seq

Flavopiridol hydrochloride (Tocris Bioscience) was prepared at 4 mg/mL in a 10% DMSO solution in PBS and injected intraperitone-
ally at a dose of 50 mg/kg into 8-week-old male WT or MeCP2 KO mice. 20, 40, or 60 minutes after flavopiridol injection, forebrain
tissue was dissected and flash frozen. For the “0 minute” time point, mice were injected with a control solution of 10% DMSO in PBS
and dissected after 40 minutes. One side of each forebrain was used for PRO-seq. Cells were permeabilized as described previously
(Mahat et al., 2016), with minor modifications. Tissue was dounce homogenized in 5 mL cold PBS, then spun at 800 g for 4 minutes at
4°C. The pellet was washed with 10 mL PBS, then spun at 800 g for 4 minutes at 4°C. The pellet was resuspended in 1 mL Buffer W
(10 mM Tris pH 8, 10 mM KCI, 250 mM sucrose, 5 mM MgCl,, 0.5 mM DTT, 10% glycerol) and then 9 mL Buffer P was added (Buffer W
with 0.1% Igepal). Lysate was filtered through a 40 um cell strainer and spun at 800 g for 4 minutes at 4°C. The pellet was
resuspended in 1 mL Buffer W and then 9 mL Buffer P was added. Lysate was incubated on ice for 1 minute, then spun at 800 g
for 4 minutes at 4°C. The pellet was resuspended in 500 pL Buffer F (50 mM Tris pH 8, 40% glycerol, 5 mM MgCl,, 0.5 mM DTT)
and spun at 1000 g for 4 minutes at 4°C. The pellet was resuspended in 50 uL Buffer F with 0.5 pL. RNase inhibitor (SUPERase In,
Ambion), flash frozen, and stored at —80°C. PRO-seq run-on and library preparation was performed as described above. Libraries
were sequenced on an lllumina Nextseq 500 with 75 bp single-end reads.

Oxidative bisulfite sequencing (OxBS-seq)

OxBS-seq was performed and analyzed as described previously (Stroud et al., 2017), with minor modifications. Genomic DNA was
extracted from 8-week-old MeCP2 KO and WT forebrain with the QIAGEN DNeasy kit. DNA was sonicated with a Covaris M220 to
200 bp and ligated to NEXTflex methylated adapters (Bioo Scientific). Bisulfite conversions and oxidation reactions were performed
using the TrueMethyl 0xBS-seq kit following the manufacturer instructions (Cambridge Epigenetix). Half of the sample was used for
BS-seq without oxidation treatment, and half the sample was used for oxBS-seq as recommended by the manufacturer. Libraries
were sequenced on an lllumina Nextseq 500 with 75 bp paired-end reads.

Hi-C

Forebrain (cortex and hippocampus) was dissected from 8-week-old MeCP2 KO and WT mice and flash frozen. In situ Hi-C was per-
formed as described in Rao et al. (2014) with minor modifications. Tissue was homogenized in 1% formaldehyde in PBS and rotated
for 10 minutes at room temperature. Cross-linking was quenched with 125 mM glycine for 5 minutes at room temperature. Tissue was
pelleted by spinning at 500 g for 5 minutes at 4°C, washed once with PBS, then spun again at 500 g for 5 minutes at 4°C. Cells were
lysed by resuspending in 500 pL Hi-C lysis buffer (10 mM Tris pH 8.0, 10 mM NaCl, 0.2% Igepal CA630) with protease inhibitors
(Sigma P8340), incubated on ice for 15 minutes, then spun at 2500 g for 5 minutes at 4°C. Pelleted nuclei were washed with Hi-C
lysis buffer, then spun at 2500 g for 5 minutes at 4°C. Nuclei were resuspended in 50 uL 0.5% sodium dodecyl sulfate (SDS) and
incubated at 62°C for 7.5 minutes. After heating, 115 puL of water and 25 pL of 10% Triton X-100 were added to quench the SDS,
and samples were incubated at 37°C for 15 minutes. Restriction digest was performed by adding 25 uL of 10X NEB Buffer 2 and
100 U of Mbol (NEB R0147) and rotating 16 hours at 37°C. Samples were incubated at 62°C for 20 minutes to inactivate Mbol.
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To fill in restriction fragment overhangs and mark DNA ends with biotin, 50 pL of fill-in master mix was added (37.5 pL of 0.4 mM
biotin-14-dATP, 1.5 uL of 10mM dCTP, 15 pL of 10mM dGTP, 1.5 puL of 10mM dTTP, and 8 uL 5U/uL DNA Polymerase |, Large (Kle-
now) Fragment (NEB, M0210)), and samples were rotated for 75 minutes at 37°C. 900 L of Ligation master mix was added (669 pL of
water, 120 pL of 10X NEB T4 DNA ligase buffer (NEB, B0202), 100 uL 10% Triton X-100, 6 uL 20 mg/mL Bovine Serum Albumin, and
5 uL of 400 U/uL T4 DNA Ligase (NEB, M0202)), and samples were rotated at room temperature for 4 hours. Protein was degraded by
adding 50 pL 20 mg/mL proteinase K (NEB, P8102) and 120 uL of 10% SDS and incubating at 55°C for 30 minutes on a Thermomixer
at 350 rpm. 130 pL of 5M NaCl was added and samples were incubated at 68°C for 16 hours to reverse cross-links. DNA was purified
by adding 1.6X volumes of ethanol and 0.1X volumes of 3M sodium acetate, pH 5.2 and incubated at —80°C for 15 minutes. Samples
were spun at 17,720 g for 15 minutes at 4°C, washed with 70% ethanol, and spun at 17,720 g for 5 minutes at 4°C. Pellet was re-
suspended in 130 uL 1X Tris buffer (10 mM Tris-HCI, pH 8) and incubated at 37°C to fully dissolve DNA. To make biotinylated
DNA suitable for high-throughput sequencing, DNA was sheared with a Covaris M220 (Peak incident power: 50, Duty factor:
10%, Cycles per burst: 200, Treatment time: 70 s). DNA fragments in the range of 300-500 bp were selected using AMPure XP beads.
150 pL of 10 mg/mL MyOne Streptavidin T1 beads were washed with 400 pL 1X Tween Washing Buffer (TWB: 5 mM Tris-HCI pH 7.5,
0.5 mM EDTA, 1M NaCl, 0.05% Tween 20). Beads were resuspended in 300 pL 2X Binding Buffer (10 mM Tris-HCI pH 7.5, 1 mM
EDTA, 2M NaCl), added to samples, and rotated for 15 minutes at room temperature. Beads were separated on a magnet and
washed twice with 600 puL TWB, incubating at 55°C with mixing at 350 rpm for 2 minutes on a Thermomixer, and transferring to a
new tube with each wash. Beads were washed once with 100ul 1X NEB T4 DNA ligase buffer, then resuspended in 100 pL of master
mix (88ul 1X NEB T4 DNA ligase buffer, 2 ul 25 mM dNTP mix, 5 ul 10U/ul NEB T4 PNK (NEB, M0201), 4 ul of 3U/ul NEB T4 DNA
polymerase | (NEB, M0203), and 1 ul of 5U/ul NEB DNA polymerase |, Large (Klenow) Fragment (NEB, M0210)), and incubated at
room temperature for 30 minutes. Beads were washed twice with TWB as described above, washed once with 100 ul 1X NEBuffer
2, and resuspended in 100ul dATP attachment master mix (90ul 1X NEBuffer 2, 5ul 10mM dATP, and 5ul of 5U/ul NEB Klenow exo
minus (NEB, M0212)), and incubated at 37°C for 30 minutes. Beads were washed twice with TWB as described above and washed
once with 100ul 1X Quick ligation reaction buffer (NEB, B6058). Beads were resuspended in 50ul of 1X NEB Quick ligation reaction
buffer, and 2ul NEB DNA Quick ligase (NEB, M2200) and 3 ul of NEBNext adaptor (NEB E7335) diluted 1:10 in 10mM Tris pH 7.5 were
added, and incubated at room temperature for 15 minutes. Beads were washed twice with TWB as described above, and washed
once with 100ul 1X Tris buffer. Beads were resuspended in 20ul 1X Tris buffer and boiled at 98°C for 10 minutes to elute DNA off
beads. Hi-C libraries were amplified by adding to 17 ul DNA: 25 ul NEBNext Q5 Hot Start HiFi PCR Master Mix (M0543), 3 ul NEBNext
USER Enzyme (M5505), 2.5 ul 10uM Index (i7) primer, and 2.5ul Universal (i5) primer (E7335), and amplified for 8 cycles. Libraries
were purified with AMPure beads (2 purifications with 0.7X beads) and sequenced on an lllumina Nextseq 500 with 75 bp paired-
end reads to a read depth of at least 500 million reads per library.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Pearson correlations between gene expression and gene length or DNA methylation were calculated in R (v3.4.2). Pearson correla-
tions of MeCP2 mutant versus WT and Shuffled were compared by permutation. P values for these comparisons were estimated by
calculating: (number of events where |corriPemutation _ goppppermutation) | sqppqobserved _ qqpppobserved)y/1 00Q jterations. Wilcoxon
Rank Sum test and Kruskal-Wallis test with Dunn’s post hoc test were performed in R (v3.4.2). Two-tailed unpaired t tests were per-
formed in GraphPad Prism (v7.0b). Fisher’s exact test was used to calculate the significance of overlap of gene lists: https://www.
langsrud.com/fisher.htm.

RNA sequencing analysis

Read mapping, quantification, and differential expression

Reads were trimmed with Trimmomatic (v0.36) (Bolger et al., 2014) to remove lllumina adaptors and low quality sequence (settings:
LEADING:5 TRAILING:5 SLIDINGWINDOW:4:20 MINLEN:50). Trimmed reads were mapped to the mm10 Refseq transcriptome and
genome using STAR (v2.5.2b) (Dobin et al., 2013) with-outFilterMismatchNoverReadLmax 0.04. The percentage of intronic reads
was quantified with RSeQC read_distribution.py (v2.6.4) (Wang et al., 2012). For whole-cell RNA-seq, reads were counted in all exons
for each gene using Subread featureCounts (v1.6.0) (Liao et al., 2014) with default parameters (reversely stranded, multi-mapping
reads not counted, multi-overlapping reads not counted). For nuclear and chromatin-associated RNA-seq, reads were counted in
the full gene body (TSS to TTS of longest isoform, in order to include intronic reads) using Subread featureCounts. Similar
results were also obtained when nuclear and chromatin-associated RNA-seq reads were counted in introns only. Differential expres-
sion was performed with the R package edgeR (v3.18.1) (Robinson et al., 2010). Genes with low counts were filtered by keeping only
genes with rowSums(cpm(y) > 1) > = (number of samples per group). Differentially expressed genes were defined by an FDR < 0.05
with no fold-change cut-off, except where fold-change cut-offs are indicated. For the “shuffled” comparisons, 5 WT and 5 MeCP2
mutant samples were randomly selected using the sample function in R and assigned to one group, and the remaining 5 WT and
5 MeCP2 mutant samples were assigned to the other group, and differential expression was performed with edgeR. Random shuf-
fling was performed 10 times for each comparison and one representative example is shown in plots. For downstream analysis of the
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genes significantly misregulated in MeCP2 KO versus WT, Mecp2 and the adjacent gene Irak1 were excluded, as the expression of
these genes is altered as a direct consequence of the mutations in the MeCP2 KO mouse line. For generating sets of expression-
matched, unaffected genes, the logCPM from edgeR was converted to RPKM using the formula RPKM = 2/ (logCPM-logx(gene
length in kb)), and custom R scripts were used to obtain for each significantly up- or downregulated gene, the gene from the unaf-
fected list with the closest RPKM, not allowing duplicate genes.

Comparison of MeCP2-dependent gene expression to gene length and DNA methylation

Gene length was defined as the difference between TSS and TTS for the longest isoform of each mm10 Refseq gene. For DNA
methylation, bisulfite-sequencing from 10-week-old or 1-week-old mouse cortex from Lister et al. (2013) was used to calculate
DNA methylation density as the number of cytosines/(number of cytosines + thymines) in either the CA or CG dinucleotide context
in each genomic region. To examine the effects of gene body DNA methylation independently of promoter regions, which are
relatively depleted for DNA methylation, the promoter region was removed by excluding the first 3 kb of genes and removing
genes < 4.5 kb in length. Gene bodies with fewer than 5 total CA or CG reads, or fewer than 10 MeCP2 ChlIP or input reads were
excluded from analysis. To generate smooth-line correlation plots, genes that were significantly up- or downregulated between
MeCP2 mutant and WT were sorted by gene length or DNA methylation, and a sliding window was defined by the indicated bin
and step sizes for each analysis. The bin and step sizes were adjusted to the length of each gene list. The average log, fold-change
and standard deviation for each bin were plotted for either the MeCP2 mutant versus WT comparison or the Shuffled comparison.
Since there were no significantly misregulated genes in the Shuffled comparisons, the Shuffled fold-changes of the genes signifi-
cantly misregulated in the MeCP2 mutant compared to WT comparison are shown. For aggregate plots of DNA methylation over
gene bodies, mCA/CA and mCG/CG were calculated in 1 kb genomic bins using BEDTools (Quinlan and Hall, 2010) (v2.26) map,
then metagene plots were generated with deepTools (v3.0.2) (Ramirez et al., 2016).

Pol Il premature termination analysis

Chromatin-associated RNA-seq reads from 10 WT and 10 MeCP2 KO mice were counted in individual mm10 Refseq introns using
Subread featureCounts (feature level). Individual introns were defined as the difference between the full gene body of the longest
isoform for a gene and exons from all isoforms with BEDTools subtract (v2.26). Custom R scripts were used to calculate the
RPKM of each intron as the read counts in the intron normalized to the intron length in kb and the total mapped reads in millions.
Genes with at least 4 introns and RPKM expression of at least 1 were included in the analysis. The last/first intron ratio was calculated
as the last intron RPKM / first intron RPKM for each gene.

Co-transcriptional splicing analysis

3’ splice site ratio analysis was performed as described in (Herzel and Neugebauer, 2015; Khodor et al., 2011) with minor modifica-
tions. Read coverage in chromatin-associated RNA-seq from 10 WT and 10 MeCP2 KO mice was calculated using SAMtools
(v0.1.19) (Li et al., 2009) depth and read coverage in the 3’ 25 bp of each intron and 5’ 25 bp of the following exon was calculated
using BEDTools intersect (v2.26). For genes with multiple isoforms, the longest isoform was used for analysis. Custom R scripts
were used to sum the coverage in each individual exon and intron and calculate the fraction un-spliced for each 3’ splice site as
the 25 bp intron coverage / 25 bp exon coverage. 3’ splice sites with exon coverage less than 200 were excluded.

Spurious intragenic initiation analysis

Whole-cell RNA-seq reads from 10 WT and MeCP2 KO mice were counted in individual mm10 Refseq exons using Subread featur-
eCounts (feature level, multi-overlapping reads counted). Analysis was performed with custom R scripts as described previously
(Nerietal., 2017). Genes with at least 5 exons and RPKM expression of at least 1 were included in the analysis. For genes with multiple
isoforms, the longest isoform was used for analysis. The RPKM of each exon was calculated by the read counts in the exon normal-
ized to the exon length in kb and the total mapped reads in millions. The last/first exon ratio was calculated as the last exon RPKM /
first exon RPKM for each gene.

Nanostring nCounter gene expression analysis

Nanostring data were analyzed with the nSolver software (v4.0) using the default mRNA parameters, including quality control, no
background subtraction or thresholding, and normalization to positive controls and housekeeping genes. Differentially expressed
genes were defined by an FDR < 0.05 with no fold-change cut-off.

Chromatin immunoprecipitation sequencing analysis

Sequencing reads were trimmed with Trimmomatic (v0.36) to remove adapters and low-quality sequence (settings: LEADING:5
TRAILING:5 SLIDINGWINDOW:4:20 MINLEN:50). Trimmed reads were mapped to the mm10 genome with Bowtie2 (v2.2.9) (Lang-
mead and Salzberg, 2012) with default parameters. PCR duplicate reads were removed with SAMtools (v0.1.19) rmdup. Reads were
extended to 250 bp (to approximate fragment length) with UCSC tools (v363) bedextendranges. For each ChIP antibody, reads for
each sample were randomly down-sampled to equal numbers using the GNU shuf utility. For ChlP-seq track visualization figures, the
down-sampled reads from each replicate were merged, and bigwig files were generated with deepTools bamCoverage with a bin
size of 25 bp, and were visualized with the UCSC genome browser. ChlP-seq reads were quantified in the genomic regions specified
in figure legends using BEDTools map (v2.26). For histone modifications and Pol Il ChIP-seq, differential ChIP analysis was performed
on ChIP read counts in specified regions with the R package edgeR (v3.18.1) (Robinson et al., 2010). Genes with low ChIP read
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counts were filtered by keeping only genes with rowSums(cpm(y) > 1) > = (humber of samples per group). Boxplots show log, fold-
change in MeCP2 mutant compared to WT ChIP from edgeR output for each gene list. H3K27ac peaks were defined using MACS2
with the ChlIP input as background (-nomodel -q 0.05). Intragenic H3K27ac peaks were defined using BEDTools intersect as peaks
that were within gene bodies but excluded from the first 3 kb of genes. For MeCP2 ChiIP-seq, MeCP2 ChlIP read counts were normal-
ized to input read counts in the specified genomic regions.

PRO-seq analysis

Read mapping and quantification

Random hexanucleotide barcodes included in sequencing adaptors permitted the identification and removal of PCR duplicates using
Clumpify (BBTools v37.90). Reads were trimmed to 25 bp and mapped to the mm10 reference genome using Bowtie2 (v2.2.9). Reads
were converted to BED format using BEDTools (v2.26.0) and trimmed to the width of a single nucleotide at the second-to-3’ position,
corresponding to the position of RNA Polymerase |l before the incorporation of the terminal 11-biotin-NTP. PRO-seq reads were
quantified in Refseq transcription start sites (TSS: —1 kb to +1 kb) and gene bodies (TSS +1 kb to TTS) using BEDOPS (v2.4.30)
(Neph et al., 2012). The fold-change in mutant compared to WT PRO-seq signal was calculated with edgeR (v3.18.1). Genes with
low PRO-seq read counts were filtered by keeping only genes with rowSums(cpm(y) > 1) > = (number of samples per group). Boxplots
show logs, fold-change in mutant compared to WT PRO-seq from edgeR output for each gene list.

Pausing analysis

To specifically analyze the pausing of productively elongation RNA Pol Il molecules, CA sites were identified from a set of neuro-
nally-expressed, non-overlapping genes (> 0.2 RPKM in the PRO-seq data, 7616 genes). To avoid the impact of gene features
known to regulate rates of pausing and elongation, CA sites were only considered that were within an intron of at least 100 bp
and not within 10 bp of a known splice site. CA sites were separated based on their levels of CA methylation (high, low, none),
and PRO-seq reads were mapped to the surrounding regions using Homer (v4.9) (Heinz et al., 2010) and plotted as an averaged
histogram. To reduce the impact of cryptic promoters and other sites with abnormally high PRO-seq signal, the top 0.1% of sites
by PRO-seq density were removed from analyses. To correct for differences in PRO-Seq signal resulting from gene expression
levels, the read density at a given position was divided by the average PRO-seq density across the gene in which it resides.
For the YY1 motif analysis, ChIP-seq was performed for YY1 with Abcam ab109237 antibody as detailed (Malik et al., 2014)
from E16.5 primary cortical neuron cultures cultured for 7 days in vitro. Peaks were defined with MACS2 (Zhang et al., 2008) as
described (Vierbuchen et al., 2017). YY1 motifs (MA0095.2) within + 250 bp of peak summits were annotated with FIMO
(MEME Suite) (Grant et al., 2011). YY1 motifs were then oriented by the direction of the motif sequence and PRO-seq reads
were mapped to the surrounding regions using Homer and plotted as an averaged histogram. This histogram was plotted using
a moving window of 10 bp for smoothing.

Elongation rate calculation

The wavefront of elongating RNA Polymerase |l was identified using a Hidden Markov Model as implemented previously
(Jonkers et al., 2014). Elongation rates were calculated for genes greater than 200 kb as the linear fit of the Pol Il wavefronts
at 20, 40, and 60 minutes after flavopiridol treatment over time. Genes with a linear fit R-squared greater than 0.9 were
included in downstream analysis. Heatmaps of PRO-seq signal were created in R using the EnrichedHeatmap package
(Gu et al., 2018).

Initiation rate analysis

Aggregate plots of PRO-seq signal in —500 to +500 bp of the TSS were generated with Homer (v4.9). To quantify initiated Pol Il signal,
PRO-seq reads were counted in —500 to +500 bp of the TSS using BEDTools map. Initiation rates were calculated as the linear fit of
0 minute, 20 minute, and 40 minute initiated Pol Il PRO-seq signal over time using the Im function in R. The 60 minute time point was
excluded because the inhibition of Pol Il pause-release by flavopiridol had begun to wear off, as evident from the lack of increase of
initiated Pol Il signal from 40 to 60 minutes. Genes with initiation rates greater than zero, TSS PRO-seq signal greater than 10, and a
linear fit R-squared greater than 0.5 were included in analysis.

OxBS-seq analysis

BS-seq and OxBS-seq reads were mapped to the mm10 genome using BSmap (Xi and Li, 2009). OX and BS C and T reads were
counted in 1 kb genomic bins using BEDTools map. mC levels were calculated as OX: #C/(#C+#T). hmC levels were calculated
as BS: #C/(#C+#T) — OX: #C/(#C+#T). Metagene plots were generated with deepTools (v3.0.2).

Hi-C analysis
Hi-C analysis was performed as described in (Bonev et al., 2017) with minor modifications below.

To calculate the average gene contact enrichment map, we extend each gene (with a length x) both upstream and downstream by
x. We then generated a 100x100 grid from the beginning until the end of the extended 2D interval. As each gene has a different length
the constructed grid had varying bin sizes. We then calculated log ratio of the observed and the expected contacts in each bin of the
100x100 grid per gene. To account for the direction of transcription we further flipped the resulting matrices for genes transcribed in
the reverse orientation, so that the TSS relative coordinates were matching. Figure 7G represents the mean values in each grid bin
across different gene types.
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To quantify the TSS — gene body enrichment, we calculated the log ratio of observed and expected contacts within a 2D intervals
formed by TSS:TSS+10kb and the second half of the gene body (TSS+x/2: TSS+X).

DATA AND CODE AVAILABILITY

All genomic data reported in this study have been deposited in the NCBI Gene Expression Omnibus under accession GSE128186.
Custom R scripts for individual analyses are available upon request.
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