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SUMMARY

A unique signature of neurons is the high expression of the longest genes in the genome. These
genes have essential neuronal functions, and disruption of their expression has been implicated in
neurological disorders. DNA topoisomerases resolve DNA topological constraints and facilitate
neuronal long gene expression. Conversely, the Rett syndrome protein, methyl-CpG-binding
protein 2 (MeCP2), can transcriptionally repress long genes. How these factors regulate long
genes is not well understood, and whether they interact is not known. Here, we identify and

map a functional interaction between MeCP2 and topoisomerase 1Ip (TOP2p) in mouse neurons.
We profile neuronal TOP2 activity genome wide, detecting enrichment at regulatory regions
and gene bodies of long genes, including MeCP2-regulated genes. We show that loss and
overexpression of MeCP2 alter TOP2p activity at MeCP2-regulated genes. These findings uncover
a mechanism of TOP2p inhibition by MeCP2 in neurons and implicate TOP2p dysregulation in
disorders caused by MeCP2 disruption.

Graphical abstract

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
"Correspondence: gabelh@wustl.edu.

AUTHOR CONTRIBUTIONS

Conceptualization, S.A.N. and H.W.G.; methodology, S.A.N. and H.W.G.; formal analysis, S.A.N.; investigation: design, execution,
and analysis of all experiments, S.A.N.; IP-MS, Y.I.; RADAR analysis, L.A.; lentivirus production, C.A.; sample preparation, A.E.; in
vivoeTIP-seq, K.B.L. and T.P.; writing — original draft, S.A.N. and H.W.G.; editing, all authors; supervision, HW.G., A.B., and T.P;
funding acquisition, HW.G., A.B., and T.P.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.celrep.2023.113538.

DECLARATION OF INTERESTS
The authors declare no competing interests.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research. One or more of the authors of this paper self-identifies as an
underrepresented ethnic minority in their field of research or within their geographical location. One or more of the authors of this
paper received support from a program designed to increase minority representation in their field of research.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nettles et al.

In brief

Page 2

Physical interaction | o o neurons ¥
and g
functional analysis

oy,

% TOPZR TOP2E
C-rminus

Genomics J
a aTIP-seq
Cortex 2
MeCP2 knockdown ,_> ChiP-seq <‘_ Wildtype
s, b - VS,
MeCP2 gveraxpression RNA-seq MeCP2 knockout
Culturad neurons |’ | Adult mice
—_—
Wild type MeCP2 Knockout

aTIP NCoR MeCP2

LONG GENE

3 Q-::ﬁ-'"-*'*”;ﬁh.:_--'

TES TES T H TES

MeCP2-RE[RESSED

TS, S
TOP2B.: Enhancer ... mCA mCG

=g A
e et

\

\ N
\ op2 !
Gone Enhancer  TOP2R Enhancer TOPZE

Nettles et al. establish TOP2p as an MeCP2-interacting protein and demonstrate that MeCP2
negatively regulates TOP2p activity at MeCP2-repressed long genes in neurons. Their results
implicate aberrant TOP2p activity in long neuronal genes in the pathology of Rett syndrome.

INTRODUCTION

During development, diverse gene programs establish the complex morphology and
connectivity of neurons.! The complexity of neuronal transcriptomes is evidenced by the
expression of the longest genes in the genome (e.g. >100 kb), which is many folds

higher in neurons than in other cell types.2~# Many long pre-mRNAs encode essential
neuronal proteins, including ion channels, receptors, and adhesion molecules,? that have
been implicated in neurological disorders.® Studies of developing mice and in vitro-derived
human neurons indicate that expression of long genes is a hallmark of functional maturity,5.”
and pharmacological interventions that downregulate these genes lead to synaptic and
physiological dysfunction.8 Thus, the expression of long genes is a distinctive feature

of neuronal transcriptomes, and disruption of these genes represents a vulnerability to
dysfunction in the brain.

Topoisomerase proteins are essential for neural development and critical for long genes.>°
These enzymes resolve DNA topological constraints that arise during cell division, gene

transcription, and chromatin remodeling.1%-12 Type | topoisomerases (TOP1s) relax DNA
by nicking and rejoining one DNA strand, whereas type Il topoisomerases (TOP2s) break
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and rejoin both DNA strands.13-16 Mammalian cells express two TOP2 enzymes, TOP2a
and TOP2p. Although these enzymes have similar structures and activities, their expression
and biological roles differ.17-18 TOP2a. is expressed in proliferating cells but not neurons,
whereas TOP2p is expressed in dividing and post-mitotic neurons.1%-2 Deletion of 7op2b
leads to defective brain development,26:27 and pharmacological inhibition or knockdown
(KD) of TOP2B in cultured neurons reduces long-gene expression.® While the mechanisms
by which TOP2B promotes gene expression are not clear, TOP2p may decatenate DNA,
opening chromatin and activating regulatory regions,28:2% or unwind DNA to aid RNA
polymerase processivity.4>8 These studies indicate that TOP2p is critical for robust
expression of long genes and essential for brain function.

Balanced gene expression is essential, and studies have implicated methyl-CpG-binding
protein 2 (MeCP2) as a modulator of neuronal transcription that preferentially
downregulates long genes.23:30-33 MeCP2 loss or overexpression (OE) causes Rett
syndrome3* or MeCP2-duplication syndrome, 3 respectively, demonstrating its importance
in the brain. Although multiple functions of MeCP2 have been described, molecular and
genomic analyses suggest MeCP2 binds to methylated DNA within and around genes

to promote repressive chromatin structure, downregulating transcription. Transcriptional
repression by MeCP2 appears to be mediated in part by downregulation of enhancers
within genes, leading to reduced transcription initiation.31:36-39 Notably, because long
genes are enriched for DNA methylation and contain many enhancers, these repressive
effects most robustly affect long genes, with critical functions in neuronal development and
physiology.2:340 These studies suggest that an important function for MeCP2 is to tune
down long gene expression and implicate disruption of this mechanism in the pathology of
MeCP2-associated disorders.

Mechanistically, biochemical studies have identified protein interactors of MeCP2 that may
mediate its functions. Extensive evidence suggests that MeCP2 functions as a repressor

by interacting with the NCoR/SMRT co-repressor complex.3® In addition, PSIP1/LEDGF
and TCF-20 likely play roles in MeCP2-mediated gene regulation.142 However, whether
additional protein interactors or mechanisms play a key role in MeCP2 functions remains to
be investigated.

Here, we uncover an interaction between MeCP2 and TOP2p with functional implications
for long genes in neurons. We identify and interrogate a physical association between
TOP2B and MeCP2, implicating a key domain of MeCP2 in this interaction. We profile sites
of TOP2p activity in neurons genome wide and determine that TOP2p is preferentially
active at long genes. We demonstrate that disrupting MeCP2 levels in neurons alters

TOP2p activity at long, MeCP2-regulated genes. Thus, the interaction between TOP2 and
MeCP2 regulates essential neuronal genes, and disruption may contribute to MeCP2-related
neurological disorders.
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MeCP2 selectively binds and modulates the activity of TOP2B

To explore mechanisms underlying MeCP2 long-gene regulation, we sought to identify
additional MeCP2 protein interactors. We expressed and purified FLAG-tagged MeCP2
protein in mouse cultured cortical neurons and performed mass spectrometry analysis of
co-precipitating proteins (Table S1). In addition to previously described MeCP2 interactors
(KPNA3 and PSIP1/LEDGF),3642-44 multiple additional proteins were reproducibly
identified (Figure 1A, Table S1). For example, we detected DHX30, an RNA helicase

that results in a developmental disorder similar to Rett syndrome when mutated.*>46 The
splicing factor SFRS14 was also detected and may contribute to MeCP2 splicing-regulatory
functions.*2 Notably, TOP2p was reproducibly identified in this analysis. Motivated by
previous separate studies showing that inactivation of topoisomerase enzymes® and MeCP2
mutation? lead to opposing effects on long genes, we focused further investigation on this
interaction.

To independently test TOP23-MeCP2 association in the brain, we immunoprecipitated
MeCP2 from forebrain extracts of wild-type 8-week-old mice. To eliminate potential nucleic
acid bridging, nuclear extracts were treated with benzonase, a DNA-RNA nuclease, before
immunoprecipitation (IP) was carried out. This analysis revealed co-immunoprecipitation
(colP) of TOP2p but not TOP1, the other major topoisomerase robustly expressed in

brain (Figure 1B). This validated interaction between MeCP2 and TOP2f suggests that
modulation of long-gene expression by MeCP2 may involve alterations in the activity of
TOP2B.

MeCP2 and TOP2 are highly conserved in vertebrate species and well characterized, with
specific protein domains defined for distinct protein functions.36:37.:39.47-52 \\fe therefore
established a colP assay in heterologous cells to ask which protein sequences are sufficient
for the interaction. Co-expression of MY C-tagged full-length (1-1,612 aa) TOP2p with
FLAG-tagged full-length (1-484 aa) MeCP2 in HEK293 cells led to a detectable colP
(Figure 2A). Notably, this interaction was specific, as expression of MY C-tagged full-length
TOP2B with another nuclear protein, FLAG-tagged DNMT3A, had no detectable colP
signal.

Having validated the assay, we probed which TOP2p sequences are sufficient for interaction
with MeCP2. TOP2p contains three functional regions: the amino-terminal ATP-binding
domain allows dimerization between TOP2 monomers, the central catalytic domain is
responsible for strand breakage and re-ligation, and the carboxyl-terminal region is
implicated in localization and regulation of enzyme activity.16-18:52-56 Co-expression of
MY C-tagged N-terminal (1-449 aa), central catalytic (450-1,198 aa), and C-terminal
(1,199-1,612 aa) fragments with FLAG-tagged full-length MeCP2 (1-484 aa) in HEK293
cells resulted in colP of MeCP2 specifically with the C-terminal region (CTR) of TOP2p
(Figure 2B). The interaction of MeCP2 with the CTR of TOP2p is notable because the
CTRs differ between TOP2a and TOP2 and are proposed to give rise to the unique
functions of these related topoisomerases.5’~59
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We next interrogated MeCP2 regions sufficient for interaction with TOP2p. MeCP2 contains
two major domains: the methyl-DNA-binding domain (MBD) and the NCoR-interaction
domain (N1D).36:37.39.47.60.61 A minimal protein containing these two domains rescues Rett
syndrome-like effects caused by MeCP2 mutation in mice.52 Co-expression of FLAG-tagged
MeCP2 fragments containing the MBD (1-167 aa), spanning the MBD and NID (143-484
aa), or containing the C terminus (384-484 aa) with MY C-tagged full-length TOP2pB (1-
1,612 aa) results in efficient colP of the 1-167 and 147-484 aa MeCP2 fragments with
TOP2p, while the MeCP2 C terminus did not interact (Figure 2C). These results suggest that
TOP2p interacts with the MBD of MeCP2. Notably, this is a key domain for Rett phenotype
rescue, suggesting that loss of TOP2p interaction could contribute to Rett syndrome.

Given the MeCP2 and TOP2p association, we sought to assess if MeCP2 regulates TOP2
function. To assay TOP2 activity in cells, we performed the rapid approach to DNA
adduct recovery (RADAR) assay,%3 in which HEK293 cells are transfected with TOP2@
and treated with etoposide to quantify DNA cutting by the enzyme. Etoposide is a TOP2
inhibitor that traps the enzyme in a covalently linked complex with cleaved DNA during the
cutting and re-ligation cycle.64.65 After etoposide treatment, cells are lysed, and the DNA

is stringently purified to remove all non-covalently linked proteins and slot blotted. TOP2
immunoblotting then reports the level of DNA cutting that was occurring genome wide in
the treated cells. RADAR analysis showed that TOP2p activity was globally reduced by the
overexpression of MeCP2 (Figures 2D-2F), suggesting that MeCP2 interacts with TOP2p to
negatively regulate its topoisomerase activity.

TOP2p activity is enriched within long genes in neurons

In light of our finding that MeCP2 interacts with and reduces the activity of TOP2p, we
next investigated genomic sites of action for TOP2p and assessed the impact of MeCP2

on this function. Previous analyses have shown that TOP2p KD in neurons causes reduced
long-gene expression, but where TOP2p acts to facilitate long gene transcription is not

well understood. We therefore performed etoposide-mediated topoisomerase IP sequencing
(eTIP-seq)86 in mouse primary cortical neurons. In this genomic profiling assay, as in
RADAR, etoposide is used to trap topoisomerase on DNA at sites where it is active. The
DNA is stringently purified to remove non-covalently linked protein and sonicated, followed
by TOP2p IP and sequencing of isolated DNA to profile enzyme activity across the genome
(Figure 3A). In contrast to conventional chromatin IP (ChIP), which uses formaldehyde

to cross-link protein to DNA and profile genomic binding, employing eTIP allowed us to
directly assess TOP2p activity in neurons and study how MeCP2 affects TOP2p activity.

We first performed eTIP-seq in cultured cortical neurons at day /7 vitro 12 (DIV12), where
we could administer etoposide directly to the cells (Figure 3A). Isolation of DNA by

eTIP yielded robust levels of immunoprecipitated DNA compared with vehicle (DMSO)-
treated controls, which recovered insufficient DNA for sequencing, indicating high assay
specificity (Figure S1A,; Table S5). eTIP-seq profiles revealed enriched TOP2p activity

at annotated promoters and gene bodies compared with input controls. Notably, eTIP-seq
signal appeared to be higher at longer genes (>100 kb) relative to shorter genes (Figure
3B). To quantify TOP2p activity, we performed aggregate analysis and quantification of
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signal at promoters and gene bodies. Aggregate plots showed that TOP2p is consistently
associated with promoter regions, with the signal peak spanning +1 to +3 kb relative

to the transcription start site (TSS), hereafter referred to as “promoter-associated” signal
(Figure 3C). Aggregate plots of genes by length revealed enrichment of TOP2p at promoter-
associated regions and gene bodies of long genes compared with shorter genes (Figures

3C and S1B). Quantification of TOP2p signal verified aggregate profiles, showing a robust
correlation between TOP2B enrichment and gene length (Figures 3D, S1B, and S1C; Tables
S2 and S3).

Since long genes are robustly expressed in neurons, we therefore assessed if TOP2p signal
at genes is correlated with gene expression, and if so, whether this association explains
enrichment of TOP2p at long genes. We performed RNA-seq analysis on neuronal cultures
at the same time point as eTIP-seq and assessed TOP2 enrichment relative to gene
expression (Figure S1F). This analysis showed a modest association between expression
level and TOP2p enrichment at genes. Notably, however, while long genes are robustly
expressed in our cultured neurons, they are not more highly expressed than shorter genes
(Figure S1G; Table S3). In addition, quantification of eTIP signal across gene length for

a subset of genes selected to have similar, moderate expression levels revealed gene-length-
associated TOP2 enrichment, even in this expression-controlled analysis (Figure S1H).
These findings indicate that TOP2p activity is associated with mRNA levels, but that TOP2f3
recruitment to long genes is not explained by expression.

We noted sites of eTIP-seq enrichment outside of promoter regions reminiscent of

peaks associated with enhancers (Figure 3B) and therefore investigated TOP2p signal at
these distal regulatory regions. To define putative enhancers, we performed ChlP-seq on
histone H3 lysine 27 acetylation (H3K27ac), a histone modification associated with active
promoters and enhancers. We performed peak calling on these H3K27ac data and assessed
overlap of eTIP signal with acetyl peaks outside of TSSs (Table S4). eTIP profiles showed
enriched TOP2p signal for enhancers found both inside and outside of genes (Figures

3B and 3E; Table S4). Notably, TOP2p enrichment was higher at enhancers located

within genes (intragenic) relative to enhancers outside of genes (extragenic). This increased
enrichment at intragenic enhancers may partially explain increased signal inside long genes
containing many enhancers.

To independently assess TOP2p activity profiles in an unbiased manner, we performed
peak calling on the TOP2p eTIP-seq signal. We assessed where these peaks land in the
genome, comparing them with re-sampled controls. This analysis revealed that TOP2p peaks
are significantly more prevalent within intragenic regions than within extragenic regions
compared with controls (Figure S1D; Table S4). Analysis of TOP2p peak overlap with
promoters and putative enhancers, as defined by H3K27ac above, indicated that TOP2p
peaks are significantly enriched within promoters and enhancers and are further enriched
within intragenic enhancers compared with extragenic enhancers (Figures 3F and 3G; Table
S4). Together, the results of this peak distribution analysis are consistent with TOP23
enrichment within genes and intragenic enhancers described above (Figure 3E; Table S4).
Our analysis of TOP2 peaks revealed additional TOP2p peaks in unannotated regions
(Figure S1E; Table S4). Many of these sites may be enhancers that were just below the level
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of detection of the H3K27ac peak-calling analysis. However, many may not be enhancers.
Notably, nearly two-thirds of the unannotated TOP2p peaks are intragenic, suggesting
TOP2p is engaged and active at many sites within these genes.

Standard eTIP analysis is performed with a high concentration etoposide (500 pM) in a brief
treatment protocol (15 min) to rapidly capture TOP2B molecules engaging the genome.%6

To further characterize TOP2p activity, we repeated our analysis using a lower drug
concentration (50 pM for 30 min) and detected similar eTIP-seq profiles across promoters
and enhancers genome wide (Figures S11-S1K). However, we did not detect enrichment
within non-enhancer regions of gene bodies for long genes (Figures S11 and S1J). This may
result from less efficient capture of TOP2p at sites of lower-level activity using the reduced
drug concentration.

To further probe the validity of our findings, we performed eTIP-seq using an independent
TOP2p antibody targeting a different protein region. Consistent with initial observations, the
second antibody yielded TOP2B enrichment at promoter-associated regions and gene bodies
of long genes, as well as at enhancers (Figures S2A-S2D; Table S4). Peaks detected genome
wide showed similar co-localization within promoters and enhancers, particularly intragenic
enhancers, with TOP2f peaks also observed in unannotated regions (Figures S2E-S2H;
Table S4). These analyses confirm TOP2f enrichment at promoters and enhancers within
long genes, suggesting that the activity of TOP2p at these regulatory regions may play an
important role in the transcription of these genes.

Activity of TOP2 on the genome requires both the close association of the enzyme with
the genome and the initiation of DNA cutting. We therefore assessed the binding of the
enzyme via ChlP-seq analysis. TOP2p ChiP-seq revealed enriched binding at promoters and
enhancers in neurons that was consistent with the enriched enzyme activity measured at
these sites (Figures 3B and 3H-3J). Enriched binding was also observed at the promoters of
long genes (Figures 3H, 31, and S3A). This signal was less prominent than signal detected in
eTIP-seq (Figures 3C and 3D), however, suggesting the enzyme is also differentially active
at these genes rather than simply binding more. While intragenic enhancers were enriched
for TOP2B ChIP signal, gene-body ChlP-seq signal in general was not significantly higher
in longer genes (Figure S3A). This suggests that differential activity alone, as captured by
eTIP-seq, is occurring within long gene bodies, rather than enriched binding. Alternatively,
the gene body signal outside of intragenic enhancers may be unique to high-concentration
eTIP-seq.

MeCP2 regulates TOP2 activity at long genes repressed by MeCP2

Given the MeCP2-TOP2p interaction, together with the opposing effects of MeCP2 and
TOP2p on long gene expression, we next investigated if MeCP2-regulated long genes are
targets of TOP2p and if MeCP2 modulates the activity of TOP2p at these genes. Analysis

of eTIP-seq signal at “MeCP2-repressed” genes, a set of long genes consistently upregulated
when MeCP2 levels are low and downregulated when MeCP2 levels are high across multiple
in vivo MeCP2 mutant studies,? revealed TOP2B enrichment at the promoter-associated
regions and gene bodies of these genes. This signal was enriched relative to unchanged
genes and “MeCP2-activated” genes, a gene set with opposite dysregulation in MeCP2
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mutants? (Figures 4A and 4B; Table S3). TOP2@ enrichment at MeCP2-repressed genes
was not explained by gene expression levels (Figure S4A), but rather was likely driven

by recruitment of TOP2p due to the long length of these genes. In support of additional
physical recruitment to these long genes, ChlP-seq analysis also detected enrichment of
TOP2p at MeCP2-repressed genes (Figure S3B), and similar enrichments occurred in
eTIP-seq performed with low-concentration etoposide (Figure S4B). In contrast, MeCP2-
activated genes displayed modest TOP2p enrichment relative to unchanged genes (Figures
4A, 4B, S4A, and S4B), which may stem from their higher expression level (Figure S4A).
Altogether, these findings indicate that MeCP2-repressed genes, like other long genes, are
major targets of TOP2p.

Given that MeCP2 preferentially downregulates a subset of neuronal long genes (e.g.,
MeCP2-repressed genes), we hypothesized that TOP2p recruited to long genes may be
negatively regulated by MeCP2 to restrict expression of these genes. To address this
question, we performed KD or OE of MeCP2 in primary cortical cultures and carried

out gene expression and eTIP-seq analyses (Figure 4C; Table S3). Because MeCP2 protein
increases dramatically during post-natal development,57:68 these cultures contain low levels
of MeCP2 compared with the adult brain. Thus, we overexpressed MeCP2 in these cells to
model the role of MeCP2 in the mature brain. We paired this with MeCP2 KD to remove
low levels of MeCP2 and better recapitulate Rett syndrome-like conditions, in which no
MeCP2 activity is present in neurons. Assessment of MeCP2 RNA levels in MeCP2-KD and
MeCP2-OE conditions revealed robust reduction of endogenous MeCP2 and significantly
higher MeCP2 expression, respectively (Figure 4D; Table S5). To assess if our culture
system mirrors the MeCP2-mediated gene regulation observed in the brain, we performed
total RNA-seq on the MeCP2-KD and MeCP2-OE cultured neurons. Differential gene
expression analysis showed that MeCP2-repressed genes previously identified in the in vivo
studies of multiple brain tissues? were significantly upregulated in MeCP2-KD neurons, and
MeCP2-activated genes were significantly downregulated (Figure S4C; Table S3). Thus, our
manipulation of MeCP2 in the cultured neurons elicits changes in gene expression that are
consistent with the changes observed in the brain and therefore provides a suitable context to
assess how MeCP2 affects TOP2p activity in neurons.

Having established our culture system, we performed eTIP-seq in the MeCP2-KD and
MeCP2-OE conditions to test if loss of MeCP2 induces an increase in TOP2p activity at
long, MeCP2-repressed genes. Visualization of the eTIP signal at these genes suggested
higher TOP2p activity in MeCP2-KD neurons compared with MeCP2-OE neurons (Figure
4E; Table S3). To quantify changes in eTIP signal at MeCP2-regulated genes, we performed
differential analysis of eTIP reads and examined the population of genes that was previously
identified as both MeCP2 repressed in /n vivo studies and differentially expressed across
MeCP2-KD and MeCP2-OE neurons (Figures 4F and SAC-S4E). This analysis revealed
increased TOP2p activity at promoter-associated regions and gene bodies of MeCP2-
repressed genes in MeCP2-KD compared with MeCP2-OE (Figure 4G; Table S3). Similar
trends were observed when analyzing all genes significantly changed across the KD and

OE conditions or all genes identified in /in vivo studies (Figures S4C-S4F). Consistent

with higher, adult-brain-relevant levels of MeCP2 causing TOP2p repression, we detected
reduced eTIP signal at MeCP2-repressed genes in MeCP2-OE neurons compared with
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unmanipulated control neurons. In contrast, inconsistent effects were observed in MeCP2-
KD compared with controls, where MeCP2 levels were low in both conditions (Figure S4G).
At MeCP2-activated genes, TOP2 activity showed limited changes in signal (Figures 4G
and S4F).

One mechanism by which MeCP2 regulates long gene expression is by repressing the
activity of intragenic enhancers associated with these genes.40 We therefore evaluated the
eTIP signal at intragenic enhancers of MeCP2-regulated genes? in MeCP2-KD and MeCP2-
OE neurons. TOP2p activity showed subtle, but significant, increases at these enhancers

in MeCP2-KD compared with MeCP2-OE (Figure 4H; Table S4), suggesting that negative
regulation of TOP2p by MeCP2 contributes to intragenic enhancer repression.

To further interrogate MeCP2 regulation of TOP2p, we performed ChIP-seq analysis in
MeCP2-KD and -OE neurons. This analysis revealed subtle alterations in DNA association
that mirrored TOP2p activity changes detected by eTIP (Figures S3C and S3D), with
TOP2B ChlP increased at promoters and gene bodies of MeCP2-repressed genes in MeCP2-
KD compared with MeCP2-OE. These effects may result from TOP2p making closer
contacts with the DNA in the absence of MeCP2 or reflect increased DNA cutting resulting
in more efficient cross-linking in the ChIP assay.

While our findings indicate that MeCP2 can regulate TOP2p activity in cultured neurons,
the major functions of MeCP2 /n vivo emerge as the protein and one of its major binding
sites, DNA methylation at CA dinucleotides (mCA), accumulate in the mature brain.89 We
therefore evaluated the impact of MeCP2 in this context by implementing eTIP-seq analysis
in ex vivo adult mouse cortex. Acute cortical slices from 8-week-old wild-type and MeCP2-
knockout (KO) mice were treated with etoposide or vehicle control and processed for eTIP-
seq as with cultured neurons. This procedure resulted in etoposide-dependent capture of
DNA (see STAR Methods), and eTIP-seq revealed profiles of enrichment at promoters and
enhancers genome wide (Figures 5A-5C). Promoter-associated eTIP signal was correlated
with gene length (Figures 5A, 5B, and 5D), and MeCP2-repressed genes were enriched

for eTIP signal within promoters and gene bodies (Figures 5E and 5F). Loss of MeCP2
resulted in a subtle but significant eTIP signal increase at MeCP2-repressed genes (Figures
5A and 5G), as well as enhancers previously identified as MeCP2 regulated*? (Figure 5H).
Notably, these effects correspond to enriched mCA and MeCP2 binding at MeCP2-repressed
genes (Figure S5), suggesting that regulation is mediated through MeCP2 recruitment

to mCA. In further support of MeCP2 regulation of TOP2p through DNA-methylation
binding, we found that changes in eTIP signal at enhancers genome wide correlated with
DNA-methylation levels atthese sites (Figure 51). These effects mirror similar genome-wide
impacts on enhancer activity detected in MeCP2 KO.40 Together these analyses demonstrate
that MeCP2 mutation leads to altered TOP2f activity in mature brain and implicate these
alterations in Rett syndrome.

DISCUSSION

Here, we have established a MeCP2-TOP2f interaction in neurons and demonstrated its
importance for modulating TOP2p activity at MeCP2-regulated long genes. One model
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consistent with our findings is that, when neurons are born, TOP2f is recruited to

long genes, including MeCP2-repressed genes, through MeCP2-independent mechanisms.
This binding facilitates essential long gene expression in neurons. As neurons mature
post-natally, MeCP2 becomes highly expressed and interacts with TOP2p at long, highly
methylated genes to act as a molecular brake on TOP2p activity, tempering gene expression.
Loss of MeCP2, as in Rett syndrome, disrupts this molecular brake, allowing TOP2p activity
to become unrestricted within long, MeCP2-regulated genes (Figure 6). This regulation may
be critical to the role of MeCP2 in tuning neuronal gene expression.

TOP1 and TOP2 enzymes both promote the expression of long genes by resolving
topological constraints. Removal of these enzymes in neurons results in subtle reductions

in long gene expression, with TOP1 loss affecting these genes more than TOP2p loss.>

Our analysis shows that MeCP2 binds uniquely to TOP2p, but not the TOP1. In addition,
we show that MeCP2 interacts with the CTR of TOP2p. Structural studies indicate that

the CTR is the most divergent region between TOP2p and TOP2a., which is expressed in
dividing cells but not neurons. While removal of the CTR of TOP2p does not affect catalytic
activity,16:57 CTR truncation does cause increased binding of TOP2@ to DNA, suggesting
this region has a negative regulatory function.>8:59 These observations provide evidence that
CTR regulatory function may be modulated by MeCP2 binding. Notably, the expression and
specialization of TOP2B, TOP2a, and MeCP2 have emerged in the vertebrate lineagel6:71
and therefore may contribute to regulation of complex vertebrate neuronal transcriptomes.

Our mapping of MeCP2 fragments sufficient for TOP2 binding implicates this interaction
in Rett syndrome. We show the TOP2p interaction occurs with MeCP2 fragments that
contain the C-terminal portion of the MBD. Structural studies indicate that this portion of
the MBD is outside of the region directly contacting DNA,37 suggesting that MeCP2 can
regulate TOP2p while bound to DNA. Previous studies identified two critically important
functional domains of MeCP2 that contain Rett-causing missense mutations, the MBD and
the NID.36:37.62 The MBD is required for interaction with methylated DNA,2:33.60.61 while
the NID is required for interaction with the NCoR-co-repressor complex.38 Our findings
suggest the need to evaluate the effects of Rett syndrome missense mutations in the MBD, as
some may disrupt TOP2p interaction rather than solely disrupting methyl-DNA binding.

While it is not known how TOP2p facilitates long gene expression, our study uncovers
TOP2p activity at promoters and enhancers of long genes that may provide insight into

this mechanism. Neuronal eTIP-seq specifically recovers TOP2p enzymes during cutting

of DNA, thereby associating functional relevance to each enriched site. Previous ChlP-seq
studies in neurons observed TOP2f enrichment at actively transcribed genes, promoters, and
regions of open chromatin and adjacent to genes encoding ion channels and receptors.19:66.72
Here, we report a genome-wide gene-length-associated enrichment of TOP2p activity in
neurons. Future studies can assess how TOP2p activity is targeted specifically to longer
genes and what role it plays in facilitating expression of these genes.

MeCP2 has been characterized as a repressor, given its binding to methylated DNA and
recruitment of the NCoR-co-repressor complex. Disruption of MeCP2 causes dysregulation
of intragenic enhancers and upregulation of long, highly methylated genes, which may
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contribute to Rett syndrome pathology.3140 By profiling TOP2p genome wide in neurons
that have low initial levels of MeCP2, we find that TOP2p enrichment occurs at
promoter-associated regions and gene bodies of long, MeCP2-repressed genes prior to the
accumulation of MeCP2. Manipulating MeCP2 expression in cultured neurons or in the
adult brain alters the activity of TOP2p at MeCP2-regulated genes in a manner that is
consistent with MeCP2 inhibiting TOP2p at these sites. Thus, TOP2p targeting of long
genes does not appear to require MeCP2; rather, its activity at these sites is modulated by
interaction with MeCP2 in mature neurons.

Because MeCP2 has no catalytic domain, it is hypothesized to function as a bridge between
chromatin and the NCoR-co-repressor complex.”® One possible model for this function in
regulating TOP2p is that MeCP2 recruitment of the NCoR complex inhibits TOP2p activity.
The NCoR complex contains a histone deacetylase (HDAC3), which could deacetylate
TOP2p to regulate its activity, in addition to affecting histone substrates. In this model, Rett
syndrome mutations might affect TOP2p modulation by directly disrupting the interaction
between MeCP2 and TOP2p or, for example, in the case of the well-characterized

R306C mutation,’3 by blocking NCoR recruitment and leading to loss of TOP2p negative
regulation. Future studies can test this model by investigating whether TOP2p acetylation is
altered in MeCP2 mutants.

While numerous studies have built a molecular model of gene repression by MeCP2 and
NCoR,36:74 direct mechanisms affecting MeCP2-activated genes upon loss of MeCP2 are
not as well defined. In some analyses here, we observe a subtle reduction of TOP2
activity at MeCP2-activated genes upon loss of MeCP2. These alterations may represent
the loss of a TOP2pB-activating function of MeCP2. Alternatively, because differential count
analysis pipelines re-balance effects genome-wide based on assumption of similar count
distributions across samples, the apparent reduced signal may represent a relative lack of
TOP2p de-repression at MeCP2-activated genes when MeCP2 is lost.

Outside of gene expression, our findings, combined with other studies, suggest that MeCP2-
TOP2p interaction should be investigated as a modulator of DNA damage in neurons.
TOP2p cuts DNA to modify topology, and if it is disrupted during this process, aborted
cutting and ligation cycles can results in double-stranded breaks (DSBs). Because long
genes experience topological constraints that do not affect shorter genes, they may require
higher levels of TOP2p activity to resolve these constraints and be prone to DSBs.

MeCP2 may be required to maintain TOP2p activity at optimal levels in these genes,

and when MeCP2 is absent, TOP2p may be overactive, giving rise to errors and increased
DSBs. Notably, previous studies have reported recurrent DSBs in long genes in neural
progenitors’® and detected increased DSBs in neural progenitor cells from Mecp2-KO
mice.’® Furthermore, a recent genetic suppressor screen for mutations that ameliorate Rett-
like phenotypes in MeCP2-KO mice detected mutations in DNA damage-response-pathway
genes. This includes RBBPS, a protein that regulates the repair of TOP2-induced DSBs,””
suggesting that altering DSB pathways affected by TOP2p dysfunction modifies Rett-like
phenotypes. Our findings of TOP2 regulation by MeCP2 may provide an underlying
mechanism to explain these genetic findings and motivate studies to explore the presence of
TOP2B-induced DSBs in MeCP2 mutants.
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Altogether, we have identified a TOP2p-MeCP2 molecular interaction in neurons associated
with the regulation of neuronally enriched long genes. Future studies can investigate the
mechanism and functional importance of this interaction, as well as the degree to which

it is disrupted by Rett syndrome mutations in MeCP2. Such studies may reveal potential
therapeutic strategies for MeCP2-related disorders, such as small molecules that reduce
TOP2p activity.

Limitations of the study

While our mass spectrometry study discovers an interaction between MeCP2 and TOP2f
that we confirm and evaluate functionally, our detection of interactors appears to be
incomplete, as known interactors such as NCoR components36:74 were not detected. The
sensitivity of colP mass spectrometry studies is often dependent on protein expression
levels, tagging methods and location, and sample preparation procedures. Thus, the results
from our analysis should not be interpreted as a full characterization of the MeCP2
interactome.

Here, we utilize RADAR, eTIP-seq, and ChlP-seq analysis to show that MeCP2 expression
leads to changes in TOP2p activity and genome binding. However, we do not define
molecular mechanisms of MeCP2-mediated TOP2 repression. Future studies can further
dissect the domains required for this physical and functional interaction and assess the
impacts of Rett syndrome-associated mutations on TOP2p.

While our eTIP-seq approach reports TOP2p activity profiles that are validated by negative
controls and corroborated with ChlP-seq analysis, this protocol may fail to clone DNA
fragments due to the persistence of the TOP2p-phosphotyrosyl linkage created by etoposide
treatment (see STAR Methods). Loss of these fragments may explain some differences in
TOP2f gene body signal between eTIP experiments with different etoposide concentrations,
as well as TOP2p ChlP-seq. Thus, while our findings provide insights into the activity of
TOP2p, they may not present an exhaustive analysis of enzyme sites of action in neurons.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for reagents and resources should be
directed toward the lead contact, Harrison W. Gabel (gabelh@wustl.edu).

Materials availability—Request for materials generated in this study should be directed
toward the lead contact, Harrison W. Gabel (gabelh@wustl.edu).

Data and code availability

. All sequencing data have been deposited in the Gene Expression Omnibus
(GEOQ) and are available under the accession number GSE246463 as of the date
of publication. All mass spectrometry data have been deposited in the PRIDE
database and are available under the accession number PXD046904 as of the
date of publication.
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. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—For mouse neuronal cortical cultures, embryonic day 14.5 (E14.5) male and female
mouse embryos were prepared from adult C57BL/6J wild-type females. For eTIP from
mouse brains, MECPZ knockout mice (B6.129P2(C)-MeCPAm1.Bird/J) and wild-type male
littermates (MeCP2+ly) were obtained from The Jackson Laboratory at 8 weeks of age.

All animal protocols were approved by the Institutional Animal Care and Use Committee
(IACUC) and the Animal Studies Committee of Washington University in St. Louis, and in
accordance with guidelines from the National Institutes of Health (NIH).

Mouse cortical cultures—Cortical neurons were cultured from C57BL/6J mouse
embryos as described in,® with some modifications. E14.5 mouse cortices were dissected

in 1X DPBS, dissociated and trypsinized with TrypLE Express for two 6 min incubations

at 37°C, followed by DNAse treatment, to remove free-floating DNA and digest DNA

from dead cells. Trituration of cells was performed with a pipette to dissociate cells fully.
Dissociated neurons were seeded onto 6-well plates pre-coated with poly-D-lysine (0.1
mg/mL) at a density of 7.5x10° cells per well (or at a density of 3x10° cells per well for 12-
well plates). The plates were pre-coated with poly-D-lysine (0.1 mg/mL) in water, washed
three times with water and washed once with neurobasal medium before use. Neurons were
cultured with neurobasal medium with 5% fetal bovine serum, GlutaMAX, B27 Supplement
and Antibiotic-Antimycotic and maintained at 37°C with 5% CO,. Neurons were grown

in vitro for 3 days. At DIV3 and DIV9, cells were fed with one volume of neurobasal
medium supplemented with 4.84 ug/mL uridine 5’-triphosphate, 2.46 pg/mL 5-fluoro-2’-
deoxyuridine, GlutaMAX, B27 Supplement and Antibiotic-Antimycotic.

METHOD DETAILS

Mass spectrometry—Immunoprecipitation followed by mass spectrometry (IP-MS) was
performed as previously described,87:88 with modifications. Mouse DIV3 primary cortical
neurons were infected with lentiviruses encoding FLAG-tagged baits under the CMV (IP1
in Figure 1; Table S1) or neuronal Synapsinl (IP2 in Figure 1; Table S1) promoter. Each

IP indicated in Figure 1 and Table S1 is the aggregate result from two independent IP
mass-spec experiments per construct. Lysates of DIV10 cortical neurons were subjected

to immunoprecipitation using FLAG resin (Sigma), followed by 3XFLAG peptide elution
(Sigma) and trichloroacetic acid (TCA) precipitation.

Proteins were trypsinized (Sequencing-Grade Trypsin, Promega) and washed (3M Empore
C18 media), and tryptic peptides were loaded onto an LTQ linear ion trap mass spectrometer
(ThermoFinnigan). Spectra were searched against target-decoy tryptic peptide databases by
ComPASS analysis. Weighted D-scores were generated by comparison of MeCP2 co-IP
results to ComPASS analysis of a total of 18 bait proteins (data not shown).
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Plasmids—The mouse TOP2p cDNA with a C-terminal MYC tag was amplified from
MGC Mouse 7gpZb cDNA (Dharmacon) and cloned into pBACh, a modified pCAG
(cytomegalovirus enhancer fused to chicken beta-actin promoter) vector, using restriction
enzyme cloning at Xhol (5) and Notl (3"). The modified pCAG vector was generated from
a pCAG-mCherry, pIRES2-EGFP (Clontech) in which the IRES and EGFP were replaced by
mCherry (a gift from Dr. Jason Yi). The truncated TOP2 constructs were generated by the
insertion of PCR products into pBACh empty vector using Gibson Assembly cloning (NEB).
All constructs were given consensus translation initiation sequences. Human full-length
MeCP2 and MeCP2 fragments were cloned into p3XxFLAG-CMYV (a gift from Dr. Adrian
Bird) and were the same as used previously.36 Mouse full-length Dnmt3a was the same as
used previously.”® The MeCP2 shRNA and MeCP2 overexpression constructs were the same
as used previously.”8

Endogenous co-immunoprecipitation—Endogenous co-immunoprecipitations were
carried out as described previously.89 Forebrains from 8-week-old C57 B/J mice were
isolated and lysed in NP-40 lysis buffer (10 mM HEPES, pH 7.9, 3 mM MgCI2, 10 mM
KCI, 10 MM NaF, 1 mM Na3V04, 0.5 mM DTT, 0.5% NP-40, 13 complete EDTA-free
protease inhibitor cocktail (Roche)), dounced 15 times with a tight pestle, and pelleted at
1,000 g. Lysates were diluted 1:1 with benzonase buffer (10 mM HEPES, pH 7.9, 3 mM
MgCl2, 280 mM NacCl, 0.2 mM EDTA, 10 mM NaF, 1 mM Na3V0O4, 0.5 mM DTT, 0.5%
NP-40, and 13 complete EDTA-free protease inhibitor cocktail (Roche)) and digested with
250 units benzonase (Millipore) for 1 h rotating at 4°C to release MeCP2 and its protein
binding partners from the genome. Digested lysates were pelleted at 16,000 g for 20 min
at 4°C and immunoprecipitation was carried out on the supernatant using the following
antibodies: MeCP2 (07-013, Millipore) or TOP2p (H-286, sc-13059, Santa Cruz), in the
presence of 150 mM NaCl for 2 h while rotating at 4°C. The peptide-block control lysate
was immunoprecipitated with MeCP2 antibody in the presence of a peptide to which the
antibody was raised.

Heterologous cell co-immunoprecipitation—HEK?293T cells were transfected with
TOP2B, MeCP2 or DNMT3A constructs using Lipofectamine 2000 (Invitrogen) and
harvested after 24-48 h. HEK293T cells were lysed in NE10 buffer (20 mM HEPES (pH
7.5), 10 mM KCI, 1 mM MgCI2, 0.1% Triton X-100 (v/v), protease inhibitors (Roche),

15 mM B-mercaptoethanol), dounced 15 times and pelleted 5 min at 500 g. Nuclei were
washed in NE10 buffer and then digested with 250 units benzonase (Millipore) for 30

min rotating at 25°C. Nuclei were resuspended in NE150 buffer (NE10 supplemented with
150mM NaCl) and incubated for 20 min. Lysates were pelleted at 16,000 g for 20 min at
4°C and supernatants were immunoprecipitated by incubating the Myc tag (ab9106, Abcam)
antibody with Dynabeads Protein for 1 h at 4°C. The IP fraction was recovered by magnetic
separation followed by three washes with NE10 buffer containing 150 mM-300 mM NaCl.
The IP was then eluted from the beads with 2X NuPage LDS buffer (Invitrogen) containing
[B-mercaptoethanol.

Immunoblotting—Nuclear extracts or IP eluates from brain tissues or HEK293T cells
were resolved on 5-12% Tris-Glycine gels and transferred to nitrocellulose. Membranes
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were incubated overnight in the following primary antibodies: MeCP2 (Men-8, M7443,
Sigma), TOP2pB (H-286, sc-13059, Santa Cruz), TOP1 (H-5, sc-271285, Santa Cruz), Myc
tag (ab9132, Abcam), FLAG tag (F3165, Sigma), a-Tubulin (EP1332Y, ab52866, Abcam).
Following washes, membranes were incubated with HRP-conjugated secondary antibodies
and visualized by enhanced chemiluminescence (ECL, Cell Signaling Technology) or
secondary antibodies conjugated to IRdye 800 and imaged with LiCOR Odyssey.

RADAR assay—RADAR was performed as previously described.53 HEK293T cells were
transfected with full-length TOP2B-MYC and MeCP2-Flag constructs (as used in co-IP
analysis) using Lipofectamine 2000 (Invitrogen) and harvested after 48—72 h. For cells
transfected with and without TOP2p-MYC, GFP expressing plasmid was included to
balance the total plasmid DNA transfected. On the day of harvest, cells were treated

with either the vehicle (DMSO) or 0.5 mM etoposide for 15 min to capture TOP2p3
cleavage complexes. HEK293T cells were then lysed in DNAzol (Invitrogen)+1%Sarkosyl.
DNA-protein complexes were pelleted by adding 100% ethanol to the lysates followed by
centrifugation at 16,000 g for 15 min. The pellets were then washed with 75% ethanol

for further purification and dissolved in 8mM NaOH at 4°C overnight. Samples were
briefly sonicated and DNA was quantified. 200 ng of DNA was used for the slot blot. The
membrane was washed and blotted with an anti-MYC antibody (ab9132, Abcam) followed
by a secondary antibody conjugated to IRdye 800 and imaged with a LICOR odyssey to
detect TOP2p cleavage complexes. Signal for each sample was normalized by subtracting
the signal in the vehicle condition and dividing by the TOP2p only condition. For Western
blot analysis of protein expression, cells transfected in parallel were lysed directly in 2X
NuPage LDS buffer (Invitrogen) and immunoblotted as described above.

Virus production—For lentiviral-mediated overexpression and shRNA knockdown of
MeCP2, virus was prepared as described in%° using the MeCP2 shRNA and MeCP2
overexpression plasmids previously validated in.”® To produce lentivirus, 10 pug of

lentiviral plasmid (either shRNA-expressing or MeCP2 overexpression) was transfected

into HEK293T cells along with third generating packaging plasmids pMDL (5 ug), RSV
(2.5 pg), and VSVG (2.5 pg). HEK293T cells were maintained in complete DMEM media
(DMEM (high glucose) media, 10% fetal bovine serum, 1% GlutaMAX, 1% penicillin/
streptomycin). At 12-16 h following transfection, media was replaced with fresh complete
DMEM media. Viruses were concentrated by ultracentrifugation 48—60 h after transfection
and viral titers were determined by infection of HEK293T cells and were typically 0.5—
1x10° IFU/uL. Cultured neurons were infected on DIV3 and harvested on DIV12 for eTIP-
seq, ChIP-seq or RNA-seq. In RNA-seq of neurons in which MeCP2 was not manipulated,
cells were transduced with control virus that does not express a functional protein or sShRNA
to control for viral infection and facilitate better comparison to cells with lentiviral-mediated
manipulations.

Etoposide-mediated topoisomerase immunoprecipitation (eTIP) protocol—
eTIP experiments were performed as previously described,5¢ with some modifications.
E14.5 primary neuronal cultures were maintained for 12 days /in vitro (DIV12) and then
treated with 0.5 mM etoposide (VP-16) or DMSO control in serum-free medium for 15
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min. The 2.1x108 treated cells were lysed with 300 pL of TE buffer (10 mM Tris and 1
mM EDTA, pH 8.0) and 1% SDS. Before sonication, 3 volumes of a buffer containing

TE buffer and protease inhibitor (Complete Mini Roche) was added to the lysates. 5% of
the lysates was saved for protein evaluation. To fragment DNA, the lysates were sonicated
with Covaris E220 sonicator (5% Duty Factory, 140 Peak Incidence Power, 200 cycles per
burst, milliTUBE 1mL AFA Fiber). Under these conditions, length of DNA fragments, as
determined by TapeStation, varied from 0.5kb to 1.2kb. Before immunoprecipitation (IP), 3
volumes of a buffer containing 20 mM Tris-HCI (pH 8.0), 3% Triton X-100, 450mM NacCl,
3mM EDTA and protease inhibitor mixture was added to 1 volume of lysates. Because

we utilized a conservative sonication protocol to avoid damaging TOP23-DNA linkages,
the average fragment length in our sequencing analysis was estimated to be 500bp-1000bp,
leading to broader peaks than sometimes observed in genomic profiling approaches that
result in smaller fragments (e.g., Cut&Tag).

The immunoprecipitation was carried out as previously described,! with some
modifications. The diluted lysates were precleared with 15uL of Dynabeads Protein A by
rotating the tubes for 2 h at 4°C. After pre-clear, 3% of the lysate was saved and used

as input for the IP reaction. The unbound fraction was recovered by magnetic separation.
The reaction was initiated by the addition of 15uL of Dynabeads Protein A, which was
pre-incubated with 2 pg ofa TOP2p specific antibody. The beads suspension was incubated
overnight at 4°C and the IP fraction was recovered by magnetic separation followed by two
washes with low salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI
(pH 8.0), 150 mM NacCl), two washes with high salt buffer (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris- HCI (pH 8.0), 500 mM NaCl), two washes with LiCl buffer
(0.250 mM LiCl, 1% NP40, 1% deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM Tris
(pH 8.0)) and one wash with TE buffer. The IP was then eluted from the beads twice by
adding elution buffer containing TE buffer and 1% SDS and incubating the samples at 65°C
for 30 min with brief vortexing every 10min. Elution buffer (1.5 volumes) was also added
to the saved input material and this sample was processed together with the IP samples.
Each eluate was treated with 10 pg RNAse A and incubated for 1 h at 37°C and then

with 20 mg/mL Proteinase K and incubated for 2 h for 55°C. The IP DNA fragments were
extracted with Phenol:Chloroform:Isoamyl alcohol (25:24:1, v/v). The resulting genomic
DNA fragments were then purified using the QlAquick PCR purification kit (Qiagen) and
DNA fragments were eluted from the columns twice.

Libraries were generated using ACCEL-NGS 2S PLUS DNA Library Kit (21024, Swift
Biosciences), according to the manufacturer’s instructions and PCR amplified for 12—

16 cycles. Library quality was assessed using the Agilent 4200 TapeStation (Agilent
Technologies). Libraries were pooled to a final concentration of 4-10 nM and 50bp reads
were generated on the lIllumina HiSeq 3000 with the Genome Technology Access Center, or
75bp reads were generated on the Illumina Nextseq 500 with the Center for Genome Science
at Washington University in St. Louis, typically yielding 15-40 million single-end reads per
sample. One potential issue with our library cloning procedure is the potential for TOP23
cleavage complexes (TOP2Bcc), which will be covalently linked to the end of the DNA
during pulldown to block the successful cloning of the DNA by ligation of adapters and
PCR. We believe the proteinase K treatment and end-polishing steps in the DNA purification
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and library cloning protocols likely remove this impediment and result in successful cloning
of etoposide-linked TOP2B-cc fragments because we do not get sequencable libraries from
samples in which etoposide is not included. However, it is possible that some TOP2Bcc
fragments failed to be capture in this procedure.

eTIP-seq from mouse brain—eTIP experiments were carried out on acute cortical slices
obtained from 8-week-old MeCP2 KO and wild-type male mice as previously described,%?
and in accordance with the Washington University in St Louis Animal Welfare Assurance
D16-00245 and IACUC protocol 21-0372 (Papouin lab). Briefly, once deeply anesthetized
with saturating amounts of isoflurane, mice were rapidly decapitated, and the brain was
quickly removed in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 125
NaCl, 3.2 KCl, 1.25 NaH,PQy4, 26 NaHCO3, and 10 glucose (pH 7.3, 290-300mOsm.L1).
aCSF was equilibrated with 95% 0,/5% CO, and containing 2mM Mg2* and 1mM Ca2*
to minimize excitotoxicity. The aCSF composition Coronal slices (350um) were obtained,
cut into hemi-slices down the midline, and subcortical structures were removed. Cortical
slices (1= 14-16 per mouse per genotype) were rested on nets that were submerged

in aCSF saturated with 95% 0,/5% CO, containing 1.5mM Mg2* and 2mM Ca2* and
incubated for 10 min at 33°C. Next, the slices were allowed to recover at room temperature
for 30 min. The slices were then transferred into aCSF saturated with 95% O,/5% CO»,
containing 1.5mM Mg?2* and 2mM Ca?* at 37°C and 500uM etoposide (Santa Cruz,
sc-3512a) for 15 min, with sister hemi-slices each assigned to a different experimental
group: vehicle (DMSO) or treatment (DMSO + etoposide). Slices were then removed from
aCSF and immediately prepared for eTIP-seq as described for cultured cortical neurons.
Notably, as described for cultured neurons, DMSO-only treated brain slices did not yield
quantifiable quantities of DNA and could not be cloned for sequencing, demonstrating the
high specificity of the assay.

Chromatin immunoprecipitation protocol and library preparation (ChlP-seq)—
ChIP experiments were performed on 2.1x108 mouse cortical neurons cultured to /7 vitro
day 12 as described in,% with some modifications. To cross-link protein-DNA complexes,
media was removed from primary neurons and cross-linking buffer (20 mM HEPES-NaOH,
pH 8.0, 200mM NaCl, 2 mM EDTA, 2mM EGTA) containing 1% paraformaldehyde was
added for 10 min at room temperature. Cross-linking was quenched by adding 125 mM
glycine for 5 min at room temperature. Cells were then rinsed 2 times in ice-cold PBS
containing PMSF protease inhibitor (Thermo Fisher) and collected by scrapping. Cells were
lysed and nuclei isolated by incubating in L1 buffer (100 mM HEPES- NaOH, pH 7.5, 280
mM NaCl, 2 mM EDTA, 2mM EGTA, 0.5% Triton X-100, 1% NP-40, 20% Glycerol, 10
mM sodium butyrate, protease inhibitor cocktail (Roche)) for 10 min at 4°C. Nuclei were
then pelleted by centrifugation at for 10 min at 4°C. The isolated nuclei were resuspended
in L2 buffer (100 mM Tris-HCI, pH 8.0, 200 mM NaCl, 10 mM sodium butyrate, protease
inhibitor cocktail (Roche)) and re-pelleted. The isolated nuclei were resuspended in L3
buffer (20 mM Tris-HCI, pH 8.0, 2 mM EDTA, 2mM EGTA, 10 mM sodium butyrate,
protease inhibitor cocktail (Roche)). Nuclei were pelleted and either stored at —80°C until
use or immediately processed. Chromatin was sonicated using a Bioruptor (Diagenode) on
high power mode for 50 cycles with 30 s pulses in sonication buffer (20mM Tris-HCI, pH
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8.0, 2 mM EDTA, 2mM EGTA, 10 mM sodium butyrate, 0.1% Na-Deoxycholate, 0.5%
SDS, protease inhibitor cocktail (Roche)).

Following sonication, the immunoprecipitation was carried out as described for eTIP and
the chromatin was incubated overnight at 4°C with H3K27ac (0.025-0.1 pg, Abcam 4729)
or TOP2B (1-2 ug, Bethyl Laboratories A300-950A) and Protein A Dynabeads. H3K27ac
and TOP2B ChlIPs were performed twice from independent neuronal cultures. Following the
overnight incubation, the IP was washed and eluted as described for eTIP. Libraries were
generated using Ovation Ultralow Library System V2 (Tecan, 0344NB-32), according to
the manufacturer’s instructions and PCR amplified for 12-16 cycles. Library quality was
assessed using the Agilent 4200 TapeStation (Agilent Technologies). Libraries were pooled
to a final concentration of 4-10nM and 75bp reads were generated on the Illumina Nextseq
500 with the Center for Genome Science at Washington University in St. Louis, typically
yielding 15-40 million single-end reads per sample.

Total RNA isolation and library preparation (RNA-seq)—Neuronal cultures
dissected and transduced (with MeCP2 KD, MeCP2 OE or control virus) on the same days,
constituted technical replicates, whereas, Neuronal cultures dissected and transduced on
independent days, constituted biological replicates. Cultured neurons were harvested directly
using RLT buffer and homogenized in the QlAshredder spin column (Qiagen). To isolate
RNA, the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. RNA
libraries were generated from 250ng total RNA with rRNA depletion (NEBNext, E6310)
and NEBNext Ultra Directional RNA Library Prep Kit for Illumina (NEBNext, E7420),
using a modified amplification protocol (37°C, 15 min; 98°C, 30 s; (98°C, 10 s; 65°C, 30

s; 72°C, 30 s) x 13 cycles; 72°C, 5 min; 4°C, hold). RNA libraries were pooled at a final
concentration of 8-10nM and single end 75bp reads were generated on the lllumina Nextseq
500 with the Center for Genome Science at Washington University in St. Louis, typically
yielding 20-40 million single-end reads per sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods and the numbers of biological replicates tested are presented in the figure
legends. For comparisons between two groups, Fisher’s exact tests or Wilcoxon rank-sum
test were used as indicated in the figure legends. Statistical analysis was defined as n.s., not
significant; *, p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ¥,p< 1079; +1,p<
10715, Al data are presented as means mean + SEM unless stated otherwise.

Etoposide-mediated topoisomerase immunoprecipitation sequencing analysis
—eTIP-seq was analyzed as previously described for ChIP-seq data.? Sequenced reads
were mapped to the mm9 genome using bowtie2 alignment and reads were extended based
on library sizes and deduplicated to consolidate PCR duplicate reads.82:84 Deduplicated
reads were used to quantify read density normalized by the number of reads per sample and
by read length in basepairs. Bedtools coverage -counts parameter was used to quantify eTIP
signal and ChlP signal.83

For eTIP, the signal was quantified at promoter associated region, defined as 1kb
downstream to 3kb downstream of the TSS, and the gene body, defined as 3kb downstream
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of the TSS to the end of the transcript, based on our Ensembl gene models. edgeR®! was
then used to determine differential eTIP-signal across conditions. Data were visualized using
UCSC genome browser (http://genome.ucsc.edu).

Aggregate plots of eTIP signal at genes and enhancers were generated by calculating
eTIP/Input for equally sized bins for the specified windows using Bedtools coverage -hist
parameter and custom R and Python scripts. For aggregate analysis at genes, the genes less
than 3kb in length were filtered out in order to capture the signal at the promoter associated
regions without conflating the ends of genes with this region. In some instances, the genes
are further filtered such that the lengths of the genes plotted is equal to or greater than the
aggregate length being plotted.40

Resampling control analysis was performed with custom scripts, by moving true TOP2p
peak randomly around the genome with the criteria that the shuffled peaks do not overlap
each other however could at random overlap a true TOP2p peak.

Chromatin immunoprecipitation sequencing analysis—ChlP-seq analysis was
performed as previously described.*? Sequenced reads were mapped to the mm9 genome
using bowtie2 alignment and reads were extended based on library sizes and deduplicated
to consolidate PCR duplicate reads. Deduplicated reads were used to quantify read density
normalized by the number of reads per sample and by read length in base pairs. Bedtools
coverage -counts parameter was used to quantify ChIP signal.

For H3K27ac ChlP, the signal was quantified at the TSS and enhancers. Enhancers in this
study were defined by requiring the presence of H3K27ac peaks that occur outside of a
known TSS region (TSS +/- 500bp). H3K27ac peaks were identified using MACS2 peak
calling algorithm,8 in which the ChIP input was used as background signal, using the
following parameters: macs2 call peak —nomodal -g 0.05. Bedtools intersect was used to
identify H3K27ac peaks that did not overlap with gene promoter regions. These filtered
H3K27ac peaks were defined as enhancers. As noted, this may have led to the exclusion
of some subthreshold regions of H3K27ac enrichment that may represent true regulatory
elements.

For TOP2p ChIP, the signal was quantified as described for eTIP analysis. edgeR was used
to determine differential ChIP signal across conditions.

RNA sequencing analysis—RNA sequencing analysis was performed as previously
described.40 Raw FASTQ files were trimmed with Trim Galore, using a quality filter of 20,
followed by filtering out rRNA sequences using Bowtie2. The remaining reads were aligned
to mm9 using STAR® with default parameters. Reads mapping to multiple regions in the
genome were then filtered out, and uniquely mapped reads were converted to BED files

and separated into intronic and exonic reads. Finally, reads were assigned to genes using
bedtools coverage -counts parameter.83

For gene annotations, we defined a “flattened” list of the longest transcript for each gene,
generated on Ensgene annotations and obtained from the UCSC table browser. For each
gene, Ensembl IDs were matched up to the MGI gene names. Then, for each unique MGI
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gene name, the most upstream Ensgene TSS and the most downstream TES were taken as
the gene’s start and stop. Based on these Ensembl gene models, we defined TSS regions,
TSS-adjacent regions, and gene bodies. DESeq289 was run using default parameters on
exonic reads from MeCP2 KD and MeCP2 OE cultured neurons (= 8 per condition), to
identify differentially expressed genes. The threshold for calling statistical significance was
a false discovery rate [FDR] < 0.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
TOP2p is an MeCP2-interacting protein in neurons

TOP2p activity is enriched at promoters and enhancers of long neuronal
genes

MeCP2 represses TOP2p activity at regulatory regions within MeCP2-
regulated genes

Loss of MeCP2 leads to hyperactivation of TOP2f in long genes regulated by
MeCP2
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IP1 IP2 Mean
Protein TSC WD-score TSC WD-score TSC WD-score
MeCP2 48 62.4 82 81.5 65 71.9
MTAP2 65 726 60 69.7 63 7141
DHX30 10 285 11 29.9 11 29.2
JAKMIP1 15 34.9 6 221 11 28.5
CAMSAP3 6 221 10 28.5 8 25.3
TOP2B 6 221 8 255 7 23.8
SFRS14 6 221 6 221 6 221
SBF1 11 19.9 14 225 13 21.2
KPNA3 5 20.1 6 221 55 21.1
PSIP1 4 18.0 6 221 5 20.0

250kD-H u

150 kD - 1

100kD-fe g | o-TOP1
75KD - g pig | o-MeCP2

Figure 1. MeCP2 interacts with TOP2p in neurons
(A) Proteins co-immunoprecipitating (colP) with immunoprecipitated (IP) FLAG-MeCP2

expressed under a lentivirus CMV (IP1) or Synapsinl (IP2) promoter. Ten proteins are
shown, with highest average weighted D scores detected by liquid chromatography-tandem
mass spectrometry (LC/MS/MS) and ComPASS analysis in both IPs (see STAR Methods;
Table S1). Spectral count and average weighted D (WD) scores are shown.

(B) Left, MeCP2 IP-western blot analysis from wild-type mouse forebrain nuclear extracts
detects colP of TOP2p but not TOP1. Right, IP of TOP2p showing colP of MeCP2.
Representative images, n =2 biological replicates per colP analysis. “Peptide blocked IP,” IP
performed after pre-incubation of the antibody with peptide to which it was raised. “Control
1gG,” IP with antibody against another protein, CtBP.
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Figure 2. Mapping relevant protein domains and the functional impact of the MeCP2-TOP2p

interaction

(A) Co-immunoprecipitation analysis of MY C-tagged full-length TOP2p, FLAG-tagged
full-length MeCP2, and FLAG-tagged full-length DNMT3A in HEK293T cells. Left,
western blot analysis of IP. Center, overview of protein domains. Right, results summary.
CD, catalytic domain; MBD, methyl-DNA-binding domain; NID, NCoR-interaction
domain; PWWP, proline-tryptophan-tryptophan-proline domain; ADD, ATRX-DNMT3A-
DNMT3L domain; MTase, methyltransferase domain. Representative images (A) though (E)

of at least two biological replicates.

(B) Co-immunoprecipitation analysis of MY C-tagged TOP2p fragments with full-length
FLAG-tagged MeCP2 in HEK293T cells. As described in (A).
(C) Co-immunoprecipitation analysis of FLAG-tagged MeCP2 fragments with MY C-tagged

full-length TOP2p. As described in (A).
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(D) Western blot of protein lysates from transfected HEK293T cells used in RADAR
analysis, showing the equal expression of MY C-tagged full-length TOP2p in the presence
or absence of FLAG-tagged full-length MeCP2. a-tubulin was used as a control for protein
loading.

(E) RADAR signal from HEK293T cells treated with vehicle (V) or etoposide (E). Increased
RADAR signal is detected upon etoposide treatment in TOP2p-transfected conditions to
capture TOP2p cleavage complexes trapped on the DNA. A decrease in RADAR signal was
detected upon co-transfection of FLAG-tagged full-length MeCP2.

(F) Quantification of RADAR signal with and without co-expression of MeCP2
demonstrates MeCP2 inhibition of TOP2 cutting activity. Data shown are mean £ SEM.
**p < 0.01; n = 3 biological replicates.
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Figure 3. TOP2p is preferentially active at long genes in neurons
(A) Schematic representation of the eTIP-seq procedure to directly map sites of TOP2p

activity.56 TOP2p cleaves a DNA duplex to pass through a second DNA duplex and resolve
constraints. In eTIP, etoposide treatment freezes TOP2p in its cleavage complex, covalently
linked to its site of action. Following fragmentation under stringent purification, TOP2p-
linked DNA is immunoprecipitated and sequenced.
(B) Genome browser tracks of eTIP-seq, as well as TOP2p and H3K27ac ChlIP-seq, from
DIV12 cultured neurons. Top, ~2 Mb region displaying profiles for TOP2p eTIP, TOP2B
ChIP, H3K27ac, and inputs. Enrichment of eTIP-seq signal is prominent at long genes (e.g.,
CamkZ2d) compared with shorter genes (e.g., Ugt8a). Bottom, zoom-in views of CamkZd
promoter and enhancer regions. Peaks of TOP2p eTIP, TOP2B ChIP, and H3K27ac ChIP
called by MACS?2 are indicated below the tracks. Data from DIV12 wild-type primary
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neuron cultures. eTIP-seq, n = 4 biological replicates. TOP2p and H3K27ac ChiP-seq, n = 2
biological replicates.

(C) Aggregate plot of eTIP signal at genes divided into gene length quantiles (see STAR
Methods). Median gene length for each quantile is indicated. TSS, transcription start site;
TES, transcription end site; mean values plotted for 100 bp bins.

(D) Running average of eTIP signal at promoter-associated regions for 200 gene bins ranked
by gene length. Spearman rho shown for gene length and eTIP signal. $1p < 10715,

(E) Aggregate plot of eTIP signal at putative intragenic and extragenic enhancers genome
wide in cultured neurons. Putative enhancers are defined as H3K27ac peaks that do not
overlap a gene TSS. Plot is centered at the midpoint for each enhancer, mean values are
plotted for 100 bp bins.

(F) Genomic distribution of TOP2p re-sampled control peaks at promoters and enhancers.
Re-sampled peaks were generated by shuffling TOP2p peak-sized regions randomly around
the genome (see STAR Methods). tp < 1079; chi-squared test, overlap of true TOP2p peaks
vs. re-sampled TOP2p peaks.

(G) Genomic distribution of TOP2 and re-sampled control peaks at intragenic and
extragenic enhancers. ****p < 0.0001, chi-squared test as in (F).

(H) Aggregate plot of TOP2p ChIP signal across gene length quantiles (see STAR Methods).
Plotted as in (C).

(1) Running average plots of TOP2B ChIP signal at the promoter-associated regions of genes
according to gene length. Correlation analysis as in (D). $fp< 10715,

(J) Aggregate plot of TOP2p ChlP signal at enhancers. Plotted as in (E).
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Figure 4. Altering MeCP2 levels in neurons affects TOP2p activity at MeCP2-regulated genes
(A) Aggregate plot of eTIP-seq in DIV12 cortical neuron cultures at MeCP2-repressed,

MeCP2-activated, and all other genes as identified in studies of multiple MeCP2-mutant
brain regions.2 Data are from DIV12 primary neuron cultures. Wild-type eTIP-seq in (A)
and (B), n = 4 biological replicates.

(B) Boxplot of eTIP signal at promoter-associated regions and gene bodies of MeCP2-
repressed, MeCP2-activated, and all other genes. *p < 0.05; $p< 107%; $1p < 10715,
Wilcoxon rank-sum test.

(C) Experimental design to manipulate MeCP2 in cultured neurons and measure effects on
TOP2B and mRNA expression.

(D) RT-gPCR of MeCP2 RNA expression in MeCP2-KD or -OE DIV12 neuron cultures, n =
3 biological replicates per group. MeCP2 expression mean + SEM is normalized to Actb and
control neurons lacking KD or OE.
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(E) Genome browser snapshot of eTIP-seq signal at an example MeCP2-repressed gene,
Slit1, in MeCP2-KD and -OE DIV12 neurons. Putative enhancers and promoter H3K27ac
peaks are highlighted in blue. eTIP-seq track superimposition illustrates higher signal at this
gene in MeCP2-KD compared with -OE. Data are from DIV12 primary neuron cultures.
MeCP2-KD and -OE eTIP-seq in (E), (G), and (H), n = 4 biological replicates.

(F) Fold changes in exonic RNA between MeCP2-KD and -OE DIV12 cortical neurons.
Gene sets were identified as MeCP2 repressed or MeCP2 activated across /7 vivo studies

of MeCP2 mutants? and detected as significantly altered in these neuronal cultures upon
MeCP2-KD or -OE (false discovery rate [FDR] < 0.1). $1p < 10715; Wilcoxon rank-sum
test. Data are from DIV12 primary neuron cultures. MeCP2-KD and -OE RNA-seq, n =8
biological replicates.

(G) Fold changes calculated by edgeR analysis of eTIP-seq at promoter-associated regions
and gene bodies in MeCP2-KD compared with -OE neurons for gene sets defined in (F).
n.s., not significant; $1p< 1071%; Wilcoxon rank-sum test.

(H) Fold changes calculated by edgeR analysis of eTIP-seq in MeCP2-KD and -OE DIV12
neurons for enhancers located within gene sets defined in (F). ****p < 0.0001; tp < 10715;
Wilcoxon rank-sum test.
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Figure 5. Knockout of MeCP2 leads to altered TOP28 in the adult cerebral cortex
(A) Left, genome browser view of eTIP-seq signal in cortical slices from adult wild-type and

MeCP2-knockout (MeCP2-KQO) mice at an example MeCP2-repressed gene, Cah4. Putative
enhancer and promoter H3K27ac peaks highlighted in blue are at higher resolution to the
right. Right, superimposition of eTIP-seq tracks for Cah4 promoter and gene-associated
enhancers showing higher signal in MeCP2 KO compared with the wild type. Data are from
cerebral cortex of 8-week-old mice. eTIP-seq in (A) and (G) through (), n = 3 biological
replicates.

(B) Aggregate plot of eTIP signal from adult wild-type cortex at genes divided into gene
length quantiles (see STAR Methods). The median gene length for each group is indicated.
TSS, transcription start site; TES, transcription end site. Mean values are plotted for 100 bp
bins. Data are from cerebral cortex of 8-week-old mice. eTIP-seq in (B) through (F), n =2
biological replicates.
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(C) Aggregate plot of eTIP signal at putative intragenic and extragenic enhancers genome
wide in adult wild-type cortex. Putative enhancers are defined as H3K27ac peaks that do not
overlap a gene TSS.40 The plot is centered at the midpoint for each enhancer; mean values
are plotted for 100 bp bins.

(D) Running average of eTIP signal at promoter-associated region for 200 gene bins ranked
by gene length. Spearman rho is shown for gene length and eTIP signal. $1p < 10715,

(E) Aggregate plot of eTIP signal in adult cortex at MeCP2-repressed, MeCP2-activated,
and all other genes as identified in studies of multiple MeCP2-mutant brain regions.2 Mean
values are plotted for 100 bp bins.

(F) Boxplot of eTIP signal at promoter-associated regions and gene bodies of MeCP2-
repressed, MeCP2-activated, and all other genes as described for (E). *p < 0.05; ****p <
0.0001; tp < 1079 $1p < 10715; Wilcoxon rank-sum test.

(G) Fold changes calculated by edgeR analysis of eTIP-seq in promoter-associated regions
and gene bodies in MeCP2 KO compared with control cortex for MeCP2-repressed and
MeCP2-actived genes as described for (E). n.s., not significant; ****p < 0.0001; tp < 1079,
$1p< 10715; Wilcoxon rank-sum test.

(H) Fold changes calculated by edgeR analysis of eTIP-seq in MeCP2 KO compared with
control cortex for MeCP2-repressed and MeCP2-actived genes for enhancers previously
defined as regulated by MeCP2.40 Fold changes were calculated by edgeR analysis of eTIP
read counts at enhancer regions. $1p< 1071%; Wilcoxon rank-sum test.

(I) Fold changes calculated by edgeR analysis of eTIP-seq in MeCP2 KO compared with
control cortex for all enhancers genome wide binned by their levels of DNA methylation,
mCA and mCG. Spearman correlation significance: mCA, p < 1079 mCG, p < 10715,
DNA-methylation data are from 8-week-old cerebral cortex.”®
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Figure 6. A model of MeCP2-mediated TOP2p activity in neurons
In neurons, TOP2p is preferentially recruited to promoter-associated regions, gene bodies,

and enhancers of long genes, where it resolves topological constraints and facilitates gene
expression. At long, MeCP2-repressed genes, DNA methylation and MeCP2 binding are
enriched. MeCP2 interacts with TOP2p, acting as a molecular brake on topoisomerase
activity to fine-tune the expression of these genes. When MeCP2 is absent, the TOP2
molecular brake is removed, causing TOP2p overactivity and overexpression of long,
MeCP2-repressed genes.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-MeCP2 Millipore Sigma Cat# 07-013; RRID: AB_2144004
Mouse monoclonal anti-MeCP2 Millipore Sigma Cat# M7443; RRID: AB_477235
Mouse monoclonal anti-Topo | (H-5) Santa Cruz Cat# sc-271285; RRID: AB_10611597
Rabbit polyclonal anti-Topo Il-beta (H-286) Santa Cruz Cat# sc-13059; RRID: AB_2205866

[secondary]

Rabbit polyclonal anti-Topo Il-beta [primary]
Rabbit polyclonal anti-Myc

Goat polyclonal anti-Myc

Mouse monoclonal anti-FLAG

Rabbit monoclonal anti-alpha-Tubulin
(EP1332Y)

Rabbit polyclonal anti-Histone H3 (acetyl K27)
Anti-mouse 1gG, HRP-linked

Anti-Rabbit 1gG, HRP-linked
Donkey-ant-Goat 19gG, HRP

IRDye 800CW Donkey anti-Mouse

IRDye 800CW Donkey anti-Rabbit

IRDye 800CW Donkey anti-Goat

Bethyl Laboratories
Abcam

Abcam

Millipore Sigma

Abcam

Abcam

Cell Signaling Technologies
Cell Signaling Technologies

Thermo Fisher
LI-COR
LI-COR
LI-COR

Cat# A300-950A; RRID: AB_805860
Cat# ab9106; RRID: AB_307014
Cat# ab9132; RRID: AB_307033
Cat# F3165; RRID: AB_259529
Cat# ab52866; RRID: AB_869989

Cat# ab4729; RRID: AB_2118291
Cat# 7076; RRID: AB_330924

Cat# 7074, RRID: AB_2099233
Cat# A16005; RRID: AB_2534679
Cat# 926-32212; RRID: AB_621847
Cat# 926-32213; RRID: AB_621848
Cat# 926-32214; RRID: AB_621846

Bacterial and virus strains

One Shot TOP10 Chemically Competent E. Coli
One Shot StbI3 Chemically Competent E. Coli

Thermo Fisher

Thermo Fisher

Cat# C404010
Cat# C737303

Chemicals, peptides, and recombinant proteins

Etoposide (VP-16) Santa Cruz Cat# sc-3512
Benzonase Millipore Sigma Cat# 71206
Dynabeads Protein A Thermo Fisher Cat# 10001D
Dynabeads Protein G Thermo Fisher Cat# 10003D
AMPure XP beads Beckman Coulter Cat# A63880
Critical commercial assays

Notl (High Fidelity) NEB Cat# R3189
Xhol NEB Cat# R0146
Gibson Assembly NEB Cat# E5510
Q5 Hot Start High-Fidelity 2x Master Mix NEB Cat# M0494
RNeasy Mini Kit Qiagen Cat# 74104
Accel-NGS 2S Plus DNA Library Kit (24 rxns) Swift Biosciences Cat# 21024
2S Indexing Kit (12 indices, Set A) Swift Biosciences Cat# 26148
2S Indexing Kit (12 indices, Set B) Swift Biosciences Cat# 26248
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Qubit dsDNA HS Assay Kit Thermo Fisher Cat# Q32854

NEBNext Ultra Directional RNA Library Prep NEB Cat# E7420S

Kit for lllumina

NEBNext Mulitplex Oligos for Illumina (Index NEB Cat# E7335S

Primers Set 1)

NEBNext rRNA Depletion Kit (Human/Mouse/ NEB Cat# E6310L

Rat)

Ovation Ultralow Library System V2 NuGEN Cat# 0344-32

SignalFire ECL Reagent Cell Signaling Technology Cat# 6883

Deposited data

Raw and analyzed data This paper GEO: GSE246463

Raw mass spectrometry data This paper PRIDE: PXD046904

Mus musculus mm9 genome assembly ucsc http://hgdownload.soe.ucsc.edu/
goldenPath/mm9/

Ensembl gene models UCSsC https://genome.ucsc.edu/cgi-bin/hgTables

Bisulfite-seq Stroud et al., 201770 GEO: GSE104298

MeCP2 ChIP-seq Chen et al., 2015% GEO: GSE66871

ChIP-sequencing data (H3K27ac) Clemens et al., 202040 GEO: GSE123373

MeCP2 mutant data Gabel et al., 20152 GEO: GSE60077

Experimental models: Cell lines

HEK293T ATCC RRID:CVCL_0063

Experimental models: Organisms/strains

Primary cortical neurons Derived from E14.5 cortex JAX:000664, RRID: IMSR_JAX:000664
dissected from pure C57BL6 mice
(IMSR Cat# JAX:000664, RRID:
IMSR_JAX:000664) obtained from the
Jackson Laboratory.

Mouse: C57BL/6J The Jackson Laboratory JAX:000664, RRID:IMSR_JAX:000664

Mouse: MeCP2 KO: B6.129P2(C)- The Jackson Laboratory JAX: 003890; RRID: IMSR_JAX:003890
MeCP2tm1.Bird/J

Oligonucleotides

gPCR primers (Table S5) IDT N/A

Recombinant DNA

pBACh-TOP2B-Myc (full-length; WT) This paper N/A
pBACh-TOP2B-Myc (1-449 aa) This paper N/A
pBACh-TOP2B-Myc (450-1198 aa) This paper N/A
pBACh-TOP2B-Myc (1199-1612 aa) This paper N/A
p3XFLAG-CMV10-MeCP2 (full-length; WT) Lyst et al., 201336 N/A
p3XFLAG-CMV10-MeCP2 (1-484 aa) Lyst et al., 201336 N/A
p3XFLAG-CMV10-MeCP2 (1-167 aa) Lyst et al., 201336 N/A
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p3XFLAG-CMV10-MeCP2 (143-484 aa) Lyst et al., 2013% N/A
p3xFLAG-CMV10-MeCP2 (308-484 aa) Lyst et al., 2013% N/A
U6-shRNA-Ubiquitin-MeCP2-IRES-GFP- Zhou et al., 200678 N/A

FUGW

U6-MeCP2-shRNA-IRES-GFP-FUGW Zhou et al., 200678 N/A
U6-non-targeting-shRNA-IRES-GFP-FUGW Zhou et al., 200678 N/A
Ser312fs11x-FLAG-Dnmt3a-IRES-FUGW Christian et al., 20207° N/A
Tyr324Phe-Cre-IRES-GFP-FUGW This paper N/A

Software and algorithms

DESeq2 (v1.14.1)

edgeR (v3.16.5)

SAMtools (v1.3)
BEDtools2 (v2.25.0)
Bowtie2 (v2.2.5)

STAR
fastQC

MACS? (v2.1.0)

Trim galore

Love et al., 201480
Robinson et al., 200981

Li and Durbin, 200982
Quinlan and Hall, 201083
Langmead and Salzberg, 201284

Dobin et al., 201385

Zhang et al., 200886

http://www.bioconductor.org/packages/release/
bioc/html/DESeq2.html

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

https://sourceforge.net/projects/samtools/files/
https://github.com/arg5x/bedtools2

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

https://github.com/alexdobin/STAR

https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/

https://github.com/taoliu/MACS

https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/
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https://github.com/alexdobin/STAR
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