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Abstract

Numerous chromatin-remodeling factors are regulated by interactions with RNA, although the
contexts and functions of RNA binding are poorly understood. Here we show that R-loops,
RNA:DNA hybrids consisting of nascent transcripts hybridized to template DNA, modulate the
binding of two key chromatin regulatory complexes, Tip60—p400 and polycomb repressive
complex 2 (PRC2) in mouse embryonic stem cells (ESCs). Like PRC2, the Tip60—p400 histone
acetyltransferase complex binds to nascent transcripts, but unlike PRC2, transcription promotes
chromatin binding by Tip60—p400. Interestingly, we observed higher Tip60—p400 and lower PRC2
levels at genes marked by promoter-proximal R-loops. Furthermore, disruption of R-loops broadly
reduced Tip60-p400 and increased PRC2 occupancy genome-wide. Consistent with these
alterations, ESCs with reduced R-loops exhibited impaired differentiation. These results show that
R-loops act both positively and negatively to modulate the recruitment of key pluripotency
regulators.

INTRODUCTION

With the discovery of thousands of long non-coding RNAs (IncRNAs) that are expressed in
mammalian cells, a considerable effort is underway to uncover the roles of specific INcRNAs
in the nucleus, as well as to elucidate broadly generalizable mechanisms of action that
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govern their biological functions. LncRNAs function both /n cisand in transto regulate gene
expressionlvz, raising the possibility that these transcripts act specifically to modulate the
functions of individual transcription factors, the general transcription machinery, or other
regulatory proteins. Indeed, numerous IncRNAs have been shown to interact with

L . . . . .13
transcriptional regulatory proteins, consistent with this hypothesis™ .

Interestingly, in a survey of 74 IncRNAs expressed in ESCs, several chromatin regulatory
complexes with key roles in ESC pluripotency were shown to bind IncRNAs”. Multiple
complexes bound to more than 30% of IncRNAs tested, and numerous IncRNAs were bound
by more than one complex, suggesting that either these factors are differentially regulated by
dozens of individual IncRNAs, or these complexes bind IncRNAs relatively non-specifically.
In the latter scenario, the distinct sequence of each IncRNA bound by a complex would not
be predicted to impart a unique function (such as targeting the complex to specific genomic
loci), but IncRNA binding in general may serve some structural or regulatory role within the
complex.

Among the first chromatin regulatory complexes shown to bind IncRNAs was polycomb
repressive complex 2 (PRC2)5‘7, a highly conserved histone H3 lysine-27 methyltransferase
complex important for gene silencing during developments. PRC2 binding to the A-repeat of
the XistIncRNA is thought to play a role in recruitment of the complex to the inactive X-
chromosome6'9. In addition to interacting with INcRNAs, PRC2 binds promiscuously to
nascent RNA transcripts expressed from thousands of genes, and the level of RNA binding
by the PRC2 catalytic subunit Ezh2 correlates with RNA abundancelovll. At first glance,
PRC2 binding of nascent transcripts from active genes appears to conflict with models in
which IncRNA-dependent PRC2 recruitment promotes gene silencing. However, RNA
binding by PRC2 has been shown to inhibit its histone H3 lysine-27 methyltransferase
activitygvlz. Consistent with these findings, PRC2 components bind to both silent and active
genes, and active genes bound by PRC2 are not marked by H3K27me3 ™, These findings
support a revised model in which binding of nascent transcripts at active genes helps recruit
PRC2 to these loci, but maintains the complex in an inactive stategvlz. In this model, PRC2 is
poised to generate repressive chromatin structure and enforce silencing at these genes at a
later time, should their expression be silenced by an independent mechanism. On the other
hand, chemical inhibition of transcription promotes binding of PRC2 to CpG islands
(including numerous promoter-proximal regions) throughout the genome, arguing against a
model in which nascent transcripts are necessary for recruitment of PRC2™". Therefore, the
roles of nascent transcripts in regulation of PRC2 binding and chromatin structure appear to
be complex and context-specific.

Tip60—p400 is another chromatin-remodeling complex with essential functions in ESC self-
renewal and pluripotency reported to bind IncRNAs”, Tip60—p400 comprises a 17 subunit
chromatin-remodeling complex with two catalytic subunits: the Tip60 (also known as Kat5)
protein lysine acetyltransferase, which acetylates multiple lysines on histones H4 and H2A,
among other proteins, and the p400 ATPase, which incorporates the H2A.Z histone variant
into chromatin™®. We previously found that Tip60—p400 was essential for normal ESC self-
renewal and pluripotency, acting simultaneously to repress some differentiation genes and
activate proliferation geneslsvlﬁ. Although it is not clear how Tip60—p400 simultaneously
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activates one group of genes and silences another, interaction with IncRNAs could
potentially target the complex to specific regions of the genome and/or tune its catalytic
activities at specific targets to favor activation or silencing.

Here, we address the role of RNA binding by Tip60—p400 in mouse ESCs. We find that, like
PRC2, Tip60—p400 binds promiscuously to nascent RNAs from both coding and non-coding
genes. However, unlike PRC2, whose binding to chromatin is inhibited by transcriptionlg,
transcription promotes Tip60—p400 binding to many of its target promoters. Interestingly, we
find that Tip60—p400 binding to many target genes is enhanced by promoter-proximal R-
loops, RNA:DNA hybrid structures formed when G-rich sequences on RNA hybridize with
their DNA templatel7'18. In contrast, binding of the PRC2 complex and histone H3 lysine-27
methylation were inhibited by R-loops. These results demonstrate that R-loops play a major
role in regulation of chromatin structure near the 5’ regulatory regions of thousands of genes
in ESCs, acting both positively and negatively to control binding of chromatin-remodeling
factors. More broadly, these findings suggest that RNA binding can have different effects on
chromatin regulators, depending on the molecular context in which the RNA is presented.

Tip60—p400 interacts with nascent transcripts

Previously, in a survey of chromatin-remodeling complexes with key roles in ESCs,
Guttman et al. found that Tip60—p400 interacts with 9 of 74 long non-coding RNASs
(IncRNASs) tested4, raising the possibility that INcRNAs might be important for interaction of
the complex with chromatin or remodeling of chromatin structure by the complex.
Alternatively, Tip60—p400 might bind promiscuously to RNA, as shown for the well-studied
chromatin regulatory complex, PRCZlO’n*lg. To distinguish between these possibilities, we
first performed unbiased identification of Tip60—p400-interacting transcripts by deep
sequencing of RNAs that co-immunoprecipitate with Tip60—p400 (RIP-seq). We performed
biological replicate IPs of two different Tip60—-p400 subunits, p400 and Ruvbl1, and
observed significant correlations between replicates (Supplementary Fig. 1a, b). To elucidate
the set of high-confidence Tip60—p400-binding RNAs, we focused on those enriched greater
than two-fold in both replicates of p400 and Ruvbl1 RIPs compared to control RIPs,
identifying approximately 2,500 transcripts in this category (Fig. 1a—d). Among these, we
identified 608 enriched IncRNAs (Fig. 1c), confirming that Tip60-p400 binds to non-coding
transcripts in ESCs. More interestingly, we observed that Tip60—p400 also interacts with
1,909 coding gene transcripts (Fig. 1d), suggesting Tip60—p400 does not bind specifically to
IncRNAs, but rather interacts with a broad array of both coding and noncoding transcripts in
ESCs.

Next, we considered whether this complex might interact with nascent transcripts and
therefore examined the genomic locations of reads within our RIP-seq libraries. Aggregation
of reads from p400 and Ruvbl1 RIP-seq experiments revealed significant peaks of
interacting transcripts just downstream of transcription start sites (TSSs), compared to lower
(but above background) levels near transcriptional termination sites (TTSs) (Fig. 1e—f).
Consistent with this observation, we observed a significant overrepresentation of reads
within the first exon and first intron of Tip60—p400-interacting RNAs (Supplementary Fig.
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1c), suggesting the complex interacts with unspliced (pre-mRNA) transcripts. This pattern
was observed in both biological replicates of each RIP, although the relative heights and
locations of RIP peaks were somewhat variable (Fig. 1g), suggesting Tip60—-p400-bound
pre-mRNAs may be heterogeneous. Finally, when we counted all reads within each gene
rather than only those within spliced mMRNAs, we observed greater enrichment of interacting
RNAs in p400 and Ruvbl1 RIPs relative to controls (Fig. 1h—i). We therefore conclude that
Tip60—p400, like PRC2, binds primarily to nascent transcripts near their initiation sites.

Transcription promotes chromatin binding by Tip60—p400

To dissect the role of RNA binding by Tip60-p400, we first tested whether the complex
binds to the same regions of chromatin from which Tip60—p400-interacting RNAs are
transcribed. To this end, we compared ChIP-seq maps of Tip60 and p400 localization near
annotated TSSs to the set of RNAs bound by the complex. We observed significantly higher
levels of Tip60 and p400 enrichment near the promoters of genes from which Tip60—p400-
interacting RNASs are transcribed (Fig. 2a, b), and significant overrepresentation of Tip60-
p400-target genes within the set of Tip60—p400-bound transcripts (Supplementary Fig. 1d),
suggesting Tip60—p400 binds numerous transcripts /n cis. These transcripts occupied a broad
range of expression levels and functional categories (Supplementary Fig. 1e, f), consistent
with the diverse set of genes bound and regulated by Tip60—p4001 o

These data suggested that interaction with RNA may promote chromatin binding by Tip60-
p400. To address this possibility, we tested whether transcription was required for interaction
of Tip60—p400 with its target genes by addition of transcription inhibitors DRB or Triptolide
to culture media for 9 or 4 hours, respectively (optimization of treatment time described in
Methods). Inhibition of transcription reduced the abundance of some short-lived transcripts,
but did not affect protein levels of any of several Tip60—p400 subunits tested
(Supplementary Fig. 2a, b). Interestingly, both inhibitors significantly reduced Tip60 and
p400 binding to many of their genomic targets (Fig. 2c—f). We validated these data by ChiIP-
gPCR at several targets, obtaining results consistent with the genome-level data
(Supplementary Fig. 2c). Together, these data demonstrate that binding of nascent transcripts
by Tip60—p400, the act of transcription itself, or both, contribute to binding of the complex
to many of its target genes in ESCs.

R-loops enhance promoter-proximal Tip60—p400 binding

Nascent transcripts can form R-loops near the 5’ and 3’ ends of transcribed genes in multiple
cell type517'18v20‘22. Although unresolved R-loops induce DNA damage and genomic
instabilityzg‘ , 3’ R-loops regulate transcription terminationlsvm'21 and R-loop formation
over CpG islands functions to keep these regions relatively free of DNA methylation17'18.
Furthermore, R-loops have been implicated in regulation of chromosome condensationzs,
regulation of sense-antisense transcript pairszg, and other processessovﬂ. Since Tip60—p400
binds primarily near the 5’ ends of transcripts, we considered the possibility that Tip60—p400
binds to nascent transcripts in the form of R-loops, and that 5’ R-loops may play a role in
recruitment or stabilization of Tip60-p400 binding at these loci.
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To test this possibility, we first mapped the locations of R-loops across the genome of mouse
ESCs. Immunoprecipitation of RNA:DNA hybrids using an antibody (S9.6) specific for
these structures coupled to either quantitative PCR (DRIP-gPCR) or deep sequencing
(DRIP-seq) has been used to map R-loops in multiple cell typesl7v21'22. To reduce the
background and identify more precise boundaries of R-loops mapped using this technique
(Supplementary Fig. 3a), we modified the DRIP-seq protocol to sequence only RNAs
enriched within immunoprecipitates of RNA-DNA hybrids (Supplementary Fig. 3b,
Methods). Using this DRIP-RNA-seq approach, we observed R-loops near the 5” ends of
10,595 genes and the 3’ ends of 9,151 genes (Fig. 3a—d). Although R-loops were, in
aggregate, elevated at highly expressed genes, we also observed R-loop formation at the 5
ends of some low or moderately expressed genes (Fig. 3a, and compare lowly expressed, R-
loop marked Wipf2to more highly expressed genes without R-loops in Fig. 3d). We
confirmed the specificity of DRIP signals in two ways: First, signals were significantly
reduced when samples were treated with RNaseH (which degrades RNA within RNA:DNA
hybrids) prior to immunoprecipitation (Fig. 3a—d). Second, in our strand-specific DRIP-
RNA-seq libraries, we observed mainly sense strand reads (Fig. 3d; Supplementary Fig. 3c).

Interestingly, we observed a high incidence of R-loops at Tip60—p400 target genes (Fig. 3e),
and higher average enrichment of Tip60 and p400 at genes with associated R-loops than
those without (Fig. 3f—g), consistent with the possibility that R-loops promote Tip60—p400
binding. To test this hypothesis, we utilized Rnaseh overexpression in ESCs to disrupt R-
loop formation. Overexpression of the RNaseH1 protein in multiple organisms is known to
disrupt R-loops throughout the genome21v25‘27'29132. We found that overexpression of
Rnasehl in ESCs reduced bulk RNA:DNA hybrids approximately four-fold (Supplementary
Fig. 3d). Interestingly, we observed a reduction in both Tip60 and p400 localization to most
Tip60—p400 target genes in Rnasehl overexpressing cells (Fig. 4a; Supplementary Fig. 4).
At genes with high-confidence R-loops, we found that Tip60 binding was reduced an
average of 63% (from peak to baseline) upon Rnasehl overexpression (Fig. 4b). Tip60—p400
binding to genes lacking high-confidence R-loops was also reduced upon Rnasehl
overexpression, albeit to a lesser extent. Similar results were observed for p400 (Fig. 4c).
These data indicate that high-confidence R-loop containing genes are bound at higher levels
by Tip60—p400 in control cells, and exhibit a greater reduction in binding upon Rnaseh1
overexpression. However, the smaller but significant reduction in binding at genes without
high-confidence R-loops suggests that some of these genes have R-loops at levels below our
detection threshold, some binding events might be indirectly affected by Rnaseh1
expression, or both. We validated these data at a selection of Tip60—p400 targets by ChlIP-
gPCR (Supplementary Fig. 5a). Together, these data suggest that R-loops enhance chromatin
association by Tip60—p400 complex.

Since RNA:DNA hybrids play roles in DNA replication, rRNA expression, and other
processe330131, we tested the possibility that indirect effects of Rnaseh1 overexpression may
effect the interpretation of these data. We observed minimal effects of Rnasehl
overexpression on most cellular functions impacted by RNA:DNA hybrids: Rnasehi-
overexpressing ESCs self-renew normally (Supplementary Fig. 6a), and exhibit no apparent
alterations in their cell cycle (Supplementary Fig. 6b—c), or rRNA levels (Supplementary
Fig. 6d). Rnasehl overexpression results in slower proliferation relative to control cells,
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although this defect is less severe than in £p400 (the gene encoding the p400 protein)
mutant ESCs generated by CRISPR/Cas9 cleavage and error-prone repair33‘ >
(Supplementary Fig. 6e). To test the possibility that degradation of RNA:DNA hybrids may
inhibit transcription, we examined the effects of Rnasehl overexpression on promoter-
proximal and gene body-associated RNAPII, observing no reduction in RNAPII association
at either location (Supplementary Fig. 6f).

Although Rnasehl overexpression directly disrupts R-loop formation by degrading RNAs
within RNA:DNA hybrids, genome-wide disruption of R-loops can be indirectly achieved
by global inhibition of transcription by RNAPII (Supplementary Fig. 3d). Since Rnasehl
overexpression does not inhibit transcription (Supplementary Fig. 6f), any potential indirect
effects of transcription inhibitors and Rnasehl overexpression are likely to be different.
Therefore, if R-loops promote Tip60—p400 binding to chromatin, the sets of genes with
reduced Tip60-p400 binding upon Rnasehl overexpression or treatment of cells with
transcription inhibitors should significantly overlap. Consistent with this possibility, we
observed significant overlap among genes with reduced Tip60 or p400 binding due to DRB
treatment, Triptolide treatment, or Rnaseh1 overexpression (Fig. 4d—g). We therefore
conclude that promoter-proximal R-loops enhance Tip60—p400 binding to a large fraction of
its target genes.

R-loops inhibit chromatin binding and methylation by PRC2

To test whether promoter-proximal R-loops function solely in Tip60—p400 recruitment, or
are required for chromatin binding by additional regulatory complexes, we focused on
PRC2, due to its established RNA-binding activity in multiple cell typesS‘leovn’%. Like
Tip60—p400, PRC2 binds to nascent transcriptslolll, the substrates for R-loop formation,
consistent with the possibility that R-loops might promote PRC2 binding. However, since
inhibition of transcription stimulates PRC2 association with chromatinlB, it was also
possible that R-loops might inhibit PRC2 binding to a portion of its target genes, or have no
effect at all. To distinguish among these possibilities, we first compared our maps of
promoter-proximal R-loops to ChIP-seq maps of PRC2 subunit Suz12. Interestingly, DRIP-
RNA-seq reads were poorly enriched near the promoter-proximal regions of genes highly
bound by Suz12 (Fig. 5a), suggesting that moderate to high levels of promoter-proximal R-
loops may inhibit PRC2 association. We tested this possibility directly by mapping Suz12
binding and H3K27me3 localization in the presence or absence of ~Rnasef1 overexpression,
observing increased Suz12 and H3K27me3 occupancy in Rnasehl overexpressing ESCs
(Fig. 5b—e, Supplementary Fig. 7a). Some genes not significantly bound by Suz12 in control
cells gained peaks of Suz12 binding (Fig. 5f—g), and Suz12 enrichment at promoter-
proximal regions normally bound by the complex increased two-fold in aggregate upon
Rnasehl overexpression (Fig. 5b, Supplementary Fig. 7b—c). Consistent with these data, we
confirmed a significant increase in Suz12 occupancy upon Rnasehl overexpression by ChiIP-
gPCR (Supplementary Fig. 5b).

PRC2 binds strongly to relatively unmethylated CpG island537‘39, which make up a large
fraction of mammalian promoters and regulatory elements. CpG islands are kept
unmethylated, in part, by the presence of R-Ioopsﬂ'la, suggesting R-loops may help recruit
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PRC2 complex to these regions. However, we observed a significant increase in Suz12
association with CpG islands in Rnasehl overexpressing cells (Fig. 5e), suggesting that R-
loops produced from nascent transcripts inhibit PRC2 binding to these sites. Finally, we
observed examples of genes bound by Tip60—p400 complex in control ESCs that, upon
disruption of R-loops by Rnasehl1 overexpression, exhibited reduction of Tip60—p400
binding to background levels and ectopic PRC2 binding, representing a substantial
restructuring of their chromatin architecture (Supplementary Fig. 7d). Together, these data
reveal that R-loop formation contributes to differential recruitment of chromatin regulatory
complexes at thousands of genes in ESCs, promoting Tip60—p400 association and inhibiting
PRC2 association with numerous R-loop-associated genes.

R-loops are necessary for robust ESC differentiation

Knockdown of Kat5or Ep400 (encoding the Tip60 and p400 proteins) in ESCs results in
partial defects in both ESC self-renewal and differentiation™°. In addition, knockdown of
the Haacé gene, which encodes a cell type-specific Tip60—p400 binding protein, results in a
partial loss of Tip60—p400 binding to many target genes, and a defect in ESC differentiation,
but has no effect on self-renewal . These findings raise the possibility that R-loop-deficient
ESCs might also be defective in differentiation. To test this possibility, Rnasehl
overexpressing ESCs were grown in differentiation medium alongside control ESCs and
homozygous £p400 mutant ESCs (see Methods for details). Consistent with the
differentiation defect previously observed upon KD of Ep400 or other Tip60—p400
subunitslSvm, we observed a higher abundance of £p400 mutant cells with clustered (ESC-
like) morphology after 14 days that stained positive for alkaline phosphatase (Fig. 6a) and
the ESC-specific transcription factor Nanog (Fig. 6b), relative to control cells. Interestingly,
we also observed an increase in both alkaline phosphatase and Nanog staining upon Rnasehl
overexpression (Fig. 6a—b). As a more stringent test of ESC differentiation, we examined the
ability of Rnaseh1 overexpressing ESCs to form teratomas with differentiated cell types
from all three germ layers when injected into nude mice. As previously observed upon
knockdown of the gene encoding Tip60—p400 subunit Dmap]ls, Rnaseh1 overexpression
resulted in smaller teratomas (Fig. 6¢), which were poorly differentiated relative to control
cells (Fig. 6d). Together, these data suggest one major role of R-loops in ESCs is to enable
their efficient response to differentiation cues, in part by promoting high levels of Tip60—
p400 association and limiting levels of PRC2 association with specific sets of target genes.
However, it is also possible that disruption of R-loops by overexpression of Rnasehl causes
additional, Tip60—p400- and PRC2-independent perturbations that impair ESC
differentiation.

DISCUSSION

In mammalian cells, R-loops are most abundant at the 5’ ends of genes with G-rich

. . . . .1718 40 -
transcripts, as well as near Pol 11 pause sites at transcriptional termini~ . In addition,
formation of R-loops /n trans has been observed in some systems41, which may contribute to
the functions of some IncRNAsZO. Several proteins that resolve or stabilize R-loops have
been described, suggesting formation and persistence of R-loops is highly regulated42. Thus,
R-loop accumulation appears to be a function of both the transcription and sequence of RNA
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species, along with trans-acting factors. It remains to be determined how the positions and
abundance of R-loops change in different cell types or during cellular differentiation.

Here, we have uncovered a role for R-loops in shaping the chromatin landscape and
controlling the differentiation program in ESCs. We show that R-loops promote elevated
levels of promoter-proximal chromatin binding by Tip60—p400, but inhibit binding of PRC2
to its targets. Therefore, with regards to these key regulators of ESC pluripotency, R-loops
help segregate genes into classes that are highly bound by Tip60—p400 but not PRC2, those
highly bound by PRC2 but not Tip60—p400, and some genes that are lowly bound by both
complexes (Fig. 7). Interestingly, at some genes with low DRIP-RNA-seq signals, we see a
significant increase in Suz12 binding upon Rnasehl overexpression, suggesting PRC2
complex may be very sensitive to the presence of R-loops, even when present at low levels
(Supplementary Fig. 5b). Conversely, at some genes with high DRIP-RNA-seq signals, we
do not see increased PRC2 binding upon Rnasehl overexpression, suggesting either that the
residual R-loops at these loci are sufficient to inhibit PRC2 association, or that additional
features of chromatin structure at these sites impair PRC2 binding. Whether additional
chromatin regulators are affected positively or negatively by the presence of R-loops to
further compartmentalize the chromatin structure of genes in ESCs remains to be tested.
However, given the large number of chromatin regulatory complexes found to bind
IncRNAsl‘4, it seems likely additional factors will bind nascent transcripts in the form of R-
loops.

Context-dependent effects of RNA binding on PRC2 function

While the effects of RNA on Tip60-p400 function have not been studied in detail,
transcription appears to exert both positive and negative effects on the functions of polycomb
complexes in multiple system56'9‘13’19v36v43‘45. PRC2 binds to the A-repeat of the Xist
IncRNA, and this is thought to help recruit the complex to the inactive X—chromosome6'9.
Ezh2 binds nascent transcripts from numerous active genes, and has been shown to bind near
the promoters of most active genes at low Ievelsloyll. In addition, RNA binding inhibits the
histone methyltransferase activity of PRC2, suggesting that binding of nascent transcripts
holds PRC2 activity in check at active promoters, and PRC2 remains poised for histone
methylation at these genes once transcription is silenced by another mechanism’ 2

However, as with inhibition of transcriptionlg, we find that disruption of R-loops broadly
stimulates PRC2 binding, suggesting that the effects of nascent transcription on PRC2
recruitment may be context-dependent. For example, nascent transcripts with G-rich
sequences prone to R-loop formation may prevent PRC2 binding while different nascent
transcripts that do not form R-loops may allow some PRC2 binding, while inhibiting its

methyltransferase activity.

Multifaceted recruitment of Tip60—p400 to target genes

Although inhibition of transcription enhances PRC2 binding at CpG islands, including many
promoter regionsl3, transcriptional inhibitors significantly reduced Tip60—p400 association
with target gene promoters. Importantly, Rnaseh1 overexpression mimicked the effect of
transcription inhibition on both complexes — enhancing Suz12 association13 and inhibiting
Tip60—p400 association. Since RNaseH1 degrades RNA species only within RNA:DNA

Nat Struct Mol Biol. Author manuscript; available in PMC 2016 May 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 9

hybrids, this finding demonstrates that nascent transcripts, rather than the act of transcription
itself, promote chromatin association by Tip60—p400 and inhibit chromatin association by
PRC2. In addition, these data suggest that chromatin regulatory complexes encounter
nascent transcripts at many genes in the form of R-loops, rather than free RNA.

While we observed a significant correlation between promoter-proximal R-loops and Tip60-
p400 binding, several lines of data indicate R-loops are not sufficient for Tip60—p400
recruitment. First, R-loops are also prevalent at transcriptional termini 24 %2 (also see Fig.
34, ¢), which are not highly bound by Tip60-p400 (data not shown). Secondly, the PHD
domain of the Ing3 subunit of Tip60—p400 was previously shown to bind histone H3
methylated on lysine-4 (H3K4me3)46, and knockdown of genes required for H3K4me3
deposition leads to a moderate reduction of Tip60—p400 bindinng. These data suggest that
recruitment of Tip60—p400 to target sites on chromatin is a function of multiple different
mechanisms. In addition, whether recruitment of Tip60—p400 to R-loop containing genes
functions via direct binding of the complex to RNA:DNA hybrids or single-stranded DNA,
or whether this interaction is bridged by another protein that is yet to be discovered, is not
known.

Disruption of R-loops impairs ESC differentiation

Like Ep400 mutant ESCs, Rnasehl overexpression resulted in impaired differentiation,
consistent with the reduction in Tip60—p400 binding observed in these cells. However, given
the differences in proliferation observed between Ep400 mutant and Rnasehl overexpressing
ESCs, the phenotypes observed upon disruption of R-loops likely reflect more than just the
effects of reduced Tip60—p400 activity. Accordingly, while the precise effects of enhanced
PRC2 binding on proliferation and differentiation of Rnaseh1 overexpressing cells are
difficult to predict, they are likely to contribute to the observed phenotypes. Furthermore, it
is also possible R-loops modulate the binding of additional factors that regulate ESC
differentiation. Nonetheless, the opposing effects of R-loops on Tip60—p400 and PRC2, and
their importance for normal ESC differentiation, suggest an additional layer of complexity
controlling gene regulation and cell identity in ESCs. These findings also suggest that
factors regulating R-loop formation or clearance may have additional roles in gene
regulation in multiple cell types.

ONLINE METHODS

Antibodies

Anti-p400 (A300-541A; Bethyl), anti-RUVBL1 (10210-2-AP; Proteintech), anti-FLAG-M2
(F1804; Sigma), anti-DNA-RNA hybrid S9.6 (ENH001; KeraFAST), anti-SUZ12
(A302-407A,; Bethyl), anti-NANOG (A300-398A; Bethyl), rabbit-1gG (ab37415; Abcam),
anti-HDACS6 (07-732; Millipore), anti-DMAP1 (10411-1-AP; Proteintech), anti-RNA
Polymerase Il (sc-899; Santa Cruz Biotechnology), anti-ACTIN (A5316; Sigma) antibodies
were used. All primary antibodies against mammalian proteins used in this study are
reported by the manufacturers to recognize protein from mouse. Information regarding
antibody validation can be found on the manufacturers’ websites.
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Cell culture and treatment

Mouse ESCs were derived from E14* and previously obtained from Dr. Barbara Panning
(University of California, San Francisco). Cells have been subjected to extensive sequencing
in the course of this and previous studies, verifying they are male cells from mouse, and the
pluripotency experiments reported in this and previous studies verify their ESC identity.
ESCs were previously tested to ensure they are free of mycoplasma, and grown under
feeder-free conditions as described ", The homozygous T7ip60-FLAG line was generated by
CRISPR/Cas-mediated genome editing into E14 using homology arms of approximately 900
bp surrounding a 6-Histidine-3XFLAG tag described previouslylG, immediately 5’ of the
endogenous stop codon (guide RNA sequence: AAGCCAGTTATCCTCGGAGT). The
Ep400homozygous mutant line was made similarly, using a guide RNA
(TGGCTGATGAAGCAGGGCTT) specific for the Walker A box of the ATPase domain of
the Ep400 gene and no homology template. Sequencing revealed a 135 bp deletion in exon
15 of both alleles. Full-length mouse Rnaseh1 (NM_001286865.1) including an N-terminal
3XHA tag was synthesized (gBlocks, Integrated DNA Technologies) and cloned into the
EcoRI-Xhol fragment of the pCAGGS-ires-Hygro vector. Rnasehl overexpressing cells
were generated by transfection of pPCAGGS-RnasehI-ires-Hygro plasmid into the 77p60-
H3Fline and selection with Hygromycin B (Roche). For inhibition of transcription, cells
were treated with 100 uM or 10 uM of DRB or Triptolide (Sigma), respectively, as
described™. We tested several time points of treatment for inhibition of transcription by RT-
gPCR and the protein levels of several subunits in Tip60—p400 by western blotting. We
determined the optimal time of inhibitor treatment based on the shortest time we observed
efficient inhibition of transcription while having no effect on protein levels of Tip60
subunits. For ESC differentiation, 108 ESC cells were suspended in medium lacking LIF and
cultured in non-cell culture treated petri dishes for 2 days. Subsequently, cells were
transferred to gelatin coated cell culture dishes in medium lacking LIF for the number of
days indicated. Cells were fixed or RNA was isolated at the indicated time points.

Alkaline phosphatase staining

After 14-days of differentiation, cells were stained for AP activity using an Alkaline
Phosphatase detection kit (EMD Millipore) according to the manufacturer’s instructions.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde, blocked with blocking buffer (10% normal
goat serum, 0.3% Triton X-100 in PBS) for 1 hour, and stained with anti-Nanog antibody
(1:100 dilution) overnight at 4°C. The next day, cells were washed and stained with Alexa
Fluor 488-conjugated secondary antibodies (1:1,000) (Life Technologies). The nuclei were
stained with DAPI, and the slides were imaged on an EVOS FL microscope (Life
Technologies).

Cell cycle analysis

Propidium iodide staining and FACS analysis of DNA content were performed as
describedls.
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Indicated amounts of DNA were spotted onto a nitrocellulose membrane. After drying, the
membrane was blocked in 5% milk for 30 minutes at room temperature and incubated with
anti-S9.6 antibody (1:2,000 dilution) overnight at 4°C. The next day, the membrane was
washed and stained with HRP conjugated anti-mouse secondary antibody (1:10,000).

Chromatin immunoprecipitation (ChiP)

RIP-seq

Chromatin immunoprecipitation and library construction (ChIP-seq) were performed as
described previouslyle. Libraries with different barcodes were pooled, and single-end
sequencing (50bp) was performed on an Illumina HiSeq2000 at the UMass Medical School
deep sequencing core facility. ChlIP-gPCR was performed as describele.

Cells were lysed using an NE-PER Extraction kit (Thermo Fisher) to isolate nuclear
fractions. For immunoprecipitation, 1.5 mg of nuclear extracts were treated with DNase |
(New England Biolabs) and pre-cleared with Protein A magnetic beads (New England
Biolabs) for 3 hours. Cleared nuclear extract was incubated with specific antibodies in IP
buffer (50 mM Tris-HCI pH7.4, 250 mM NaCl, 0.1% Triton X-100) plus 1X HALT protease
inhibitors (Thermo Fisher) and SUPERaseln (Life Technologies) overnight at 4°C. The next
day, pre-washed Protein A magnetic beads were added to IP samples and incubated for
another 4 hours at 4°C. The magnetic beads were sequentially washed with IP buffer twice,
high-salt IP buffer (50 mM Tris-HCI pH7.4, 500 mM NaCl, 0.1% Triton X-100, 0.5 %
sodium deocycholate) four times, and IP buffer two more times. RNA was eluted from
beads, purified by TRIzol (Life Technologies) extraction and precipitated at —80°C for at
least 2 hours. For RIP-seq, 10-50 ng of RIP enriched RNA and Adaptor 1 (5-
CTGAACCGCTCTTCCGATCTNNNNNN-3’) were used for first-strand cDNA synthesis
with Superscript 111 Reverse Transcription Kit (Life Technologies). After first-strand cDNA
synthesis, RNA was degraded by sodium hydroxide, and cDNA was purified by SILAN
beads (Life Technologies). To preserve strand information, Adaptor 2 with the modification
of 5’ phosphorylated and 3’ dideoxy-C (5/-p-
NNACGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT-3ddC) was ligated to the
3’ end of first-strand cDNA using T4 RNA ligase 1 (New England Biolabs). The ligated
material was purified by SILAN beads and PCR amplified with Illumina primers using 18
cycles of PCR. To remove PCR primers, libraries were purified by AMPure XP beads
(Beckman Coulter). Libraries with different barcodes were pooled together and sequenced as
described for the ChlP-seq libraries.

DRIP-RNA-seq

Nucleic acid extraction, immunoprecipitation, and library preparation were performed as
described previously17 with the following modifications (cartooned in Supplementary Fig.
3b). The immunoprecipitated material (with and without RNaseH treatment) was denatured
at 94°C for 1 min and cooled on ice. To reduce DNA background, the samples were treated
with DNasel at 37°C for 30 minutes and RNA was purified using phenol/chloroform/
isoamylalcohol extraction. 38 pmol of Adaptor 1
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(CTGAACCGCTCTTCCGATCTNNNNNN) was combined with 50 ng of S9.6 enriched
RNA for first-strand cDNA synthesis with a Superscript 111 Reverse Transcription Kit (Life
Technologies). After first-strand cDNA synthesis, RNA was degraded by sodium hydroxide,
and strand-specific RNA-seq libraries were prepared as described above for RIP-seq
libraries. Libraries with different barcodes were pooled together and sequenced as described
above.

Strand-specific RNA-seq libraries for ESCs and differentiated ESCs were performed as
described previously4

Sequencing data analysis

Barcodes were removed, and reads were mapped to the mouse genome (mm?9) using
Bowtie-l.O.O49 for ChIP-seq and TopHat-250 for RNA-seq, RIP-seq, and DRIP-RNA-seq.
For ChIP-seq and DRIP-RNA-seq, aligned sequences were processed in HOMER™ by using
the “annotatePeaks” command to bin the regions of interest in 20 bp windows and sum the
reads within each window. Average enrichment was calculated by normalizing the reads in
each window to total reads, dividing by the number of regions of interest, and presented in
reads per million (rpm). For RIP-seq data, aligned sequences were processed in HOMER by
using the “analyzeRNA” command to calculate, normalize, and present in reads per kilobase
per million mapped reads (rpkm) for each reference gene. Fold change was calculated by
dividing rpkm from experimental IPs by rpkm IgG control IPs. Noncoding RNA data was
obtained from the GENCODE release M1 datase'[52 and previously published IncRNAs4. For
RNA-seq, rRNA sequences were removed before transcript quantification using RSEM53.
Differentially expressed genes were identified by DESeq254 and significantly changed genes
were selected using a cutoff of adjusted p-value < 0.05, comparing Rnasehl overexpressing
cells to control cells at each time point during differentiation.

Teratoma Formation Assays

We injected one million cells into both hind flanks of 5 nu/nu (nude) mice (male, aged 6-8
weeks) each for control and Rnasehl overexpressing ESCs, and allowed tumors to grow for
21 days. Mice were sacrificed, tumors were weighed, followed by fixation and staining as
described™. All animal experiments were performed according to an approved UMMS
animal care and use protocol (2165-13). No statistical method was used to predetermine
sample size. The experiments were not randomized and were not performed with blinding to
the conditions of the experiments.

Statistical analysis and design

For most genomic datasets, we did not assume equal variances or similar distributions and
therefore performed nonparametric tests, such as the Kolmogorov-Smirnov test to assess
statistical significance of observed differences in distributions. Specific applications of
statistical tests are discussed in the figure legends. For other experiments comparing
individual genes or loci where we could assume similar variance and normally distributed
values, we performed two tailed students t-tests. Due to the nature of genome-wide
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experiments, we did not perform power analyses to determine sample sizes. For teratoma
assays, we examined eight tumors for each condition out of ten injections, excluding the
largest and smallest tumor in each group (by prior design) to reduce biases due to poor
engraftment/injection. This sample size has been sufficient to clearly elucidate
differentiation defects in our prior experience. Histograms indicate averages and error bars
indicate standard deviations in all cases. Injections were performed into genetically identical
nude mice, selected at random. Investigators were not blinded during injection of mice or
downstream analyses of tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tip60—p400 binds nascent transcripts
a—b, Enrichment of transcripts in p400 (upper) or Ruvbll (lower) RIP-seq libraries relative

to control (1gG) RIP-seq. Normalized reads (reads per million; rpm) from two biological
replicate (IPs from separate cultures) RIP-seq experiments were averaged and plotted for
IncRNAs RNAs (a) or coding RNAs (b). c—d, Overlaps of IncRNAs (c) or coding RNASs (d)
enriched in each RIP-seq dataset are shown as Venn diagrams with significance of overlaps
(hypergeometric tests) indicated. e—f, Aggregation plot of RIP-seq data over annotated TSSs
(e) and TTSs (f). ***P< 2.2 x 10716, calculated using a two-sample Kolmogorov-Smirnov
(K-S) test after summing promoter-proximal (e) or TTS-proximal (f) reads for each gene. g,
Example browser track showing locations of RIP-seq reads for the 7afZd gene relative to
introns (thin line) and exons (black boxes). h—i, Cumulative distribution plots showing
enrichment of reads over the entire gene (red) or only within exons (blue) in p400 and
Ruvbl1 RIP-seq compared to 1gG, expressed as a log2 ratio. ***P< 2.2 x 10716 using a two-
sample K-S test, as above.
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Figure 2. Transcription promotes promoter-proximal association of Tip60—p400 with chromatin
a, Comparison of ChIP-seq maps of Tip60 (C-terminally FLAG-tagged at the endogenous

Tip60locus), p400, or control IPs (anti-FLAG ChlIP of ESCs lacking FLAG-tagged Tip60
and IgG ChlP) with Tip60-p400-interacting RNAs (overlapping in p400 and Ruvbll RIP-
seq libraries). ChlP data is shown as heatmaps extending from -2 kb to + 2 kb from each
TSS, with each row representing a gene and enrichment denoted in green. Heatmaps are
sorted by previously published p400 ChlP-chip data’®. b, Tip60 enrichment in reads per
million (rpm) aggregated over TSSs of genes whose transcripts are bound by both p400 and
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Ruvbl1 and those that are not. ***P< 2.2 x 10716, calculated using a two-sample K-S test,
as in Fig. 1. c—d, Aggregate Tip60 (c) or p400 (d) ChlIP-seq enrichment at TSSs in control
treated ESCs or ESCs treated with indicated transcription inhibitors. ***P< 2.2 x 10716 for
all treatments vs. controls, using two-sample K-S tests. e—f, Heatmaps of Tip60 (e) or p400
(f) enrichment by ChiP-seq in control treated ESCs or ESCs treated with indicated
transcription inhibitors. All heatmaps are sorted by previously published p400 ChIP-chip
data to show concordance of Tip60 and p400 binding sites with each other and with previous
studies. One ChIP-seq was performed with or without each of two independent transcription
inhibitors (treatments performed in independent cultures) for each Tip60-p400 subunit
indicated (and controls).
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Figure 3. Promoter-proximal R-loops co-localize with Tip60-p400
a—e, R-loop localization in mouse ESCs using DRIP-RNA-seq. a, DRIP-RNA-seq data

represented as heatmaps for both transcription start sites (TSSs) and transcription
termination sites (TTSs), and sorted by gene expression in ESCs from high to low
(expression level indicated to left). RNA-seq read density from DRIP-RNA-seq libraries is
indicated in white. b—c, R-loop enrichment in reads per million (rpm) aggregated over
annotated TSSs or TTSs in control samples or samples pre-treated with RNaseH in vitro
prior to DRIP (see Methods). ***P< 2.2 x 10716, calculated using a two-sample K-S test, as
in Fig. 1. d, R-loop localization at an example genomic location. DRIP-RNA-seq reads were
split into plus and minus strands (direction of transcription for each gene noted at bottom). e,
Heatmaps as in (a) of DRIP-RNA-seq data sorted by p400 enrichment. f—g, Average Tip60
(f) or p400 (g) binding measured by ChlIP-seq over promoters with highly enriched DRIP-
RNA-seq levels (blue) and all other promoters (red). One DRIP-RNA-seq library per
condition was analyzed after several pilot DRIP experiments were performed in the lab.
ChIP-seq libraries were described in Fig. 2. ***P< 2.2 x 10716, calculated using a two-
sample KS test.
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Figure 4. R-loops promote elevated Tip60 and p400 binding to many target genes
a—c, Changes in Tip60 and p400 chromatin binding in ESCs overexpressing Rnasehl,

expressed as heatmaps (a) sorted by p400 enrichment, or aggregated over all TSSs for Tip60
binding (b) or p400 binding (c). ***P< 2.2 x 1075, calculated using two-sample K-S tests,
as in Fig. 1, comparing Control R-loop marked genes to all other groups. For each ChlP-seq,
one of two representative biological replicate ChlPs (independent IPs from separate cultures)
with similar results is shown. d—e, Overlap of genes with at least two-fold reduced binding
of Tip60 (d) or p400 (e) upon Rnasehl overexpression or addition of transcription inhibitors
DRB or Triptolide. Pvalues indicating significance of all pairwise overlaps were calculated
using hypergeometric tests. f—g, Browser tracks for one example locus with reduced Tip60
(f) and p400 (g) binding upon addition of DRB or Triptolide, or overexpression of Rnasehl.
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Figure 5. R-loops inhibit chromatin binding by PRC2
a, Heatmap showing DRIP-RNA-seq data sorted by Suz12 enrichment, as measured by

ChiIP-seq. b, Effect of R-loop disruption on Suz12 enrichment, expressed as a density plot.
The red line marks equal enrichment in both cell types. c—e, Heatmaps illustrating changes
in Suz12 chromatin binding upon Rnasehl overexpression over the promoter proximal
regions of all promoters (c), genes with increased Suz12 association in Rnasehl
overexpressing cells (d), or annotated CpG islands (e). All heatmaps are sorted by Suz12
binding in control cells, and one of two biological replicate ChlP-seq experiments
(independent IPs from separate cultures) with similar results is shown. f—g, browser tracks of
genes that gain ectopic Suz12 binding upon Rnasehl overexpression.
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Figure 6. Disruption of R-loops impairs ESC differentiation
a-b, AP staining (a) or Nanog immunofluorescence staining (b) of control, Rnasehl

overexpressing, or £p400 mutant ESCs after culture in differentiation-promoting medium
for 14 days. White arrows in (a) indicate clusters of robustly AP stained cells in Rnasef1
overexpressing cells. Scale bars in (a) measure 1 cm (upper panels) and 200 pm (lower
panels). Scale bars in (b) measure 100 um. The percentages of Nanog-expressing cells
(indicated by white text in lower right of each panel) were averaged from two biological
replicate differentiation experiments (independent cultures on different days). ¢, Weight of
teratomas derived from subcutaneous injection of control or Rnasef1 overexpressing ESCs
(n = 8 tumors each) into nude mice. Each tumor weight is shown as a black dot, and the
mean is shown in red. *£< 0.05 by student’s two-tailed t-test. d, Representative examples of
sections from teratomas derived from control or Rnasehl overexpressing ESCs. Scale bars
measure 200 pm.
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Figure 7. Model of R-loop function
Genes that do not form R-loops, due to either lack of expression or G-poor sequence within

the 5’ region of the transcript, make good substrates for PRC2 binding, but poor Tip60—p400
substrates. Conversely, genes that form moderate to high levels of R-loops are good Tip60—
p400 substrates, but poor PRC2 substrates. Genes that form R-loops at modest levels, due to
low expression and/or weak to moderate G-richness within the 5’ region of the transcript, are
predicted to be relatively poor substrates for both complexes. RNA: Red curved line.
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