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SUMMARY

Increasing evidence suggests that diverse RNA binding proteins (RBPSs) interact with regulatory
RNASs to regulate transcription. RBFox2 is a well-characterized pre-mRNA splicing regulator, but
we now encounter an unexpected paradigm where depletion of this RBP induces widespread
increase in nascent RNA production in diverse cell types. Chromatin immunoprecipitation
sequencing (ChlP-seq) reveals extensive interaction of RBFox2 with chromatin in a nascent RNA-
dependent manner. Bayesian network analysis connects RBFox2 to Polycomb complex 2 (PRC2)
and H3K27me3, and biochemical experiments demonstrate the ability of RBFox2 to directly
interact with PRC2. Strikingly, RBFox2 inactivation eradicates PRC2 targeting on the majority of
bivalent gene promoters and leads to transcriptional de-repression. Together, these findings
uncover a mechanism underlying the enigmatic association of PRC2 with numerous active genes,
highlight the importance of gene body sequences to gauge transcriptional output, and suggest
nascent RNAs as critical signals for transcriptional feedback control to maintain homeostatic gene
expression in mammalian genomes.
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INTRODUCTION

RNA binding proteins (RBPs) and ribonucleoprotein particles (RNPs) have been
increasingly appreciated for their involvement in multiple layers of regulated gene
expression beyond their traditional roles in RNA processing, which likely act in conjunction
with diverse regulatory RNAs expressed in mammalian genomes (Fu, 2014; Rinn and
Chang, 2012). For instance, the splicing commitment factor SRSF2 is now known to play a
key role in facilitating RNA Polymerase Il (Pol 1) pause release from gene promoters (Ji et
al., 2013) and modulating transcriptional elongation in gene bodies (Lin et al., 2008). The
small nuclear ribonucleoprotein particle U1 small nuclear RNP (sSnRNP), besides its role in
5" splice site definition, helps prevent cryptic transcriptional termination and premature
polyadenylation (Kaida et al., 2010). The regulatory functions of RBPs via specific non-
coding RNAs (ncRNAs) in transcriptional control are also exemplified by the interaction of
FUS/TLS with a cyclin D1 promoter-associated ncRNA to repress transcription in response
to DNA damage (Wang et al., 2008) and by the ability of both hnRNP U and hnRNP K to
bind the XistncRNA to mediate transcriptional repression (Chu et al., 2015). These findings
mark an emerging trend for wide participation of RBPs in transcriptional control, likely via
numerous NcCRNAs expressed in mammalian genomes (ENCODE Project Consortium,
2012).

The mechanism underlying ncRNA-mediated epigenetic control of gene expression is
perhaps best illustrated with Polycomb complex 2 (PRC2), which catalyzes H3K27
trimethylation on chromatin (Cao et al., 2002) and is critical for X-inactivation in the mouse
(Lee and Bartolomei, 2013) and responsible for establishing bivalent promoters in different
cell lineages (Voigt et al., 2013). Interestingly, at least two components of PRC2 (EZH2 and
SUZ12) appear to have the capacity to directly bind RNA, but whether they bind with a
degree of specificity has been a subject of debate (Davidovich et al., 2013; Kaneko et al.,
2013; Kanhere et al., 2010; Zhao et al., 2010). A more recent biochemical comparison
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suggests that PRC2 does have a degree of preference for different RNAs despite its capacity
to bind diverse RNAs with high affinity, suggesting that promiscuous and specific RNA-
binding activities of PRC2 do not have to be mutually exclusive (Davidovich et al., 2015).

Genome-wide analysis of PRC2-RNA interactions reveals that RNAs from modestly
expressed protein-coding genes constitute the vast majority of the PRC2 interactome
(Kaneko et al., 2013; Zhao et al., 2010). Because PRC2 does not bind all RNAs, especially
from highly expressed genes, this has been part of ongoing debate on direct or indirect
mechanisms for PRC2 recruitment in mammalian genomes, leading to speculation for the
involvement of certain RBPs as adaptors (Bonasio and Shiekhattar, 2014). The observation
that bivalency is established during the transition from naive to primed embryonic stem (ES)
cells suggests that PRC2 targeting is a highly regulated process (Marks et al., 2012;
Theunissen et al., 2014). Consistently, a recent study reveals a key role of the DNA/RBP
ATRX in Xistloading/spreading on X chromosome and in facilitating PRC2 targeting to
many other genomic loci (Sarma et al., 2014).

The RBFox family of RBPs has been characterized as splicing regulators (Kuroyanagi,
2009) by recognizing the evolutionarily conserved GCAUG motif (Jin et al., 2003; Zhang et
al., 2008) to induce alternative splicing in a position-dependent manner (Jangi et al., 2014;
Yeo et al., 2009). RBFox1 (a.k.a. AZBPI) is expressed in muscles and brain; RBFox2 (a.k.a.
RMB9or Fxh) is more ubiquitously expressed with higher abundance in most cell types; and
RBFox3(a.k.a. NeuN) is predominantly detected in mature neurons (Underwood et al.,
2005). It is also important to bear in mind that RBFox1 was first discovered as a X
chromosome dosage-compensation regulator in C. elegans (Hodgkin et al., 1994; Nicoll et
al., 1997); RBFox2 was found earlier as a co-transcriptional repressor in nuclear-receptor-
regulated gene expression (Norris et al., 2002); and RBFox3/NeuN was recently shown to
modulate microRNA (miRNA) processing (Kim et al., 2014). This literature information
suggests that RBFox proteins may regulate gene expression at different levels and via
multiple mechanisms.

We recently dissected the RBFox2-regulated splicing program during pressure overloading-
induced heart failure (Wei et al., 2015). However, many specific cardiac phenotypes caused
by RBFox2 ablation could not readily be attributed to altered splicing (unpublished data),
suggesting the need to investigate the function of RBFox2 in regulated gene expression
without being confined to the traditional framework. Here, we present evidence that RBFox2
broadly interacts with nascent RNA on chromatin to mediate transcriptional repression
through its functional interplay with PRC2. Strikingly, RBFoxZ2 ablation causes genome-
wide eradication of PRC2-chromatin interactions and dynamic H3K27me3 deposition on
gene promoters in diverse cell types. This reveals RBFox2 as a global regulator of PRC2
targeting in mammalian genomes, which also supports the concept that nascent RNAs from
both non-coding and protein-coding genes act as c/s-acting signals for dynamic control of
mammalian gene expression.
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Widespread Transcriptional Induction in Response to RBFox2 Knockout

As part of our ongoing efforts to understand severe cardiomyopathy triggered by RBFox2
knockout in the mouse heart (Wei et al., 2015), we noted transcriptional induction of
multiple mature miRNAs, which is coincident with the development of cardiac phenotype
(Figure S1A). Unlike the reported role of RBFox3/NeuN in modulating post-transcriptional
miRNA processing (Kim et al., 2014), however, we found miRNA induction at the pri-
miRNA level without significant changes at the pre-miRNA level, which applies to all
induced and at least a subset of repressed miRNAs we detected at mature miRNA levels
(Figures S1A-S1C). This finding indicates a previously unrecognized function of RBFox2
in transcriptional control. Although we were able to link some induced miRNAS to a specific
cardiac defect (unpublished data), we suspected an even greater altered transcription
program that may underlie the overall disease phenotype in our animal model. We therefore
decided to first pursue this intriguing and unexpected paradigm for RBFox2-regulated gene
expression.

We isolated primary cardiomyocytes from WT and RBFox2 knockout heart by enzymatic
perfusion and performed global nuclear run-on coupled with deep sequencing (GRO-seq) to
detect nascent RNA production (Table S1A). We found that RBFox2 ablation caused a >1.5-
fold change in nascent RNA production among 650 upregulated genes and 247
downregulated genes, indicating a dominant role (directly or indirectly at this point) of
RBFox2 in transcriptional repression (Figure 1A). This includes a set of miRNAs we
examined by real-time RT-PCR (Figure S1A), which corroborates with increased GRO-seq
signals (Figure S1D), both at the primary miRNA level. Importantly, we also detected
elevated transcription from a large number of protein-coding genes, as illustrated for Egr1
and Jun (Figure 1B). These data provide initial evidence for a critical role of RBFox2 in
transcriptional control, which we decided to rigorously pursue in both primary
cardiomyocytes and more experimentally manipulable cellular models.

RBFox2 Interaction with RNA and DNA

Because RBFox2 is an RBP that has been implicated in regulated RNA metabolism in both
the nucleus and the cytoplasm, we hypothesized that RBFox2 might interact with RNA on
chromatin during co-transcriptional pre-mRNA splicing to influence transcription. We
therefore mapped its interaction with RNA by cross-linking immunoprecipitation followed
by deep sequencing (CLIP-seq) on fractionated primary cardiomyocytes from WT mouse
heart (Figure 1C). We optimized the cell fractionation protocol for cardiomyocytes, which
involves a more elaborated procedure to disrupt multi-nuclei muscle cells (see Experimental
Procedures), and showed the expected distribution of cytoplasmic and nuclear proteins (e.g.,
GAPDH and histone 3) and nuclear RNAs (e.g., 7SK and U6), despite a degree of leakage of
nuclear components into the cytosolic fraction (i.e., U2AF65 and U1), which is common in
preparing nuclear extracts even from cultured cells (Figure 1D). Such leakage would in fact
enrich for RBFox2-RNA interactions on chromatin.
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From 67 and 22 million initially mapped reads, we obtained 14.9 million whole-cell (WC)
CLIP-seq reads and 3.2 million nuclear (NU) CLIP-seq reads that were uniquely mapped to
the mouse genome after removing PCR duplicates (Table S1B). In line with the prediction
by Ray et al. (2013), a large fraction of the WC RBFox2 CLIP-seq reads were mapped in 3
UTRs, which becomes further evident after size normalization (Figure S1E). The WC
RBFox2 CLIP-seq reads are enriched with the expected GCAUG motif (Figures 1E and
S1F), similar to our early report on ES cells (Yeo et al., 2009). Interestingly, RBFox2
appears to interact with RNA near gene promoters (from the transcription start site [TSS] to
+/-1 kb downstream sequences) with much reduced specificity, as indicated by less frequent
association of the consensus motif with its binding events near the TSS relative to gene body
or 3" UTR (Figure 1E, top). In contrast, the NU RBFox2 CLIP-seq signals showed a general
underrepresentation of the GCAUG motif underlying RBFox2 binding events (Figure 1E,
bottom), which also exhibited a5” shift toward promoter and gene body from 3" UTR
(Figure 1F). These observations hint on a more relaxed binding mode for RBFox2 to interact
with chromatin-associated RNA.

We next hypothesized that chromatin-associated RNA might mediate RBFox2 association
with chromatin and thus performed RBFox2 chromatin immunoprecipitation sequencing
(ChlP-seq) on isolated cardiomyocytes, obtaining 26 million uniquely mapped reads (Table
S2). As anticipated, we detected extensive RBFox2 interaction with genomic DNA near the
TSS as well as within the gene body, which was correlated with induced nascent RNA
production, as illustrated on representative £grl and Jun genes (Figure 1B). By relating
RBFox2 CLIP-seq peaks to its ChlP-seq signals, we observed that RBFox2-DNA
interactions were more related to its RNA binding activities enriched in the nucleus (Figure
1G). This suggests that RBFox2 may become associated with chromatin via nascent RNA,
which we later demonstrate to be the case both on representative genes and at a global level
(see below).

RBFox2 Binding in Relationship with Key Chromatin Features

To uncover potential mechanism(s) underlying RBFox2-mediated transcriptional repression,
we performed Bayesian network analysis, a bioinformatics approach for inferring global
relationships among detected binding events (Liu et al., 2013), by relating RBFox2 ChlP-seq
signals to public ChlIP-seq data from mouse heart near the TSS region (see Experimental
Procedures). The resulting network suggests a connection of RBFox2 to SUZ12, which is
linked to the repressive H3K27me3 mark on chromatin (Figure 2A). This was further
confirmed by meta-gene analysis near the TSS with RBFox2 and SUZ12 ChIP-seq signals
generated on the same cardiomyocytes (Table S2; Figure 2B). These relationships therefore
predicted a functional interplay between RBFox2 binding and PRC2 targeting, raising an
intriguing possibility that RBFox2 might mediate transcription repression via PRC2. We
seized this opportunity to understand the enigmatic association with PRC2 with numerous
active genes in mammalian genomes.

Because PRC2-regulated gene expression applies to all cell types in mammals (Davidovich
et al., 2013), we next extended the analysis to mouse embryonic fibroblasts (MEFs), which
would minimize potential compound effects in knockout animals and allow efficient
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experimental manipulations. As on cardiomyocytes, we fractionated MEFs to obtain nuclear
enriched RBFox2, noting that RBFox2 appears to be predominantly associated with the
nuclear fraction in MEFs (Figure S2A). To begin to investigate the potential contribution of
nascent RNA to RBFox2’s association with chromatin, we briefly treated MEFs for 3 hr
with the transcription inhibitor 5,6-dichloro-1-B-D-ribofuranosylbenzimidazole (DRB),
which targets the active site in the kinase p-TEFb required for Pol Il pause release (Adelman
and Lis, 2012). While the treatment did not affect RBFox2 at the protein level (Figure S2B,
bottom), we noted that RBFox2 immunofluorescence signals became greatly dispersed
(Figure S2B, top). Furthermore, RNase A and DNase | treatment on Triton X-100-
permeabilized MEFs essentially eliminated RBFox2 staining signals (Figure S2B, top).
These data indicate the requirement of RNA for RBFox2 to interact with DNA in the
nucleus.

We next performed both WC and NU CLIP-seq for RBFox2 in MEFs (Table S3A).
Duplicated experiments based on 2 to 3 million uniquely mapped reads in the mouse
genome demonstrated the reproducibility of RBFox2 WC and NUCLIP-seq analyses
(Figures S2C and S2D). As indicated by biochemical fractionation, RBFox2 appears to be
tightly retained in the nucleus of MEFs (Figure S2A), and consequently, both datasets
showed the enriched GCAUG motif, but with much reduced representation underlying
RBFox2 binding events across all genic regions (Figures S2E and S2F), which is similar to
the trend observed with RBFox2 NU CLIP-seq on primary cardiomyocytes (see Figure 1E,
bottom).

In mammalian genomes, H3K4me3 and H3K27me3 generally mark active and repressed
genes, respectively (Rivera and Ren, 2013).However, many are associated with both
chromatin marks, known as bivalent genes, and such bivalent genes are thought to be
particularly sensitive to regulatory signals during development (Bernstein et al., 2006;
Mikkelsen et al., 2007). To link RBFox2 and SUZ12 binding to specific histone modification
events under uniform conditions, we generated an elaborated set of ChIP-seq data with 10 to
25 million uniquely mapped reads in each (Table S3B). In both cardiomyocytes and MEFs,
we noted concordant ChIP-seq signals for RBFox2, SUZ12, and H3K27me3 on both
repressed (marked exclusively with H3K27me3) and bivalent genes (Figure 2C), while
RBFox2 ChlP-seq signals were also prevalent on active genes marked exclusively with
H3K4me3 (Figure 2D). These reflect a global trend: RBFox2 and SUZ12 ChlP-seq signals
overlap on more than half of their peaks (Figure 2E), which is particularly significant (38%)
on protein-coding genes (Figure 2F). RBFox2 and SUZ12 ChlP-seq peaks are largely co-
incident on both bivalent (both H3K4me3 and H3K27me3) and largely repressed genes
(H3K27me3-only), as well as on approximately half of active genes (H3K4me3-only)
(Figure 2G). These observations indicate extensive functional interplay between RBFox2
and PRC2 in the mouse genome.

RBFox2 Mediates Global PRC2 Targeting Near Gene Promoters via Nascent RNA

To determine potential function of RBFox2 in PRC2 targeting, we performed functional
perturbation in response to small interfering RNA (siRNA)-mediated knockdown of RBFox2
and SUZ12in MEFs. In comparison with MEFs treated with nonspecific control siRNA
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(NC), two independent siRBFox2 reduced RBFox2 protein, and two independent siSUZ12
reduced not only SUZ12 but also EZH2 (likely due to destabilized PRC2 in the cell) (Figure
S3A). Interestingly, in comparison with significant reduction of H3K27me3 levels in
siISUZ12-treated MEFs, we detected little effect on this histone modification at the global
level in siRBFox2-treated MEFs (Figure S3A), which is consistent with unaltered expression
of all key PRC2 components at both the mRNA and protein levels (data not shown).

We next performed ChIP-seq on SUZ12, H3K27me3, and H3K4me3 in response to
SiRBFox2in MEFs (Figure S3B; Table S3B). Strikingly, in comparison with control SiRNA-
treated MEFs, siRBFox2 not only abolished RBFox2 ChIP-seq signals, as expected (this
also helps validate the specificity of anti-RBFox2 antibody in ChlP-seq analysis), but also
significantly reduced ChlP-seq signals for both SUZ12 and H3K27me3, as shown on a
representative genomic segment in the HoxD locus (Figure 3A). Focusing on TSS-
associated ChlP-seq signals, we found that RBFox2 ChlP signals were unaffected by
sISUZ12 indicating that PRC2 is not required for RBFox2 to interact with chromatin
(Figures 3B and 3C). By contrast, siRBFox2 not only diminished global RBFox2 binding
but also abolished SUZ12 and H3K27me3 ChlIP-seq signals around the TSS, without
measurable impact on H3K4me3 ChlP-seq signals (Figure 3D).

Because siRBFox2had little effect on the global level of H3K27me3 (Figure S3A), we
determined whether siRBFox2 caused redistribution of PRC2 in the mouse genome, as
reported in comparing between mouse naive and primed ES cells (Marks et al., 2012). We
computed the genomic distribution of H3K27me3 peaks by binning H3K27me3-enriched
regions to tag density per peak (based on normalization of total tags to 10 million), as
described earlier (Marks et al., 2012), and found that, in control siRNA-treated MEFs
(Figure S3C, left), more than half of H3K27me3 peaks with high tag density were associated
with gene promoters (blue), but in response to RBFox2 knockdown (Figure S3C, right),
those peaks were significantly reduced near the TSS with accompanying increases in inter-
genic regions (green). Together, these data suggest that RBFox2 may not be essential for
general PRC2 activities but are critical for PRC2 targeting to dynamically regulated gene
promoters.

Given RBFox2 is a well-established RBP, we next asked whether the coordinated events for
factor binding and histone modification were RNA dependent. By treating MEFs with the
transcription inhibitor DRB for 2 hr to block nascent RNA production in the gene body, we
observed a major reduction of both RBFox2 and SUZ12 ChIP-seq signals (Figure 3E),
which we further validated on specific genes by ChIP-qPCR (Figure S3D). While we cannot
rule out other potential indirect effects of DRB, the data strongly suggest the requirement for
nascent RNAs to mediate the association of RBFox2 with active genes, which in turn
recruits PRC2.

Because RBFox2 frequently interacts with PRC2 on bivalent genes, we separately analyzed
the functional impact of s/iRB-Fox2 on different gene classes. We found that RBFox2
knockdown in MEFs greatly reduced SUZ12 and H3K27me3 ChIP-seq signals on bivalent
genes as well as on largely repressed genes that were exclusively marked by H3K27me3
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(Figures 3F and 3G), but without detectable effect on H3K4me3 signals on most active
genes that are exclusively decorated with this chromatin mark (Figure 3H).

To generalize the function of RBFox2 in global PRC2 targeting to gene promoters, we
extended the analysis to C2C12 cells (Table S4). RBFox2 mainly bound bivalent and active
genes in C2C12 cells (Figure S4A), and in response to siRBFox2, global H3K27me3 (Figure
S4B), but not H3K4me3 (Figure S4C), went down. Interestingly, the Pol 1l ChlP-seq signals
were also modestly increased, consistent with a role of RBFox2 in global transcriptional
repression in C2C12 cells (Figure S4D). These data suggest a general requirement for
RBFox2 to mediate global PRC2 targeting in diverse cell types.

Functional Consequence of RBFox2-Regulated PRC2 Targeting

A previous study recorded little functional consequence in response to PRC2 knockdown
based on analysis of steady-state mMRNA by RNA-sequencing, which led to a “junk mail”
model for PRC2 targeting, emphasizing additional requirements in conjunction with PRC2
to have measurable functional consequences on a rather restricted subset of PRC2-targeted
genes (Davidovich et al., 2013). We revisited this critical issue by using more sensitive
GRO-seq to measure transcriptional response at the levels of nascent RNA production, as we
could clearly detect transcriptional response in RBFoxZ2knockout cardiomyocytes (see
Figures 1A and 1B), and more importantly, we wished to relate RBFox2-mediated PRC2
targeting to the functional impact on gene expression, at least on a subset of PRC2-targeted
genes. In MEFs with 6-7 million unique GRO-seq reads under individual conditions (Table
S5), we detected both up- and down-regulated nascent RNA production in response to
SIRBFox2and siSUZ12treatment, and as observed on cardiomyocytes, de-repressed genes
outnumbered repressed genes in both cases (Figure 4A). By comparing the responsive genes
with DNA binding evidence for both RBFox2 and SUZ12, we found that siRB-Fox2and
siISUZ12had similar effects on induced genes (R = 0.543), but much less so on repressed
genes (R =0.309) (Figure 4B). These results support a more related function of RBFox2 and
SUZ12 in transcriptional repression than activation, the latter of which likely results from
various indirect effects.

Based on the GRO-seq signals from both cardiomyocytes (Table S1A) and MEFs (Table S5),
which reflect transcriptionally engaged Pol Il (Ji et al., 2013), we calculated the Pol 11
traveling ratio [TR, defined by the read density at the TSS divided by the read density in the
gene body, see (Rahl et al., 2010)] for both induced and repressed genes and plotted the data
in the accumulative fashion (inserts in Figure 4C). In RBFox2knockout cardiomyocytes, we
linked decreased TR to induced gene expression (Figure 4C, left) but detected little
difference with repressed genes (Figure 4C, right). We made similar observations with MFFs
treated with siRBFox2 or siSUZ12 (Figures 4D and 4E). Note that the differences are not as
striking as on cardiomyocytes, but still statistically significant, which was likely due to
incomplete knockdown versus knockout in combination with ~5-fold fewer GRO-seq reads
from MEFs (Table S5) relative to cardiomyocytes (Table S1A). Nonetheless, these findings
are consistent with one another, together suggesting that RBFox2 and PRC2 may act in a
coordinated fashion to induce Pol Il pausing near the promoters of a set of responsive genes.
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Sorting the GRO-seq signals in MEFs further revealed a positive correlation of gene
expression with H3K4me3 and a negative correlation with H3K27me3 and SUZ12 binding,
and largely silent genes (orange-shaded) typically lacked either mark (Figure 4F). While
higher on highly expressed genes, the RBFox2 ChlP-seq signals were also associated with
bivalent genes, but much less or none on largely silent genes (Figure 4F). We further
observed that, while siRBFox2and siSUZ12 caused induction and repression of
approximately equal numbers of genes among those exclusively marked with H3K4me3,
perhaps indicative of both direct and indirect effects, both treatments preferentially de-
repressed bivalent genes as well as a significant number of largely repressed genes
exclusively marked by H3K27me3 and genes that lacked detectable H3K4me3 and
H3K27me3 (Figure 4G). The preferential impact on bivalent genes became more evident
when comparing the relative percentages of induced versus repressed genes in different gene
classes (Figure 4H). Together, these results strongly suggest that RBFox2 is directly
involved in the dynamic regulation of transcriptional repression via PRC2.

between RBFox2 and PRC2 In Vivo and In Vitro

Finally, to understand the molecular basis for RBFox2-dependent recruitment of PRC2, we
performed co-immunoprecipitation (co-1P) on MEFs. We detected the association of
RBFox2 with multiple components of PRC2 as well as several key components of PRC1 we
examined (Figure 5A). To determine whether RNA is required to mediate and/or stabilize
the interaction, we treated the cell lysate with RNase A (R) or Benzonase (B, which
degrades both DNA and RNA) and found that neither treatment affected reciprocal
immunoprecipitation between SUZ12 and RBFox2 (Figure 5B). In these
immunoprecipitation experiments, GAPDH (Figures 5A and 5B) as well as abundant nuclear
protein SRSF1 and histone H3 (data not shown) served as negative controls, suggesting that
RBFox2 is part of larger Polycomb complexes in the cell.

Given efficient co-1P between RBFox2 and PRC2, we explored a possibility that RBFox2
might directly interact with PRC2. We expressed core PRC2 components individually as
well as together to form the PRC2 complex in baculovirus-infected Sf9 cells, and purified
these proteins to nearly homogeneity via the maltose-binding protein (MBP) tag (Figure
S5A) according to the established conditions (Davidovich et al., 2013). We also prepared the
PRC2 complex after removing the MBP tags from individual components. We then used
these pure proteins for glutathione S-transferase (GST) pull-down assays with bacterially
expressed GST-RBFox2, finding that GST-RBFox2, but not GST alone, efficiently pulled
down the PRC2 complex with or without the MBP tag (Figure S5B). Interestingly, under the
same conditions, we detected little binding with individual PRC2 components (data not
shown), which might be due to induced conformation in both EZH2 and SUZ12 that only
occurs within the fully assembled PRC2 complex (Jiao and Liu, 2015). Given their direct
interaction, we performed sequential ChlP on two SUZ12-positive loci (Egr2and Arxes4)
and one negative locus (S/c6a12), finding the ability of RBFox2 and SUZ12 to
simultaneously interact with both positive loci (Figure 5C).

We further mapped the domain in RBFox2 responsible for PRC2 binding and found that its
RNA binding domain, which is conserved among all RBFox family members, is not
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required, and the C-terminal domain (CTD), which is unique in RBFox2, is sufficient to pull
down PRC2 (Figure 5D). Interestingly, we found that two segments in the RBFox2 CTD
were able to interact with PRC2, indicating multiple contacts between RBFox2 and PRC2
(Figure 5D). Finally, we performed the functional rescue experiments with full-length
FLAG- and Strep-tagged RBFox2 (FLV) and its C-terminal deletion mutant (DLV) in
transfected 293T cells (Figure 5E, left), finding that full-length RBFox2, but not the mutant,
could rescue RBFox2-dependent H3K27me3 deposition on four SUZ12-positive loci, but
not four SUZ12-negative loci, as previously reported (Gao et al., 2012) (Figure 5E, right).
Together, these findings provide a biochemical basis for RBFox2-dependent PRC2 targeting
in mammalian cells. Combining the current observations with the existing information in
literature, we propose a model for dynamic control of gene expression through nascent
RNA-mediated and context-dependent functional interplays between RBFox2 and PRC2
(Figure 6; see Discussion).

DISCUSSION

Multifaceted Functions of RBPs in Mammalian Cells

Through pursuing altered transcription programs in RBFox2knockout heart and extending
the analysis to additional model cell lines, we discovered a general role of RBFox2 as a
transcription repressor. A conservative estimate based on RBPs cross-linked to oligo-dT
captured mRNA suggests that ~1,000 RBPs are expressed in the human genome (Castello et
al., 2012). However, many RBPs have been studied in their traditional frameworks, which
are largely confined to their originally elucidated functions in RNA metabolism. Our current
findings, together with earlier work demonstrating the splicing-independent role of U1
snRNP in genome protection (Kaida et al., 2010) and the involvement of SRSF2 in
transcription pause release (Ji et al., 2013), suggest the direct participation of RBPs in gene
expression before engaging in co-transcriptional RNA processing. Given the pervasive
transcription of mammalian genomes, various forms of ncRNAs must enlist specific RBPs to
execute their regulatory functions in the genome (Cech and Steitz, 2014; Fu, 2014).

Distinct RBFox2 Binding Modes with Different RNA Populations

RBPs execute biological functions by binding to their target RNAs. In isolation, each RBP
shows distinct binding affinity and specificity, and related RNA binding specificities have
been observed with RBPs that bear similar RNA recognition motifs (Ray et al., 2013).
However, even with purified RBPs, each RBP appears to bind diverse motifs (Lambert et al.,
2014). This is also the case with RBFox2, which appears to be capable of binding multiple
RNA motifs that can fit into its RNA binding pocket (Auweter et al., 2006; Lambert et al.,
2014). Inside cells, individual RBPs may have even more complex binding profiles, as
indicated by numerous published CLIP-seq studies. In some extreme cases, such as PTB and
U2AF, most of their in vivo binding events are associated with their in vitro binding
consensus — pyrimidine-rich sequences (Shao et al., 2014; Xue et al., 2009), but the CLIP-
seq data for many other RBPs show diverse motifs underlying their binding peaks with the
best consensus representing only a fraction of their binding events in the cell. An extreme
case is exemplified by RBFox3/NeuN, which seems to bind RNA with much relaxed
specificity in vivo (Kim et al., 2014). While these variable modes of RNA binding may be
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affected by the quality of CLIP-seq data generated in individual studies, such variations may
also reflect the influence of RNA secondary structure and the involvement of more than one
RBP, as well as the interaction with different populations of RNAs in different cellular
compartments.

Here, we found that even within the same cell type, RBFox2 binds RNA from different genic
regions with different specificities. The general trend is that RBFox2 binds chromatin-
associated RNA, especially those near gene promoters, with much reduced specificity during
transcription relative to its interaction with late RNA segments during co- and post-
transcriptional RNA processing. The reduced RNA binding specificity is likely due to the
action of RBFox2 as part of larger protein complexes, including PRC2. Because PRC2 has
intrinsic RNA binding capability, but with much less specificity (Davidovich et al., 2015;
Kaneko et al., 2013), RBFox2 and PRC2 (perhaps other RBPs) in the complex may
undertake some coordinated interactions with RNA to regulate a broad spectrum of genes in
mammalian cells.

Regulated Targeting of Polycomb Complexes

The most striking discovery here is the unexpected function of RBFox2 in directing PRC2
targeting in the genome. Polycomb complexes are well known to play vital roles in
developmental control of gene expression (Schuettengruber et al., 2007). Polycomb
complexes have two separate cores, PRC1 and PRC2, acting either separately or in a
concerted fashion to induce gene silencing (Simon and Kingston, 2013). PRC2 contains four
major subunits (Cao et al., 2002), with EZH2/SUZ12 for catalyzing H3K27me2/3, EED for
amplifying repressive signals via its affinity for H3K27me3, and Rbap48 capable of
interacting with histone H4 (Moigt et al., 2013).

EZH2/SUZ12 may target PRC2 to specific genomic loci via RNA, but because PRC2 does
not bind RNAs proportional to their abundance in the cell, this process appears to be
regulated. A recent study demonstrates a role of the DNA/RBP ATRX in Xistloading and
spreading on X chromosome as well as in global regulation of PRC2 targeting; however, it
remains unclear whether such regulatory function is mediated by its DNA and/or RNA
binding activity (Sarma et al., 2014). A recent proteomic analysis of Xist-containing RNP
reveals a large number of proteins associated with this long ncRNA, and we noted that
RBFox2 is actually part of this large RNP (Chu et al., 2015). PRC2 has also been proposed
to act as an RNA sensor because RNA can effectively block its enzymatic activity both in
vitro and inside cells (Kaneko et al., 2013). These findings suggest that Polycomb Complex
targeting is likely regulated by various RNAs and RBPs in mammalian cells.

Mechanisms for Sorting Genes in Different Functional States

As depicted in Figure 6A and exemplified on representative genes in Figure 6B, our data in
combination with literature information suggest that RBFox2 may initially interact with
nascent RNA on chromatin and then recruit PRC2 via protein-protein interactions. In this
process, the level of nascent RNA may provide a key sensory function: On highly active
genes, as proposed earlier (Kaneko et al., 2013), high RNA levels coupled with relatively
open chromatin may prevent stable PRC2 binding on chromatin, even initially recruited
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(Figures 6A and 6Ba). On modestly expressed genes, nascent RNA together with JARID2
(da Rocha et al., 2014; Kaneko et al., 2014a) may help initial recruitment of PRC2, which
may become stabilized by relatively compacted chromatin (Yuan et al., 2012) and a degree
of predisposed H3K27me3 for EED to bind (Margueron et al., 2009). As a result, increased
RNA production would elevate RNA-mediated recruitment of PRC2, leading to increased
chromatin compaction, whereas stabilized PRC2 would then limit nascent RNA production,
thereby damping further PRC2 recruitment (Figures 6A and 6Bb). This mechanism may
help maintain the bivalent nature of those genes for homeostatic expression at intermediate
levels. Finally, on a subset of these initially bivalent genes, diminished nascent RNA
production may cause a switch from RNA-dependent to H3K27me3-mediated PRC2
recruitment, likely due to excessive chromatin compaction, predisposed H3K27me3, and the
action of EED, among other mechanisms, as suggested by a recent study (Kaneko et al.,
2014b), together leading to eventual silencing of those genes (Figures 6A and 6Bc).

Last, but not least, our findings emphasize the regulatory function of RNA, even from
protein-coding genes. Interestingly, nascent RNA appears to use multiple strategies to
regulate the expression of their host genes. A recent study showed that nascent RNA base
pairs with a virus-encoded long ncRNA to facilitate the recruitment of the transcription
factor PAX5 to regulate the expression of neighbor genes during replication of Epstein-Barr
virus (Lee et al., 2015). Our findings now suggest that nascent RNAs produced from active
protein-coding genes are not only products of transcription but also critical signals for the
regulation of gene expression. Therefore, RNAs are also multitasking in mammalian cells
regardless of whether they are ncRNAs or part of RNAs from protein-coding genes.

EXPERIMENTAL PROCEDURES

RBFox2 Knockout, miRNA Profiling, Immunostaining, Western Blotting, Co-IP, GST Pull-
Down, and RNAI

Handling of mice was approved by the IRB of University of California, San Diego.
Conditional RBFox2knockout mice were previously described (Wei et al., 2015).
Immunostaining, western blotting, co-1P, GST pull-down, and RNAI assays were conducted
with various antibodies listed in Supplemental Experimental Procedures. The siRNA
sequences used in the current study and primer sequences for RT-PCR are listed in Table S6.

CLIP-Seq, ChlIP-Seq, and GRO-Seq

CLIP-seq was performed as described previously (Xue et al., 2009). Isolation of nuclei from
cardiomyocytes was performed according to Widnell et al. (1967). To break up
myofilaments and release nuclei from cardiomyocytes, cells were homogenized with a
homogenizer (Kinematica, POLYTRON PT 2100) at maximum speed for 30 s and ice
cooled for 30 s for three rounds. To perform CLIP-seq, WCs or isolated nuclei were digested
with 0.1 U/ul RQ1 DNase and 2 U/ul RNaseOUT in lysis buffer (1xPBS buffer with 0.3%
SDS, 0.5% deoxycholate sodium, and 0.5% NP-40) for 5 min at 37°C. Each lysate was
processed for CLIP-seq with rabbit polyclonal anti-RBFox2 antibody (Bethyl, A300-864A).
ChiIP-seq was performed as described previously (Ji et al., 2013) using anti-RBFox2 (Bethyl,
A300-864A), anti-SUZ12 (Cell Signaling, D39F6), anti-H3K27me3 (Active Motif, 61017),
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anti-H3K4me3 (Active Motif, 39159) or anti-Pol Il (Santa Cruz Biotechnology, sc-899).
GRO-seq was performed as described previously (Wang et al., 2011).

Analysis of Genomic Data

Bayesian network construction was performed according to Liu et al. (2013) by using the
RBFox2 and SUZ12 ChIP-seq data generated on isolated cardiomyocytes from 9-week-old
mice and the following publically available datasets generated from mouse heart:
GSM769017 (for H3K4me3), GSM769025 (for H3K4mel), GSM1000130 (for
H3K36me3), GSM1000131 (for H3K27me3), GSM1000093 (for H3K27ac), and
GSM918723 (for total Pol 11). SeqSpider software (Liu et al., 2013) was used to generate
binding matrix and construct the network. Other details on data analysis can be found in
Supplemental Experimental Procedures.
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Highlights
RBFox2 has a direct role in transcriptional control besides splicing regulation
Nascent RNAs are required for RBFox2 interaction with chromatin

RBFox2 directly interacts with PRC2 to mediate PRC2 targeting genome-
wide

Gene-body-associated nascent RNA serves as feedback sensor for
transcription output
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In Brief

PRC2 is known to interact with RNA, but it has been unclear whether this process
requires additional regulators. Wei et al. report that the RNA binding protein RBFox2 is a
global regulator of PRC2 recruitment to active genes, particularly those with bivalent
histone modifications, to mediate dynamic transcriptional control.
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Figure 1. RBFox2 Knockout-Induced Transcription in Primary Cardiomyocytes
(A) Significantly induced and repressed genes in RBFox2 knockout cardiomyocytes. The

data are based on a >1.5-fold change and p value < 0.1 from GRO-seq analysis. See also
Figures S1IA-S1C.

(B) RBFoxZ2knockout-induced gene expression detected by GRO-seq in comparison with
RBFox2-RNA interactions detected by CLIP-seq and RBFox2-DNA interactions detected by
ChIP-seq on two representative protein-coding genes, £grZ and Jun. All experiments were
on isolated cardiomyocytes from 9-week-old mice. The scale on they axis indicates the read
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density per 10 million of total normalized reads (RP10M). See also Figure S1D and Table
S1.

(C) Diagram showing key steps in CLIP-seq analysis on whole-cell or nuclear-enriched
cardiomyocytes.

(D) Characterization of fractionated cardiomyocytes by western blotting using both
cytoplasmic (GAPDH) and nuclear proteins (histone H3 and U2AF65) and RNAs (U1, 7SK,
and U6) as markers.

(E) Distribution of the GCAUG motif in RBFox2 WC CLIP-seq reads (top) or NU CLIP-seq
reads (bottom) in different regions of RefSeq coding genes (red bars) relative to background
(gray bars). TSS, transcription stare site to +/-1 kb downstream regions; gene body, regions
in RefSeq coding genes without a TSS and 3" UTR. See also Figures S1E and S1F.

(F) Meta-gene analysis of whole-cell (WC; blue) and nuclear (NU; red) RBFox2 CLIP-seq
signals on all RefSeq protein-coding genes by the ngsplot program.

(G) Alignment of the WC (blue) and NU (red) RBFox2 CLIP-seq signals on the center of
RBFox2 ChlP-seq signals. Randomized signals (dashed line) served as control.
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Figure 2. Connecting RBFox2-DNA Interactions to PRC2
(A) Bayesian network analysis of the interactions in gene promoter regions (TSS + 1kb)

among RBFox2, SUZ12, Polll and key histone modifications by SeqSpider program. The
color intensity of an edge indicates the Pearson correlation coefficient (PCC) between paired
nodes based on the total reads counts in their promoter regions.

(B) Heatmaps of RBFox2 ChlP-seq signals in comparison with SUZ12 and H3K27me3
ChlP-seq signals £3 kb from the TSS. The RBFox2 and SUZ12 ChIP-seq data were
generated on isolated cardiomyocytes from 9-week-oldwild-type (WT) mice. The
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H3K27me3 ChlIP-seq dataset was extracted from the GEO database (GEO: GSM1000131).
All heatmaps were normalized by total reads, input signals subtracted, and sorted by mean
H3K27me3 density. The numbers beside the color bar indicate the read density per 10
million total reads.

(C and D) RBFox2, SUZ12, H3K27me3 and H3K4me3 ChlP-seq signals on representative
genes. Bivalent genes (red in C) are highlighted in comparison with genes exclusively
marked by H3K27me3 (green in C) and with genes exclusively marked with H3K4me3
(blue in D).

(E) Overlap between RBFox2 and SUZ12 ChiIP-seq peaks. Shown are both the number and
the relative percentage of overlapped peaks on each class of genes. Hypergeometric test
shows the overlapping is extremely significant (p < 1e-10).

(F) Distribution of protein-coding genes with or without RBFox2 or/and SUZ12 binding at
TSS regions. Hypergeometric test shows the overlapping is extremely significant (p < le—
10).

(G) RBFox2 and/or SUZ12 ChIP binding genes on different groups of genes classified by
the presence of H3K4me3, H3K27me3, or both (bivalent) on their promoter regions. See
also Figure S2 and Table S2.
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Figure 3. Functional Requirement for RBFox2 to Mediate Global PRC2 Targeting
(A) ChIP-seq signals on a representative chromosomal segment for RBFox2, SUZ12, and

H3K27me3 before and after siRNA-mediated RBFox2knockdown (SiR) in MEFs. The y
axis indicates the read density per 10 million total reads (RP10M).

(B-E) Sorted ChlP-seq signals for SUZ12, H3K27me3, RBFox2, and H3K4me3 at TSS
regions in control siRNA-treated (B), SUZ12siRNA-treated (C), RBFox2 siRNA-treated
(D), and DRB-treated (E) MEFs. The data were sorted according to mean SUZ12 ChiIP-seq
signals in control siRNA-treated MEFs. All ChlP-seq data were normalized by total reads
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after subtracting input signals. The numbers beside the color bar indicate the read density
per million. See also Figure S3 and Table S3.

(F-H) Responses of the indicated ChIP-seq signals to RBFox2 knockdown on different gene
classes (bivalent, H3K27me3 only, or H3K4me3 only) in MEFs.

See also Figure S4 and Table S4 on related functional data from C2C12 cells.
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Figure 4. Transcription Repression Coordinately Regulated by RBFox2 and PRC2
(A) Induced and repressed genes according to a >1.5-fold change and p value < 0.1 in GRO-

seq in response to knockdown of RBFox2 (left) or SUZ12 (right) relative to control sSiRNA-

treated MEFs. See also Table S5.

(B) Comparison between induced and repressed transcription (in logy) in response to
knockdown of RBFox2and SUZ12, showing a significant concordance between RBFox2
and SUZ12siRNA treatments among induced, but not repressed, genes.
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(C) Meta-gene analysis of GRO-seq signals and the distribution of the traveling ratio (TR) of
induced (left) or repressed genes (right) in RBFox2 knockout car-diomyocytes. A total of
209 and 138 significantly induced and repressed genes were selected for the analysis. The x
axis indicates the distance from the TSS and the y axis shows the read density per million
(RPM). The inserts show changes in TRs plotted in the accumulative fashion. Statistical
significance was determined using the Kolmogorov-Smirnov test.

(D and E) Calculated TR changes in response to knockdown of RBFox2and SUZ12in
MEFs based on significantly induced genes (476 genes from the s/RBFox2 group and 435
genes from the s/iSUZ12 group) (D) and repressed genes (196 genes from the siRBFox2
group and 222 genes from the siSUZ12 group) (E). (F) Sorting of protein-coding genes
according to GRO-seq levels at TSS regions (£3 kb) to segregate highly active (left from the
gray line), intermediately expressed (between the gray line and orange-shaded regions), and
largely silent genes (orange shaded), relative to their association with levels of H3K4me3,
H3K27me3, SUZ12, and RBFox2.

(G and H) Association (G) and percentage (H) of induced and repressed genes in response to
knockdown of RBFox2or SUZ12 with active and/or repressive chromatin marks.
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Figure 5. Interaction between RBFox2 and PRC2
(A) Co-IP of RBFox2 with key components of PRC1 and PRC2 in MEFs.

(B) Reciprocal co-IP of RBFox2 with PRC2 in a RNA-independent manner. Before
immunoprecipitation, whole-cell extracts were treated with either RNase A (R) or benzonase
(B) for 30 min at room temperature. GAPDH served as negative control for

immunoprecipitation.

NEAT1

JUN

(C) Re-ChlP confirms co-binding of SUZ12 and RBFox2 on the TSS regions of two bivalent
genes (Egr2and Arxes4), but not on S/c6a12without H3K4me3 or H3K27me3 signals.
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ChIP signals are presented as percentage of input. Data are compared to immunoglobulin G
control and are presented as mean = SEM. **p < 0.01.

(D) The RBFox2 CTD responsible for interactions with PRC2. Full-length and various
deletion constructs of RBFox2 are depicted (top). Individual proteins were expressed and
purified from bacteria (bottom left), which were used to conduct GST pull-down assays with
baculovirus expressed PRC2 complex (bottom right). Two irrelevant lanes in each gel were
blocked.

(E) Western blotting analysis of endogenous RBFox2 (middle band), overexpressed full-
length RBFox2 containing N-terminally tagged FLAG and Strep (top band), and similarly
tagged C-terminal deletion mutant (bottom band), H3K27me3, and actin in transfected 293T
cells (left). NC, negative siRNA control; EV, empty pcDNA3.0 vector; siR, RBFox2 RNAI;
FLV, full-length RBFox2 vector; DLV, C-terminal deletion RBFox2 vector. Right panel
shows ChIP-gPCR analysis of H3K27me3 levels on the TSS regions of four positive and
four negative genes in 293T cells. Results was calculated as fold-changes normalized to JUN
and are presented as mean + SEM. **p < 0.01. See also Figure S5.
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Figure 6. Proposed Model for Functional Interplays of RBFox2, PRC2, and H3K27me3 that

Result in Different Gene Classes

(A) Model for nascent RNA-mediated, RBFox2-dependent recruitment of PRC2. (a) On
highly expressed genes, nascent RNA may modulate the RNA sensor function of PRC2 to
cause PRC2 repulsion. (b) On modestly expressed genes, functional interplay between
RBFox2 and PRC2 may dynamically regulate homeostatic gene expression, as a modest
increase or decrease in nascent RNA production may cause increased or decreased PRC2
recruitment to induce feedback controls. A level of pre-deposited H3K27me3 may help
stabilize recruited PRC2. (c) On nearly silent genes, interaction of PRC2 with chromatin is
switched from RNA-dependent to EED-mediated interactions, leading to the amplification
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of the repressive signal to eventually shut down the genes. It is important to also emphasize
that functional outcomes on individual genes likely depend on the contribution of
transcription regulators in conjunction with specific nucleosome states.

(B) Representative genes indifferent classes based on the genomic data generated in the
current study: NC, siR, and siS represent ChlP-seq or GRO-seq signals in nonspecific
control siRNA-, siRBFox2-, and siSUZ12-treated MEFs, respectively. (a—c) Examples of
specific gene in each class described in (A, a—c), showing RBFox2 and SUZ12 binding
before and after RBFox2 knockdown, as well as nascent RNA production before and after
RBFox2 or SUZ12knockdown. NC, nonspecific SiRNA; siR, siRBFox2Z, siS, siSUZ12.
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