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SUMMARY

Interactions between noncoding RNAs and chromatin proteins play important roles in gene 

regulation, but the molecular details of most of these interactions are unknown. Using protein-

RNA photo-crosslinking and mass spectrometry on embryonic stem cell nuclei, we identified and 

mapped, at peptide resolution, the RNA-binding regions in ~800 known and previously unknown 

RNA-binding proteins, many of which are transcriptional regulators and chromatin modifiers. In 

addition to known RNA-binding motifs, we detected several protein domains previously unknown 

to function in RNA recognition, as well as non-annotated and/or disordered regions, suggesting 

that many functional protein-RNA contacts remain unexplored. We identified RNA-binding 

regions in several chromatin regulators, including TET2, and validated their ability to bind RNA. 

Thus, proteomic identification of RNA-binding regions (RBR-ID) is a powerful tool to map 

protein-RNA interactions and will allow rational design of mutants to dissect their function at a 

mechanistic level.
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INTRODUCTION

In addition to their central roles as messengers and translators of genetic information, RNA 

molecules have key roles in gene regulation (Bonasio and Shiekhattar, 2014; Holoch and 

Moazed, 2015). Nowhere is this more evident than in the nucleus of mammalian cells, where 

many classes of poorly understood noncoding RNAs (ncRNAs) continue to be discovered 

(Goff and Rinn, 2015; Quinn and Chang, 2016; Rinn and Chang, 2012; Wilusz et al., 2009).

Although some RNAs catalyze chemical reactions, they usually require association with 

proteins to function properly. Thus, it is reasonable to assume that the thousands of ncRNAs 

whose biochemical and biological roles are largely unknown exert their functions via 

protein-RNA interactions. Identifying proteins that interact with a given ncRNA has become 

a successful strategy to begin to dissect its biological roles; for example, the identification of 

Xist-associated proteins has provided important advances in understanding how this long 

ncRNA (lncRNA) controls X chromosome inactivation (Chu et al., 2015; McHugh et al., 

2015; Minajigi et al., 2015).

To identify RNA-binding proteins (RBPs) in a more general, unbiased way, multiple groups 

have used polyA+ selection followed by mass spectrometry (MS). These studies identified 

hundreds of previously unknown RBPs bound to mRNAs in human cell lines (Baltz et al., 

2012; Beckmann et al., 2015; Castello et al., 2012; Conrad et al., 2016) and mouse 

embryonic stem cells (ESCs) (Kwon et al., 2013). However, most small RNAs and many 

lncRNAs are not polyadenylated, including abundant nuclear RNAs like MALAT1 (Brown 

et al., 2012; Wilusz et al., 2012), enhancer-derived RNAs (eRNAs) (Lam et al., 2014), and 

circular RNAs (Wilusz, 2016). Proteins interacting with these and other polyA− ncRNAs 

have thus been missed by existing approaches.

The identification of a protein as being RNA-associated is only the first step toward 

understanding the role of RNA interactions in its biochemistry. Mapping RNA-binding 
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residues allows for the rational design of mutants to study the functional relationship 

between the protein and its cognate RNAs (Bonasio et al., 2014; Kaneko et al., 2014a). 

Prediction of RNA-binding regions (RBRs) within RBPs is facilitated by the existence of 

well-characterized structural motifs that function as conserved RNA-binding domains 

(RBDs). The distinction between these two terms is important for this study: we refer to 

“RBRs” as minimal protein regions that make direct physical contacts with RNA (Bonasio et 

al., 2014), whereas “RBDs” are well-known, conserved domains that can be predicted from 

the primary sequence and typically function as RNA binders (Lunde et al., 2007). Examples 

of the latter category are the RNA-recognition motif (RRM) (Maris et al., 2005), the 

hnRNPK-homology domain (KH) (Grishin, 2001), and the double-stranded RNA-binding 

domain (dsRBD) (Chang and Ramos, 2005).

Until recently, it was widely believed that RBPs would contain one or more known RBDs 

and that the protein-RNA interaction could be assumed to take place within these domains. 

However, this simple concept has been challenged as the number of “non-canonical” RBPs 

(proteins that bind RNA without containing a classical RBD) continue to increase, especially 

for proteins that interface with chromatin and noncoding RNAs (G Hendrickson et al., 

2016). Because the RBRs of these proteins cannot be predicted a priori, we and others have 

resorted to various biochemical methods to identify them with candidate-based, low-

throughput methods (Bonasio et al., 2014; Kaneko et al., 2014a; Kaneko et al., 2010; 

Saldaña-Meyer et al., 2014).

Here, we report a high-throughput approach that exploits protein-RNA photocrosslinking 

and quantitative MS to identify proteins and protein regions interacting with RNA in vivo, 

regardless of the RNA polyadenylation status. As this approach not only identifies RNA-

binding proteins, but also their respective RNA-binding regions, we named the technique 

RBR-ID. We applied RBR-ID to nuclei from mouse ESCs and identified RBRs within 803 

proteins, more than half of which had not previously been reported as RBPs. We validated 

six RBRs, two in known RBPs whose mode of interaction with RNA was unknown and four 

in chromatin-associated proteins that had not been previously shown to bind RNA. Rational 

mutant design informed by RBR-ID nearly abolished RNA binding in vivo for these 

proteins, demonstrating the predictive power and practical utility of our technique for 

characterizing functional protein-RNA interactions.

RESULTS

Development and Optimization of RBR-ID

UV-mediated protein-RNA photocrosslinking generates adducts of RBPs with the covalent 

attachment localized at or near the site of physical interaction because of the short range of 

this type of crosslinking (Greenberg, 1979). Thus, it should be possible to detect the RBR of 

a protein by MS, as an RNA-crosslinked peptide would have a different mass, causing the 

intensity of the signal for the non-crosslinked peptide to be lower in the irradiated sample 

(Figure 1A).

Comparing mass spectra of UV-irradiated ESCs pulsed or not with 4-thiouridine (4SU), a 

uridine analog selectively activated by long-wavelength UV (Favre et al., 1986; Hafner et al., 
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2010), we observed that most peptides were unchanged in intensity (Figure 1B, black lines) 

but some were depleted in the 4SU-treated samples; for example, peptide 74–89 from 

HNRNPC (Figure 1B, red lines). We performed the experiment in three biological 

replicates, each acquired in duplicate MS runs, and noticed that the same HNRNPC peptide 

was consistently depleted by more than 50% (Figure 1C), suggesting that 4SU incorporation 

and UVB-mediated crosslinking had caused a fraction of these peptides to change mass and 

thus not be counted toward the peak intensity of the non-crosslinked peptide. As HNRNPC 

is a well-known RBP (Görlach et al., 1992) and the HRNPC74–89 peptide overlaps its RRM, 

we concluded that this analysis had the potential to reveal protein-RNA contacts in the entire 

proteome.

There are different ways to crosslink RNA to proteins. Conventional UV crosslinking 

exploits the excitation peak of natural nucleotides in the short-wavelength UVC range (254 

nm) (Hockensmith et al., 1986; Stiege et al., 1988), whereas incorporation of 4SU allows for 

more selective and less damaging crosslinking, typically using 365 nm UV (UVA). We 

previously showed that some protein-RNA interactions can only be captured with 4SU-aided 

crosslinking when an intermediate wavelength of 312 nm (UVB) is used (Kaneko et al., 

2013). We irradiated ESCs with the three different wavelengths and compared mass spectra 

obtained from isolated nuclei with those obtained from non-crosslinked samples (no 4SU 

treatment for 312 and 365 nm UV; no UV irradiation for 254 nm). Irradiation with 312 nm 

yielded the best compromise between sensitivity and specificity (Figures 1D and 1E); 254 

nm UVC yielded a large number of peptides with decreased intensities but with no 

preference for peptides overlapping known RRMs (Figure 1D, blue dots); whereas, 365 nm 

UVA were too weak to consistently deplete a large number of peptides. For example, the 

RNA-binding peptide HNRNPC74–89 was significantly depleted only upon irradiation at 312 

nm (Figure 1D, red dot), similar to the RNA-binding peptides from SNRNP70, SPEN, and 

HNRNPM (Figure S1A), three other well-known RBPs. Consistent with this, 254 nm UVC 

identified more candidates compared to 312 nm UVB (Figure 1E), but a smaller fraction of 

them were annotated as RBPs, suggesting that the increased sensitivity came at the cost of 

decreased specificity. Crosslinking with 365 nm UVA resulted in more accurate 

identification (46% versus 40% of proteins identified were RBPs) than 312 nm UVB but 

with a considerable loss in sensitivity (Figure 1E). Overall, 312 nm UVB crosslinking 

identified a larger fraction of all known RBPs (Figure 1F), whether from previous 

empirically determined lists from HeLa, HEK293, or mouse ESCs, or from digital 

annotations such as the GO and Toronto RBP databases (Cook et al., 2011). These 

proteome-wide observations were consistent with the higher efficiency of 4SU-dependent 

protein-RNA crosslinking, as measured by RNA pull-down followed by western blot for the 

U1-SNRNP70 complex (Figure S1B).

There was no correlation between the depletion of peptides by 4SU after UV crosslinking 

and depletion of peptides by 4SU alone (Figure S1C), suggesting that changes in protein 

isoform representation or post-translational modification in response to the 4SU treatment 

could not explain the bulk of depletion observed after UV. Furthermore, although some 

peptides showed an increase in apparent abundance upon 4SU crosslinking (Figure 1D), the 

majority of significant UV-induced changes were toward depletion in +4SU conditions 

(Figure S1D).
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We conclude that RBR-ID can identify known and unknown RBPs and that comparison of 

4SU-treated versus untreated samples after irradiation with 312 nm UVB is the best 

compromise between sensitivity and specificity.

Protein-Level Analyses

To increase the confidence in peptide quantification, we acquired two technical replicates 

each for two additional biological replicates of 312 nm UVB irradiation ± 4SU. Despite the 

noise in each individual run, once aggregated, the first set (three replicates) and second set 

(two replicates) of RBR-ID results were consistent (Figure 2A), suggesting that high 

replication could reduce artifactual identification of RBRs due to fluctuations in the MS 

signal.

In total, we detected 75,441 unique peptides from 4,929 proteins in mouse ESC nuclei; of 

these, 1,475 were consistently (p < 0.05) depleted by 4SU and UV, but not by 4SU alone 

(Table S1). These peptides belonged to 814 proteins (corresponding to 803 unique protein 

symbols), which we considered “primary hits” (Table S2). An additional set of 721 proteins 

identified with relaxed requirement (0.05 < p < 0.1) was used for some of the subsequent 

analyses and, along with the primary hits, constitutes our “extended” set (Table S2). GO 

annotations for the primary hits were enriched for functional terms related to RNA 

metabolism and function, including “RNA binding” (Figure 2B; Table S3). Primary hits also 

showed large overlaps with a variety of existing RBP lists (Figure S2A), either empirically 

determined (Baltz et al., 2012; Beckmann et al., 2015; Castello et al., 2012; Conrad et al., 

2016; Kwon et al., 2013) or digitally annotated (Cook et al., 2011; UniProt Consortium, 

2015). Based on these lists, 376 of the 803 primary candidates were previously known RBPs 

(Figure 2C), a significant overlap (p < 10−43, hypergeometric distribution). Among the 

previously known RBPs that were not recovered by RBR-ID, a large proportion (~40%, 

Figure S2A, compare bottom left with bottom right) could not be detected at all in ESC 

nuclei, likely because they were not expressed or were localized to the cytoplasm, as shown 

by their enrichment for ribosomal proteins and translation factors (Table S4, left). 

Nonetheless, 865 previously known RBPs were detectable in the ESC nuclear fraction and 

not recovered by RBR-ID (Figure 2C). This set of proteins was also enriched for ribosomal 

biogenesis and translation-related GO terms (Table S4, right), suggesting that some might be 

present in the nucleus but only bind RNA in the cytosol. It is also possible that a substantial 

number of true nuclear RBPs cannot be crosslinked efficiently to 4SU.

We then turned our attention to the 427 previously unknown RBPs that were identified by 

RBR-ID. Even when considering only the detectable nuclear proteome as background, these 

non-canonical RBPs were enriched for GO terms related to gene regulation and chromatin 

biology (Figure 2D; Table S5), consistent with the notion that many chromatin-associated 

proteins bind RNA (G Hendrickson et al., 2016; Khalil et al., 2009). Non-canonical RBPs 

identified by RBR-ID also contained different types of protein domains. The list of primary 

hits as a whole was enriched in known RBDs (RRM and KH) and RNA helicase domains, 

DEAD and DEAH (Figure 2E; Table S6), whereas the 427 unknown RBPs were enriched for 

chromatin-related domains, such as bromodomain and chromodomain, (Figure 2F; Table 

S7), which bind acetylated and methylated histones, respectively (Taverna et al., 2007), and 
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the SNF2-related domain found in ATP-dependent chromatin remodelers (Eisen et al., 

1995).

To estimate the confidence of identification for these proteins, we calculated an RBR-ID 

“score” for each peptide that captured both the extent of depletion (i.e., the log-converted 

fold-change between 4SU-treated and non-treated cells) and the consistency across 

replicates (i.e., the p value for the depletion; see Experimental Procedures). The previously 

unknown 427 RBPs had a distribution of RBR-ID scores comparable to that of the known 

376 RBPs recovered RBR-ID (Figure 2G).

We validated the unknown RBPs by performing photoactivatable-ribonucleoside-enhanced 

crosslinking and immunoprecipitation (PAR-CLIP) using conventional 365 nm UVA (Hafner 

et al., 2010). We tested five candidate RBPs from the set of 427 previously unknown primary 

hits and four of them (RARG, CDKN2AIPNL, PCED1B, and PCGF2/MEL18) showed 

4SU-dependent radioactive labeling (Figure S2B) indicative of RNA binding in vivo. A fifth 

one (CCDC115) was undetectable by PAR-CLIP, either because it was a false positive or 

because epitope tagging and overexpression interfered with its RNA binding activity. We 

also confirmed that NANOG, which was in the extended set, crosslinked to RNA in vivo 

(Figure S2C), indicating that these additional candidates might also comprise previously 

unknown RBPs.

Thus, RBR-ID identified a considerable portion of previously known nuclear RBPs and at 

least 427 unknown, non-canonical RBPs enriched for GO terms and protein domains related 

to chromatin function.

Known and Unknown RBPs with Chromatin-Related Function

Confirming the GO and domain enrichment analysis, visual inspection of the primary list of 

proteins identified by RBR-ID revealed many with chromatin-related functions whose 

moonlighting RNA-binding activities have been reported by candidate-based approaches 

(Table 1) but were missed by previous unbiased RBP identification endeavors. This included 

EZH2, the catalytic subunit of Polycomb repressive complex-2 (PRC2), which is responsible 

for formation of facultative heterochromatin and interacts with lncRNAs (Kaneko et al., 

2010; Rinn et al., 2007; Tsai et al., 2010; Zhao et al., 2010) and nascent transcripts (Kaneko 

et al., 2013). We also recovered SUZ12, another subunit of PRC2 that binds RNA (Beltran et 

al., 2016; Kanhere et al., 2010), and HP1, a central component of constitutive 

heterochromatin and known RNA binder (Maison et al., 2011), as well as four chromatin 

factors whose binding to RNA was only recently reported: CTCF, ATRX, HDAC1, and 

DNMT3 (Castellanos-Rubio et al., 2016; Holz-Schietinger and Reich, 2012; Kung et al., 

2015; Saldaña-Meyer et al., 2014; Sarma et al., 2014; Sun et al., 2013).

Among the many candidate chromatin proteins identified by RBR-ID that have not 

previously been reported to bind RNA, we noted TET1 and TET2, two methylcytosine 

oxidases required for the epigenetic process of DNA demethylation (Pastor et al., 2013).
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High-Resolution Mapping of RNA-Interacting Residues In Vitro

We reasoned that the real power of RBR-ID would rely in its ability to identify not only 

RNA-binding proteins, but also their RNA-binding regions. We first sought to characterize a 

well-defined protein-RNA interaction in a fully reconstituted system. We chose the phage 

MS2 coat protein (MS2-CP) and its cognate stem-loop RNA (MS2-SL), a well-known 

protein-RNA pair with several high-resolution crystal structures available (Grahn et al., 

2001; Valegård et al., 1994; Valegârd et al., 1997).

We incubated recombinant MS2-CP and MS2-SL RNA transcribed in vitro in the presence 

or absence of 4SU, subjected the complexes to UVB irradiation, and analyzed the crosslinks 

using MS (Figure 3A). Incorporation of 4SU did not affect the ability of the coat protein to 

interact with the RNA (Figure S3A). Similar to what we had observed in vivo (Figure S1B), 

UVB were more efficient than UVA, although at the cost of some low-level background 

crosslinking even in absence of 4SU (Figure 3B; Figure S3B). Analysis of extracted ion 

chromatograms revealed a subset of peptides whose intensity was decreased in the 4SU 

sample (Figure 3C). We generated three biological replicates for this in vitro RBR-ID assay 

and acquired them in technical duplicates. The most consistently depleted peptide 

corresponded to the 57–66 region of MS2-CP (Figure 3D), which contains several residues 

known to form hydrogen bonds with RNA (Valegård et al., 1994; Valegârd et al., 1997).

Next, we calculated RBR-ID scores (combining extent and consistency of depletion) for 

each residue and plotted them along the primary sequence of MS2-CP. The RBR-ID score 

was a good metric for protein-RNA crosslinking, as positive scores precisely mapped to the 

known RBR of the protein (Figure 3E), with the peak corresponding to glutamic acid 63, 

which forms hydrogen bonds with a uridine at position −5 in the stem loop (Valegârd et al., 

1997).

The availability of crystal structures for the MS2-CP–MS2-SL complex allowed us to 

visualize the RBR-ID score in a more direct and powerful way. We converted the scores into 

a heat-map and used it to color the surface of the MS2 protein from the crystal structure 

(Valegârd et al., 1997), which revealed that the highest RBR-ID scores mapped to the pocket 

where most RNA contacts occur (Figure 4A).

Mapping of RBRs In Vivo

We returned to our in vivo RBR-ID dataset from ESCs and assessed its precision in mapping 

RNA-interacting residues in known protein-RNA complexes in vivo at a proteome-wide 

level. We analyzed the subunits of the U1 small nuclear ribonucleoprotein (snRNP), a 

component of the spliceosome for which a high-resolution crystal structure was obtained 

(Kondo et al., 2015). The mouse U1 snRNP is composed of a polyA− ncRNA, U1, and ten 

protein subunits; we recovered four in the primary RBR-ID candidate list and four more in 

the extended list (Figure 4B).

We calculated the single-residue RBR-ID scores for the identified subunits and used them to 

color the respective regions of the crystal structure. For the U1-70K subunit, our approach 

correctly identified two primary sites of RNA interactions, one within the conserved RRM 

that caps stem-loop I of the U1 RNA (Figure S4A) and another within the stretch of residues 

He et al. Page 7

Mol Cell. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that wraps around the ring formed by the Sm subunits to reach U1-C (Figure 4C). Here, the 

highest RBR-ID scores were directly adjacent to uridine 137, which forms hydrogen bond 

contacts with the protein (Figure 4C).

To determine whether spatial RBR mapping was also accurate for proteins in the extended 

RBR-ID candidate list, we analyzed the SmD2 subunit of the U1 snRNP particle (Figure 

4B), which contacts uridine 131 within U1 using H62 and N64. Even for this protein from 

the extended list, RBR-ID mapped the interacting region with great accuracy, with a peak in 

signal at the site of interactions as seen in the crystal structure (Figure 4D). Similarly, the 

highest scores for SmB were near histidine 37, which interacts with uridine 129 (Figure 

S4B).

To further validate the power of RBR-ID to identify known RBPs in vivo, we analyzed the 

subunits of RNA polymerase I and II (Figures 4E and 4F), protein complexes responsible for 

transcription of rRNA and mRNA, respectively (Wild and Cramer, 2012). The two large 

subunits that form opposite sides of the active center cleft were recovered in both cases, as 

well as several of the smaller subunits. Interestingly, we recovered both subunits forming the 

“stalk” structure of RNA pol II (Figure 4E), which were previously shown to crosslink to 

RNA in vitro (Hahn, 2004; Ujvári and Luse, 2006). We also recovered the corresponding 

protein subunit from RNA pol I, RPA43 (Figure 4F), suggesting that interactions of the 

polymerase stalk with nascent RNA might be a conserved feature in these related complexes.

Domain-Level Analyses on RBR-ID Candidates

The mapping accuracy of RBR-ID was not restricted to the specific protein-RNA complexes 

discussed above, but extended to the entire proteome. Peptides overlapping RRM domains 

showed a strong bias for high RBR-ID scores compared to mock scores calculated from 

samples not irradiated with UV (Figure 5A, left). Because the RRM domain is relatively 

frequent in mouse proteins, we also analyzed the distribution of RBR-ID scores for a control 

domain with similar frequency, the Ploop containing nucleoside triphosphate hydrolase 

(Interpro: IPR027417), which did not show the same bias (Figure 5A, right). This 

demonstrated the selectivity of RBR-ID for a bona fide RBD in a proteome-wide manner.

Compared to all detected peptides, the primary list of RBR-ID peptides overlapped 

significantly with known RBDs but also contained a large proportion of peptides mapping to 

domains with no known RNA-related function (~59%) or no domain annotations at all 

(~23%, Figure 5B). RBR-ID hits were enriched in peptides overlapping the three best-

known RBDs—RRM, dsRBD, and KH (Lunde et al., 2007)—as well as DEAD and DEAH 

RNA helicase domains (Figure 5C). We also analyzed a list of non-classical RBDs (Castello 

et al., 2012) and found many of them enriched (Figure 5D). In particular, the SAP domain, 

previously thought to mediate DNA binding (Aravind and Koonin, 2000), was enriched 

more than 5-fold compared to background. The reclassification of the SAP domain as a 

putative RBD was previously suggested based on its occurrence in empirically identified 

RBPs (Castello et al., 2012). The enrichment of peptides overlapping the SAP domain in our 

RBR-ID candidate list provides direct evidence that this domain participates in RNA binding 

in vivo.
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Annotated domains enriched in the RBR-ID list, but not typically considered as possible 

RBDs (Figure 5E), contained a few domains typically associated with chromatin-related 

functions, such as the high mobility group domain (HMG) and chromodomain, as well as 

domains known to participate in nuclear processes but whose function remain nebulous, 

such as DZF (Doerks et al., 2002; Parker et al., 2001; Wolkowicz and Cook, 2012) and 

DUF1605 (Kim et al., 2010; Walbott et al., 2010).

Peptides that scored high in our RBR-ID screen, but could not be assigned to annotated 

domains, showed a slight tendency toward higher isoelectric points (Figure 5F; Figure S5A), 

consistent with a frequent role for positively charged amino acid in mediating direct 

interactions with RNA (Jones et al., 2001). However, we saw no global correlation between 

the isoelectric point of a peptide and its RBR-ID score, excluding the possibility that 

crosslinking to RNA strongly favored patches of positive amino-acids in a non-specific 

fashion (Figure S5B). Peptides identified by RBR-ID were also more likely to fall in protein 

regions predicted to be disordered (Figure 5G; Figure S5C), suggesting that in some cases 

the disordered regions might directly serve as RNA binding sites.

Validation of RBRs In Vivo

To validate the RBRs predicted by RBR-ID, we selected proteins for which the RBR was 

previously unknown. We started with L1TD1, a protein whose RNA-binding activity had 

been previously reported but not mapped (Kwon et al., 2013; Närvä et al., 2012). The RBR-

ID score plot pointed to a small region at residues 833–848 in the C terminus as a likely site 

for RNA interaction (Figure 6A). We expressed epitope-tagged L1TD1 and a truncation 

mutant lacking the predicted RBR (ΔRBR) in HEK293 cells and performed PAR-CLIP 

using conventional 365 nm UVA (Hafner et al., 2010). We observed a radioactive signal that 

overlapped with the L1TD1 band (Figure 6B) and could be assigned to protein-RNA 

crosslinks because its intensity was reduced after treatment with RNase A (Figure 6C). 

Importantly, the mutant lacking the region predicted to interact with RNA by RBR-ID 

showed much lower PAR-CLIP signal despite equal expression levels and pull-down 

efficiencies for wild-type (WT) and mutant protein (Figure 6B), suggesting that this region 

is a primary site of RNA interactions.

Next, we sought to validate a predicted RBR within a protein previously not known to 

interact with RNA. RBR-ID identified a nine-residue peptide adjacent to the catalytic 

domain of TET2 as the most likely site of RNA interaction (Figure 6D). Indeed, a C-

terminal fragment encompassing this predicted RBR was sufficient to bind to RNA in vitro 

(Figure S6A) and in vivo (Figures 6E and 6F), and the identified RBR was required for the 

interaction, as demonstrated by the drastically reduced PAR-CLIP signal in the ΔRBR 

mutant (Figure 6E). We made similar observations for MYCN and its predicted RBR (Figure 

S6B).

To validate additional candidate RBRs with a crosslinking-independent method, we switched 

to a native RNA immunoprecipitation assay (Bonasio et al., 2014). Although lack of 

crosslinking renders this technique more prone to non-specific interactions, we reasoned that 

differences in RNA immunoprecipitation efficiency between WT and ΔRBR versions of the 

same protein would strongly suggest that the predicted RBR mediated binding to RNA. 
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Epitope-tagged versions of stem cell transcription factors POU5F1/OCT4 and NANOG as 

well as Polycomb protein MEL18 co-purified with RNA (Figures S6C–S6E), and deletion of 

their predicted RBR impaired RNA binding (Figures S6C–S6F), suggesting that the regions 

identified by RBR-ID were mainly responsible for RNA interactions.

Therefore, RBR-ID correctly identified six RBRs within two known (L1TD1 and OCT4) 

and four previously unknown (TET2, MYCN, MEL18, and NANOG) RBPs and guided the 

design of protein mutants that showed reduced RNA binding, demonstrating the validity of 

the predictions and the practical utility of RBR identification.

DISCUSSION

Interactions with RNA constitute an important regulatory layer for the protein machinery 

that controls chromatin structure and gene expression. To obtain a mechanistic 

understanding of the biological and biochemical roles of these protein-RNA interactions, 

comprehensive lists of proteins bound to various classes of RNAs are needed, as well as 

detailed mapping of the protein regions involved. In vivo photocrosslinking followed by MS 

allows for the identification of hundreds of protein-RNA interactions in an unbiased manner 

and with peptide-level resolution.

Rationale for the Development of RBR-ID

The identification of RBRs within non-canonical RBPs, such as Polycomb proteins SCML2 

and JARID2, (Bonasio et al., 2014; Kaneko et al., 2014a), as well as CTCF (Saldaña-Meyer 

et al., 2014), were important steps toward defining the biochemical roles of their interactions 

with RNA. Using ΔRBR mutants is particularly advantageous when the RBR of a given 

protein interacts with many RNAs so that depleting individual RNAs generally does not 

cause overt phenotypes. For example, a subset of the protein-RNA interactions within the 

PRC2 complex lack sequence specificity despite high affinities (Davidovich et al., 2013, 

2015), suggesting that the presence of any RNA, not a particular transcript, modulates the 

enzymatic activity of this complex (Kaneko et al., 2013, 2014b).

Mapping the RBRs of these non-canonical RBPs one at a time using recombinant protein 

fragments was a slow and labor-intensive strategy prone to in vitro artifacts. RBR-ID 

allowed us to identify the potential RBRs of 376 known and 427 unknown RBPs in ESC 

nuclei. These data will help focus future experiments on proteins and protein regions with 

the highest likelihood of forming protein-RNA contacts in vivo.

Advantages and Limitations of RBR-ID

Previous endeavors to identify RBPs have relied on enrichment of complexes containing 

polyadenylated RNA (Baltz et al., 2012; Castello et al., 2012; Kwon et al., 2013). Because 

of this experimental step, those approaches require up to 108–109 cells. RBR-ID can be 

performed with starting populations of 106 cells, making comparisons between cellular 

states (e.g., different differentiation trajectories) and studies in primary cells technically 

feasible.
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Kramer et al. (2014) previously developed an MS pipeline capable, like RBR-ID, of 

assigning RNA binding sites within proteins based on UV crosslinking. They utilized their 

approach on human RBPs in a semi-artificial in vitro system, and even in those controlled 

conditions, crosslinks were identified in only 64 peptides from 49 proteins. This low number 

of RBPs was likely due to the difficulties in the positive identification of the complex mass 

spectra created by the heterogeneous products of protein-RNA crosslinking (Kramer et al., 

2014).

While our manuscript was being revised, Hentze and colleagues used a different technique 

to map RBRs in HeLa cells (Castello et al., 2016). Their approach relies on two sequential 

oligo-dT pull-downs and therefore might have lower false positive rates than RBR-ID; 

however, it can only be used to identify RBPs that bind polyA+ RNA and requires 10–100 

times more input material than RBR-ID.

The potential for false positives in RBR-ID should be curtailed by extensive replication, as 

was done for the experiments presented here. This is made possible by the low sample 

requirements, as only 2 µg of total nuclear protein were used per replicate. Even with 

replication, RBR-ID hits, as in any unbiased screen, will contain some false positives and 

therefore any candidate should be validated before pursuing the functional significance of its 

interactions with RNA. Identification by RBR-ID requires efficient protein-RNA crosslinks 

at a site of 4SU incorporation and therefore a substantial false negative rate is also to be 

expected, as shown by the missed identification of some known RBPs (Figure 2C). This 

limitation could be mitigated in the future by utilizing other nucleotide analogs (e.g., 6-thio-

guanine; Hafner et al., 2010), different crosslink strategies, and/or more sensitive MS 

instruments.

Non-Canonical RNA Binding in Chromatin Proteins

Using RBR-ID, we identified 803 RBPs as well as their likely RBRs. Over 50% of these 

proteins were not present in previous lists from polyA+ RNA purifications or annotation 

databases. Among these are several chromatin proteins that have been identified by 

candidate-based approaches, such as EZH2, SUZ12, and CTCF (Kaneko et al., 2010; 

Kanhere et al., 2010; Rinn et al., 2007; Tsai et al., 2010), but were missed in previous 

unbiased screens, either because they bind to polyA− ncRNAs or because the stoichiometry 

of their interactions with RNA is too low for pull-down purification. These 427 unknown 

nuclear RBPs were enriched for GO annotations related to chromatin structure, chromosome 

organization, and transcriptional regulation. This observation lends further support to the 

idea that protein-RNA crosstalk plays a central role in epigenetic regulation (Bonasio and 

Shiekhattar, 2014; G Hendrickson et al., 2016; Holoch and Moazed, 2015; Rinn and Chang, 

2012).

At the peptide level, several domains of interest were enriched, including the 

chromodomain, which was proposed as a potential RBD (Akhtar et al., 2000), before its role 

in recognizing lysine methylation was discovered (Lachner et al., 2001). Our RBR-ID data 

suggest that some chromodomains might indeed moonlight as RNA binders. A conspicuous 

number of putative RBRs map to protein regions that lack domain annotations. Although 

some of these might reflect incomplete annotation, the slight, but significant, enrichment of 
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predicted disordered regions suggests that some of them might mediate RNA contacts, as in 

the case of FMRP and LAF-1 (Elbaum-Garfinkle et al., 2015; Phan et al., 2011). This is 

particularly relevant in light of the prominent role of RBPs with disordered regions in 

disease (Castello et al., 2013).

Use of RBR-ID Predictions

The validation of the RBR of TET2 provides an example of the utility of our RBR-ID 

dataset as a resource. In Drosophila, the TET2 homolog dTET is partially responsible for 

cytosine hydroxymethylation on RNA (Delatte et al., 2016). Although no RNA-binding 

evidence has been obtained for the Drosophila protein, the fact that mouse TETs can use 

RNA as a substrate in vitro (Fu et al., 2014) suggests that this function might be conserved 

in mammals. The presence of both TET1 and TET2 in the list of primary RBR-ID 

candidates strongly supports this hypothesis. Furthermore, the identification and validation 

of the TET2 RBR provides a useful starting point to study the biological role of this 

biochemical function for the TET family of epigenetic regulators.

Outlook and Conclusion

We applied RBR-ID to ESC nuclei and identified hundreds of RBRs within proteins 

previously unknown to bind RNA. Because the approach is easily implemented and 

versatile, we anticipate that variations on this theme will provide even more comprehensive 

and precise lists of RBRs than the one presented here. Improvements on MS instrumentation 

and quantification methods, such as “Tandem Mass Tagging” (Cheng et al., 2016), will 

increase sensitivity, and alternative photoactivatable nucleotides and protease treatments 

could expand the range of crosslinked peptides, improving resolution.

RBR mapping data are available at http://rbrid.bonasiolab.org. We anticipate that the 

community will find this a useful resource to design functional experiments aimed at 

decrypting the complex regulatory language of protein-RNA interactions on chromatin and 

elsewhere in cells.

EXPERIMENTAL PROCEDURES

Plasmids and Sequences

All oligonucleotide and synthetic DNA sequences used are in Table S8.

RNA Immunoprecipitation

Nuclear extracts were incubated with hemagglutinin (HA) antibody for 3 hr at 4°C and 

immunocomplexes recovered with protein G Dynabeads. Beads were washed in RIP-W 

buffer (20 mM Tris [pH 7.94° C], 1 mM MgCl2, 200 mM KCl, and 0.05% IGEPAL CA-630) 

twice and incubated with TURBO DNase to eliminate potential bridging effects of protein-

DNA and DNA-RNA interactions. After two additional washes, RNA was eluted from the 

beads with TRIzol and purified. We quantified the RNA abundance after 

immunoprecipitations by measuring the intensity of the bands with ImageJ and normalizing 

to the IgG background.
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PAR-CLIP

HEK293 cells were transiently transfected, pulsed with 100 µM 4-SU for 24 hr, crosslinked 

with 400 mJ/cm2 UVA (365 nm), and lysed in CLIP buffer (20 mM HEPES [pH 7.4], 5 mM 

EDTA, 150 mM NaCl, and 2% Empigen) with protease inhibitors, DNase, and RNase 

inhibitor. HA and StrepTag-fused proteins were first bound to StrepTactin beads in CLIP 

buffer for 3 hr at 4°C. Beads were washed five times using CLIP buffer and eluted with 2 

mM biotin. Next, proteins were incubated with HA antibody overnight at 4°C and recovered 

with protein G Dynabeads. DNA was removed with DNase, and crosslinked RNA was 

dephosphorylated with Antarctic phosphatase and labeled with T4 PNK and [γ-32P] ATP. 

Labeled complexes were resolved on 4%–12% bis-tris gels, transferred to nitrocellulose 

membrane, and imaged. For NANOG PAR-CLIP, we used E14Tg2A (E14) ESCs pulsed 

with 500 µM 4-SU for 2 hr and crosslinked with 400 mJ/cm2 UVB (312 nm).

RBR-ID

Cells were pulsed with 500 µM 4SU for 2 hr and crosslinked with 1 J/cm2 UVA, 1 J/cm2 

UVB, or 800 mJ/cm2 UVC. We verified that 2 hr was sufficient to incorporate 4SU in 

virtually all coding and noncoding transcripts by 4SU sequencing (data not shown). Cells 

were lysed in buffer A (10 mM Tris [pH 7.94° C], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM 

DTT, and 0.2 mM PMSF) with 0.2% IGEPAL CA-630 for 5 min on ice to isolate nuclei, 

which were lysed in 9 M urea and 100 mM Tris (pH 8RT). The lysate was diluted in 50 mM 

ammonium bicarbonate and reduced with 5 mM dithiothreitol for 45 min at 56°C. Cysteines 

were alkylated with 20 mM iodoacetamide for 30 min. Trypsinization was performed at an 

trypsin:sample ratio of 1:100 overnight at 37°C and blocked with 1% trifluoroacetic acid. 

Peptides were desalted, dried, and resuspended in 0.1% formic acid prior to MS analysis. 

Crosslinked RNA was removed with Benzonase.

For in vitro RBR-ID of MS2, preformed protein-RNA complexes were crosslinked with 1 

J/cm2 UVB, treated with RNase A, and the protein digested with trypsin (as described 

above) or chymotrypsin at an enzyme:sample ratio of 1:20 overnight at 25°C.

LC-MS/MS

Nano-LC was performed with a 0%–30% A–B gradient (A, 0.1% formic acid; B, 95% 

acetonitrile, 0.1% formic acid) over 120 min for the nuclear proteome and over 45 min for 

MS2. The gradient proceeded from 30% to 85% solvent B in 5 min and 10 min isocratic at 

85% B. MS was performed with an Orbitrap Fusion for the nuclear proteome or an Orbitrap 

Elite for MS2. MS/MS data for both experiment types were collected in centroid mode in 

the ion trap mass analyzer (normal scan rate). Only charge states 2–5 were included.

MS/MS spectra were processed through MaxQuant (Cox and Mann, 2008) using the Uniprot 

Mus musculus database. For each peptide, the maximum intensity of the corresponding 

extracted chromatogram was considered and inter-run variability was accounted for by 

normalizing for the sum of all peptide intensities in each MS run. Depletion was calculated 

as the log2-converted ratio of the mean intensity of each peptide in the +4SU samples 

divided by the mean intensity of the same peptide in −4SU samples. Peptides with log2(fold-

change) < 0 and p value < 0.05 (Student’s t test) were considered primary hits. For the 
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extended list, we relaxed the p value requirement to 0.1. For both the primary and extended 

lists, we filtered out peptides that passed the same cutoffs when comparing signals for +4SU 

and −4SU in absence of UV. RBR-ID scores were calculated by combining the extent of 

depletion and the p value according to the following formula:

score = −log2 (normalized + 4SU intensity/normalized − 4SU intensity) × 

(log10 (p value))2

GO and Interpro Enrichment

For protein list comparisons, all proteins identifiers were converted to official mouse 

symbols using the Biomart database (version 84). One-to-one human-mouse orthologs were 

mapped directly, whereas one-to-many and many-to-many homologs were reduced to one-

to-one by considering the protein with highest percentage of homology, according to the 

Biomart database (version 84). For GO and Interpro annotation, tables were downloaded 

from the Uniprot and Interpro websites directly. Enrichment values and statistics were 

obtained using the DAVID web server (Huang et al., 2009) either using the unique Uniprot 

accession identifiers or the converted symbols, when needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In Brief

Using 4SU-mediated photocrosslinking and quantitative mass spectrometry, He et al. map 

RNA-binding regions in hundreds of known and unknown RNA-binding proteins in the 

nuclei of embryonic stem cells, suggesting that RNA binding is a common feature of 

chromatin-associated proteins and transcriptional regulators.
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Highlights

• RBR-ID identifies RNA-binding regions by 4SU photocrosslinking and 

mass spectrometry

• RBRs were mapped in 803 nuclear RNA-binding proteins (RBPs) in 

embryonic stem cells

• Many previously unknown RBPs regulate chromatin structure and 

transcription

• RBRs were found in disordered regions and domains associated with 

chromatin function
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Figure 1. Development and Optimization of RBR-ID
(A) Mouse ESCs were pulsed with 4SU or not treated (1 and 2) and irradiated with different 

UV wavelengths (3). We isolated nuclei (4) and digested the crosslinked extracts with 

protease and RNase, producing a mixture of crosslinked and uncrosslinked peptides (5). 

Covalent crosslinks to RNA alters the peptide mass, and the mass spectrum of the 

corresponding uncrosslinked peptide decreases in intensity (6; red peaks).
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(B) Example averaged spectra from comparable retention time windows from untreated 

(left) and 4SU-treated ESCs (right). UV (312 nm) crosslinking caused decreased intensity of 

the highlighted spectrum in the 4SU sample.

(C) Quantification of the extracted chromatogram for the control and HNRNPC peptides 

highlighted in (B). Bars indicate the average of the peak intensities normalized to the 

untreated sample (no 4SU) in six replicates + SEM.

(D) Volcano plots showing log-fold changes in peptide intensities on the x axis and p values 

on the y axis for ±UV (254 nm) and ±4SU (312 and 365 nm). Peptides overlapping 

annotated RRM domains are in blue. The RNA-binding peptide from HNRNPC is 

highlighted in red.

(E) Number of proteins with consistently (p < 0.05) depleted peptides and annotated as 

RBPs in the GO database (black) or not (gray).

(F) Percentage of known RBPs according to the indicated studies and databases that were 

identified using different UV wavelengths for the crosslink.

See also Figure S1.
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Figure 2. Protein-Level Analyses of Proteins Identified by RBR-ID
(A) Scatterplot showing log-converted and normalized average intensities for peptides from 

biological replicates 1–3 and the additional replicates 4 and 5.

(B) Top ten enriched GO terms (biological process and molecular function) for primary 

RBR-ID protein hits. p values are plotted on the x axis, and terms with false discovery rate 

(FDR) < 10% are shown in red.

(C) Overlap of RBR-ID protein hits and all known RBPs, both experimentally identified and 

annotated in databases. p value is from the hypergeometric distribution.
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(D) Top ten enriched GO terms as in (B) but only for the RBR-ID protein hits not found in 

the set of already known RBPs.

(E and F) Top ten non-redundant protein domains enriched in the primary RBR-ID protein 

hits (E) or only in the unknown RBP set (F). The black section of the stacked bar plots 

indicates the number of proteins containing the domain and found in the primary RBR-ID 

candidate list; the gray section indicates the number of proteins not in the RBR-ID list but 

detected by MS in the ESC nuclear extract.

(G) Tukey boxplot for the distribution of maximum RBR-ID scores per protein comparing 

known RBPs and unknown putative RBPs from (C).

See also Tables S1, S2, S3, S4, S5, S6, and S7 and Figure S2.

He et al. Page 24

Mol Cell. Author manuscript; available in PMC 2017 October 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Mapping of the RBR for MS2-CP with RBR-ID In Vitro
(A) Recombinant MS2 coat protein and in vitro-transcribed stem-loop RNA with or without 

incorporated 4SU were allowed to form a complex, then crosslinked, digested, and analyzed 

by mass spectrometry.

(B) Pull-down of MS2-SL RNA with or without 4SU and crosslinked to MS2-CP with 

different UV wavelengths. MS2-CP was detected via its fusion tag, GST.

(C) Extracted ion chromatogram showing the elution profile of an RBR-overlapping peptide 

(red) and a peptide from an MS2-CP region that does not bind RNA (black) from MS2-CP 

crosslinked to natural (top) or 4SU-containing (bottom) MS2-SL RNA using 312 nm UV.
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(D) Quantification of peak intensities for the two peptides shown in (C) for three biological 

replicates each acquired in duplicates. Bars show average intensity + SEM.

(E) Averaged and smoothed residue-level RBR-ID scores plotted along the primary 

sequence of MS2-CP. Regions with no peptide coverage are shown as gaps. Data are from 

three biological replicates each acquired in duplicates. Position of the known RBR and the 

uridine-interacting glu 63 residue are shown.

See also Table S8 and Figure S3.
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Figure 4. RBR-ID Maps the Sites of Protein-RNA Interactions In Vivo
(A) The surface rendering of the MS2 coat protein in complex with its cognate RNA (PDB: 

1ZDI; Valegârd et al., 1997) was color coded according to the residue-level RBR-ID score 

from the experiment shown in Figure 3.

(B) Schematic representation of the U1 snRNP particle (Kondo et al., 2015; Pomeranz 

Krummel et al., 2009). Subunits found in the primary list of RBR-ID candidates are in dark 

red; proteins in the extended list are in light red.
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(C and D) Zoomed-in regions of the crystal structure of U1 snRNP (PDB: 4PJO; Kondo et 

al., 2015) showing protein surfaces color coded according to their RBR-ID score and 

interacting RNAs for two regions of U1-70K (C) and SmD2 (D).

(E and F) Schematic representation of the mammalian RNA pol II (E) and RNA pol I (F) 

complex according to Wild and Cramer (2012). Color coding is same as in (B). Subunits 

detected in the nuclear proteome, but not identified by RBR-ID, are in gray, undetectable 

subunits in white. The mammalian homolog for yeast RNA pol I subunit A14 (dashed circle) 

is unknown.

See also Figure S4.
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Figure 5. Known and Unknown RNA-Binding Regions in the ESC Proteome
(A) All detected peptides were sorted according to their RBR-ID score (UV312 ± 4SU) or a 

control score (no UV ± 4SU). The frequency of peptides overlapping the RRM domain (left) 

or a control, non-RNA binding domain (IPR027417, right) in these ranked lists is shown.

(B) Categories of Interpro annotations for all peptides detected (left) or peptides in the 

primary list from RBR-ID (right).
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(C–E) Enrichment of selected domains in the top-tier RBR-ID peptides compared to the full 

list of detected peptides. Classical (C) and non-classical (D) RNA-binding domains are 

shown as well as enriched domains not previously reported to bind RNA (E).

(F) Tukey boxplot of the isoelectric point for the indicated sets of peptides. p value is from a 

Student’s t test. Tot, all detected peptides in the nuclear proteome; uRBRs, peptides in the 

primary candidate lists that did not overlap known RBDs; RRM, all detected peptides 

overlapping with the RRM domain.

(G) Percentage of peptides overlapping with disordered regions from IUPred (Dosztányi et 

al., 2005; Oates et al., 2013). Values are shown for all detected peptides (tot), all top-tier 

RBR-ID peptides not mapping to a known RNA-binding domain (uRBRs), and all peptides 

overlapping RRM domains. p value is from a chi-square test.

See also Figure S5.
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Figure 6. Validation of RBRs in L1TD1 and TET2
(A) Primary sequence and known domains for L1TD1 (top); smoothed residue-level RBR-

ID score plotted along the primary sequence (middle); and scheme of epitope-tagged WT 

and RBR-deleted (ΔRBR) constructs used for validation (bottom).

(B) PAR-CLIP of transiently expressed WT and ΔRBR L1TD1 in HEK293 cells. 

Autoradiography for 32P-labeled RNA (top) and control western blot (bottom).

(C) PAR-CLIP for WT L1TD1 with and without treatment with RNase A (top) and control 

western blot (bottom).
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(D) Primary sequence and known domains for TET2 (top); smoothed residue-level RBR-ID 

score plotted along the primary sequence (middle); and scheme of epitope-tagged catalytic 

domain fragment (CD) and RBR-deleted (CDΔRBR) constructs used for validation (bottom).

(E) PAR-CLIP of transiently expressed TET2-CD and TET2-CDΔRBR in HEK293 cells. 

Autoradiography for 32P-labeled RNA (top) and control western blot (bottom).

(F) PAR-CLIP for TET2 CD with and without treatment with RNase A (top) and control 

western blot (bottom).

See also Table S8 and Figure S6.
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Table 1

Examples of Chromatin Factors Identified as RBPs

Name Functions References

ATRX Chromatin remodelling Sarma et al., 2014

CBX1/3/5
(HP1α/β/γ)

Heterochromatin binding Maison et al., 2011;
Muchardt et al., 2002

CTCF Chromatin organization Kung et al., 2015;
Saldaña-Meyer et al., 2014;
Sun et al., 2013

DNMT3A DNA methylation Holz-Schietinger and Reich, 2012

EZH2 Histone methylation Kaneko et al., 2010;
Rinn et al., 2007;
Tsai et al., 2010;
Zhao et al., 2010

HDAC1 Histone deacetylation Castellanos-Rubio et al., 2016

SUZ12 Histone methylation Beltran et al., 2016;
Kanhere et al., 2010

TET1 DNA demethylation –

TET2 DNA demethylation –
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