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Abstract  

The functions of local conformations of non-B form secondary structures in DNA and RNA, 

such as the G-quadruplex, are thought to be regulated by DNA and RNA binding proteins. 

Recent studies reported that G-quadruplexes regulate epigenetics through G-quadruplex 

binding proteins. G-quadruplex binding proteins control the role of G-quadruplexes in cells 

and regulate G-quadruplex formation. We discuss histone modifications through 

G-quadruplex RNA with G-quadruplex binding proteins and G-quadruplex binding protein 

modulation of G-quadruplex conformations. G-quadruplex RNA is involved in telomere 

maintenance and transcription via histone modification. Furthermore, the biologic function 

and formation of G-quadruplexes are regulated through folding or unfolding by 
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G-quadruplex binding proteins. In particular, in this review, we focus on the G-quadruplex 

RRM and RGG binding domains. 
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1. Introduction 

G-quadruplex structures are formed at specific G-rich regions in the genome, mRNA, 

and non-coding RNA [1,2]. These structures comprise two or more stacked guanine 

(G)-tetrad planes and a monovalent cation such as K+ or Na+. G-quadruplex DNA regulates 

transcription, telomere elongation, epigenetics, and replication, which has been extensively 

reviewed [3-5]. Recent reviews have focused on the functions of G-quadruplexes for 

regulating epigenetics [6-8]. G-quadruplex DNA binds to G-quadruplex binding proteins, 

which interact with histones or DNA modification enzymes in the promoter and telomere, 

and regulate epigenetics through both histone and DNA modifications. Furthermore, 

G-quadruplexes interact directly with chromatin remodeling factors. The formation of 

histone-modified proteins is disrupted by G-quadruplex helicases. These functions and 

related proteins were reviewed previously [9]. 

G-quadruplex RNA is thought to have biologic functions, such as transcriptional 

regulation, RNA processing, mRNA localization and translation regulation [10,11]. While 

these functions have been reviewed, little attention has been focused on how G-quadruplex 

RNA affects histone modification and how G-quadruplex structures are regulated by 
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G-quadruplex binding proteins. Recent results revealed that G-quadruplex RNA also 

regulates histone modification through its binding proteins. Moreover, G-quadruplex 

structures are folded or unfolded by their binding proteins and these systems might affect 

transcription and other biologic functions. These studies have clarified the mechanisms and 

led to the development of medicine targeting these structures. Here, we discuss recent 

studies of the epigenetics controlled by G-quadruplex RNA with its binding proteins and 

G-quadruplex folding or unfolding proteins. In this review, we focus on the RNA recognition 

motif (RRM) and Arg-Gly-Gly (RGG) domains. 

 

2. G-quadruplex RNA binding proteins regulating epigenetics 

Translocated in liposarcoma/Fused in sarcoma (TLS/FUS) binds to telomere DNA and 

telomeric repeat-containing RNA (TERRA) with G-quadruplex structure specificity and 

together they form a ternary complex (Figure 1A) [12]. Moreover, TLS/FUS directly 

interacts with Suv4-20h2 and TERRA to promote histone modifications with the histone H3 

modifying enzyme. These interactions facilitate the trimethylation of histone H4 at lysine 20 

(H4K20me3) and histone H3 at lysine 9 (H3K9me3), respectively, and act to maintain 

heterochromatin and control telomere length [12,13]. A recent 

individual-nucleotide-resolution UV cross-linking and immunoprecipitation assay revealed 

TLS/FUS binding to G-rich RNA with the potential to form a G-quadruplex in nascent 

RNAs [14]. This is a promising method for revealing the novel biologic functions of 

TLS/FUS that depend on G-quadruplex RNA.  
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TRF2 is a component of the shelterin complex in the telomere region and contributes to 

telomere maintenance. TFR2 has G-quadruplex TERRA and double-strand telomere DNA 

binding abilities, and is important for H3K9me3 depending on TERRA (Figure 1B) [15,16]. 

These findings suggest that G-quadruplex RNA binding proteins, such TLS/FUS and TRF2, 

promote methylation at a specific Lys in telomeric histones through G-quadruplex TERRA. 

G-quadruplex TERRA might regulate both methylation and demethylation of histones in 

the telomere. Lysine-specific histone demethylase (LSD1) is an essential epigenetic 

regulator that catalyzes the removal of mono- and dimethyl functional groups from histone 

H3 at the position 4 and 9 Lys [17]. LSD1 is a TERRA-binding epigenetic regulator with 

SUV39H1 [18]. Binding and kinetics assays of LSD1 with TERRA suggest that 

G-quadruplex TERRA inhibits LSD1-catalyzed histone demethylation as a noncompetitive 

inhibitor (Figure 1C) [19]. 

Polycomb repressive complex 2 (PRC2) binds to TERRA and is responsible for catalyzing 

the trimethylation of histone H3 at Lys 27 (H3K27me3) (Figure 1D) [20]. This core complex 

contains enhancer of zeste homolog 2 (EZH2), suppressor of zeste, embryonic ectoderm 

development, and retinoblastoma binding protein 4. EZH2 contains the SET domain, which 

catalyzes the transfer of methyl groups to histone H3 at Lys 27 [21]. The complex binds to 

unstructured G-rich RNA and G-quadruplex RNA. EZH2 mainly contributes to 

G-quadruplex RNA binding with other subunits, including embryonic ectoderm development 

[22,23]. The localization of PRC2 at the telomere depends on TERRA, and 

PRC2-dependent H3K27me3 at the telomere is required for other heterochromatin 
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modifications, such as H3K9me3 and H4K20me3. These findings indicate that PRC2 might 

be an essential histone modification enzyme for telomeric heterochromatin. On the other 

hand, G-quadruplex RNA that specifically removes PRC2 from genes in human and mouse 

cells inhibits methylation at H3K27 (Figure 1E) [14]. H3K27me modified by PRC2 in the 

promoter suppresses transcription, but PRC2 transfers from the chromatin to G-quadruplex 

nascent precursor mRNA upon gene activation, which removes PRC2 from the promoter by 

G-quadruplex RNA and decreases methylation at H3K27. Thus, PRC2 regulates 

methylation at H3K27 in specific genes via G-quadruplex RNA. 

 

3. G-quadruplex folding proteins with RRM and RGG domains 

Stabilization and unfolding of G-quadruplex structures may be involved in the regulation 

of transcription, telomere extension, replication, and epigenetics [24-26]. Here we discuss 

protein motifs with a focus on the RRM and RGG domains regulating G-quadruplex 

structures and their molecular mechanisms.  

The RGG domain is frequently found in G-quadruplex binding proteins [27]. The RGG 

domain lies in the C-terminal region of TLS/FUS and (Ewing’s sarcoma) EWS binds and 

stabilizes G-quadruplex telomeres [12,28]. These proteins contain an RRM domain and 

three RGG domains as DNA and RNA binding domains (Figure 2). An electrophoretic 

mobility shift assay showed that only the C-terminal RGG domain interacts with and 

stabilizes G-quadruplex telomere DNA and TERRA. Moreover, the RGG domain in 

G-quadruplex telomere DNA and TERRA recognizes the G-quadruplex loop [29]. In the 
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case of EWS, the RGG domain binds preferentially to a G-quadruplex with longer loops, 

which is not related to the topology (parallel, antiparallel, and hybrid) of the G-quadruplex 

structure. The RGG domain of EWS binds to intramolecular G-quadruplexes despite the 

absence of bases in the loops, but it does not bind to intermolecular G-quadruplexes 

without loops. These findings indicate that the RGG domain of EWS recognizes the sugar 

and the phosphate backbone of the G-quadruplex loops. Similarly, the RGG domain in the 

C-terminal region of TLS/FUS binds to G-quadruplex telomere DNA, TERRA, and 

intramolecular G-quadruplexes without bases in the loops, but not to intermolecular 

G-quadruplexes without loops. Interestingly, the RGG domain of TLS/FUS forms a ternary 

complex with G-quadruplex telomere DNA and TERRA (Figure 3A) [12]. Binding assays 

with mutated RGG domains of TLS/FUS revealed that Phe and Tyr in this domain 

contribute to G-quadruplex DNA and RNA binding, respectively [30,31]. Especially, 

substituting Tyr for Phe in the RGG domain of TLS/FUS, which recognizes the 2’-OH of 

the riboses of the G-quadruplex loops, converts its binding specificity to G-quadruplex 

RNA [30]. Furthermore, nuclear magnetic resonance (NMR) studies of RGG3 with the 

G-quadruplex indicate that Phe and Tyr in this domain interact with the G-tetrad. RGG3 

uses both Phe and Tyr to bind G-quadruplex DNA or RNA in the binary complex of RGG3 

with G-quadruplex DNA or RNA, but Tyr binds exclusively to G-quadruplex RNA while Phe 

binds exclusively to G-quadruplex DNA in ternary complexes [32].  

Arg in the RGG domain is important for the G-quadruplex binding of the RGG domain. 

Simultaneous substitutions of Arg with Lys within the RGG3 of EWS reduces G-quadruplex 
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binding despite the basic nature of the Lys side chain [28]. Arg can interact with nucleotide 

bases via hydrogen binding and -stacking [33]. Arg in the RGG domain might contribute to 

G-quadruplex binding interactions, thereby affecting G-quadruplex folding and unfolding.  

A recent study suggested that the G-quadruplex-specific binding abilities of TLS/FUS 

require RGG3 with a -spiral structure stabilized by adjacent proline- and arginine-rich 

regions, whereas the RGG repeat region alone is not sufficient for G-quadruplex binding 

(Figure 3B) [34]. The -spiral formation of the RGG domain is consistent with findings of 

previous spectroscopic analysis and molecular modeling demonstrating that the RGG repeat 

forms a helical -spiral comprising several -turn structures [35]. Similarly, the 

G-quadruplex DNA binding activity of RGG3 in EWS is decreased by the truncation of 

proline- and arginine-rich regions in the RGG domain [29]. Not only Arg, Phe, and Tyr, but 

also secondary structures of the RGG domain might be important for G-quadruplex–specific 

binding of the RGG domain. The RGG domain of human fragile X mental retardation protein 

(FMRP), which has a central role in fragile X syndrome, binds to in vitro–selected G-rich 

RNA [36,37]. Solution and crystal structures of the RGG domain in FMRP with 

G-quadruplex-containing duplex RNA reveal that the -turn in the RGG domain recognizes 

the groove of the duplex-quadruplex junction. These findings indicate that the -turn of the 

RGG domain might be a key structure for recognizing the G-quadruplex.   

The RGG domain in TLS/FUS and EWS stabilizes the folded G-quadruplex formation 

[12,28,31]. Each RGG domain changes the hybrid (3 + 1) form of telomere DNA to a parallel 

form. The hybrid (3 + 1) form of human telomere G-quadruplex DNA in K+ is converted to a 
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stable parallel-stranded form in K+-containing solutions with 40% (w/v) PEG200 due to 

water depletion [38-40]. The RGG domain might promote the stability of the G-quadruplex 

DNA conformation by such a molecular crowding effect.  

Recent studies revealed that some peptides containing an RGG domain in cold-inducible 

RNA-binding protein (CIRBP) is able to form G-quadruplexes [41]. Huang and coworkers 

identified the RGG domain within CIRBP as the G-quadruplex binding peptide from 12 types 

of RGG domains included in transcription factors, helicases, and RNA processing factors. 

This peptide binds on the G-quartet plane of G-quadruplexes. CIRBP containing this RGG 

domain and RRM might bind both G-quartets and G-quadruplex loops and thus not disturb 

the DNA conformation (Figures 2, 3C) [41].  

RRM is one of the most conserved nucleic acid binding domains; it is present in 

approximately 0.5%-1% of human genes and folds into an  sandwich structure with a 

112324 topology [42,43]. The folded RRM comprises one four-stranded antiparallel 

-sheet 4132 and two –helices packed against the -sheet. RRM-containing proteins 

are involved in RNA processing, RNA export and stability, and regulation of transcription 

and translation, and are frequently found in G-quadruplex binding proteins. Nucleolin 

contains four RRMs and RGG domains as nucleic acid binding domains and represses c-myc 

and HIV-1 LTR promoter activity (Figure 2) [44-46]. The C-terminal region of nucleolin, 

which contains two RRM and RGG domains, is necessary for the repression and induction of 

G-quadruplex formation of the c-myc promoter sequence. The RRM in nucleolin seems to 
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be essential for binding to nucleic acids, whereas the RGG domain in nucleolin is most 

important for inducing a stable G-quadruplex of the c-myc promoter.  

Recently, steroid receptor RNA activator stem-loop interacting RNA binding protein 

(SLIRP), which contains an RRM domain as a nucleic acid binding domain, was identified as a 

novel G-quadruplex-interacting protein (Figure 2) [47]. Sequence alignment of the RRM of 

SLIRP and other G-quadruplex binding proteins, hnRNP A1 and nucleolin, revealed that 

they have similar amino acid sequences. In the case of SLIRP, SLIRP does not alter the 

folding of the G-quadruplex structure, which is not consistent with the effect of the RRM in 

hnRNP A1. The G-quadruplex unfolding ability of the RRM in hnRNP A1 is explained in 

section 4. 

On the other hand, the RGG domain without RRM in nucleolin is not sufficient for stable 

binding to the G-quadruplex, whereas the RGG domain of TLS/FUS, EWS, FMRP, and 

CIRBP is sufficient [44]. These findings suggest that the G-quadruplex binding and folding 

activities of RGG domains in these proteins are different, even though these RGG domains 

have an RGG repeat and aromatic amino acids. 

 

4. G-quadruplex unfolding proteins with the RRM and RGG domains 

G-quadruplex folding proteins such a nucleolin contain RRM and RGG domains, but 

G-quadruplex unfolding protein, hnRNP A1, also contains these domains. hnRNP A1 

contains two RRM domains and one RGG domain, and regulates telomere length (Figure 2) 

[48,49]. The crystal structure of unwinding protein 1 (UP1), which is an amino-terminal 
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proteolytic fragment of hnRNP A1 that contains two RRM domains, revealed 

sequence-specific recognition of the single-stranded DNA of human telomeres 

d(TTAGGGTTAGGG) [50]. In this complex, direct interaction with d(TAGG) is observed in 

the N-terminal RRM and with d(TTAGGG) in the C-terminal RRM. UP1 unfolds not only 

G-quadruplex telomere DNA, but also G-quadruplexes of the minisatellite repeat and 

human KRAS promoter [51,52]. Moreover, the RGG domain in hnRNP A1 enhances the 

G-quadruplex unfolding activity of UP1 [48]. NMR analysis of hnRNA A1 and G-quadruplex 

telomere DNA showed that the RGG domain in hnRNA A1 weakly binds to the 

G-quadruplex depending on the loop nucleotide. Arg residues in the RGG domain in hnRNA 

A1 are important for the G-quadruplex DNA unfolding effect and promote the unfolding of 

UP1 (Figure 4). 

 

5. Conclusion 

G-quadruplex RNA regulates histone modifications with G-quadruplex RNA binding 

proteins through various mechanisms: histone modifying enzyme is recruited by TERRA with 

G-quadruplex RNA binding proteins (TLS/FUS, TRF2), TERRA inhibits G-quadruplex RNA 

binding proteins and catalyzes histone demethylation (LSD1), histone modifying enzyme 

with G-quadruplex RNA binding ability is recruited by G-quadruplex RNA (PRC2), and 

histone modifying enzyme with G-quadruplex RNA binding ability is removed by 

G-quadruplex RNA (PRC2) (Figure 1). Interestingly, G-quadruplex binding proteins form a 

complex, but the functions and regulated mechanisms of the complex are unknown [11]. To 
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clarify the functions of G-quadruplexes with binding proteins in vivo, it will be necessary to 

further investigate the role of G-quadruplex protein complexes.  

G-quadruplex binding helicases that disrupt the G-quadruplex are important for DNA 

replication and epigenetics [7,8]. NM23-H2, which unfolds G-quadruplex DNA in the 

promoter regions, is necessary for its transcriptionally active form [24]. hnRNP A1 unfolds 

G-quadruplex telomere DNA and enhances the actions of telomerase [49]. Several 

G-quadruplex binding proteins involved in the folding or unfolding G-quadruplex have been 

identified and their functions investigated, but the essential roles of their folding or 

unfolding G-quadruplexes are essentially unknown. The G-quadruplex folding or unfolding 

proteins are not confined to proteins containing RRM and RGG domains, but also to those 

with hnRNP K with KH domains, hnRNP F with qRRM, TRF2 with TRFH, and HMGB1 with 

HMG boxes as G-quadruplex folding proteins and CNBP with zinc finger and POT1 with OB 

fold as G-quadruplex unfolding proteins [25,26,53-57]. The G-quadruplex binding 

mechanism(s) and the biologic functions of other motifs require further investigation to 

elucidate their essential roles. 

The RRM and RGG domains are conserved in both G-quadruplex folding and unfolding 

proteins. The RRM of hnRNP A1 promotes G-quadruplex unfolding, whereas the RRM of 

CIRBP, nucleolin, and SLIRP exhibits no G-quadruplex unfolding activities. RRM is a 

single-strand DNA/RNA binding motif and the RRM of hnRNP A1 recognizes d(TAGG) and 

d(TTAGGG) in telomere DNA d(TTAGGG)n. G-quadruplex DNA might be unfolded by 

these proteins because their RRM domain binds to guanine to form G-tetrads. The 
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combination of the RRM recognition sequence and G-quadruplex, including loops and 5’ and 

3’ single strands, might be one mechanism involved in G-quadruplex formation.  

The RGG domain of TLS/FUS, EWS, and nucleolin promotes G-quadruplex folding, whereas 

the RGG domain of hnRNP A1 promotes RRM-mediated G-quadruplex unfolding. Each RGG 

domain of TLS/FUS, EWS, CIRBP, and FMRP has G-quadruplex binding activities, whereas 

none of the RGG domains of nucleolin and hnRNP A1 are able to interact strongly with 

G-quadruplexes. Moreover, the RGG domain of TLS/FUS, EWS, and hnRNP A1 mainly 

interact with the G-quadruplex loops, whereas the RGG domain of CIRBP mainly interacts 

with the G-tetrad. NMR analysis of the RGG domain in TLS/FUS with the G-quadruplex 

revealed an interaction with the G-tetrad. These findings indicate that the RGG domain 

might bind to both the G-tetrad and G-quadruplex loops. G-quadruplex binding activities of 

the RGG domain require Arg and aromatic amino acids in the region, yet these are not 

sufficient for binding. More detailed thermodynamic and structural data of the RGG domain 

and the G-quadruplex are required to elucidate the molecular mechanisms of RGG domain 

activities.  
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Figure Legends 

 

Figure 1  

Models of the roles of TLS/FUS, TRF2, LSD1, and PRC2 in G-quadruplex RNAs for histone 

modifications. (A) Recruitment of Suv4-20h2 and TERRA with Histone H3-modifying 

enzyme to telomeres by TLS/FUS results in increased trimethylation of histone H4 at Lys 

20 and histone H3 at Lys 9, respectively. (B) Recruitment of TERRA with histone 

H3-modifying enzyme to telomeres by TRF2 results in increased H3K9-trimethylation. (C) 

TERRA inhibits LSD1-catalyzed histone demethylation of histone H3 at Lys 4/9 as a 

noncompetitive inhibitor. (D) PRC2 binds to TERRA and catalyzes trimethylation of histone 

H3 at Lys 27 in telomeres. (E) G-quadruplex RNA within nascent precursor mRNA removes 

PRC2 from genes, thus depleting trimethylation of histone H3 at Lys 27. 

 

Figure 2 

Architecture of TLS/FUS, EWS, CIRBP, nucleolin, SLIRP, hnRNP A1, and UP1 as 

G-quadruplex folding or unfolding proteins, including the RRM domain with or without an 

RGG domain. 
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Figure 3 

Models of G-quadruplex binding proteins with G-quadruplex. (A) The ternary complex of 

RGG3 in TLS/FUS with telomere DNA and TERRA. (B) -turn–dependent G-quadruplex 

binding of RGG3 in TLS/FUS. Orange: Pro-rich region, Green: RGG repeat, Blue: Arg-rich 

region. (C) RRM and RGG in CIRBP binding to telomere DNA. 

 

Figure 4 

Model of RGG domain-assisted recognition and unfolding of telomere G-quadruplex DNA 

unfolding protein hnRNP A1. 
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