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Abstract

Nucleic-acid binding proteins regulate transcription, splicing, RNA stability, RNA localization 

and translation, together tailoring gene expression in response to stimuli. Upon discovery, these 

proteins are typically classified as either DNA or RNA binding as defined by their in vivo 
functions; however, recent evidence suggests dual DNA and RNA binding by many of these 

proteins. High mobility group box (HMGB) proteins have a DNA binding HMGB domain, act 

as transcription factors and chromatin remodeling proteins, and are increasingly understood to 

interact with RNA as means to regulate gene expression. Herein, multiple layers of evidence that 

the HMGB family are dual DNA and RNA binding proteins is comprehensively reviewed. For 

example, HMGB proteins directly interact with RNA in vitro and in vivo, are localized to RNP 

granules involved in RNA processing, and their protein interactors are enriched in RNA binding 

proteins involved in RNA metabolism. Importantly, in cell-based systems, HMGB protein-RNA 

interactions facilitate protein-protein interactions, impact splicing outcomes, and modify HMGB 

protein genomic or cellular localization. Mis-regulation of these HMGB-RNA interactions are also 

likely involved in human disease. This review brings to light that as a family, HMGB proteins are 

likely to bind RNA which is essential to HMGB protein biology.
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1. INTRODUCTION

The interdependence of how an active and pervasive transcriptome regulates the activity of 

DNA-binding transcription factors (TF) and chromatin remodeling proteins (ChRP) or how 

these TFs and ChRPs control multiple levels of gene expression by interacting with RNA is 

a deep, unsolved problem (D et al., 2016; Guo & Guttman, 2022; Hudson & Ortlund, 2014; 

Long, Wang, et al., 2017). TF- and ChRP-RNA interactions appear to operate through many 

distinct mechanisms that impact a large number of gene expression pathways which could 

allow them to regulate diverse cellular functions within numerous cell types by binding RNA 

(Akhade et al., 2017; Brown, 2005; D et al., 2016; Hentze et al., 2018; Hudson & Ortlund, 

2014; Langst & Manelyte, 2015; Long, Bolanos, et al., 2017; See et al., 2019; Sigova et 

al., 2015; Skalska et al., 2017; Voong et al., 2021). The depth of known TF/ChRP-RNA 

interactions reveal an immense gap in TF and ChRP knowledge. The initial challenge of 

developing a comprehensive understanding of the relationship between the transcriptome 

and TFs/ChRPs is the identification and categorization of TFs and ChRPs that interact with 

RNA. One family of TFs and ChRPs that bind DNA through their high mobility group 

box (HMGB) DNA-binding domain (HMGB-DBD) have yet to be categorized as an RNA 

binding family; however, extensive family-wide RNA binding evidence suggests they bind 

RNA. An analysis of this evidence is the subject of this review.

HMGBs are ubiquitous, essential proteins present in all eukaryotic species with at least 

48 human proteins possessing an HMGB-DBD (Malarkey & Churchill, 2012; Stros, 2010; 

Stros et al., 2007). HMGB-DBDs are implicated in diverse cellular processes related to 

their DNA-binding capabilities, including, but not limited to, stem cell biology, DNA repair, 

nucleosome and chromatin remodeling, and transcriptional regulation with mis-regulation 

of HMGB function resulting in human disease (Bianchi & Agresti, 2005; Malarkey & 

Churchill, 2012; McCauley et al., 2019; Reeves, 2015; Stros, 2010; Stros et al., 2007; 

Voong et al., 2021). HMGB-DBDs are composed of ~65–85 residues that form three 
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alpha-helices which fold into an ~80° L-shaped wedge, producing a concave surface 

that acts as the primary DNA binding surface (Figure 1) (Hou et al., 2017; Malarkey 

& Churchill, 2012; Remenyi et al., 2003; Weiss, 2001). Via extensive interactions with 

the minor groove, HMGB-DBDs bend DNA which may recruit other proteins or unravel 

nucleosomal DNA (Catez et al., 2004; Papantonis, 2021). HMGBs are divided into two 

subfamilies based predominantly on their DNA binding preferences: sequence specific (SS) 

and non-sequence specific (NSS) DNA or structure specific DNA interactors (Bowles et al., 

2000; Phochanukul & Russell, 2010; Schepers et al., 2002; Malarkey & Churchill, 2012; 

Ner, 1992). SS and NSS HMGBs generally have distinct biological functions: SS are TFs 

and NSS generally act as ChRPs (Malarkey & Churchill, 2012).

Here, we present a synthesis of current knowledge from a diverse set of literature suggesting 

HMGB-DBD containing proteins are an RNA-binding family. Supporting evidence that 

HMGBs productively interact with RNA is reviewed in the following categories: HMGB-

DBDs have RNA binding protein (RBP) properties, HMGBs directly interact with RNA 

through their HMGB-DBD in vitro and in vivo, HMGB-DBD conservation suggests 

RNA binding potential, HMGBs localize to sites of RNP granules, HMGBs’ interacting 

protein partners are enriched with RBPs, and HMGB-RNA interactions in vivo impact 

HMGB driven cellular processes. To stimulate future discovery of HMGB-RNA interaction 

biology, we discuss HMGB family wide trends, potential mechanisms for how HMGB–

RNA interactions impact HMGB processes, and the presence of HMGB-RNA interactions 

in human disease. We also highlight important unanswered questions that are essential to 

understand HMGB-RNA biology.

2. HMGB DOMAIN PROPERTIES FACILITATE RNA INTERACTIONS

The physical characteristics of HMGB-DBDs confer a broad ability to interact with diverse 

DNA structures and sequences by inducing DNA bends and/or by stabilizing non-B 

form DNA ligands, including but not limited to, cruciform DNA, bent or kinked DNA, 

supercoiled DNA, and nucleosomal DNA (Agresti & Bianchi, 2003; Bianchi & Beltrame, 

1998; JR et al., 1998; Malarkey & Churchill, 2012; Murugesapillai et al., 2017; Ner, 1992; 

Reeves, 2015; Stros, 2010; Stros et al., 2007). The DNA-binding properties of HMGBs have 

been thoroughly reviewed previously and will not be a major component of this review (Hou 

et al., 2017; Malarkey & Churchill, 2012; Reeves, 2015; Stros, 2010), significantly though, 

several physical properties of HMGB-DBDs that allow binding to diverse non-B form DNA 

structures may facilitate binding to RNA. First, HMGB-DBDs are partially disordered in 

the unbound state and transition to a more ordered state when bound to DNA (Masse 

et al., 2002; Weiss, 2001). This is important because intrinsically disordered regions are 

commonly found in RBPs which is thought to increase binding affinity of RBPs to RNA 

when undergoing an unordered to ordered state transition upon binding RNA (Balcerak et 

al., 2019; Corley et al., 2020; Cruz-Gallardo et al., 2019; Jarvelin et al., 2016; Leulliot & 

Varani, 2001). Further, HMGBs contain between 1–6 HMGB-DBDs with many in tandem. 

Tandem RNA binding domains are a common feature of RBPs and are thought to impart 

a malleable and adaptive RNA binding interface which facilitates protein-RNA interactions 

(Hollmann et al., 2020; Lunde et al., 2007). Finally, HMGBs of both subfamilies interact 
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with non-B form DNA structures with high affinity, thus HMGBs might interact with non-B 

form RNA structures as well.

3. EXPERIMENTAL EVIDENCE THAT HMGBS ARE AN RNA BINDING 

FAMILY

3.1 HMGBs bind and associate with RNA.

HMGBs are pervasively and compellingly shown to be RBPs. When many studies are 

evaluated together, there is clear and unambiguous evidence that RNA binding is a general 

feature of HMGBs. One caveat however is that the many experimental approaches used 

to discover RBPs and/or to investigate HMGB-RNA biology do not always differentiate 

between direct or indirect HMGB-RNA interactions, yet this distinction is important to 

understand mechanistic details more completely. Thus, in this review we clearly distinguish 

between binding and association. We define binding as an HMGB-RNA zero distance direct 

interaction obtained from either ultra-violet crosslinking in vivo and/or in vitro biochemical 

binding assays (Budowsky et al., 1986; Lee & Ule, 2018; Li et al., 2014; Pashev et 

al., 1991; Wheeler et al., 2018). In contrast, association is defined as an observed RNA 

interaction, but the experimental approach used is not able to differentiate between a direct 

or indirect interaction, with indirect interactions likely occurring through protein-protein-

RNA and/or DNA-RNA interactions. HMGB-RNA association designations are assigned 

from methods that use formaldehyde crosslinking or non-UV pull down experiments such as 

RNA immunoprecipitation from cell lysates (Ramanathan et al., 2019; Wheeler et al., 2018). 

It is key to note that interactions identified in these ways could be direct, just that there 

remains the possibility that they are indirect in the absence of further characterization.

Numerous HMGBs bind and/or associate with RNA in vivo and/or in vitro (Table 1). 

Experimental evidence supports that a significant portion of HMGBs directly bind (30/48, 

Table 1) and/or associate (19/48, Table 1) with RNA across multiple conditions, cell types, 

and species. As a portion of this information is obtained from broad or indiscriminate RBP 

discovery studies, which are more likely to detect abundant proteins or proteins that are 

commonly expressed across many cell types, the real number of species-wide HMGBs that 

bind RNA is likely much higher. For instance, HMGB1 is expressed across many cell types 

and tissues whereas Sox protein family expression is more cell-type specific (Muller et al., 

2004; Uhlen et al., 2015). Additionally, the more well studied HMGBs are more likely to 

have been investigated as an RBP whereas RNA binding potential may not yet have been 

explored for the lesser studied HMGBs. The likelihood for other HMGB-RNA interactions 

is reinforced by prediction software which suggests the majority of HMGBs are also RBPs 

(CatRAPID, ~80% of full length human HMGBs) (Livi et al., 2016). Both SS TF and 

NSS ChRP HMGB subfamilies bind RNA, further reinforcing that general features of the 

HMGB-DBD facilitate binding to RNA. Most of the HMGBs identified to associate with 

RNA also directly bind RNA (Table 1) suggesting that techniques that identify HMGB-RNA 

associations, likely also identify RNA binding. Thus, at least 75% of these HMGBs possess 

experimental evidence for direct interactions with RNA.
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3.2 Direct HMGB-RNA interactions

In studies that analyze direct RNA binding, it appears that HMGBs bind to RNAs that 

are diverse in both sequence and structure, as also seen for their DNA-binding preferences 

(Table 2). Thus far, biochemical characterization of HMGB-RNA interactions are restricted 

to a subset of HMGBs. However, clear trends can be discerned from the available studies.

In vitro, Sox2 interacts with a variety of RNA ligands with this interaction likely mediated 

by the HMGB-DBD (Table 2) (Hamilton et al., 2022; Holmes et al., 2020; Hou et al., 2020; 

Tung et al., 2010; Cajigas et al., 2021). Sox2 HMGB-DBD interacts with G-quadruplex 

RNA (1 nM), 4-way junction RNA (5 nM), fragment of lncRNA ES2 (3 nM), and varied 

stem loop RNAs (~10–100 nM) (Hamilton et al., 2022; Holmes et al., 2020). Sox2-HMGB-

DBD’s affinity for RNA is comparable to dsDNA containing the ChIP validated Sox2 

consensus motif (KD = ~1 nM), but much tighter than to dsDNA without the Sox consensus 

motif (KD = ~600 nM) (Hamilton et al., 2022; Holmes et al., 2020).

Several features of Sox2’s interactions with RNA have been established from various 

studies. First, a core RNA sequence motif was identified for Sox2 both in vitro (GCCCX, 

X= A or U) and in vivo (YCCCZG, Y= U/G, Z= A/G) implying sequence preferences 

(Hou et al., 2020). Second, an identified nearby side motif (UCGCGWU, V= C/U/G) 

may promote the formation of Sox2 preferred secondary structures. Third, it was observed 

that Sox2 HMGB-DBD binding to DNA and RNA is mutually exclusive and uses similar 

electrostatic contributions (Holmes et al., 2020). A comprehensive alanine scan revealed 

that overlapping but distinct residues are important for Sox2-HMGB-DBD interactions with 

DNA or RNA (Holmes et al., 2020). Thus, DNA and RNA binding are mediated, at least 

in part, by the same face of the HMGB-DBD. Finally, Sox2 was observed to bind multiple 

sites within EVF2 RNAs with similar affinities (Cajigas et al., 2021). When ~60–100 residue 

regions C-terminus of the HMGB-DBD was deleted, Sox2’s preference for RNA ligands 

was altered or removed, suggesting that a region adjacent to the canonical HMGB-DBD 

could be important for imbuing Sox2 with RNA specificity through direct RNA interactions 

or through protein-protein interactions (Hou et al., 2020; Jing et al., 2020).

Other Sox family proteins bind RNA through their HMGB-DBD with Sox family proteins 

being split into nine groups based on HMGB-DBD sequence similarities (Table 2). 

Significantly, except for Sox30, one Sox HMGB-DBD from each group binds with high 

affinity to a variety of RNA ligands in vitro (affinities range from ~1 to 360 nM) (Hamilton 

et al., 2022). These affinities are comparable to dsDNA that contains the Sox family 

consensus sequence and are much tighter than to dsDNA without the consensus sequence. 

Further, the Sox family shows selectivity for distinct RNA features from G-quadruplex 

RNA, stem-loop RNA with an internal bulge, a fragment of ES2 lncRNA, and four-way 

junction RNA. The Sox proteins predominately bound the G-quadruplex RNA the tightest 

and the stem-loop with internal bulge RNA the weakest.

Some of the TCF/LEF family transcription factors bind RNA in vitro with high affinity 

through their HMGB-DBDs (Table 2). The TCF7 HMGB-DBD binds RNA in vitro with 

a preference for RNAs with stem-loops containing internal bulges with the interaction 

occurring predominately with internal bulged regions (Lee & Jeong, 2004; Park et al., 2005). 
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As observed with Sox2, the TCF7-HMGB-DBD interaction with RNA is competitive with 

DNA. An RNAse foot printing analysis revealed protected and deprotected regions in the 

presence of TCF7,(Park et al., 2005) suggesting TCF7 may change the structure of RNA. 

LEF1 HMGB-DBD binds to a variety of RNA ligands with affinities (4–630 nM) that are 

~2–45 fold weaker than the consensus dsDNA but much tighter than to dsDNA without 

consensus motif (Hamilton et al., 2022). Since the TCF/LEF family HMGB-DBDs have 

nearly 100% sequence conservation, the other members of the family are highly likely to 

bind RNA.

One interesting HMGB is TFAM which has tandem HMGB-DBDs and is thought to bind 

both SS and NSS DNA. In vitro, TFAM binds hybrid RNA:DNA 4-way junctions (KD = 300 

nM), RNA 4-way junctions (KD = 70–300 nM), mitochondrial tRNAs (KD = 20 nM), hybrid 

DNA/RNA G-quadruplexes (KD = 1.9 nM), and RNA G-quadruplexes (KD = 1.3 nM) (Table 

2) (Brown et al., 2015; Lyonnais et al., 2017). TFAM does not interact tightly with ssRNA 

(poly A/C or poly U), dsRNA, dsRNA hairpin loops, or linear RNA:DNA hybrids ligands; 

however, TFAM interacts weakly with dsRNA with an internal loop with a KD of 2 μM 

(Brown et al., 2015). While the natural RNA substrate of TFAM remains unknown, since it 

binds an assortment of RNA ligands with a range of affinities it is likely to preferentially 

bind a subset of cellular RNA targets.

Drosophila HMGD is another HMGB that has strong evidence for direct RNA binding 

(Table 2). This protein binds to the transactivation response region (TAR) RNA of HIV-1 

with a 29 nM KD, the dsRNA stem loop Rbe RNA of HIV-1, and did not bind to ssRNA 

(Arimondo et al., 2000). HMGD binds and maintains high affinity to a variety of TAR RNA 

mutants including: deletion of a 3-base bulge (KD = 36 nM), mutation of terminal loop 

sequence from wild type CUGGGA to UUCG (KD = 30 nM), deletion of the stem loop and 

a reduction in size by ~50% while maintaining 3 base bulge (KD = 53 nM), and a fully 

paired dsRNA mutant lacking both the 3 base bulge and stem loop (KD = 70 nM). RNAse 

A foot-printing showed regions of RNA near the stem-loop/bulge were protected in the 

presence of HMGD with increased cleavage at a site opposing one of the protected regions 

signifying that HMGD may impart structural changes. Together, this study shows a strong 

ability to interact with high affinity to various dsRNA stem loop elements.

In another example of broad specificity RNA binding, HMGB1 interacts with RNA G-

quadruplexes (Serikawa et al., 2018), a specific stem loop of hepatitis C virus RNA (Yu 

et al., 2015), and 5S E. coli rRNA which contains stem loops, internal bulges, and dsRNA 

regions (Bell et al., 2008) (Table 2). The 5S E. coli rRNA was able to compete 4-way 

junction DNA from HMGB1; however, HMGB1 did not bind tRNA. The HMGB1-A 

domain and dual HMGB-DBDs bind to siRNAs (Choi et al., 2020; Lee et al., 2012; Oh 

& Lee, 2014). HMGB1 binds RNA in vivo with an identified motif of 5’- MWGRA-3’ 

(M=A/C, W=A/U, R=A/G) (Sofiadis et al., 2021). From the same subfamily as HMGB1, 

HMGB3 binds to specific sites within HIV-1 Tat mRNA, including stem loops and internal 

bulges (Khoury et al., 2021).

Many non-human HMGBs also bind RNA in vitro (Table 2). Mouse maelstrom (MAEL) is 

an HMGB important for piRNA biogenesis and processing (Genzor & Bortvin, 2015; Sato 
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& Siomi, 2015). MAEL bound four-way junction RNA with a KD of 640 nM and an alanine 

scan demonstrated that residues involved in binding to DNA and RNA 4-way junctions 

did not completely overlap (Genzor & Bortvin, 2015). MAEL did not bind ssRNA and 

weakly bound dsRNA and stem-loop RNA. Interestingly, in another species, MAEL from 

Bombyx (silkworm) bound ssRNA (Chen et al., 2015). Another Drosophila HMGB, DssRP, 

is homologous by sequence comparison to human SSRP1, an HMGB that binds RNA. 

DssRP binds homopolymers of poly(U) and poly(G) ssRNA (Hsu et al., 1993). A plant 

HMGB, CsHMG, interacts with poly(U) and poly(G) RNA with a preference for uridine 

through the HMGB domain (de Souza et al., 2012). Further, it was shown that CsHMG 

did not bind to AU-rich probes and that CsHMG bound ssRNA ligands more tightly than 

dsDNA ligands.

While the comprehensive biochemical characterization of HMGB-DBD-RNA interactions 

is limited, there are trends that emerge. HMGB-DBDs from human, Drosophila, mouse, 

Bombyx, and plants bind to a diverse set of RNA structures and sequences, suggesting RNA 

interactions are a common feature of all HMGBs across multiple species (Table 2). HMGBs 

have been observed to interact with high affinity to a variety of dsRNA stem-loop elements 

which contain non-base paired regions; however, this activity is not observed uniformly for 

all HMGBs. Sox2 and MAEL both use overlapping and yet distinct residues when binding 

DNA or RNA, suggesting a separation of function between DNA and RNA binding may 

exist. Importantly, the binding affinity for some HMGBs to their RNA ligands is comparable 

to the HMGBs DNA ligands, suggesting RNA and DNA may compete for interactions 

with HMGBs in vivo. Finally, multiple HMGBs appear to be capable of modifying the 

RNA structure. Taken together, these studies indicate that DNA-binding HMGB-DBDs are 

extensively involved in RNA recognition as well and that this is a widespread property of 

this family of proteins.

3.3 HMGB domain conservation suggests RNA binding

While all HMGB-DBDs appear to possess the same L-shaped structure, their amino 

acid sequence varies between the different HMGB subfamilies, as shown by a sequence 

alignment of human HMGB-DBDs (Figure 2). HMGB-DBDs from the same subfamily 

are generally highly conserved, such as the TCF/LEF family in which the HMGB-DBD 

is nearly 100% identical or the Sox family which are at least ~50% conserved. This is 

important because at least one HMGB from each of these sub-families binds to RNA 

(asterisk, Figure 2). The patterns of amino acid conservation across families along with 

evidence of RNA binding in each family suggests that the other HMGBs from the same 

family may bind RNA as well.

Residues within the HMGB-DBD important for RNA binding or RNA associations were 

identified using amino acid mutational analysis of Sox2, Sox9, and mouse MAEL HMGB-

DBDs (Figure 2) (Genzor & Bortvin, 2015; Girardot et al., 2018; Holmes et al., 2020). A 

few of the positively charged residues important for RNA binding in the Sox2 HMGB-DBD 

are highly conserved throughout a majority of HMGBs (purple, Figure 2). In contrast, 

residues from Sox9 (blue, Figure 2) and MAEL (magenta, Figure 2) generally show less 
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conservation throughout the HMGB family. Conserved residues that are important for RNA 

interactions hint that other HMGBs may also utilize these residues to bind RNA.

3.4 HMGBs localize to RNA-protein granules

Protein localization is another layer of evidence that assists in identifying a protein’s 

biological function (Itzhak et al., 2016; Scott et al., 2005). In that light, HMGBs found 

within RNA-protein (RNP) granules may be localized to these regions through interactions 

with RNA. A substantial portion (20/48) of human HMGBs have been reported to localize 

to RNP granules broadly involved in RNA metabolism processes (Figure 3). For example, 

UBTF, Sox15, HMGB2, HMGB3, TOX, and TOX4 have been observed within nucleoli 

which are centers of rRNA assembly and processing and with a separate function of 

assembling RNP complexes distinct from rRNA (Iarovaia et al., 2019; Jellbauer & Jansen, 

2008; Lafontaine et al., 2021; Thul et al., 2017). SRY, Sox6, Sox7, TOX4, Smarce1, and 

HBP1 are localized within nuclear speckles, which are important centers for multiple steps 

of RNA metabolism such as splicing (Chen & Belmont, 2019; Faber et al., 2022; Galganski 

et al., 2017; Ilik & Aktas, 2021; Ohe et al., 2002; Saitoh et al., 2004; Sato et al., 2011; 

Spector & Lamond, 2011; Thul et al., 2017). Furthermore, UBTF, SSRP1, MAEL, HMGB3, 

TFAM, and HMGB1 localize to stress granules, which are cytoplasmic RNP granules that 

form in response to cellular stress and are thought to protect RNAs and/or RNA processing 

machinery from damage (Campos-Melo et al., 2021; Corbet & Parker, 2019; Jain et al., 

2016; Markmiller et al., 2018; Youn et al., 2019; Y. Zhang et al., 2021). Other HMGBs 

localize to nuclear bodies including paraspeckles which may regulate gene expression by 

retaining dsRNAs with adenosine to inosine edits (Chaoui et al., 2015; Hata et al., 2008; 

Penrad-Mobayed et al., 2018; Pisani & Baron, 2019; Thul et al., 2017; Wang & Chen, 2020). 

However, with the exception of UBTF which is known to regulate rRNA gene expression 

(Ueshima et al., 2017), the role(s) HMGBs play in these RNP granules is largely unknown, 

but given the current interest in RNP granules, it is likely that the specific roles HMGBs play 

in RNA metabolism will be uncovered.

3.5 HMGB protein interactors are enriched with RBPs

Protein-protein interaction (PPI) networks are another useful means to infer the function of 

proteins. Examination of the PPI database, agile protein interactome data server (APID) 

(Alonso-Lopez et al., 2019; Alonso-Lopez et al., 2016), reveals that HMGB protein 

interactors are enriched with RBPs involved in RNA metabolism (Figure 4). To assess 

whether an HMGB protein partner is involved in a broad range of RNA-centric roles, a 

Gene Ontology (GO) enrichment analysis of each human HMGB’s interacting proteins was 

applied (Ashburner et al., 2000; Gene Ontology, 2021; Mi et al., 2013; Mi et al., 2019). 

HMGBs are then labeled as “found” (green) or “unknown” (grey) (Figure 4A) dependent 

upon whether they interact with at least one protein with the following GO annotation: 

labeled as RNA binding (GO: molecular function); RNA metabolism process, i.e., splicing 

(GO: biological process); within RNP assemblies (GO: cellular component). Thus, the 

APID database reveals that ~54% of human HMGBs interact with proteins involved in 

RNA metabolism and ~80% interact with RBPs and/or with proteins localized within RNP 

assemblies (Figure 4). Significantly, many of the HMGBs interact with more RBPs than 

DNA binding proteins or with approximately similar amounts. While HMGBs interact 
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broadly with proteins involved in RNA metabolism, certain biological process assignments 

were enriched, including splicing, RNA transport, stability, and processing. Further, the 

cellular component aspect shows HMGB protein interactors are highly localized within RNP 

assemblies. Some of these HMGBs have only a few APID interactors, thus it is possible 

they interact with proteins involved in RNA metabolism, it’s just not in the APID database 

or has not yet been experimentally shown yet. This PPI network evaluation provides strong 

circumstantial evidence that HMGBs are involved in RNA metabolism pathways, perhaps by 

binding RNA.

4. HMGBS INTERACTIONS WITH RNA IMPACT HMGB CELL BIOLOGY

HMGBs possess multiple properties of RBPs and bind RNA, thus, a major outstanding 

question is whether and how these RNA binding capabilities drive in vivo biological 

activities. While this is currently an active area of research, multiple lines of evidence 

support a variety of important roles for RNA binding by HMGBs in vivo. These include 

the regulation of transcription by modulating HMGB genomic and cellular localization, 

affecting splicing decisions of HMGB bound RNAs, and assisting in the formation of 

HMGB-protein-RNA assemblies to facilitate post-translational modifications and/or to 

establish topological chromatin structure through chromosomal interactions. When these 

various studies are viewed through the lens of non-canonical RNA interactions by members 

of the HMGB family, a multitude of possible mechanisms of action likely exist. Outlined 

in the next few subsections is an examination of the experimental evidence for how 

HMGB-RNA interactions impact HMGB cell biology followed by a discussion of potential 

mechanisms.

4.1 HMGB-RNA interactions influence HMGB-protein interactions

Protein-RNA interactions are increasingly understood to be important for PPIs, including 

RNA scaffolds which can play roles in regulation of chromosome topology and/or recruiting 

proteins to facilitate PPIs to promote enzymatic reactions (Bouwman et al., 2022; Castello 

et al., 2015; Chen et al., 2014; Fernandes & Buchan, 2021; Razin & Gavrilov, 2021). Since 

protein interactors of HMGBs are highly enriched in RBPs, HMGBs bind DNA with protein 

partners, and their post translation modification (PTM) landscapes are important for their 

many functions (Andersson et al., 2014; Bernard & Harley, 2010; Goos et al., 2022; Richard 

et al., 2017; Williams et al., 2020), RNAs that regulate HMGB-protein interactions are likely 

important for HMGB family biology.

4.1.1 Experimental evidence for HMGB-RNA interactions regulating HMGB-
protein interactions—Sox2 binds the enhancer lncRNA EVF2, which likely facilitates 

PPIs and intrachromosomal interactions to regulate gene expression in mouse cell lines 

(Cajigas et al., 2021). Sox2, EVF2 and an ultra-conserved element enhancer, through 

intrachromosomal interactions, occupy overlapping genomic regions. Knockdown of wild 

type EVF2 results in loss of Sox2 genomic occupancy which was in part rescued with 

a truncated 5’-EVF2 RNA lacking the 3’ end fragment. Knockdown of Sox2 or EVF2 

changes the ultra-conserved element enhancer chromosome interaction landscape and 

impacts expression of the overlapped genes. Together, EVF2 likely acts in cis as an RNP 
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scaffold which allows Sox2 and other proteins to facilitate intrachromosomal interactions to 

repress or activate genes.

Sox2 associates with the super enhancer lncRNA NEAT1 which increases Sox2 serine 

phosphorylation resulting in impaired maintenance of pluripotency in bone marrow 

mesenchymal stem cells (H. Zhang et al., 2021). CDK2 interacts with and phosphorylates 

serine residues of Sox2 and knockdown of NEAT1 reduced CDK2-Sox2 interactions with 

NEAT1 overexpression increasing the CDK2-Sox2 interactions (Ouyang et al., 2015; H. 

Zhang et al., 2021). Sox2 interacts with Oct4 to regulate expression of pluripotency 

associated genes (Rizzino & Wuebben, 2016); conversely, the CDK2 phosphorylation of 

Sox2 is thought to reduce the Sox2-Oct4 interaction (H. Zhang et al., 2021). Sox2 and 

CDK2 both associate with NEAT1 which may form an RNP complex, and together, implies 

NEAT1 can act as a scaffold RNA that facilitates enzymatic complex formation for CDK2 

driven serine phosphorylation of Sox2.

One protein that interacts with the lncRNA RMST is Sox9 which facilitates Sox9 

degradation in lung cancer cells (Pei et al., 2021). RMST knockdown or overexpression did 

not significantly impact Sox9 mRNA levels; however, RMST knockdown or overexpression 

increased and decreased Sox9 protein levels respectively. Further, RMST promotes the 

interaction between Sox9 and the ubiquitin ligase, FBW7. Upon knockdown of FBW7, Sox9 

protein expression increased, and ubiquitination levels decreased. Importantly, Sox9 and 

FBW7 were both identified to associate with RMST. Collectively, this suggests that RMST 

may act as a scaffold to promote enzymatic ubiquitination of Sox9.

Conversely, Sox4 associates with lncRNA TGLC15 which reduced Sox4 protein degradation 

in hepatocellular carcinoma cells with Sox4 only associating with a specific TGLC15 

fragment (Chen et al., 2020). Overexpression of TGLC15 reduced Sox4 ubiquitination 

levels and when TGLC15 was knocked down, Sox4 ubiquitination levels increased with 

proteosome mediated degradation of Sox4 protein. Together this suggests that the Sox4-

TGLC15 association protects Sox4 from being ubiquitinated; however, the mechanism of 

protection was not further explored.

Like Sox4, LEF1’s association with lncRNA OXCT1-AS1 prevents proteasome mediated 

degradation of LEF1 (B. Li et al., 2021). LEF1 predominately associates with a specific site 

of OXCT1-AS1. When OXCT1-AS1 was knocked down, LEF1 ubiquitination increased and 

LEF1 protein levels decreased. Further, OXCT1-AS1 knockdown increased the interaction 

between LEF1 and NARF (a ubiquitin-ligase known to interact with TCF/LEF proteins) 

(Yamada et al., 2006). Interestingly, LEF1 ubiquitination sites overlap with predicted LEF1-

OXCT1-AS1 binding sites, together suggesting that LEF1’s association with OXCT1-AS1 

sterically blocks NARFs ability to ubiquitinate LEF1.

HMGB1 likely also uses RNA to form complex assemblies. HMGB1 associates with 

oncogenic lncRNA MALAT-1 in a multiple myeloma cell line and when MALAT-1 was 

knocked down, HMGB1 ubiquitination was increased resulting in increased HMGB1 protein 

degradation (Gao et al., 2017). Whether the HMGB1-MALAT-1 association is directly 

responsible for the protection of HMGB1 or through another pathway was not explored 
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(Gao et al., 2017). HMGB1 also associates with the brain-specific lncRNA, BS-DRL1, 

in neurons which is essential for the formation of DNA damage repair complexes and 

genomic stability (Lou et al., 2021). HMGB1 associates with BS-DRL1 through the N-

terminal HMGB1-A domain and upon knockdown of BS-DRL1, HMGB1 was found to 

associate with significantly less chromatin, had reduced genomic occupancy at sites of DNA 

damage, and reduced interaction with a DNA repair protein. This suggests BS-DRL1 acts 

as a scaffold to recruit and form DNA repair protein complexes which include HMGB1. 

Together, this suggests that HGMB1 may use RNA to increase PPIs.

4.1.2. Possible mechanisms for how RNA impacts HMGB-protein 
interactions—Many cellular processes require formation of complexes, yet the process 

for how individual complex components find one another remains under investigation. One 

proposed mechanism is that first RBPs interact with RNA which then utilize PPIs to recruit 

proteins together (Chen & Mayr, 2022). RNAs that contain multiple RBP binding sites 

appear to also be important for maintaining and/or increasing the interaction with RBPs 

(Chen & Mayr, 2022). RBP-RBP interactions can also be increased by binding to the same 

RNA which may facilitate enzymatic PTMs as many enzymes have RNA binding activity 

(Albihlal & Gerber, 2018; Ciesla, 2006; Curtis & Jeffery, 2021; Hildebrandt et al., 2017). 

Current literature supports HMGBs likely utilize a mixture of these mechanisms.

While the knowledge about HMGB-RNA scaffold biology is limited in scope, there are 

available mechanistic insights. Thus far, we know that HMGBs can bind to multiple sites 

with similar affinities within the same RNA which are important for RNP assemblies that 

contain both RBPs and non-RBPs (Cajigas et al., 2021; Hamilton et al., 2022; Holmes et 

al., 2020; Khoury et al., 2021). Sox2 interacts with scaffold RNAs to recruit and promote 

PPIs which regulate intrachromosomal contacts (Cajigas et al., 2021). HMGB1’s interaction 

with DNA repair proteins at sites of DNA damage were also promoted by an RNA acting 

as a scaffold (Lou et al., 2021). Together this suggests HMGB-RNA interactions are 

likely essential to regulate processes that manipulate DNA, such as DNA repair (Figure 

5A-C). Sox2, Sox9, and HMGB1 all associate with RNAs that impact their PTM landscape 

further supporting that HMGBs likely use RNAs as scaffolds to facilitate interactions with 

enzymatic machinery, perhaps forming enzyme PTM factories (Figure 5D-E). It’s also 

possible that RNA may sterically prevent PPIs to adjust enzymatic modifications impacting 

the PTM landscape of HMGBs as in the case of LEF1 or Sox4. How often HMGBs 

utilize RNA for either mechanism remains unclear; however, evidence described in previous 

sections suggests RNA is central for regulating HMGB PPIs.

4.2 HMGBs are involved in RNA splicing

The HMGB family may also be a family of splicing factors, as HMGBs bind and associate 

with RNA, are highly localized within RNP granules where RNA processing occurs, and 

many HMGB partners are RBPs directly involved in splicing. Importantly, multiple lines of 

evidence show that several HMGBs directly impact splicing outcomes, including a survey 

that identifies HMGBs as involved in alternative splicing (Han et al., 2017).
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4.2.1 Experimental evidence for HMGBs as splicing factors—Sox2 binds to 

RNA to directly promote alternative splicing during induced pluripotent stem cell generation 

(Hou et al., 2020). Removal of the HMGB-DBD or a 60-residue region C-terminal of 

the HMGB-DBD alters splicing, reduces the ability to reprogram somatic cells to induced 

pluripotent stem cells, and impacts exon selection during reprogramming. Significantly, 

Sox2 binds some of the alternatively spliced genes in vivo, providing strong evidence that 

Sox2 binding RNA directly impacts splicing outcomes. Mechanistically, Sox2 has proximal 

genomic occupancy to 91% of the alternatively spliced genes, indicating Sox2 may bind 

these RNAs during transcription for co-transcriptional RNA processing. In a study where 

Sox2 binds RNA in vitro, ectopic expression of Sox2 in transitional carcinoma cell lines 

increases 5’ splice site selection of a non-endogenous splicing reporter RNA compared to 

the cell lines with lower Sox2 expression (Tung et al., 2010). Sox2 also associates with 

the lncRNA MIAT and with the MIAT promoter DNA to regulate MIAT transcription in 

esophageal squamous carcinoma cells (Zhang et al., 2020); however, the mechanistic details 

or functions of Sox2-MIAT associations are not known, suggesting Sox2 interacts with 

nascent RNA.

Sox6 has yet to be shown to interact with RNA in vivo; however, circumstantial evidence 

suggests Sox6 impacts splicing outcomes by binding RNA. Sox6 co-localizes to nuclear 

speckles with splicing factors and U snRNAs (Ohe et al., 2002). Splicing activity was 

inhibited when Sox6 was depleted from nuclear extracts, which may be attributed to 

spliceosome assembly as without Sox6 present, assembly of spliceosome complexes was 

inhibited. When just the HMGB-DBD of Sox6 was added to nuclear extracts deplete of 

native Sox6, splicing activity was partially restored, suggesting that the HMGB-DBD is in 

part responsible for Sox6’s role in splicing.

Sox6 also reduces inhibition of pre-mRNA splicing by Dax-1 (Ohe et al., 2009). When 

Dax-1 was added to in vitro splicing assays, splicing was inhibited in a Dax-1 dose 

dependent manner and when the Sox6 HMGB-DBD was added to the assays, inhibition 

of splicing was reduced. Dax-1 and full length Sox6 interact through Sox6’s coiled-coiled 

domain and not through the HMGB-DBD (Ohe et al., 2009), suggesting that the Sox6-Dax-1 

interaction is not required to remove splicing inhibition. Dax-1 inhibition of splicing and the 

subsequent rescue of splicing by Sox6 was also observed in vivo. Dax-1 directly interacts 

with the splicing factor U2AF65, and upon co-transfection of the HMGBs Sox6, Sox9, or 

SRY with Dax-1, the Dax-1–U2AF65 interaction was greatly reduced. This suggests that 

the HMGB-DBD common to the Sox proteins may be responsible as only Sox6 has a 

coiled-coiled domain that can interact with Dax-1. This suggests that HMGB-DBD binding 

to RNA may block the Dax-1-U2AF65 interaction.

Sox9 associates with RNA to impact splicing outcomes (Girardot et al., 2018). In cell-

based assays, knockdown of Sox9 results in hundreds of splicing changes including exon 

inclusion and exclusion, alternative 5’- and 3’-splice site selection, and inclusion of introns 

(Girardot et al., 2018; Rahmoun et al., 2017). Sox9’s transcriptional regulation and impact 

on alternative splicing appear to be separate functions as there is little overlap between 

the genes impacted by Sox9 knockdown. A mutational analysis of Sox9 with 15 mutants 

and two mRNA splicing reporters revealed that the HMGB-DBD was directly involved in 
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splicing as many of the mutations within the HMGB-DBD impacted splicing outcomes 

(Girardot et al., 2018). Additionally, certain mutants abolished transcriptional activity but 

not splicing activity, suggesting separate DNA and RNA binding functions. Further, Sox9 

binds near the transcription start site of a subset of the alternatively spliced RNAs yet did not 

change the mRNA expression levels of these genes, suggesting a role of DNA binding other 

than promoting or repressing transcription. Perhaps Sox9’s DNA binding activity helps to 

recruit Sox9 to operate as a splicing factor in nascent RNA processing. Of the 154 mRNAs 

with differential splicing between wild type and a Sox9 knockout, Sox9 ChIP data shows 

that 45% were genes bound by Sox9 further suggesting Sox9 may bind nascent RNAs as a 

consequence of localization via DNA binding (Rahmoun et al., 2017).

Sox9 interacts with multiple RNA binding proteins known to be splicing factors, including 

Y14, a component of the exon junction complex which is involved in splicing (Girardot 

et al., 2018; Hata et al., 2008). Knockdown of Sox9 or Y14 results in ~60% overlap of 

alternatively spliced events with an enrichment of changes to exon cassettes and of these, 

80% of exon inclusion or exclusion were in the same direction. Another report shows Sox9 

colocalizes to nuclear paraspeckles with RNA binding protein p54nrb, and when either Sox9 

or p54nrb are overexpressed, an alternatively spliced variant of Col2a1 mRNA was detected 

(Hata et al., 2008). Sox9 also localizes to lateral loops of lamp brush chromosomes which 

are transcriptionally active and are coated in nascent RNP fibrils with Sox9’s localization 

being RNA dependent (Penrad-Mobayed et al., 2018). Altogether, these studies suggest that 

Sox9 is a splicing factor, possibly operating through a co-transcriptional mechanism.

HMGB1 acts as a splicing factor by binding RNA which impact splicing outcomes of 

senescence related RNAs (Sofiadis et al., 2021). When HMGB1 was knocked down, ~6000 

different splicing events were observed. HMGB1 binds ~9% of ~4000 alternatively spliced 

transcripts during senescence entry, with splicing mediated through alternative transcription 

start sites, alternative polyadenylation, core exon usage, and alternative 5’- or 3’-splice 

site selection. HMGB1 binds genomic regions that overlap with ~14% of the transcripts 

bound by HMGB1, suggesting these interactions could be with nascent RNA during co-

transcriptional splicing. In another example, HMGB1 binds the L-3 ribozyme and inhibits 

cleavage of a small nine nucleotide RNA substrate in vitro; however, the mechanism of 

inhibition was never addressed (Bell et al., 2008). HMGB3 binds to HIV-1 Tat mRNA 

and when HMGB3 was knocked down, splicing at a site directly bound by HMGB3 was 

increased by ~9 fold (Khoury et al., 2021). Due to high sequence similarity, this suggests 

that HMGB2 and HMGB4 could also be directly involved in splicing by binding RNA.

4.2.2 Possible HMGB mediated splicing mechanisms—Transcription and RNA 

processing are increasingly understood to be coupled events (Boumpas et al., 2022; Brody 

et al., 2011; Brody & Shav-Tal, 2011; Kornblihtt, 2006; Kornblihtt et al., 2004; Neugebauer, 

2019; Tellier et al., 2020). Co-transcriptional splicing is estimated to occur at least ~80% 

of the time with many mRNAs maintaining their localization at the site of transcription 

while undergoing processing (Brody et al., 2011; Neugebauer, 2019; Rambout & Maquat, 

2020). SRY, Sox2, Sox6, Sox9, HMGB1 and HMGB3 are implicated as splicing factors 

with HMGB-RNA associations likely increased by the nearby localization of HMGBs to 

RNAs undergoing processing. Sox2, Sox9, and HMGB1 all associate with both the genomic 
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DNA and the alternatively spliced RNAs transcribed from these genomic regions, suggesting 

these HMGB-RNA interactions occur co-transcriptionally with nascent RNA (Figure 6). In 

support of this idea, multiple HMGBs bind to newly transcribed or nascent RNA (Bao et 

al., 2018). Unfortunately, it is not yet known whether the HMGB-RNA interactions observed 

directly impact splicing outcomes by binding RNA or are simply observed because of 

proximity.

No direct HMGB-mediated in vivo splicing mechanism has been demonstrated to date. 

Thus, non-HMGB dual DNA and RNA binding proteins that impact splicing and other 

known splicing mechanisms are used to infer potential HMGB splicing mechanisms such 

as by modifying nascent RNA structure or the ability to form splicing complexes (Auboeuf 

et al., 2005; Georgakopoulos-Soares et al., 2022; Han et al., 2017; Pandit et al., 2008; 

Rambout & Maquat, 2020; Saha et al., 2020; Scharfen & Neugebauer, 2021; Tang et al., 

2021). As HMGBs likely interact with nascent RNA and may change the structure of 

RNA, it’s possible that HMGBs direct manipulation of nascent RNA structure and/or the 

steric blocking or recruitment of splicing factors could alter splicing outcomes (Figure 

6A-C). Sox family proteins, HMGB1, HMGB3, and other HMGBs all bind stem loop 

RNAs which are common RNA elements known to act as protein binding hubs during RNA 

processing, including splicing decisions (Georgakopoulos-Soares et al., 2022; Kralovicova 

et al., 2015; Saha et al., 2020; Tang et al., 2021). Further, Sox6 appears to be important 

for spliceosome assembly. Perhaps, HMGBs bind and change the structure of nascent RNA, 

which impacts splicing factor assembly to influence splicing outcomes (Ohe et al., 2002). It 

should be noted that TFs and ChRPs can also impact splicing by interacting with DNA or 

splicing factors near the nascent RNA through a variety of mechanisms suggesting HMGBs 

could also impact splicing without binding RNA (Allemand et al., 2016; Kornblihtt, 2006; 

Ramanouskaya & Grinev, 2017; Zraly & Dingwall, 2012). Together, certain HMGBs likely 

act as splicing factors by binding RNA; however, determining the mechanism(s) HMGBs 

use to drive splicing decisions is an important question for further study.

4.3 HMGB interactions with RNA are important for HMGB localization

A protein’s function is intimately tied to their cellular localization. As HMGBs are localized 

to RNP assemblies, interact with RNA and RBPs, we expect that HMGB interactions with 

RNA will be linked to HMGB localization. Multiple HMGBs from both the sequence 

specific TF and non-sequence specific ChRPs subfamilies interact with RNA, resulting 

in modifications to their cellular and/or genomic localization, suggesting similar HMGB 

localization mechanisms may be utilized throughout the family.

4.3.1 Experimental evidence suggests RNA is essential for HMGB genomic 
localization—Sox2 associates with the lncRNA LincQ to promote the maintenance of 

pluripotency in mouse embryonic stem cells (Jing et al., 2020). Sox2 associates with the 

promoter regions (−1500–0 bp) of the LincQ gene to regulate LincQ expression. Further, 

LincQ knockdown reduced Sox2 and RNA polymerase II genomic co-occupancy with 

downregulation of genes bound by Sox2, suggesting that the Sox2-LincQ interaction is 

important for Sox2’s genomic localization to activate gene expression. Sox2 specifically 

associates with Exon 1 of LincQ, suggesting specificity for sequence or structural features 
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within Exon 1. A biotinylated-RNA in vitro cell lysate pull-down experiment reveals that 

Sox2 associates with LincQ through a region ~100 residues C-terminal of the HMGB 

domain; however, this region could also promote protein-protein interactions (PPI) that 

facilitate specific Sox2 associations with LincQ (Cox et al., 2010; Jing et al., 2020).

Sox2 associates with another lncRNA, linc1614, and the PRC2 component EZH2, which 

co-occupy genomic regions and together promote the repression of developmental genes 

to maintain pluripotency in mouse embryonic stem cells (Guo et al., 2018). Sox2 

binds the promoter of linc1614 and regulates the expression of linc1614 with linc1614 

downregulated upon Sox2 knockdown. A linc1614 knockdown reduced Sox2 and EZH2 

genomic localization at specific sites, although it is not known if linc1614 occupancy 

changes upon Sox2 knockdown. Sox2 associates specifically with the 5’ end of linc1614 

with only this fragment being required to maintain stem cell morphology upon wild 

type linc1614 knockdown. Sox2, Linc1614, and EZH2 co-occupy promoters/enhancers of 

developmental genes, suggesting linc1614 may act as a scaffold to repress genes.

Another lncRNA, RMST, associates with Sox2 to promote neuronal differentiation in 

human embryonic stem cells (Ng et al., 2013). RMST and Sox2 regulate the expression 

of overlapping genes in differentiating neuronal stem cells as shown by independent 

knockdowns of RMST and Sox2. Sox2 and RMST also associate with overlapping genomic 

regions, including the promoters of genes involved in neurogenesis. RMST knockdown 

results in loss of ~50% of Sox2’s genomic binding sites. From another study, Sox2 

associates with RMST in neural crest cells and upon knockdown of RMST, Sox2’s genomic 

localization was modified (Stamou et al., 2020). Another study identified a Sox2-RMST 

association which was thought to co-regulate the expression of microRNA; however, the 

impact on localization was not explored (Zhou et al., 2022). The lncRNA, linc1548, also 

associates with Sox2 and upon knockdown of linc1548, Sox2’s localization was lost at genes 

important for neuronal differentiation (Bai et al., 2022). Taken together, RMST and linc1548 

appear to be necessary for Sox2 genomic localization to drive neuronal differentiation.

Sox2 associates with lncRNA MEG3 which likely increases bone morphogenetic protein 4 

(BMP4) transcription in mesenchymal stem cells obtained from multiple myeloma patients 

(Zhuang et al., 2015). Sox2 associates with the BMP4 promoter and represses BMP4 

transcription as Sox2 knockdown resulted in increased BMP4 transcription. Sox2 and 

MEG3 associate with overlapping genomic regions within the BMP4 promoter and upon 

knockdown of MEG3, Sox2’s occupancy was increased at this promoter. Overexpression 

of MEG3 resulted in increased BMP4 transcription and when MEG3 was knocked 

down, BMP4 expression was reduced. Together these data suggest that Sox2 functions 

as a repressor of BMP4 transcription and MEG3 increases transcription of BMP4 by 

sequestering Sox2 from BMP4 promoters or by blocking Sox2 access to the promoter.

Sox2 associates with the oncogenic enhancer lncRNA, CCAT1, which promotes 

tumorigenicity in squamous cell carcinoma cell lines (Jiang et al., 2018). Sox2 associates 

with tumor protein 63 (TP63) to activate CCAT1’s transcription with knockdown of Sox2 

or TP63 resulting in reduced CCAT1 expression. Sox2/TP63/CCAT1 form a complex and 

co-occupy the EGFR super-enhancer to activate EGFR expression. Upon knockdown of 
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CCAT1, Sox2 and TP63 occupancy at EGFR super enhancers was reduced; however, 

CCAT1 did not impact Sox2-TP63 interactions. Knockdown of Sox2 or TP63 reduced 

CCAT1 occupancy at the EGFR super enhancer. Sox2 also associates with Lnc-RP11 

in colorectal cancer cells and when Lnc-RP11 was knocked down Sox2’s localization 

at the USP7 promoter was reduced (Q. Li et al., 2021). Together, these studies suggest 

an interdependency between genomic localization of Sox2 and lncRNA; however, the 

mechanisms were not further explored.

Likewise, HMGB2 has been reported to have functional interactions with RNA that 

appear to occur through similar pathways. For example, HMGB2 associates with the Lrp1-

antisense (Lrp1-AS) ncRNA resulting in a decrease in Lrp1 mRNA expression (Yamanaka 

et al., 2015). HMGB2 and TF Srebp1a interact to regulate Lrp1 gene expression by 

increasing Srebp1a occupancy at Lrp1 promoter regions while Lrp1-AS RNA reduces 

Lrp1 expression. Overexpression of Lrp1-AS reduces promoter occupancy of Srebp1a and 

a Lrp1-AS KD increases occupancy. HMGB2 likely associates with a specific region of 

Lrp1-AS as antisense oligonucleotides targeting a specific region reduced HMGB2-Lrp1-AS 

associations and increased Lrp1 expression. Together, these data suggest that Lrp1-AS acts a 

molecular decoy to sequester HMGB2 from Srebp1a, reducing Lrp1 expression.

4.3.2 Experimental evidence suggests RNA is essential for HMGB cellular 
localization—HMGB1-RNA associations also promote hepatitis C virus (HCV) 

replication in HCV infected cells (Yu et al., 2015). HMGB1 associates with the 5’-UTR 

stem loop 4 of the positive strand HCV RNA in cell lysates and binds the RNA in vitro, 
suggesting specificity for certain RNA features. HMGB1 is mostly localized to the nucleus; 

however, upon HCV infection, a population of HMGB1s are co-localized in the cytoplasm 

with the HCV RNA, suggesting the HCV RNA recruits or maintains HMGB1 proteins in 

the cytoplasm. Interestingly, the sole HMGB1-A domain binds the 5’ UTR stem loop 4 

while HMGB1-B domain appeared to not be required for associations in cell-based assays. 

Finally, the HMGB1-A domain is in part responsible for increasing the HCV replication 

in these cell-based assays. HMGB1 may also act as immune response proteins by binding 

to immunogenic nucleic acids, including poly (I:C) dsRNA and poly (U) ssRNA (Yanai 

et al., 2009). Full length HMGB1 and the individual HMGB1-A domain bind to siRNA, 

forming complexes with carrier molecules that allow for siRNA delivery into cells with 

this delivery method successfully reducing expression of the targeted genes (Choi et al., 

2020; Lee et al., 2012; Oh & Lee, 2014). These functionally unrelated behaviors illustrate 

the multifaceted potential of HMGB1-RNA interactions. Together, these studies suggest 

HMGB1-RNA interactions impact HMGB1 cellular localization.

HMGB2 associates with the lncRNA CRCMSL which may impact HMGB localization 

and protein-protein interactions in colorectal cancer cell lines (Han et al., 2019). 

CRCMSL is primarily localized to the cytoplasm and when CRCMSL is over-expressed, 

HMGB2 localization is reduced in the nucleus and increased in the cytoplasm. When 

CRCMSL was downregulated, HMGB2 nuclear localization increases, while HMGB2 

cytoplasm localization was decreased. Together this suggests the HMGB2-CRCMSL 

association impacts HMGB2 localization and protein-protein interactions; however, the 

direct mechanism was not further explored.
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4.3.3 Possible HMGB-RNA mechanisms for HMGB localization—Mounting 

evidence shows that RNA is essential for cellular localization of TFs and ChRPs (Cassiday 

& Maher, 2002; Mourtada-Maarabouni et al., 2009; Noh et al., 2018; Sigova et al., 2015). 

One model suggests that stable, processed RNAs and/or nascent RNAs transcribed from 

regulatory regions such as enhancers promote formation of transcriptional hubs which can 

recruit or maintain proteins involved in transcription and RNA metabolism (Bouwman et 

al., 2022; Palacio & Taatjes, 2022; Quinodoz et al., 2021; Sharp et al., 2022). HMGBs’ 

interactions with RNA appear to be involved, at least in part, with this model.

Currently, the transcription hub model is supported by multiple lines of evidence. First, 

HMGBs bind newborn or nascent RNA and associate with the genomic DNA and the 

RNAs transcribed nearby, further supporting HMGB-RNA interactions occur with nascent 

and/or newborn RNA. Significantly, knockdown of HMGB interacting RNAs directly 

impacts HMGBs genomic localization. Moreover, Sox2-RNA interactions promote and/or 

maintain chromosomal interactions which are thought to occur at sites of transcription hubs 

(Cajigas et al., 2021; Richter et al., 2022; Tang et al., 2022). Likewise, Sox2 enhancer 

clusters overlap with regions enriched with Pol II (Liu et al., 2014). Additionally, HMGBs 

form liquid condensates with transcriptional machinery in vitro (Boija et al., 2018; Feric 

et al., 2021) and HMGBs association with chromatin was modified when RNA Pol II 

driven nascent RNA transcription was inhibited (Skalska et al., 2021). Intriguingly, Sox 

family proteins are thought to be pioneer TFs that regulate gene expression by binding 

to enhancer regions (Kagawa & Kurumizaka, 2021; Soufi et al., 2015; Vanzan et al., 

2021; Zaret & Carroll, 2011), perhaps Sox proteins regulate the expression of and bind to 

nascent enhancer RNAs as a means to jumpstart transcription hub formation. Together, this 

suggests HMGB-RNA interactions are essential for maintaining and/or recruiting HMGBs 

and other transcriptional machinery within or to transcriptional hubs (Figure 7). Notably, 

this model cannot describe all HMGB-RNA interaction mechanisms as HMGBs also act 

as transcriptional repressors and co-localize with RNAs at genomic sites trans from their 

transcription start sites.

Another, yet more speculative mechanism is that HMGBs and their interacting RNAs co-

migrate throughout the cell to regulate gene expression. This notion is supported because 

Sox2 has genomic co-localization and associates with RMST, linc1614, MEG3 and CCAT1 

RNAs. Excitingly, Sox2 regulates the expression of linc1614 and CCAT1 while also co-

localizing with the RNAs at cis and trans genomic sites, suggesting that Sox2 may associate 

with linc1614 or CCAT1 as nascent/newborn RNAs and migrate as a complex to regulatory 

genomic sites. Perhaps these RNAs, comparable to mRNA export processes with messenger 

RNPs (Katahira, 2015), act as migratory scaffold RNPs that promotes or prevents enzymatic 

protein modifications or PPIs which results in a decrease or increase of HMGB TF/ChRP 

non-specific interactions with genomic DNA, RNA, or proteins. This could reduce protein 

search times, resulting in a more selective and responsive cellular environment.

Steady state RNA, which include stable processed ncRNAs and mRNAs, also appears 

to be important for HMGB localization. HMGB1 and HMGB2 proteins have decreased 

concentrations in the nucleus and increased in the cytoplasm in the presence of HCV RNA 

and CRCMSL, respectively. Whether these RNAs interact with HMGBs immediately after 
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translation in the cytoplasm or after nuclear export is not known as the HMGB PTM 

landscape is likely different and could impact interactions with RNA (Andersson et al., 

2014; Richard et al., 2017; Williams et al., 2020). Collectively, HMGB-RNA interactions 

impact HMGB localization, likely through a multitude of mechanisms, possibly even within 

the same protein, suggesting a rich field of future discovery exists.

5. HMGB-RNA INTERACTIONS IN HUMAN DISEASE

HMGBs are involved in many human diseases that have been attributed to their DNA-

binding activities; however, HMGBs interactions with RNA likely play a role as well 

(Lomeli & Castillo-Robles, 2016; Niu et al., 2020; Novak et al., 2020; Stevanovic et al., 

2021; Taniguchi et al., 2018; Voong et al., 2021; Vozarikova et al., 2020). HMGB-RNA 

interactions occur in a variety of cancer cell lines with HMGB-RNA interactions likely 

impacting cancer progression in multiple myeloma cells (HMGB1(Gao et al., 2017) and 

Sox2 (Zhuang et al., 2015)), squamous cell carcinoma cells (Sox2, (Jiang et al., 2018)), 

transitional carcinoma cells (Sox2, (Tung et al., 2010)), hepatocellular carcinoma cells 

(Sox4, (Chen et al., 2020)), esophageal squamous carcinoma cells (Sox2, (Zhang et al., 

2020)), lung cancer cells (LEF1(B. Li et al., 2021), Sox9 (Pei et al., 2021)) and colorectal 

cancer cells (Sox2,(Q. Li et al., 2021), HMGB2, (Han et al., 2019)). Multiple HMGBs 

are labeled as oncogenes, including the Sox and HMGB subfamilies (Moreno, 2020; 

Pouremamali et al., 2022; Weina & Utikal, 2014; Zhang & Sun, 2020; Zheng et al., 2022). 

Further, Sox2 and Sox10 associate with RNA in cells obtained from a Kallman syndrome 

patient (Stamou et al., 2020). HMGB1 also interacts with RNA from HCV infected cells (Yu 

et al., 2015). HMGBs are also involved in immune response pathways, perhaps their ability 

to bind RNA is important in these processes, like HMGB1 or HMGB3. All together this 

suggests HMGBs interactions with RNA and its related dysfunction likely directly impact 

human health, an important area for further study.

6. FUTURE CHALLENGES

Much remains unknown about HMGB-RNA biology and we hope that this review inspires a 

push to extend the boundaries of knowledge in this area. While the cumulative evidence 

clearly establishes that HMBGs interact with RNA to affect biological processes, key 

questions remain unanswered. Some of the missing pieces that need to be explored more 

fully to understand HMGB biology are as follows.

Certain questions are more easily understood using in vitro experimental approaches. For 

example, a central feature of the interaction of HMGBs with DNA is the induction of 

significant bends that are crucial for their function as TFs and ChRPs. Whether HMGBs 

induce structural changes in the RNA has not been established. No HMGB-RNA structure 

has been solved that would some shed light on potential structural changes; however, this is 

likely to be a particularly important and challenging problem. It’s also possible that there’s 

a connection between the sequence/structure of DNA and RNA that HMGBs prefer. While it 

appears that both SS and NSS HMGBs bind to stem loop and G-quadruplex RNAs, whether 

and how these in vitro specificities for RNA transfer to in vivo activities is not yet known. 
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Thus, it is essential to identify in vivo, site-specific HMGB RNA binding sites which will 

aid in building evidence-based models.

As shown in this review, some HMGBs have only circumstantial or association evidence 

that they are RBPs, thus, whether these proteins directly interact with RNA in vivo needs 

to be determined. Intriguingly, some HMGB studies suggest mechanistically unrelated DNA 

and RNA binding functions for individual proteins, yet there exists no “picture-perfect” 

separation of function mutant to date that would enable isolation of DNA and RNA binding 

functions in vivo. However, as they are so closely tied to the HMGB-DBD, this will 

be a very challenging problem to solve. These types of mutants will be invaluable for 

mechanistic studies of the RNA binding activity and function of HMGB-DBDs. A separate 

but interesting problem is why are HMGBs localized within RNP granules. Is this by chance 

when RNAs they are bound to form into RNP granules or is there an associated function? 

Finally, what is the role of partner proteins on the partitioning of HMGBs between RNA and 

DNA. In particular, isolated HMGB-DBDs appear to bind a broad spectrum of RNA motifs 

in vitro. Do partner proteins determine the specificity of an HMGB for RNA targets?

Some other more speculative, but interesting, questions remain. What is the distribution 

of HMGBs bound to DNA or RNA, is it possible that HMGBs are stochastically bound 

to RNA more than DNA in vivo? Could HMGB PTMs or RNA modifications impact 

RNA binding potential and/or selectivity? HMGB-RNA interactions appear to utilize several 

distinct mechanisms and excitingly, it’s possible these mechanisms may be used by other 

dual DNA and RNA binding proteins, further illustrating the importance of understanding 

HMGB-RNA interactions more in depth in the future.

Conclusion

Collectively, this review summarizes the current body of evidence that demonstrates the 

HMGB family is an RNA binding family. The finding that HMGBs widely and robustly 

directly interact with RNAs in vitro and in vivo, are localized to regions of RNA processing, 

and their protein partners are enriched with RBPs has been established from many studies 

using a broad spectrum of experimental approaches. This observation, however, raises many 

important questions as to the functional role of HMGB-RNA interactions. Furthermore, 

it also increasingly clear that other TFs similarly have both robust DNA and RNA 

binding activities that are crucial for their cellular function. This review thus illustrates 

a key challenge in understanding the regulation of the genome by the transcriptome by 

highlighting the breadth of evidence that HMGBs are dual DNA and RNA binding proteins 

whose full range of biological activities are yet to be fully understood.
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Figure 1. 
Structures of HMGB domains (cyan) bound to dsDNA (blue). A. Structure of Sox2 HMGB 

domain bound to consensus dsDNA, PDB: 1O4X (Williams et al., 2004). B. Structure of 

TFAM, a dual HMGB domain protein bound to dsDNA, PDB: 3TMM (Ngo et al., 2011). 

TFAM’s grey domain is not part of the HMGB domains. These images were rendered with 

PyMOL.
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Figure 2. 
HMGB-DBD sequence similarities suggests RNA binding potential. Sequence alignment, 

using MUSCLE,(Madeira et al., 2022) of the 48 human HMGB domains with sequences 

obtained from UniProt (UniProt, 2021) On the left, HMGBs are split into their respective 

subfamilies which have higher conservation within the subfamily (Sox, TCF/Lef1, HMGB, 

TOX), other HMGBs do not have a defined subfamily (non-sequence specific (NSS) and 

sequence specific (SS)). Sox9 (blue)(Girardot et al., 2018), MAEL (magenta)(Genzor & 

Bortvin, 2015), Sox2 (purple)(Holmes et al., 2020), Sox2 + MAEL overlap (orange) mutated 
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residues are involved in RNA binding or associations. Some of these residues are highly 

conserved throughout the HMGB family (top). * = HMGB with evidence for binding or 

associating with RNA.
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Figure 3. 
List of HMGBs with evidence for localization within stress granules, nucleolus, nuclear 

speckles, or other RNP granules. HMGBs localized to stress granules: UBTF (Markmiller 

et al., 2018), SSRP1 (Markmiller et al., 2018), MAEL (Jain et al., 2016; Yuan et al., 2014), 

HMGB3 (Jain et al., 2016), TFAM (Markmiller et al., 2018), HMGB1 (Markmiller et al., 

2018). HMGBs localized to the nucleolus: UBTF, Sox15, HMGB2, HMGB3, TOX, TOX4 

(Thul et al., 2017). HMGBs localized to nuclear speckles: SRY (Sato et al., 2011; Ohe 

et al., 2002), Sox6 (Ohe et al., 2002), Sox7 (Thul et al., 2017), TOX4 (Thul et al., 2017), 

SMARCE1(Saitoh et al., 2004), HBP1 (Thul et al., 2017). HMGBs localized to other RNP 
granules: TCF7L2 (Thul et al., 2017), PMS1 (Thul et al., 2017), SP100 (Thul et al., 2017), 

Sox10 (Chaoui et al., 2015), Sox9 (Hata et al., 2008; Penrad-Mobayed et al., 2018).
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Figure 4. 
HMGB protein interactome is enriched with biologically productive RNA binding proteins. 

APID (Alonso-Lopez et al., 2019; Alonso-Lopez et al., 2016) coupled with a Gene Ontology 

analysis (Ashburner et al., 2000; Gene Ontology, 2021) identified HMGBs that interact with 

proteins involved in the following: Molecular Function, binds DNA or RNA; Biological 

Process, RNA metabolism; and Cellular Component, found within RNP assemblies. A. If 

at least one HMGB protein interactor had the Gene Ontology assignment it is colored 

green and if no evidence was found it is colored grey. # of HMGB protein interactors from 
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APID, the % of interactors with DNA or RNA binding assignments, and interactors with or 

without evidence for each Gene Ontology assignment. B. Total number of HMGBs from A. 

compiled into pie charts for each Gene Ontology assignment.
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Figure 5. 
Cartoon of mechanism for how HMGBs interact with RNAs that act as scaffolds. A. 

HMGBs recognize damaged DNA and recruit or interact with RNA at sites of DNA damage. 

B. HMGBs and RNA recruit DNA repair proteins C. DNA repair complex repairs damaged 

DNA. D. HMGBs and enzymes with RNA binding domains (RBD) bind to the same RNA. 

E. This brings RNA binding enzymes and their HMGB substrates together to expedite post 

translation modifications (PTM). F. HMGB is released following PTM.
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Figure 6. 
Cartoon of possible mechanisms for how HMGBs impact splicing outcomes by binding 

RNA. A. HMGBs and splicing factors (SFs) form RNA protein complexes upon nascent 

RNA, impacting splicing outcomes. B. HMGBs interaction with nascent RNA may block 

SFs access to RNA or alter splicing complex composition, resulting in altered splicing. C. 
HMGBs may bind and alter the structure of the RNA to recruit specific SFs or to prevent 

binding of SFs.
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Figure 7. 
Cartoon depiction of HMGB-RNA interactions impacting HMGB genomic localization A. 

HMGBs may assist in the formation and maintenance of transcription hubs. Rather than 

HMGBs diffusing away from their genomic bound sites, nascent or stable, processed RNAs 

interact with HMGBs. HMGBs not within the transcription hub but diffusing nearby may 

be captured by RNAs on the periphery of the transcription hub. B. HMGB interactions with 

RNA at transcription hubs maintain or increase HMGBs concentration within.
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Table 1.

Summary of literature evidence for HMGB family interactions with RNA. List of HMGBs that directly 

interact with RNA are labeled as binds. HMGBs that interact with RNA, but it is unknown whether the 

interaction is direct or indirect are assigned as associates. *HMGBs that do not yet have direct RNA binding or 

association evidence are listed at the bottom. Unknown = UK.

HMGB protein Binds to RNA, (reference) Associates with RNA, (reference)

BBX (Yan et al., 2021) (Caudron-Herger et al., 2019)

CIC (Queiroz et al., 2019) UK

LEF1 (Hamilton et al., 2022) (B. Li et al., 2021)

Sox1 (Hou et al., 2020) UK

Sox2 (Hamilton et al., 2022; Holmes et al., 2020), (Cajigas et al., 2021; Hou et al., 
2020; Tung et al., 2010)

(Bai et al., 2022; Du et al., 2021; Guo et 
al., 2018; Jiang et al., 2018; Jing et al., 

2020; Q. Li et al., 2021; Ng et al., 2013; 
Ng et al., 2012; Samudyata et al., 2019; 
Stamou et al., 2020; Zhang et al., 2020; 
H. Zhang et al., 2021; Zhou et al., 2022; 

Zhuang et al., 2015)

Sox4 UK (Chen et al., 2020)

Sox6 (Hamilton et al., 2022) UK

Sox9 (Hamilton et al., 2022) (Girardot et al., 2018; Pei et al., 2021; 
Penrad-Mobayed et al., 2018)

Sox10 UK (Stamou et al., 2020)

Sox11 (Hamilton et al., 2022) UK

Sox13 (Yan et al., 2021) UK

Sox15 (Hamilton et al., 2022) UK

Sox17 (Hamilton et al., 2022) UK

Sox21 (Hamilton et al., 2022) UK

Sox30 (Hamilton et al., 2022) UK

SRY (Hamilton et al., 2022) UK

TCF7 (Park et al., 2005; Lee & Jeong, 2004) UK

TFAM
(Castello et al., 2016; Trendel et al., 2019; Baltz et al., 2012; Brown et al., 

2015; Castello et al., 2012; Dvir et al., 2021; Lyonnais et al., 2017; Sysoev et 
al., 2016; Urdaneta et al., 2019; Yan et al., 2021)

(Caudron-Herger et al., 2019)

HM20A UK (Mallam et al., 2019)

HM20B UK (Caudron-Herger et al., 2019; Mallam et 
al., 2019)

HMGB1

(Baltz et al., 2012; Beckmann et al., 2015; Bell et al., 2008; Brieno-Enriquez 
et al., 2019; Castello et al., 2012; Castello et al., 2016; Choi et al., 2020; Dvir 
et al., 2021; He et al., 2016; Huang et al., 2018; Ignarski et al., 2019; Lee et 

al., 2012; Oh & Lee, 2014; Queiroz et al., 2019; Sofiadis et al., 2021; Trendel 
et al., 2019; Yan et al., 2021; Yanai et al., 2009; Yu et al., 2015)

(Gao et al., 2017; Lou et al., 2021; 
Scherer et al., 2020; Yanai et al., 2011; 

Yamanaka et al., 2015)

HMGB2

(Baltz et al., 2012; Beckmann et al., 2015; Castello et al., 2012; Castello et al., 
2016; He et al., 2016; Iadevaia et al., 2020; Ignarski et al., 2019; Kwon et al., 
2013; Queiroz et al., 2019; Trendel et al., 2019; Yamanaka et al., 2015; Yan et 

al., 2021; Yanai et al., 2009)

(Han et al., 2019; Yamanaka et al., 2015)

HMGB3
(Baltz et al., 2012; Beckmann et al., 2015; Castello et al., 2016; Khoury et al., 
2021; Queiroz et al., 2019; Trendel et al., 2019; Yan et al., 2021; Yanai et al., 

2009)

UK

HMGXB4 (He et al., 2016; Urdaneta et al., 2019) UK

MAEL (Chen et al., 2015; Genzor & Bortvin, 2015) UK
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HMGB protein Binds to RNA, (reference) Associates with RNA, (reference)

NSD2 (Sysoev et al., 2016; Yan et al., 2021) (Caudron-Herger et al., 2019)

PBRM1 (He et al., 2016; Ignarski et al., 2019), (Bao et al., 2018; Urdaneta et al., 
2019), (Yan et al., 2021) (Caudron-Herger et al., 2019)

PMS1 (Castello et al., 2016), UK

SMARCE1 (He et al., 2016; Urdaneta et al., 2019) (Caudron-Herger et al., 2019)

SP100 (Queiroz et al., 2019; Yan et al., 2021) UK

SSRP1
(Baltz et al., 2012; Bao et al., 2018; Beckmann et al., 2015; Castello et al., 

2012; He et al., 2016; Huang et al., 2018; Ignarski et al., 2019; Perez-Perri et 
al., 2018; Queiroz et al., 2019; Urdaneta et al., 2019; Yan et al., 2021)

(Caudron-Herger et al., 2019; Mallam et 
al., 2019; Wang et al., 2018)

TOX2 UK (Caudron-Herger et al., 2019)

TOX3 UK (Caudron-Herger et al., 2019)

TOX4 (He et al., 2016; Urdaneta et al., 2019; Yan et al., 2021) (Caudron-Herger et al., 2019)

UBTF
(He et al., 2016; Trendel et al., 2019), (Baltz et al., 2012; Ignarski et al., 2019), 
(Bao et al., 2018; Castello et al., 2012; Perez-Perri et al., 2018; Queiroz et al., 

2019; Yan et al., 2021)

(Caudron-Herger et al., 2019; Scherer et 
al., 2020)

WDHD1 (Bao et al., 2018; Queiroz et al., 2019; Urdaneta et al., 2019; Yan et al., 2021) UK

*
HMGBs with unknown RNA binding or association experimental evidence: HBP1, Sox3, Sox5, Sox7, Sox8, Sox12, Sox14, Sox18, TCF7L1, 

TCF7L2, HMGB4, TOX.
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Table 2.

List of HMGBs that directly interact with RNA in vitro. If evidence was found, RNA and DNA binding 

preferences with affinities are listed followed by references. Unknown = UK.

HMGB 
protein 

(species)

HMGBs Bind RNA in vitro DNA Binding in vitro

Preferred RNA Ligands, [binding affinity] 
(reference)

Less preferred RNA 
ligands, [binding 

affinity] (reference)

DNA Ligands, [binding affinity] 
(reference)

Sox2, 
(human)

dsRNA elements including: stem loops with 
internal bulges, [~10–80 nM]; tRNAleu, [27 nM]; 
riboswitch, [26 nM], EVF2 lncRNA (Cajigas et 
al., 2021; Holmes et al., 2020; Hou et al., 2020; 

Tung et al., 2010)

ssRNA, [500 nM] 
(Holmes et al., 2020)

consensus dsDNA, [0.4–15 nM]; 
nucleosomal DNA, [0.3–1.4 nM]; non-

consensus dsDNA, [550 nM] (Holmes et 
al., 2020; Moosa et al., 2018; Palasingam 

et al., 2009; Scaffidi & Bianchi, 2001; 
Soufi et al., 2015)

Sox Family 
HMGB 

domains, 
(human)

RNA 4way-junction, [1.6–96 nM]; Stem loop 
w/ internal bulge, [6.9–360 nM]; ES2 lncRNA 

fragment, [1.5–100 nM]; TERRA G-quadruplex, 
[0.2–130 nM] (Hamilton et al., 2022)

UK

consensus dsDNA, [0.5–31 nM]; non-
consensus dsDNA, [310– 1200 nM] 
(Connor et al., 1994; Hamilton et al., 

2022; Mertin et al., 1999; Palasingam et 
al., 2009)

Sox30, 
(human)

RNA 4way-junction, [990 nM]; ES2 lncRNA 
fragment, [910 nM]; TERRA G-quadruplex, [460 

nM] (Hamilton et al., 2022)

Stem loop w/ internal 
bulge, [3100 nM] 

(Hamilton et al., 2022)

consensus dsDNA, [72 nM]; non-
consensus dsDNA, [≥5000 nM] 

(Hamilton et al., 2022)

LEF1, 
(human)

RNA 4way-junction, [89 nM], ES2 lncRNA 
fragment, [61 nM], TERRA G-quadruplex, [4.1 

nM] (Hamilton et al., 2022)

Stem loop w/ internal 
bulge, [630 nM] 

(Hamilton et al., 2022)

consensus dsDNA, [1–1.6 nM]; non-
consensus dsDNA, [1000 nM] (Giese et 

al., 1991; Hamilton et al., 2022)

TCF7, 
(human)

dsRNA elements containing stem loop with 
internal bulge, [100–500 nM] (Lee & Jeong, 

2004; Park et al., 2005)

dsRNA elements with 
stem loop with internal 
bulges (Lee et al., 2005)

UK

TFAM, 
(human)

RNA:DNA 4WJ, [300 nM]; RNA 4WJ, [279 and 
99 nM]; tRNA, [71 nM]; Hybrid DNA:RNA and 
RNA G-quadruplexes, [1–2 nM] (Brown et al., 

2015; Lyonnais et al., 2017)

ssRNA (poly AC or U), 
dsRNA, dsRNA hairpin 

loops, linear dsRNA/DNA 
hybrids (Brown et al., 

2015)

consensus dsDNA, [0.3–9 nM]; non-
consensus dsDNA [100 nM]; DNA 4WJ, 
[63 nM] (Brown et al., 2015; Lyonnais et 

al., 2017)

HMGD, (fly)
TAR RNA, [29 nM]; dsRNA stem loop, [36 nM]; 
linear dsRNA, [70 nM]; bulged dsRNA, [53 nM] 

(Arimondo et al., 2000)

ssRNA (Arimondo et al., 
2000)

dsDNA and bulged DNA, [~85 nM]; 
DNA microcircle, [~1 nM] (Payet & 

Travers, 1997)

HMGB1, 
(human)

dsRNA elements including stem loops and 
internal bulges, siRNA, poly (I:C) (Bell et al., 
2008; Choi et al., 2020; Lee et al., 2012; Oh & 
Lee, 2014; Yanai et al., 2009; Yu et al., 2015)

E. coli tRNA (Yu et al., 
2015)

4WJ DNA; DNA minicircles, [0.01–5 
nM]; semicatenated DNA, [~0.16 pm]; 
ssDNA; cruciform DNA; supercoiled 

DNA; Z-DNA (Gaillard & Strauss, 2000; 
Jaouen et al., 2005; Webb et al., 2001; 

Webb & Thomas, 1999)

HMGB2, 
(human) LRP1-AS ncRNA (Yamanaka et al., 2015) LRP1-mRNA (Yamanaka 

et al., 2015)

chromium damaged DNA, [1 nM]; 
dsDNA, [610 nM] semicatenated DNA, 
(Gaillard & Strauss, 2000; Wang et al., 

1997; Yoshioka et al., 1999)

HMGB3, 
(human)

HIV-1 Tat mRNA containing dsRNA elements, 
including stem loops and internal bulges (Khoury 

et al., 2021)
UK UK

MAEL, 
(mouse, 
bombyx)

RNA 4WJ, [640 nM]; ssRNA, [130–220] (Chen 
et al., 2015; Genzor & Bortvin, 2015)

dsRNA, RNA hairpins, 
ssRNA (Genzor & 

Bortvin, 2015)

DNA 4wj, [14 nM] (Genzor & Bortvin, 
2015)

CsHMG, 
(plant)

poly (U) and poly (G) RNA (de Souza et al., 
2012)

poly (AU) RNA (de Souza 
et al., 2012) dsDNA (de Souza et al., 2012)

DssRP, (fly) poly (U) and poly (G) RNA (Hsu et al., 1993) poly (A) or poly (C) RNA 
(Hsu et al., 1993) ssDNA (Hsu et al., 1993)
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