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Abstract

DNA methylation represents a fundamental epigenetic modification that regulates chromatin 

architecture and gene transcription. Many diseases, including cancer, show aberrant methylation 

patterns that contribute to the disease phenotype. DNA methylation inhibitors have been used to 

block methylation dependent gene silencing to treat hematopoietic neoplasms and to restore 

expression of developmentally silenced genes. However, these inhibitors disrupt methylation 

globally and show significant off- target toxicities. As an alternative approach, we have been 

studying readers of DNA methylation, the 5-methylcytosine binding domain family of proteins, as 

potential therapeutic targets to restore expression of aberrantly and developmentally methylated 

and silenced genes. In this review, we discuss the role of DNA methylation in gene regulation and 

cancer development, the structure and function of the 5-methylcytosine binding domain family of 

proteins, and the possibility of targeting the complexes these proteins form to treat human disease.
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1. Introduction

DNA methylation, a fundamental epigenetic mediator of gene regulation in animals, 

primarily involves the addition of a methyl group to carbon-5 of a cytosine base, creating 5-

methylcytosine, first identified in biological material in 1925 (Johnson & Coghill, 1925). 

However, it was not until the late 1940s that Hotchkiss identified a unique base in 
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mammalian tissue, which he referred to as epicytosine for its migration relative to cytosine 

in paper chromatography, and suggested it may represent 5-methylcytosine (Hotchkiss, 

1948). Then in the early 1950s Wyatt isolated and quantified 5- methylcytosine from animal 

and plant tissues (Wyatt, 1950, 1951). The functional significance of this DNA modification 

in gene regulation was hypothesized by Holliday and Pugh (Holliday & Pugh, 1975) and 

Riggs (Riggs, 1975). Subsequent seminal work by Jones and Taylor in the late 1970s 

showed that the pyrimidine analog 5-azacytidine induced cellular differentiation by blocking 

enzymatic DNA methylation (Constantinides, Taylor, & Jones, 1978; Jones & Taylor, 1980; 

Taylor & Jones, 1979). Important early studies showing an inverse correlation between 

cytosine methylation and gene expression offered an explanation for how DNA methylation 

might control gene expression (McGhee & Ginder, 1979; Razin & Riggs, 1980; Shen & 

Maniatis, 1980; van der Ploeg & Flavell, 1980). 5-azacytidine eventually became the first 

epigenetic modifier to be used clinically (Charache, et al., 1983; Ley, et al., 1982), and 

remains one of the few, to be FDA approved for therapy (Itzykson & Fenaux, 2014; Scott, 

2016). At the same time, Bird demonstrated that DNA methylation occurred almost 

exclusively on cytosine bases in a cytosine-guanosine dinucleotide (CpG) to generate a 

symmetrically methylated dinucleotide (mCpG) (Bird, 1978; Bird & Southern, 1978). 

Hence, cell division generates two daughter cells with hemimethylated dinucleotides, that 

can be converted into fully methylated sites to maintain the symmetric modification.

These foundational studies established a mechanism by which epigenetic information could 

be transmitted across cell division, and led to the exciting and active field of epigenetics. 

Despite extensive research over the past forty years and clinical experience with 

hypomethylating agents, the precise mechanistic role of DNA methylation in gene regulation 

is not fully understood, and only a few drugs that abrogate the effects of DNA methylation 

for therapeutic benefit have been developed. In this review, we will discuss how the 

methylation mark is interpreted by the 5- methylcytosine binding domain (MBD) family of 

proteins and explore the possibility of selectively targeting these proteins and protein 

complexes for therapy.

2. DNA methylation

2.1 The role of DNA methylation in gene regulation

DNA methylation is present across all three branches of life, yet the function and 

distribution vary. Prokaryotes methylate both adenosine (6-methyladenosine) and cytosine 

bases (4- and 5-methylcytosines) to regulate restriction endonuclease activity, gene 

expression, and transposons (Blow, et al., 2016; Casadesus & Low, 2006). In animals, the 

DNA methyltransferase (DNMT) enzymes, add methyl groups to the carbon-5 position of 

cytosine bases (5-methylcytosine), predominantly but not exclusively those found in CpGs 

(Fig. 1a). Invertebrate animals have relatively low levels of total 5-methylcytosine, and a few 

species apparently completely lack cytosine methylation (Suzuki & Bird, 2008). When 

present in invertebrates, it tends to be localized to gene bodies and transposable elements 

(Zemach, McDaniel, Silva, & Zilberman, 2010; Zemach & Zilberman, 2010). In contrast, 

vertebrate animals methylate the majority of CpGs throughout their genome, sparing only 

those that occur in regions with relatively increased numbers of CpGs, known as CpG 
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islands (CGIs). These CGIs are largely unmethylated and overlap with promoters of most 

genes. When a promotor- associated CGI is methylated, the downstream gene tends to be 

silenced. Hence, the pattern of CpG methylation in vertebrates and association with gene 

silencing suggests that DNA methylation can directly regulate gene expression in a heritable 

fashion.

Spontaneous deamination of 5-methylcytosines generates C → T and G → A transition 

mutations (Fig. 1a) (Cooper, Mort, Stenson, Ball, & Chuzhanova, 2010; Duncan & Miller, 

1980). Therefore, CpG dinucleotides are a common source of mutation in vertebrate 

genomes. Over evolutionary timescales, CpG dinucleotides have been lost, presumably 

through spontaneous deamination, leading to an apparent deficiency of CpG (1.0%) and 

excess of TpG (7.4%) dinucleotides in the human genome (Jabbari & Bernardi, 2004; Josse, 

Kaiser, & Kornberg, 1961; Swartz, Trautner, & Kornberg, 1962). Hence, CGIs are defined 

by a relative increase in CpG density as compared to the rest of the genome, but this density 

often only approaches the level one would expect by random chance. A common definition 

of a CGI requires the incidence of CpGs in a 200 base-pair or more stretch of DNA to be 

greater than 60% of that expected for a random sequence containing a comparable GC 

content (Gardiner- Garden & Frommer, 1987; Illingworth & Bird, 2009). This observation 

raises a “chicken or egg” question, does active inhibition of methylation in promoters reduce 

spontaneous deamination thereby increasing the CpG density, or is the CpG density 

selectively retained for functional purposes that require a lack of methylation (Bird, 1986)?

This conundrum was recognized from the earliest studies of methylation dependent gene 

regulation. Bird proposed that active transcription involves binding of factors that block 

DNMT access to the DNA, such that promoter associated CGIs reflect passive 

demethylation of actively transcribed genes (Bird, 1986). In contrast, studies of 5- 

azacytidine and globin regulation demonstrated that demethylation of developmentally 

regulated genes could activate transcription (Busslinger, Hurst, & Flavell, 1983; Charache, et 

al., 1983; DeSimone, Heller, Hall, & Zwiers, 1982; Ginder, Whitters, Kelley, & Chase, 

1983; Ginder, Whitters, & Pohlman, 1984; Ley, et al., 1982). This gene activation requires 

additional epigenetic modifiers or transcription factors, leading to the concept that an 

unmethylated CGI reflects a permissive but not prescriptive state for transcription. Most 

DNA methylation occurs at non-regulatory sites, such that changes in global methylation do 

not necessarily reflect changes in transcription. Therefore, large-scale changes in DNA 

methylation can obscure differential methylation that contributes to development gene 

regulation and carcinogenesis (Edwards, Yarychkivska, Boulard, & Bestor, 2017; Spencer, et 

al., 2017). Furthermore, DNA methylation contributes to X-inactivation, genetic imprinting, 

and inhibition of transposons, whereas enforced DNA methylation of specific genes is 

strongly associated with transcriptional silencing. Hence, while disagreement continues, the 

general consensus is that methylation of a promoter-associated CGI most often reflects long-

term silencing, methylation of gene bodies is often associated with active transcription, and 

demethylation of promoter associated CGIs is necessary, but not sufficient, for transcription 

(Tirado-Magallanes, Rebbani, Lim, Pradhan, & Benoukraf, 2017; van der Ploeg & Flavell, 

1980).
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2.2 The ten-eleven translocation enzymes and DNA demethylation

The metazoan DNMT enzymes utilize S-adenosyl methionine to add a methyl group to 

carbon-5 of the cytosine base. The de novo methyltransferases, DNMT3A and DNMT3B, 

modify symmetrically related cytosine bases in a CpG dinucleotide whereas the maintenance 

methyltransferase, DNMT1, recognizes hemimethylated sites and restores symmetric 

methylation during replication (Jeltsch, 2006; Jurkowska & Jeltsch, 2016). Thus, the 

enzymatic mechanism by which new methylated sites are introduced and maintained across 

cell division has been well established. Until relatively recently, however, it remained 

unclear if or how methylation was actively removed from DNA. In the absence of an 

enzymatic demethylase, 5-methylcytosines can be lost through a passive mechanism in 

which DNMT1 fails to restore symmetric methylation after cell division. This mechanism, 

though, cannot explain the rapid wave of demethylation that occurs during early 

embryogenesis and in the absence of cell division (Mayer, Niveleau, Walter, Fundele, & 

Haaf, 2000).

One of the more exciting discoveries over the past decade was the identification of the ten-

eleven translocation dioxygenase (TET) enzymes that specifically oxidize 5- 

methylcytosines to sequentially generate 5-hydroxymethylcytosine, 5-formylcytosine, and 5-

carboxylcytosine bases (Fig. 1b) (He, et al., 2011; Tahiliani, et al., 2009). The latter two 

oxidative derivatives, 5-formylcytosine and 5-carboxylcytosine, can be recognized by 

thymine DNA-glycosylase (TDG) of the base-excision repair pathway, possibly with 

participation of other factors in this pathway, followed by enzymatic removal from DNA 

(Bochtler, Kolano, & Xu, 2017; Hashimoto, Hong, Bhagwat, Zhang, & Cheng, 2012; 

Hashimoto, Liu, et al., 2012; Hashimoto, Zhang, Vertino, & Cheng, 2015; Schomacher & 

Niehrs, 2017). The identification of TET oxidation provided a mechanistic answer to the 

long-standing question in the field of how 5-methylcytosine is actively removed. Although 

the oxidative modifications are present at much lower levels than 5-methylcytosine, some 

tissues and genomic loci show persistent hydroxymethylation, suggesting that this 

modification may represent an independent epigenetic mark (Hahn, Szabo, & Pfeifer, 2014). 

Nonetheless, a growing consensus views these oxidative derivatives as functioning primarily, 

but not exclusively, as a pathway for active demethylation.

2.3 The role of DNA methylation in cancer

Changes in DNA methylation patterns have been associated with carcinogenesis and, as 

such, extensively documented and investigated for the past forty years (Baylin, et al., 1986; 

Baylin & Jones, 2011; Burdon, 1966; Christman, 1984; Jones, 1986). Unlike loss-of-

function tumor suppressor gene mutations or gain-of-function oncogene activating 

mutations, DNA methylation dependent changes in transcription are potentially reversible 

without genome editing. Therefore, as tumor suppressor genes frequently contain CpG rich 

promoters that are aberrantly silenced in tumors, DNA methylation inhibitors have the 

unique potential to restore the function of tumor suppressor genes. Vogelstein first 

demonstrated that changes in DNA methylation precede the development of invasive 

colorectal carcinoma (Feinberg & Vogelstein, 1983; Goelz, Vogelstein, Hamilton, & 

Feinberg, 1985). Dysplastic adenomas show global hypomethylation with selective 

hypermethylation of tumor suppressor genes. This observation leads to the hypothesis that 
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epigenetic silencing of tumor suppressor genes contributes to carcinogenesis and suggests 

that reversing this silencing could inhibit cancer growth and possibly prevent its 

development. Subsequent work revealed that many of the methylated CpG islands in 

colorectal cancer are also methylated in normal colon in an age-dependent manner (Toyota, 

et al., 1999). Yet, in a subset of colorectal cancers, there is methylation of a distinct set of 

genes that are unmethylated in normal colonic epithelium, leading to the concept of a CpG 

island methylator phenotype (CIMP). The CIMP colorectal cancers often harbor methylated 

tumor suppressor genes, such as CDKN2A, and frequently display microsatellite instability 

with associated methylation and silencing of the DNA mismatch repair gene MLH1. More 

robust analyses of promoter methylation have supported the concept of CIMP within tumors 

showing microsatellite instability and found correlations with specific mutations such as 

SRAFV600E (Ang, Li, Soong, & lacopetta, 2009; Ogino, et al., 2007). However, no clear 

consensus has emerged for how to identify CIMP, nor for the overall prognostic significance 

of this category (Jia, Gao, Zhang, Hoffmeister, & Brenner, 2016; Jia, Jansen, et al., 2016; 

Kim, Huh, Kim, & Kim, 2017).

The CIMP concept has been extended to other solid tumors. For example, a subset of low-

grade gliomas contains driver mutations in isocitrate dehydrogenase (IDH) and harbor 

hypermethylation across their genome. Specific mutations in IDH1 or IDH2 generate 

neomorphic enzymatic activity with the production of the oncometabolite D-2- 

hydroxyglutarate as opposed to the normal metabolite α-ketoglutarate (Dang, et al., 2009). 

Increased levels of D-2-hydroxyglutarate inhibit the TET enzymes, as well as other α-

ketoglutarate dependent enzymes, thereby blocking active DNA demethylation (Gross, et al., 

2010; Xu, et al., 2011; Zhao, et al., 2009). Consequently, mutations in the IDH proteins are 

associated with global increases in DNA methylation (Figueroa, et al., 2010; Noushmehr, et 

al., 2010; Turcan, et al., 2012). In brain tumors, the resulting change in methylation pattern 

inhibits DNA binding by the cohesion and CCCTC-binding factor (Hashimoto, et al., 2017; 

Liu, et al., 2016), which disrupts topologically associating domains and deregulates key 

oncogenes (Flavahan, et al., 2016). This model of methylation dependent formation of 

topologically associating domains represents one of the more exciting developments in the 

field, providing new insight into how DNA methylation can impact gene regulation. 

Additional studies have suggested that the link between DNA methylation, nucleosome 

occupancy, and cohesion and CCCTC-binding factor binding extends both to normal 

development and to other cancers (Ghirlando & Felsenfeld, 2016; Kang, et al., 2015; Teif, et 

al., 2014).

Changes in DNA methylation play a critical role in hematopoietic neoplasms (Issa, Baylin, 

& Herman, 1997; Jiang & Melnick, 2015; Toyota & Issa, 2005; Yang, Rau, & Goodell, 

2015). Several of the most common mutations found in myelodysplasia, acute myeloid 

leukemia, and lymphoma involve the TET, DNMT3A, and IDH enzymes (Guillamot, 

Cimmino, & Aifantis, 2016). These mutations either lead to decreased (DNMT3A) or 

increased (TET and IDH) levels of DNA methylation, although these changes are not 

universally observed. Importantly, clones harboring mutations in these enzymes, along with 

10–20 other genes, can be found in an age dependent manner in otherwise normal bone 

marrows (Buscarlet, et al., 2017; Zink, et al., 2017). These mutations have been associated 

with increased risk of subsequent hematopoietic neoplasm and often persist even after 

Ginder and Williams Page 5

Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remission (Busque, et al., 2012; Genovese, et al., 2014; Jaiswal, et al., 2014). The 

observation that clones harboring these mutations do not necessarily lead to hematological 

malignancies inspired the concept of clonal hematopoiesis of indeterminate potential (CHIP) 

(Steensma, et al., 2015). The CHIP mutations are not sufficient for the development of a 

hematopoietic neoplasm but may set the stage for leukemia by promoting stem cell self-

renewal.

The observation that CHIP mutations are found in normal bone marrow cells and are 

associated with both increased and decreased global levels of DNA methylation raise 

questions about the mechanistic role DNA methylation plays in driving aberrant 

hematopoiesis. In fact, a recent study by the Ley group suggests that increased DNA 

methylation in DNMT3A mutant leukemia may be a consequence of stem cell proliferation 

instead of a driver of leukemogenesis (Spencer, et al., 2017). Nonetheless, 5-azacytidine has 

shown significant efficacy in retrospective analyses of patients with myelodysplasia and 

TET mutations (Bejar, et al., 2014; Itzykson, et al., 2011) and in mouse models of 

neoplasms harboring TET and IDH mutations (Shih, et al., 2017), consistent the clinical 

utility of hypomethylating agents in myelodysplasia and subsets of acute myeloid leukemia 

(Plimack, Kantarjian, & Issa, 2007; Schuh, et al., 2017). A very recent study (Cimmino, et 

al., 2017) confirms that inducible knockdown of TET2 in bone marrow progenitors increases 

DNA methylation, augments bone marrow stem cell selfrenewal, and leads to a chronic 

myelomonocytic leukemia-like proliferation of white blood cells. Restoring TET2 

expression reverses these changes, suggesting that augmenting TET2 function could be a 

viable therapy for leukemia. Furthermore, supplementation with vitamin C, a co-factor for a-

ketoglutarate-dependent dioxygenases, increases DNA demethyation, sensitizes to PARP 

inhibition, and simulates the effects of restoring TET2 expression. This work raises the 

exciting possibility that vitamin C could selectively sensitize acute myeloid leukemia blasts 

to chemotherapy, but has yet to be tested in patients. Finally, work by the Issa group (Kelly, 

et al., 2017) has identified an acute myeloid leukemia CGI methylator phenotype that is 

independent of CHIP mutations and is associated with a better prognosis. Taken together, 

these findings suggest that regardless of its role in initiating abnormal hematopoiesis, 

aberrant DNA methylation may be critical for maintenance of tumor suppressor gene 

silencing in keeping with its apparent role in gene silencing in general (i.e. necessary but not 

sufficient). Hence, DNA methylation clearly plays an expanding, albeit complicated, role in 

hematopoietic neoplasms.

Finally, similar changes in DNA methylation patterns have been demonstrated in at least a 

large subset of breast (Davalos, Martinez-Cardus, & Esteller, 2017; Fang, et al., 2011; Holm, 

et al., 2016; Stefansson, et al., 2015), prostate (Kirby, et al., 2017; Massie, Mills, & Lynch, 

2017), melanoma (Micevic, Theodosakis, & Bosenberg, 2017), and other common cancers 

(Hao, et al., 2017). Despite the frequent association between DNA methylation and cancer, 

however, hypomethylating agents have not demonstrated clinical utility except in 

hematopoietic neoplasms and few solid tumors (Gnyszka, Jastrzebski, & Flis, 2013). 

Therefore, research efforts are currently directed towards developing new hypomethylating 

agents and combinations (Gnyszka, et al., 2013; Shih, et al., 2017; Singh, Sharma, & 

Capalash, 2013) as well as alternative methods of inhibiting the transcriptional effects of 

DNA methylation.
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3. The 5-methylcytosine binding domain

The discovery that DNA methylation modifies cellular differentiation (Jones & Taylor, 

1980) inspired a search for factors that selectively recognize the 5-methylcytosine base. 

Early biochemical approaches generated two nuclear fractions, MeCP1 and MeCP2, that 

preferentially bound to methylated DNA (Lewis, et al., 1992; Meehan, Lewis, McKay, 

Kleiner, & Bird, 1989). The second of these, MeCP2, comprised a single protein that 

contained a small, approximately seventy amino-acid domain that preferentially bound 

methylated CpGs. Subsequently, four additional proteins were identified that contain a 

similar 5-methylcytosine binding domain (MBD1–4) that show varying degrees of binding 

selectivity for methylated CpGs (Hendrich, Abbott, et al., 1999; Hendrich & Bird, 1998; 

Nan, Meehan, & Bird, 1993). Shortly thereafter, Wade and others in the Wolffe laboratory 

isolated a large protein complex from Xenopus laevis containing histone deacetylase, 

chromatin remodeling, and methylated DNA binding activities (Wade, Jones, Vermaak, & 

Wolffe, 1998). The complex they identified comprised either MBD2 or MBD3 along with 

five additional components, each of which have multiple paralogs, that has become known 

as the NuRD complex (Alqarni, et al., 2014; Le Guezennec, et al., 2006; Ng, et al., 1999; 

Smits, Jansen, Poser, Hyman, & Vermeulen, 2013; Spruijt, et al., 2010; Y. Zhang, et al., 

1999).

Of the remaining mammalian MBDs, MBD1 contains three additional CXXC DNA 

interacting domains that modify methylation selectivity (Ng, Jeppesen, & Bird, 2000). 

MBD1 recruits chromatin modifying enzymes to both methylated and unmethylated CGIs 

and largely silences transcription. In contrast, MBD4 contains a glycosylase domain that 

selectively recognizes G X (where X=T, U, or 5-hydroxymethyl-U) mismatches arising from 

spontaneous deamination of 5-methylcytosine, cytosine, and 5-hydroxymethylcytosine 

bases, respectively. MBD4 excises the mismatch base thereby initiating base-excision repair 

(Hendrich, Hardeland, Ng, Jiricny, & Bird, 1999; Morera, et al., 2012; Petronzelli, Riccio, 

Markham, Seeholzer, Genuardi, et al., 2000; Petronzelli, Riccio, Markham, Seeholzer, 

Stoerker, et al., 2000). The functional role of the MBD4 MBD remains unclear but likely 

contributes to localization of the protein to regions of increased mCpG content where G X 

mismatches are most likely to occur (Walavalkar, Cramer, Buchwald, Scarsdale, & Williams, 

2014). More recently, two additional MBD proteins have been identified, MBD5 and 

MBD6; however, the MBDs of these paralogs do not contain critical residues for DNA 

binding and, instead, function as protein-protein interaction domains in a de-ubiquitinating 

polycomb repressive complex (Baymaz, et al., 2014; Laget, et al., 2010).

3.1 Structure of the 5-methylcytosine binding domain

The structure of the MBD free in solution (MBD1 and MeCP2) and bound to DNA (MBD1, 

MBD2, MBD3, MBD4, and MeCP2) has been solved by both NMR and x-ray 

crystallography techniques (Cramer, et al., 2014; Heitmann, et al., 2003; Ho, et al., 2008; 

Manvilla, Maiti, Begley, Toth, & Drohat, 2012; Ohki, et al., 2001; Ohki, Shimotake, Fujita, 

Nakao, & Shirakawa, 1999; Otani, et al., 2013; Rauch, et al., 2005; Scarsdale, Webb, 

Ginder, & Williams, 2011; Wakefield, et al., 1999; Walavalkar, et al., 2014). The domain 

fold consists of a 3–4 strand antiparallel β-sheet forming a curved base with an N-terminal 
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loop and C-terminal α-helix packing against one face of this sheet (Fig. 2a). The middle two 

strands of the β-sheet form a finger-like projection that extends down the major groove of 

DNA with a short, dynamic loop connecting these strands. Three residues extend from the 

exposed surface of the β-sheet to make key, methylation- specific interactions with the DNA: 

two arginine residues that form bidentate hydrogen bonds with symmetrically related 

guanosine bases of the CpG dinucleotide and pack against the methyl groups of the two 5-

methylcytosines, and a tyrosine residue that directly or indirectly interacts with a methyl 

groups from one of the two 5- methylcytosines. In addition to these base-specific and 

methylation specific interactions, the MBD interacts with only a few bases that surround the 

CpG as well as the phosphate backbone of DNA. Although the MBDs can show selectivity 

for surrounding bases, these are largely secondary effects with most of the base-specific 

favorable binding energy derived from interacting with the CpG (Clouaire, de Las Heras, 

Merusi, & Stancheva, 2010; Klose, etal., 2005; Scarsdale, etal., 2011).

3.2 Structural and functional differences between 5-methylcytosine binding domain 
proteins

MBD proteins have been identified from across metazoans (Cramer, et al., 2017), with 

invertebrates having a single MBD2/3 orthologue and vertebrates duplicating (MBD2 and 

MBD3) and expanding the family (MBD1, MeCP2, and MBD4) (Hendrich & Bird, 1998; 

Hendrich & Tweedie, 2003). Although each of the MBDs shares the same overall fold, 

detailed structural analyses have revealed differences that impact binding affinity and 

selectivity.

Perhaps the most substantive change, a phenylalanine replaces the critical tyrosine residue in 

MBD3, thereby modifying a key interaction with DNA. This change greatly reduces 

methylation selectivity (from ~100-fold to ~5-fold selectivity for mCpG over CpG) and 

contributes to a marked reduction in overall binding affinity for DNA (from low nanomolar 

to high micromolar dissociation constants) (Cramer, et al., 2014; Fraga, et al., 2003; 

Hashimoto, Liu, et al., 2012). Both MBD2 and MBD3 recruit the NuRD complex in a 

mutually exclusive manner (Le Guezennec, et al., 2006; W. Zhang, et al., 2016) with 

apparently distinct functions (Gunther, et al., 2013; Menafra & Stunnenberg, 2014). Genetic 

knockout of MBD3 is embryonic lethal while knockout of MBD2 causes only mild 

phenotypic effects (Hendrich, Guy, Ramsahoye, Wilson, & Bird, 2001). Concordantly, 

MBD3 plays an important, although debated, role in embryonic stem cells while MBD2 

appears to play a less critical role at this stage of differentiation (dos Santos, et al., 2014; 

Rais, et al., 2013). These observations have led to the conclusion that MBD3-NuRD plays a 

vital role in cell differentiation independent of DNA binding. Yet, the MBD3 MBD itself has 

been retained, which implies that either this domain has gained alternative roles in protein-

protein interactions or provides weak DNA binding that is critical for function. In support of 

the former, a few studies have mapped interaction between specific transcription factors and 

NuRD to the MBD3 MBD (Aguilera, et al., 2011). In support of the latter, we recently 

demonstrated that MBD3 retains a weak ability to recognize mCpGs and CpGs, and unlike 

MBD2, rapidly exchanges between mCpG specific and non-specific binding modes (Cramer, 

et al., 2014). This biophysical difference between MBD2 and MBD3 correlates with whole 

genome localization studies that found both MBD2 and MBD3 can localize to unmethylated 
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CGIs while MBD2 more exclusively binds to methylated CGIs associated with silenced 

genes (Gunther, et al., 2013; Le Guezennec, et al., 2006; Menafra, et al., 2014; Shimbo, et 

al., 2013).

More recent work by the Williams lab suggests that differences in dynamic sliding along the 

DNA reflect the functional role of MBD2 in compacting and silencing genes containing 

methylated promoter-associated CGIs (Pan, et al., 2017). Perhaps as expected, we found that 

the MBD2 bound statically to methylated CGIs and could induce marked DNA bending. 

Surprisingly, though, we found that MBD2 showed rapid 1D-sliding along unmethylated 

CpG-rich DNA while demonstrating more restricted dynamic motion on CpG-poor DNA. 

Hence, we propose that the MBD2 primarily targets NuRD to methylated CGIs where it 

binds statically to stabilize nucleosome positioning and compacts chromatin, but can also 

target NuRD to unmethylated CGIs where it can mobilize nucleosomes and promote active 

remodeling. In contrast, MBD3 targets the NuRD complex to unmethylated CGIs and may 

permit active chromatin remodeling. This model helps explain several unresolved issues, 

such as why MBD2- and MBD3- NuRD complexes can be associated with unmethylated 

and actively transcribed genes and that knockdown of either leads to both activation or 

inhibition of transcription of differing gene sets. While gene inactivation upon MBD2 or 

MBD3 knockdown likely reflects indirect effects for many genes, our observations raise the 

possibility that when MBD2 and MBD3 localize to unmethylated CGIs they could directly 

contribute to transcription activation by helping to maintain open chromatin. Furthermore, it 

suggests that unmethylated CGIs play a functional role themselves, allowing for rapid 

mobility and remodeling by the NuRD complex. Nonetheless, this model remains 

speculative without additional data to determine how the intact proteins and associated 

NuRD complexes remodel chromatin on methylated and unmethylated CGIs.

The largest structural difference between MBDs involves an insertion of four amino acids in 

the α-helix of MeCP2 and MBD4, adding one turn and increasing the hydrophobic core of 

the domain (Ho, et al., 2008; Otani, et al., 2013; Walavalkar, et al., 2014). This insertion 

appears to stabilize the isolated domain and perhaps helps MeCP2 bind non-CpG 5-

methylcytosines (mCpH, where H is A, T, or C) (M. J. Sperlazza, Bilinovich, Sinanan, 

Javier, & Williams, 2017). While most mammalian DNA methylation occurs on CpG 

dinucleotides, recent research has uncovered a small but stable fraction of mCpH in oocytes, 

embryonic stem cells, and brain. While mCpG can be maintained across cell division, mCpH 

will be lost since only one daughter will inherit the methylated site. Concordantly, the 

highest levels of mCpH are found in mitotically arrested cells, most notably in neurons. In 

addition, the overall incidence of mCpH in these cells correlates with the relative rates at 

which DNMT3a modifies different CpH dinucleotide sequences (mCpA > mCpT, mCpC) 

(Aoki, et al., 2001; Gowher & Jeltsch, 2001; Pinney, 2014; Ramsahoye, et al., 2000). Even 

though these observations indicate that mCpH may simply reflect the accumulation of 

incidentally methylated sites over time, recent work has suggested that mCpH accumulates 

in specific regions of the genome and plays a definitive role in neuron development. Both 

mCpH and hydroxymethylation accumulate in the gene bodies of long transcripts expressed 

in neurons (Gabel, et al., 2015; Kinde, Gabel, Gilbert, Griffith, & Greenberg, 2015). In 

addition, MeCP2 expression is highest in the brain where it appears to localize to these same 

genes. Importantly, in vitro binding analyses indicate that MeCP2 can bind to mCpH with 
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comparable affinity to that of mCpG. Bird recently found that MeCP2 preferentially binds 

the mCAC trinucleotide particularly abundant in the brain (Lagger, et al., 2017), while we 

found a similar binding preference unique to MeCP2 as compared to MBD2 and attributed 

this preference to strand-specific interactions (M. J. Sperlazza, et al., 2017). Hence, MeCP2 

shows a unique ability to bind mCpH and hydroxym ethyl - CpH sites that correlate with its 

functional role in the developing brain.

Finally, a structural change involving the critical tyrosine residue was revealed by the crystal 

and NMR structures of the MBD4 MBD bound to methylated DNA (Otani, et al., 2013; 

Walavalkar, et al., 2014). Instead of pointing towards the DNA and 5- methylcytosine, the 

tyrosine rotates away opening the protein-DNA interface (Fig. 2b). This structural change 

leads to a reduction in methylation specificity (approximately 5- fold selectivity for mCpG 

as compared to CpG), comparable to that measured for MBD3 (Walavalkar, et al., 2014). 

Otani (Otani, et al., 2013) propose that this structural rearrangement allows for binding to 

the bulkier oxidative derivatives of 5-methylcytosine (5-hydroxymethylcytosine, 5-

formylcytosine, and 5-carboxylcytosine). In addition, we found that this rearrangement 

allows the MBD4 MBD to exchange more rapidly between methylated sites (Walavalkar, et 

al., 2014). Hence, we propose that the reorientation of this tyrosine promotes rapid scanning 

through methylated CGIs, where spontaneous deamination of 5-methylcytosines and 

resulting G X mismatches are most likely to occur. This possibility awaits further validation 

but does help explain why the MBD4 MBD does not modify the glycosylase reaction rates 

when using small substrates in vitro (Petronzelli, Riccio, Markham, Seeholzer, Genuardi, et 

al., 2000; Petronzelli, Riccio, Markham, Seeholzer, Stoerker, et al., 2000).

4 The nucleosome remodeling and deacetylase (NuRD) complex

The NuRD complex comprises at least six core proteins in addition to multiple sub- 

stoichiometric components (Kloet, et al., 2015; Smits, et al., 2013; Spruijt, et al., 2010; 

Vermeulen, Hubner, & Mann, 2008; Y. Zhang, et al., 1999). The core proteins include an 

MBD (MBD2 or 3), histone deacetylase protein (HDAC1 or 2), the chromodomain helicase 

DNA binding protein (CHD3, 4, or 5), as well as architectural proteins including 

retinoblastoma-binding protein (RBBP4 or 7), metastasis tumor associated (MTA1, 2, or 3), 

and GATA zinc-finger domain containing 2 (GATAD2A or B). One of the longstanding 

goals in the field has been to determine the structural details driving the formation of this 

macromolecular complex. However, its large size, heterogeneity in component paralogs, and 

intrinsic disorder have proven prohibitive to structural analyses of the full complex. 

Nonetheless, several key structures of NuRD subcomplexes have been reported in recent 

years, significantly improving our understanding of complex formation (Fig. 3).

One of the largest sub-complex structures to be determined comprises the ELM2- SANT 

domains of MTA1 and HDAC1. The crystal structure of this complex shows that the MTA 

protein wraps around the HDAC, such that the SANT domain interacts near the enzymatic 

cleft. Interestingly, D-myo-inositol-1,4,5,6-tetraphosphate (IP4) bridges the interaction 

between SANT and HDAC, raising the possibility that IP4 concentration could regulate the 

histone deacetylase activity of NuRD in a cell-cycle dependent manner (Millard, et al., 2013; 

Watson, Fairall, Santos, & Schwabe, 2012). The structure indicates that the BAH domain of 
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MTA would be appropriately situated to deliver a histone tail to the enzymatic binding site 

of the HDAC. However, further work is necessary to confirm this model of MTA function.

Additional crystal structures have shown how two relatively short peptides within the C-

terminal portion of MTA bind to separate RBBP proteins using a common interface 

(Alqarni, et al., 2014; Brasen, et al., 2017; Kloet, et al., 2015; Millard, et al., 2016; 

Schmidberger, et al., 2016). These structures help explain stoichiometric analyses that 

indicate multiple (up to eight) copies of the RBBP proteins are present in a full NuRD. 

Interestingly, the small RBBP binding motif was first identified within the N-terminal a- 

helix of histone H4 and two crystal structures were solved for that complex (Murzina, et al., 

2008; Song, Garlick, & Kingston, 2008). However, formation of this complex between 

RBBP and H4 requires unfolding of the nucleosome core particle, raising questions about 

the functional context in which RBBP-H4 interaction takes place in cells.

We recently found that an intrinsically disordered region (IDR) in MBD2 is both necessary 

and sufficient for binding to the NuRD sub-complex containing RBBP, HDAC, and MTA 

proteins (Desai, et al., 2015). Mutation of two neighboring residues within the MBD2 IDR 

disrupts the interaction and can abrogate methylation dependent gene silencing by MBD2-

NuRD. Therefore, a stable histone deacetylase core complex, as first described by Zhang et 
al (Y. Zhang, et al., 1999), forms between the MBD, HDAC, MTA, and RBBP proteins. 

Consequently, NuRD can be separated into histone deacetylase and chromatin remodeling 

sub-complexes.

Much less is known about recruitment of the chromatin remodeling component, CHD3, 

CHD4, or CHD5, into NuRD, perhaps reflecting a comparatively weak association (Low, et 

al., 2016). We previously determined the solution structure of a small coiled-coil complex 

formed between MBD2 and GATAD2A (Gnanapragasam, et al., 2011). This interaction 

involves a highly conserved peptide from GATAD2A (CR1) and the C-terminal coiled-coil 

domain from MBD2. Immunoprecipitation of the GATAD2A peptide brought down all the 

histone deacetylase core components (MBD, HDAC, MTA, and RBBP proteins), but not the 

GATAD2 or CHD proteins. This observation leads to a model in which the GATAD2 protein 

bridges between the chromatin remodeling and histone deacetylase functional halves of the 

complex. More recent work has supported this interpretation and shown that the CHD 

protein is a peripheral component of NuRD (Low, et al., 2016). The natural hypothesis 

arising from these observations is that the second conserved domain in the GATAD2 

proteins binds to the CHD proteins; however, this relationship has yet to be confirmed 

experimentally.

5 The MBD proteins as therapeutic targets

The DNA hypomethylating agents, 5-azacytidine and 5-aza-2’-deoxycytidine (decitabine), 

have been approved for therapy of myelodysplasia and acute myeloid leukemia since 2004 

and 2006, respectively. The clinical utility of these drugs has been limited by several factors 

including chemical instability, a lack of specificity leading to a global reduction in DNA 

methylation with concomitant increased genomic instability, DNA damage and cytotoxicity, 

and significant off-target effects (Brocks, et al., 2017; Gnyszka, et al., 2013; Gravina, et al., 
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2010; Gros, et al., 2012; Pechalrieu, Etievant, & Arimondo, 2017). Both 5-azacytidine and 

decitabine have been investigated for the treatment of hemoglobinopathies through relief of 

silencing of the fetal gamma globin gene resulting in therapeutic increases in HbF 

(Charache, et al., 1983; Ley, et al., 1982; Saunthararajah & DeSimone, 2004). However, the 

potential toxicities and off target effects have limited their application in this setting as well, 

especially in children for whom the greatest potential for major lifelong benefit could 

accrue. As an alternative, directly inhibiting individual readers of DNA methylation should 

provide more biological specificity and less off-target toxicity, as evidenced by the lack of 

major phenotypic changes associated with complete knockout of MBD2 (Hendrich, et al., 

2001; Loughran, et al., 2017; Rupon, Wang, Gaensler, Lloyd, & Ginder, 2006; Wood, et al., 

2016). While systemic toxicity is more manageable for short term chemotherapy of 

malignant neoplasms, long-term therapy for inherited disorders requires a very low-level of 

systemic toxicities. Hence, directly targeting the MBDs represents a potentially 

groundbreaking approach for restoring expression of epigenetically silenced genes to treat 

disease (Ballestar & Esteller, 2005; Ginder, 2015; Gnanapragasam, et al., 2011; Lopez-Serra 

& Esteller, 2008; Mian, et al., 2011; Sansom, et al., 2003). However, the MBDs lack 

enzymatic activities (with the notable exception of MBD4), which necessitates strategies to 

disrupt protein-protein and protein-DNA interactions specific to the individual MBD. In this 

section, we discuss the rationale and different approaches being considered for inhibiting the 

function of MBD proteins, focusing on MBD2 and MeCP2.

5.1 MBD2-NuRD and globin regulation

The connection between DNA methylation and gene regulation raises the possibility that the 

MBD proteins could be valuable therapeutic targets for restoring expression of 

epigenetically silenced genes. Shortly after the discovery that 5-azacytidine could block 

DNA methylation, this information was applied to the study of globin regulation. During 

primate development, the predominant hemoglobin expressed in erythrocytes switches from 

embryonic (HbE) and fetal hemoglobin (HbF) to adult hemoglobin (HbA). This 

transcriptional switch has been extensively studied both as a well-defined example of 

developmental gene regulation and as a potential therapeutic target for treating diseases 

associated with deficiencies in adult hemoglobin. In humans, fetal HbF contains two α-

globin and two γ-globin chains and HbA contains two α-globin and two β- globin chains. 

Therefore, restoring expression of HbF can effectively ameliorate the pathophysiology 

associated with reduced expression of β-globin (β-thalassemia) or abnormal β-globin (sickle 

cell anemia). Early studies showed that 5-azacytidine could restore expression of fetal and 

embryonic globin genes in animal models and increase HbF in adult baboons and humans, 

implicating DNA methylation in globin gene silencing (Charache, etal., 1983; DeSimone, 

etal., 1982; Ginder, etal., 1984; Ley, et al., 1982). Both 5 azacytidine and decitabine have 

been used in the treatment of β-type hemoglobinopathies through relief of silencing of the 

fetal γ-globin gene resulting in therapeutic increases in HbF (Charache, etal., 1983; Ley, et 

al., 1982 Saunthararajah & DeSimone, 2004). However, the potential toxicities and off target 

effects of these agents have limited their application in this setting, especially in children for 

whom the greatest potential for major lifelong benefit could accrue.
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A little over a decade ago, work in the Ginder laboratory demonstrated that the MBD2-

NuRD complex bound directly to the methylated and silenced embryonic o-globin promoter 

in adult avian primary erythrocytes (Kransdorf, et al., 2006). Knockdown of MBD2 in 

mouse erythroleukemia cells carrying an avian p-globin mini-locus (MEL-p) and mouse 

erythroid cells carrying human β-globin locus on a yeast artificial chromosome (β-YAC) 

reversed methylation-dependent silencing of both the avian embryonic p- and human γ-

globin genes, respectively. Complete knockout of MBD2 in β-YAC bearing mice likewise 

resulted in substantial augmentation of fetal γ-globin gene expression in erythrocytes of 

adult mice but with otherwise minimal phenotypic effects (Rupon, et al., 2006). Our 

laboratories subsequently showed that knockdown of MBD2 in human primary adult 

erythroid cells results in a major increase in fetal γ-globin gene expression (Amaya, et al., 

2013). These studies strongly suggest that molecular disruption of MBD2 function could 

restore HbF expression for therapy of β- hemoglobinopathies without significant side 

effects. There remains the challenge of how to selectively disrupt MBD2 function given that 

it lacks enzymatic activity but instead functions by providing key protein-protein and 

protein-DNA interactions in recruiting the NuRD co-repressor complex.

To pursue this goal, we closely collaborated to study the molecular interactions between 

MBD2 and NuRD as potential therapeutic targets. Based on work by the Renkawitz group 

(Brackertz, Boeke, Zhang, & Renkawitz, 2002; Brackertz, Gong, Leers, & Renkawitz, 

2006), we identified and determined the structure of a critical coiled-coil interaction formed 

between MBD2 and GATAD2A (Fig. 2) (Gnanapragasam, et al., 2011). The coiled-coil 

domains from each protein largely remain monomeric in isolation, yet form a tight (Kd ~ 42 

nM) heterodimeric anti-parallel coiled-coil complex together (Walavalkar, Gordon, & 

Williams, 2013). Given the small size of the coiled-coil domains, we postulated that the 

GATAD2A coiled-coil peptide could inhibit the formation of a full MBD2-NuRD complex. 

Enforced expression of the peptide in both MEL-p cells and mouse cells carrying a β-YAC 

augmented expression of avian p-globin and human y-globin, respectively (Gnanapragasam, 

et al., 2011). Immunoprecipitation of the peptide pulled down all components of the NuRD 

complex except native GATAD2A and CHD4. Hence, the peptide appears to block 

recruitment of the chromatin remodeling portion of the complex to abrogate methylation 

dependent gene silencing (Fig 4a). To our knowledge, these experiments were the first to 

demonstrate that a small peptide can abrogate methylation dependent gene silencing by 

MBD2-NuRD and have motivated our continued efforts to identify key interaction interfaces 

within MBD2- NuRD as potential therapeutic targets.

5.2 MBD2-NuRD and cancer

The association between hypermethylation of tumor suppressor genes and cancer suggests 

that MBD proteins would mediate aberrant silencing to promote carcinogenesis. In early 

studies, MBD2 was found at the methylated and silenced CDKN2A locus in colon cancer 

and HeLa cell lines, and occupancy inversely correlated with gene expression (Magdinier & 

Wolffe, 2001). Likewise, MBD2 was found to bind and silence the methylated promoter of 

the GSTP1 tumor suppressor in hepatocellular, breast, and prostate cancer cell lines (Bakker, 

Lin, & Nelson, 2002; Lin & Nelson, 2003; Singal, van Wert, & Bashambu, 2001). 

Subsequently, the Esteller group measured occupancy of MBDs at methylated CGIs for 
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select tumor suppressors in cancer cell lines and found that different MBDs preferentially 

bound to the methylated promoters of distinct tumor suppressors (Lopez-Serra, et al., 2006; 

Lopez-Serra & Esteller, 2008). Furthermore, knockdown of MBDs restores expression of 

silenced tumor suppressor genes, with targeting of MBD2 the most effective at doing so 

(Lopez-Serra, et al., 2008).

In perhaps one of the more exciting studies, genetic knockout of MBD2 in a mouse model of 

adenomatous polyposis coli led to a significant increase in lifespan and approximately a ten-

fold reduction in adenomas at death (Sansom, et al., 2003). The MBD2 knockout mice 

showed only mild phenotypic changes but were otherwise viable and fertile. Work in the 

Ginder laboratory has shown that knockout of MBD2 in triple negative breast cancer cell 

lines reduced cell proliferation in tissue culture and mouse xenografts (Mian, et al., 2011). In 

support of this observation, knockdown of MBD2 synergizes with 5-aza-2’-deoxycytidine to 

inhibit the growth of MCF7 breast cancer cells in tissue culture and xenografts while 

preventing increased invasiveness associated with 5-aza-2’-deoxycytidine treatment alone 

(Cheishvili, et al., 2014). More recently, the Ginder group found that knockdown of CHD4 

in acute myeloid leukemia cell lines reduced colony formation in soft agar and sensitized 

both acute myeloid leukemia cell lines and primary leukemia cells to standard chemotherapy 

agents while sparing any effect on CD34 positive hematopoietic progenitor cells (J. 

Sperlazza, et al., 2015). These studies are in keeping with recent findings from the Baylin 

laboratory on the effects of CHD4 depletion in colon cancer (Xia, et al., 2017). Finally, a 

recent study reported that MBD2 is consistently overexpressed in glioblastoma multiforme 

(GBM) (Zhu, Flunter, Vertino, & Van Meir, 2011) and that MBD2 binds to methylated CGIs 

and silences gene expression. Knockdown of MBD2 restores expression of silenced genes, 

including the anti-angiogenic tumor suppressor BAI1. Hence, reducing MBD2 expression 

blocked migration of endothelial cells in a scratch-wound assay, raising the possibility that 

inhibiting MBD2 could inhibit the growth of GBM in patients. This possibility was further 

substantiated by a recent study showing that microRNA-520b inhibited the growth of glioma 

cells by reducing expression of MBD2 (Cui, et al., 2017).

In summary, work over the past decade has built a strong case for inhibiting MBD2 function 

as a potential therapy for a wide variety of cancers. The challenge that remains, though is 

how to selectively disrupt the MBD2-NuRD complex.

5.3 Selectively targeting MBD2-NuRD

Using a combination of structural biology and cell studies, we have characterized three 

interaction interfaces in MBD2. These comprise the N-terminal MBD which binds 

selectively to methylated DNA (Pan, et al., 2017; Scarsdale, et al., 2011), the C-terminal 

coiled-coil domain that binds to GATAD2A (Gnanapragasam, et al., 2011; Walavalkar, et al., 

2013), and an intervening unstructured region that binds the histone deacetylase core 

complex of NuRD (Desai, et al., 2015). Each of these represents potential targets for 

disrupting co-repressor complex formation, and offer differing advantages and challenges.

The MBD2 MBD is responsible for the unique function of MBD2-NuRD as compared to 

MBD3-NuRD, and, as such, represents the most logical target for selectively inhibiting 

MBD2. However, apart from nuclear receptors (i.e. retinoic acid receptor and estrogen 
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receptor), to our knowledge no DNA binding domains have been directly inhibited for 

therapy. This limitation likely reflects the challenge of competitively disrupting binding to 

DNA, which is present in large quantities at high concentration in the nucleus. Nonetheless, 

a recent study by the Nelson group reports using time resolved fluorescence resonance 

energy transfer to identify four compounds that inhibit DNA binding by MBD2 (Wyhs, 

Walker, Giovinazzo, Yegnasubramanian, & Nelson, 2014). Although most of the identified 

compounds inhibit multiple protein-DNA interactions and are not readily soluble in aqueous 

buffers, the results suggest that a selective inhibitor of MBD2 may be identified through 

additional optimization.

As discussed previously, we have successfully disrupted the MBD2-GATAD2A coiled-coil 

complex to block methylation dependent gene silencing of the fetal y-globin by MBD2-

NuRD (Gnanapragasam, et al., 2011). This interaction entails unique features that encourage 

further development of a peptide therapeutic. First, the coiled-coil peptides are well-

behaved, remain largely monomeric in isolation, and utilize a relatively small surface to 

selectively bind one another with high-affinity in a heterodimeric antiparallel complex 

(Walavalkar, et al., 2013). These features suggest that the isolated peptides should effectively 

compete with the native interaction without many off-target interactions that might 

otherwise be expected of coiled-coil domain proteins. Indeed, most successful peptide-based 

inhibitors of protein-protein interactions reported to date are stapled helices, making the 

MBD2-GATAD2A complex an appealing target. However, this type of peptide-peptide 

involves a relatively flat and small interface without an obvious binding pocket for 

developing a small molecule competitive inhibitor (Goncearenco, Li, Simonetti, Shoemaker, 

& Panchenko, 2017; Wells & McClendon, 2007). Hence, we are pursuing methods to 

stabilize the purified peptides against proteolytic degradation and to enhance cell 

penetration, both of which are challenging goals for a coiled-coil domain.

The intrinsically disordered region from MBD2 represents perhaps the most promising 

target for inhibiting complex formation. We found that this region is both necessary and 

sufficient for binding the histone deacetylase core and that disrupting this interaction by 

point mutations relieved methylation-dependent tumor suppressor gene silencing (Desai, et 

al., 2015). Importantly, interactions between IDRs and structured domains typically involve 

a disorder-to-order transition of the IDR (Fig. 4b), which then binds a relatively small, often 

groove-like, interface on the structured domain (Uversky, 2016). In addition, binding 

typically requires a relatively short and continuous stretch from the IDR, more contacts per 

residue, and extensive burial of hydrophobic residues (Meszaros, Tompa, Simon, & 

Dosztanyi, 2007). Therefore, small molecules have been developed that selectively disrupt 

an IDR-protein interaction critical to the function of the Bcl-2 family (Vela & Marzo, 2015). 

However, the structural details of the complex formed with the MBD2 IDR have yet to be 

determined; without this information, it remains unclear whether this interaction will be 

amenable to targeted inhibition.

5.4 MeCP2 and Rett syndrome

Rett syndrome (RTT) is the most common genetic cause of severe mental disability in 

females worldwide. The majority of RTT patients have pathological mutations in MeCP2 
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which lead to pervasive behavioral and cognitive deficits beginning between 618 months of 

life (Amir, et al., 1999). Restoring function of MeCP2 even after brain development, though, 

can abrogate the neurological deficits in mouse models (Gadalla, Bailey, & Cobb, 2011; Lu, 

et al., 2016). This finding has raised the possibility that ameliorating the functional effects of 

mutations in MeCP2 would reverse the clinical manifestations.

Over half of RTT associated missense mutations fall within the MBD highlighting the 

functional importance of this domain in neurological development. The functional 

significance of these mutations has been studied extensively over the past decade, including 

both in vitro and whole animal studies (reviewed in (Lyst & Bird, 2015)). When we mapped 

some of the most common MeCP2 missense mutations associated with RTT onto the MBD2 

structure, we found that many involve interactions that bridge between dynamic and more 

stable regions of the protein (Scarsdale, et al., 2011). Based on these results, we proposed 

that these missense mutations disrupt the function of MeCP2 by destabilizing an inherently 

dynamic region of the protein without disrupting methylation specificity or eliminating DNA 

binding. Biophysical analyses of RTT associated missense mutations in the MBD confirm 

that many disrupt the structural stability of the domain (Ghosh, Horowitz-Scherer, Nikitina, 

Gierasch, & Woodcock, 2008). More recently, studies have demonstrated that MeCP2 can 

selectively bind to non-CpG 5-methylcytosines and hydroxymethylcytosines, which are 

found in relative abundance in brain tissue (Kinde, et al., 2015; Lagger, et al., 2017). We 

have found that MeCP2 can uniquely (as compared to other MBDs) accommodate and bind 

with high affinity to non-CpG methylated DNA (M. J. Sperlazza, et al., 2017). Importantly, 

we found that RTT associated missense mutations in the MBD did not inhibit methylation 

specific recognition of both CpG and non-CpG methylated sites.

Together, these studies raise the possibility that stabilizing mutant MeCP2 proteins could 

restore high-affinity methylation specific binding and ameliorate symptoms of the disease. 

This goal, however, requires stabilizing a poorly structured domain for therapeutic effect, an 

approach that has been explored for p53 mutants (Boeckler, et al., 2008; Bromley, Bauer, 

Fersht, & Daggett, 2016) but has not generated clinically useful drugs. In the case of RTT 

syndrome, the difficulties are further exacerbated by the need to cross the blood-brain 

barrier. Nonetheless, a small molecule MeCP2 stabilizing agent has the potential to help a 

large portion of RTT patients and would open a new therapeutic paradigm if successful.

5.5 Other 5-methylcytosine binding domain proteins as therapeutic targets

This review has focused on MBD2 and MeCP2 as potential therapeutic targets for several 

reasons. There is strong evidence that MBD2 targets many tumor suppressor genes (Lopez-

Serra, et al., 2006), and its depletion results in more robust gene increases in expression of 

methylated and silenced genes than other MBD proteins (Lopez-Serra, et al., 2008). In 

addition, MeCP2 has a reversible and driving role in the pathophysiology of RTT (Lyst & 

Bird, 2015). In contrast, both MBD1 and MBD3 localize to unmethylated CGIs (Bianchi & 

Zangi, 2015), suggesting that neither will be good targets for blocking methylation 

dependent gene silencing. As discussed previously, MBD4 repairs G X mismatches arising 

from spontaneous deamination of 5- methylcytosine. Thus, inhibiting MBD4 would likely 

increase DNA mutations without necessarily sensitizing cancer cells to chemotherapy. 
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Nonetheless, as research continues to delineate the functional specificity of each MBD 

protein, there may be currently unrecognized benefits to selectively targeting these other 

MBDs.

6 Concluding remarks

Since the studies by several groups in the late 1970s and early 1980s (Constantinides, et al., 

1978; Jones & Taylor, 1980; Taylor & Jones, 1979), extensive research has been directed 

towards understanding the role of DNA methylation in development and disease. These 

efforts have uncovered new molecular pathways leading to pervasive changes in methylation 

across the spectrum of cancer types and other diseases and provided very exciting insight 

into gene regulation and cellular differentiation. Current sequencing technologies have 

rapidly expanded the database of DNA methylation, yet, this information has led to many 

new questions and challenges. As seems to be true across the field of epigenetics, a simple 

on-off binary model does not capture the complexity of gene regulation by DNA 

methylation. Instead, interpretation of this epigenetic mark depends both on genomic 

context, cell type, and methylation density. Nonetheless, inhibiting DNA methylation has 

shown clear therapeutic benefit for hematopoietic neoplasms and has the potential to restore 

developmentally silenced globin genes. Therefore, we anticipate that alternative approaches 

for manipulating methylation-dependent gene regulation will lead to new therapeutics with 

the potential to treat a wide-range of human disease.
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Abbreviations:

NuRD nucleosome remodeling and deacetylase

CpG cytosine-guanosine dinucleotide

mCpG 5-methylcytosine-guanosine dinucleotide

MBD 5-methylcytosine binding domain

DNMT DNA methyltransferase

CGI CpG island

TET ten-eleven translocation dioxygenase

TDG thymine DNA-glycosylase

CIMP CpG island methylator phenotype

IDH isocitrate dehydrogenase

CHIP clonal hematopoiesis of indeterminate potential

RTT Rett syndrome
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Fig. 1. 
a) The DNMT enzymes add a methyl group to carbon-5 of symmetrically related cytosine 

bases in a CpG. Spontaneous deamination of cytosine and 5-methylcytosine generate uracil 

and thymine, respectively. Hence, deamination of 5-methylcytosine is a common cause of C 

→ T and G → A transition mutations. 5-azacytosine contains a nitrogen at position 5 of the 

base which, when incorporated into DNA, inhibits methylation by the DNMT enzymes, b) 

The TET dioxygenase enzymes oxidize the methyl group of 5-methylcytosine to generate 5-

hydroxymethylcytosine, 5- formylcytosine, and 5-carboxylcytosine. The latter two oxidation 
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products can be excised by TDG, possibly in conjunction with other components of the base 

excision repair (BER) pathway, to form an abasic site (x) and demethylate the DNA.

Ginder and Williams Page 31

Pharmacol Ther. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
a) A cartoon diagram depicts the solution structure of the MBD from MBD2 bound to 

methylated DNA (Scarsdale, et al., 2011). The domain contains a 3–4 strand β-sheet with a 

long finger like projection that extends down the major groove and a single α-helix. An 

expanded view shows how a tyrosine and two arginine residues from critical interactions 

with the 5-methylcytosine and two guanosine bases, respectively, of the mCpG. b) For 

comparison, cartoon diagram of the solution structure of MBD4 bound to methylated DNA 

(Walavalkar, et al., 2014) shows that the α-helix contains one additional turn, but otherwise 

has a similar structure. However, an expanded view reveals that the critical tyrosine residue 

rotates away from the DNA and does not interact with 5-methylcytosine. This structural 

rearrangement likely contributes to reduced selectivity for methylated DNA.
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Fig. 3. 
A schematic diagram shows the NuRD complex bound to methylated DNA next to a 

nucleosome. The complex comprises at least six core proteins, each of which have multiple 

paralogues (MBD2 or 3, in blue; MTA1,2, or 3, in yellow; HDAC1 or 2 in cyan; RBBP4 or 

7, in orange; GATAD2A or B, in red; CHD3 or 4, in gold). While the structure of the full 

complex has not been determined to date, structures of several key interactions have been 

reported. Cartoon diagrams, generated with PyMOL (Schrodinger), are shown for structures 

that have been solved of the MTA1:HDAC1 (PDB ID - 4bkx) (Millard, et al., 2013), 
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MTA1:RBBP4 (PDB ID - 5fxy) (Millard, et al., 2016), MBD2:DNA (PDB ID - 2ky8) 

(Scarsdale, et al., 2011), and MBD2:GATAD2A (PDB ID - 2l2l) (Gnanapragasam, et al., 

2011) sub-complexes. Both stoichiometric (Acuna-Hidalgo, et al., 2017) and structural 

analyses indicate that the MTA1/2/3:HDAC1/2 sub-complex forms a dimer (Millard, et al., 

2013), at least two RBBP4/7 bind to each MTA1/2/3 (Alqarni, et al., 2014; Schmidberger, et 

al., 2016), one to two copies of MBD2/3 and GATAD2A/B, and only copy of CHD3/4 are 

present in the complex.
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Fig. 4. 
a) A schematic cartoon depicts a peptide inhibitor (black) of complex NuRD complex 

formation. We previously demonstrated that a coiled-coil peptide, derived from the 

GATAD2A coiled-coil domain, restores expression of fetal/embryonic hemoglobin in tissue 

culture models of globin regulation (Gnanapragasam, et al., 2011). Immunoprecipitation of 

this peptide indicates that it disrupts function by blocking recruitment of CHD3/4 to the 

complex. b) Recently, we found that an intrinsically disordered region (IDR) of MBD2 is 

necessary and sufficient to bind the histone deacetylase core complex of NuRD comprising 
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MTA1/2/3, HDAC1/2, and RBBP4/7 (Desai, et al., 2015). Secondary structure propensity of 

the isolated IDR suggests that it forms a helix upon interacting with the complex. Mutation 

of two consecutive residues within the helical region of the IDR disrupts interaction with the 

NuRD complex and abrogates methylation dependent silencing by MBD2-NuRD. 

Importantly, IDR-protein interactions have proven amenable to small molecule inhibition 

(Vela & Marzo, 2015). Hence, the MBD2 IDR represents a potential target for small 

molecule inhibition of NuRD complex formation.
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