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Abstract

The Nucleosome Remodeling and Deacetylase (NuRD) complex is one of the major chromatin 

remodeling complexes found in cells. It plays an important role in regulating gene transcription, 

genome integrity and cell cycle progression. Through its impact on these basic cellular processes, 

increasing evidence indicates that alterations in the activity of this macromolecular complex can 

lead to developmental defects, oncogenesis and accelerated ageing. Recent genetic and 

biochemical studies have elucidated the mechanisms of NuRD action in modifying the chromatin 

landscape. These advances have the potential to lead to new therapeutic approaches to birth 

defects and cancer.

Introduction

Factors that regulate the biochemical state of chromatin affect gene transcription, genome 

integrity and cell division, basic cellular processes with broad implications for human 

development and disease. Increasingly, efforts are being directed towards developing 

therapies that target chromatin remodeling complexes. These therapeutic strategies have the 

potential to reprogram cells and thereby promote tissue regeneration and repair, and reverse 

the oncogenic phenotype of tumor cells [for review see [1]].

The Nucleosome Remodeling and Deacetylase (NuRD) complex is one of four major ATP-

dependent chromatin remodeling complexes, and since its discovery almost two decades 

ago, there has been much progress in determining its functions (Figure 1). While initially 

identified as a transcriptional silencer or repressor, it is now appreciated to have more 

complex effects on gene transcription, including in gene activation. In addition, other 

significant biological functions (e.g. DNA repair) have been attributed to NuRD through its 

modifications of chromatin and post-translational modification of other transcription factors 
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(e.g. p53 acetylation status, [2]), independent of regulating gene expression. Alterations in 

NuRD activity have been implicated in embryonic development and a broad range of human 

diseases, including in cancer and ageing (Tables 1 and 2). In this review, our aim is to 

discuss some of the major recent advances elucidating important functional roles for NuRD 

during embryonic development and disease. When possible, we highlight findings with the 

potential to lead to novel therapeutic strategies.

NuRD Biochemistry

NuRD was originally purified in 1998 [3-6] independently from different cell types and 

species. It is unique among chromatin remodeling complexes in having two distinct 

enzymatic activities, ATP- dependent nucleosome remodeling as well as histone deacetylase 

activity [4]. Recent studies have revealed that Lysine Demethylase 1 (Lsd1) physically and 

functionally interacts with NuRD in some contexts [7-9], thereby associating the complex 

with a third catalytic activity; however, biochemical studies that have carefully defined the 

stoichiometry of NuRD complex components indicate that Lsd1 is not likely to be a core 

NuRD component [10]. In contrast, recent quantitative proteomic studies suggest that 

Cyclin-Dependent Kinase 2 Associated Protein 1 (CDK2AP1), also known as Deleted in 

Oral Cancer 1 (DOC-1), may be a core component of NuRD [10-12] that has been 

overlooked in the initial purification of the complex.

NuRD is highly conserved from plants to animals and widely expressed in developing and 

mature tissues. The complex consists of at least 6 proteins: a) Enzymatic components, 

histone (protein) deacetylases HDAC1 and HDAC2 which remove acetyl groups from lysine 

residues on histone tails and from other proteins, such as p53 [13]. Chromodomain-helicase-

DNA-binding proteins, CHD3 (Mi2-α) or CHD4 (Mi2-β), which use the energy of ATP to 

reposition nucleosomes on DNA [14]. A third family member, CHD5, is preferentially, 

though not exclusively expressed in the central nervous system and testis [15, 16]. Recent 

evidence indicates that Mi2-β has many NuRD independent functions, and it is possible that 

some of the reported Mi2-NuRD functions may be due to Mi2-β and not the complex 

[17-19]. b) Non-enzymatic components, methyl-CpG-binding domain protein MBD2 or 

MBD3. MBD2 binds cytosine-methylated DNA, however, MBD3 lacks this capacity to bind 

cytosine-methylated DNA with high affinity [20, 21]. Metastasis-associated proteins MTA1, 

MTA2, or MTA3 mediate binding to DNA and to HDAC1, and to other transcription factors 

and co-regulators that interact with the NuRD complex in various cell types [22-24]. 

Histone-binding proteins Rbbp7 and Rbbp4 (RbAp46 and RbAp48, respectively) bind 

histone H4 and are thought to function as scaffolding proteins or chaperones which 

coordinate assembly of multi-protein complexes [25]. Nuclear zinc-finger protein Gata2a 

and Gata2b (p66α/β) directly interact with MBD2/3 via a coiled-coiled antiparallel interface 

[26, 27]. While HDAC1/2 and Rbbp7/4 are present in other histone deacetylase co-repressor 

complexes, such as SIN3 and coREST [28, 29], Mi2, MBD3 and MTA are relatively 

specific to NuRD and thought to be defining components of this complex. As is evident 

from the above description, some of the components belong to families of related proteins 

encoded by gene paralogues. Consequently, different combinations of these factors can 

result in a diversity of NuRD complexes. For example, the three MTA family members may 

be found in mutually exclusive NuRD complexes with distinct and in some cases 
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antagonistic activities [30, 31]. MBD2 and MBD3 have non-overlapping functions and these 

factors are also found in unique complexes [26, 32]. Thus, tissue and context specific effects 

of NuRD can be expected to occur via a mechanism of employing different combinations of 

NuRD subunits. Another mechanism by which NuRD can exert its multifaceted effects in 

different contexts is through its association with tissue specific transcription and co-

regulatory factors that are not core NuRD components [33-35]. As described below, 

defining the biochemical basis for these types of interactions holds promise for targeted 

therapies in specific cancers and possibly other pathologic conditions.

Based on the current understanding of the biochemical and structural features of NuRD 

components, it is apparent that multiple subunits can interact directly with DNA, and with 

histones to regulate gene expression and genome integrity. At present, it is not well 

understood how the complex is assembled and recruited to specific sites in the genome to 

exert its effects. However, recent studies have provided new insight into how NuRD activity 

is regulated. Post-translational modifications of NuRD components play an important role in 

controlling its function. Compelling data in this regard are described in recent elegant work 

from the Kumar laboratory illustrating how post-translational modifications in a single 

subunit result in dynamic effects on target gene expression [36]. These investigators 

determined that methylation of lysine 532 on MTA1 by the methyltransferase G9A is 

required for formation of a NuRD repressive complex. Methylated MTA1 has increased 

affinity for histone H3, leading to formation of the H3K9me2 histone mark and recruitment 

of CHD4 (Mi2-β) to create a repressive chromatin environment. In contrast, when Lsd1 

demethylates MTA1, CHD4 and the NuRD complex are displaced. De-methlyated MTA1 

then associates with the NURF chromatin remodeling complex factor BPTF and the histone 

acetyltransferase (HAT) p300/CBP to activate gene transcription. Thus, MTA1 acts as 

dynamic molecular switch that can rapidly alter gene expression in opposing directions in 

response to specific physiological or developmental cues. It is likely that other post-

translational modifications described for NuRD components [37-39], will be found to 

regulate activity of the complex and these could represent interesting drug targets. In 

addition to post-translational modifications, recent studies provide insights into how HDAC 

activity is regulated in the context of co-repressor complexes by investigating the structure 

of HDAC1 in complex with MTA1 [40]. These studies revealed that the ELM2 and SANT 

domains of MTA1 make extensive contacts with HDCA1, wrapping around its catalytic 

domain. Binding of Ins(1,4,5,6)P4 to the SANT domain of MTA1 significantly enhanced 

HDAC activity. A similar paradigm has been proposed for all class I HDACs and their 

association with SANT domains in the context of different co-repressor complexes, such as 

the HDAC3- containing SMRT co-repressor complex [41]. Thus, rather than being 

constitutively active, this model suggests that HDAC activity associated with the NuRD 

complex is dynamically regulated by a distinct class of inositol phosphate signaling 

molecules.

Structural analysis of the MBD2/p66 interaction has provided information on the importance 

of targeting the coiled-coil interaction to alter gene expression. Silencing of fetal γ-globin 

gene expression is mediated by an MBD2-containing NuRD complex [26, 42]. Assembly of 

Mi2-NuRD at this genomic locus depends on the p66α/MBD2 interaction which occurs 

through the small coiled-coil domain in p66α, forming a complex between two stable 
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helices. Forced expression of the coiled-coil peptide functions as a competitive inhibitor that 

disrupts the interaction between full length MBD2 and p66α, prevents recruitment of Mi2-

NuRD and results in increased fetal globin expression. Thus, development of chemical 

inhibitors based on this structural information could in principal be tested to treat 

hemoglobinopathies. The p66α coiled-coil peptide has a similar affinity for MBD3, 

suggesting that this strategy could also be used to target MBD3-containing NuRD 

complexes [27].

NuRD, ES cell pluripotency and embryonic development

One of the most interesting stories surrounding NuRD and embryonic development and ES 

cells involves the methyl-CpG-binding domain protein MBD3. Gene deletion of Mbd3 in 

mice resulted in embryonic lethality between embryonic day (E) E3.5 and E8.5, indicating 

that Mbd3 was required for embryonic development [43]. Deletion of Mbd2 results in viable 

embryos that have a maternal nurturing defect. Using gene targeting methods to knock out 

Mbd3 conditionally in embryonic stem (ES) cells, the Hendrich laboratory found that Mbd3 

-/- mouse ES cells grew more slowly than wild type ES cells and contained a reduced 

amount of NuRD components Mta1, Mta2, and Rbbp7 [44]. In addition, interaction 

experiments showed that the NuRD complex was no longer intact in Mbd3 -/- stem cells, 

indicating that Mbd3 was required for stable complex formation. Mbd3 mutant embryoid 

bodies did not express markers of differentiated embryonic cells, and failed to downregulate 

expression of progenitor markers Oct4 and Nanog [44]. Instead of differentiating, Mbd3 -/- 

ES cells seemed to be in a persistent state of self-renewal. These studies highlight the 

importance of Mbd3 for NuRD complex formation, and a role for Mbd3/NuRD in the self-

renewal/lineage commitment transition of embryonic stem cells. An analogous role for 

NuRD has been described in the skin where Mi2β was shown to mediate developmental 

transitions between epidermal progenitors to basal, follicular and matrix cell precursors [45].

Schübeler and colleagues investigated the functional binding sites of the MBD protein 

family in ES cells [46]. Using a biotin expression system they performed ChIP-seq to 

generate genome wide binding profiles of MBD1, 2, 3, 4, and MecP2. Genome wide in ES 

cells and ES cell clone derived neuronal cells they found that binding of MBD1, 2, 4, and 

MecP2 had increased binding at exons and promoters, and decreased binding at repetitive 

DNA. Moreover, binding of these factors had a linear relationship with the methylation 

density of chromatin; regions with higher methylation density had increased binding for 

MBD1, 2, 4, and MecP2. Mutations disrupting the methyl- binding domains of the biotin 

tagged proteins in ES Cells or conditions to prevent chromatin methylation (Dnmt1, 

Dnmt3a, and Dnmt3b triple knockout), abolished these findings, indicating that binding was 

dependent on chromatin methylation. MBD3 binding showed no enrichment at methylated 

islands, and genome wide binding was independent of methylation density, indicating that 

binding of MBD3 was independent of the methylation state of chromatin. Importantly, they 

found that both MBD2 and MBD3 bind a subset of targets in cooperation with NuRD 

components Chd4, Hdac1, and Hdac2. These genomic regions are low in CpG density and 

DNA methylation, but enriched for H3K4me1 and H3K27ac and are DNAse1 

hypersensitive, all hallmarks of active regulatory regions. These regions are tissue specific 

regulatory regions, active promoters and enhancers, and account for almost all MBD3 
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binding sites and a subset of MBD2 methylation independent binding sites. These findings 

have been corroborated in other cell types by independent investigators [47-49]. In addition, 

they found no NuRD component binding other than MBD2 at methylated sites, which 

contradicts current models of MBD2-mediated targeting of NuRD to methylated sites.

Recent work from the Hendrich laboratory has further elucidated the critical role of NuRD 

to balance the self-renewal and differentiation of ES cells, indicating a more complex role 

for NuRD in this context [50]. Transcriptional heterogeneity has been suggested as one 

mechanism by which a population of stem cells can commit cells to different lineages and 

also maintain a self-renewing population of stem cells. Under conditions of self-renewal, 

NuRD functions to restrict the expression of a subset of pluripotency genes (Tbx3, Klf4, 

Klf5) in ES cells. Knockdown of Mbd3 in ES cells leads to upregulated expression of these 

pluripotency factors and LIF-independent self-renewal, consistent with the findings in the 

Mbd3 knock out mouse. The presence of Mbd3 and Mi2β at the promoters and gene bodies 

of these genes suggests that the effect of NuRD on their transcription is direct. These 

investigators go on to demonstrate that in a population of wild type ES cells there is a 

mixture of low and high expressing cells for these NuRD-regulated pluripotency genes. In 

the absence of NuRD, all cells revert to a high expressing phenotype, indicating that NuRD 

is required to maintain transcriptional heterogeneity. Their data also suggest that restricting 

the level of pluripotency gene expression is necessary for differentiation to proceed, 

consistent with the defective lineage commitment observed in Mbd3-deficient ES cells.

In a separate study these same authors established a link between NuRD and the Polycomb 

complex providing further insight into the molecular mechanisms that control the decision 

of stem cell self-renewal versus differentiation. Polycomb-Repressive Complex 2 (PRC2) 

acts to di- and trimethylate H3K27 via the methyltransferase Ezh2 as part of the mechanism 

by which it mediates transcriptional silencing, (for a current review of PRC2 mechanism of 

action see [51]). Many of the Polycomb Group (PcG) protein target genes have been 

extensively identified in ES cells and a number of them are bivalent, having both a 

transcriptional repressive mark (H3K27me3) and an active transcriptional histone mark 

(H3K4me3) [52, 53]. These bivalent target genes in ES cells are “primed” to be efficiently 

activated or repressed by modifying the histone marks during the course of progenitor self-

renewal or differentiation. Transcriptional profiling of wild type and Mbd3-/- ES cells found 

that 839 genes were downregulated while 531 genes were upregulated [54], indicating that 

NuRD is likely to activate as well as silence gene transcription in ES cells. Of the genes that 

were upregulated, only 0.2% of genes were associated with inactive chromatin, 17% with 

bivalent chromatin, and 64% with active chromatin in wild type ES cells, indicating that 

NuRD is preferentially recruited and/or modifies chromatin of bivalent and active genes. At 

bivalent NuRD target genes in Mbd3-/- ES cells, chromatin was enriched for H3K27ac and 

depleted of H3K27me3, suggesting that NuRD and PRC2 act in concert at these target genes 

to maintain H3K27 in a deacetylated, trimethylated state. Furthermore, the authors showed 

that the presence/activity of NuRD at common bivalent target genes is required for the 

recruitment of the PRC2 complex.

Overall, these studies of the role of Mbd3 in ES cells suggest that NuRD plays a role in 

setting critical levels of gene expression in ES cells. The complex functions to restrict the 
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level of pluripotency genes, and in maintaining transcriptional heterogeneity in a population 

of stem cells. In cooperation with PRC2, NuRD maintains differentiation genes in a silent, 

but poised state for rapid activation to allow specific cell lineages to develop in response to 

appropriate developmental cues. Interestingly, the cooperative role of NuRD and PRC2-

mediated gene repression has also been shown to have a role in acute pro-myelocytic 

leukemia (APL). The abnormal PML-RARα fusion protein found in APL recruits NuRD to 

repress differentiation genes in hematopoetic progenitor cells, thereby promoting leukemic 

transformation. Morey et al. showed that this repressive of effect of NuRD required 

recruitment of PRC2 to silence PML-RARα -target gene promoters [55].

Additional mechanisms have been proposed to explain how NuRD inhibits pluripotency 

gene expression in ES cells to enable their differentiation. In mouse ES cells, Lsd1 knock 

down or chemical inhibition upregulated pluripotency genes; similarly, deficiency of Mbd3 

resulted in a failure to downregulate pluripotency gene expression and reduced the capacity 

of ES cells to differentiate. NuRD and Lsd1 physically interact and co-occupy active 

enhancers of many genes, including pluripotency genes [9]. The data of Whyte et al. suggest 

that NuRD, acting through its ability to deacetylate histone H3K9, enables Lsd1 to bind and 

demethylate histone H3K4me1. The net effects of these coordinated histone modifications 

are to silence the enhancers of pluripotency genes, thereby permitting differentiation to be 

induced. Beyer et al recently uncovered a mechanism whereby Tgfβ can promote both 

maintenance of pluripotency and mesendoderm specification [56]. These investigators 

demonstrated that a complex including Hippo pathway components and the Tgfβ nuclear 

effectors SMAD2/3 cooperate with NuRD to dampen expression of pluripotency genes and 

to silence mesendoderm differentiation genes. This study reveals a role for NuRD in 

interpreting a morphogen signal (Tgfβ) in balancing the self-renewal and differentiation 

decision.

An exciting development related to the function of NuRD in stem cell biology comes from a 

recent study revealing that Mbd3/NuRD plays a crucial role in the efficient (100%) 

reprogramming of induced pluripotent stem (iPS) cells [57]. This represents a highly 

significant enhancement, as reprogramming efficiency of fibroblasts into iPS cells has 

generally been very low (<1%). These investigators used a siRNA screen to identify 

epigenetic repressor factors that may boost the efficiency of primed pluripotent epiblast stem 

cells (EpiSCs) to a native pluripotent state. Out of a list of 15 proteins involved in DNA 

repression (ex. Dnmt 1-3, Suz12, Hdac 1-3, Sin3a) only Mbd3 increased the efficiency of 

reprogramming from ~20% to >90%. Secondary reprogramming from somatic cells 

harvested from Mbd3-/- transgenic embryos containing an inducible Oct4/Sox2/Klf4/c-Myc 

(OSKM) cassette showed reprogramming efficiencies of 100% after 8 days compared to 

20% in Mbd3 +/+ fibroblasts. The authors also demonstrated efficient reprogramming of 

human fibroblast cells into iPS cells using MBD3 siRNA knockdown two days after 

induction of OSKM factors. Not only was the reprogramming more efficient, the 

reprogramming was synchronized, or deterministic and not stochastic, which will allow 

future studies to focus on the molecular events leading toward iPS cells. Maybe most 

surprisingly was that the removal of one protein caused reprogramming rates to soar to 

100%. The mechanism by which Mbd3/NuRD normally silences the pluripotency program 
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is not known, however the authors showed that Mbd3 interacted with the OSKM factors in 

HEK293 cells using overexpression, Chd4 (Mi2-β) interacted with OSKM factors in 

fibroblasts undergoing reprogramming, and both Mbd3 and Chd4 were recruited to 

pluripotency target genes only after induction of OSKM factors . Knock down of Mbd3 also 

significantly reduced the time required to convert somatic cells to iPS cells. A study by Luo 

et al. also supports the conclusion that NuRD blocks reprogramming and knockdown of 

Mbd3 improves the efficiency of iPS cell generation [58]. If these dramatic effects on 

reprogramming efficiency are substantiated by additional independent studies, identification 

of Mbd3-NuRD as a critical barrier to iPS cell generation would be a major step forward in 

this field. By using Mbd3 RNAi it would then be possible to more readily develop iPS cell 

lines from patients from a variety of disease states, thereby accelerating the potential for 

translational studies in complex or rare diseases.

A common theme is beginning to emerge regarding the biological role of NuRD in 

embryonic development. Analogous to its role in ES cells, several studies point to a key role 

for this complex in multipotent progenitors in different tissues, though potentially acting via 

distinct molecular mechanisms. Among the best well studied is the hematopoetic system. In 

multipotent hematopoetic progenitors, Mi2β promotes commitment to the lymphoid lineage 

[59]. Conditional deletion of Mi2β in bone marrow leads to an initial expansion of 

hematopoetic stem cells that can differentiate into the erythroid, but not the lymphoid or 

myeloid lineages [60]. Hematopoetic progenitor cells are depleted as differentiated 

proerythrobalsts with features of erthyroid leukemia accumulate. The lymphoid-restricted 

DNA binding factor Ikaros tethers NuRD to active genes involved in lymphoid maturation, 

often in close proximity to RNA polymerase II [49]. In vitro studies suggest that the 

presence of Ikaros at NuRD bound genes inhibits the nucleosome sliding activity of Mi2β. 

Zhang et al. propose that loss of Ikaros provides NuRD more accessibility to histones, 

thereby enabling the complex to inhibit expression of lymphoid maturation genes. 

Interestingly, loss of Ikaros also resulted in increased access of Mi2β to genes that generally 

promote cell proliferation and metabolism. Paradoxically, at these sites Mi2-NuRD activated 

gene expression, suggesting a mechanism that could drive leukemogenesis. In contrast to the 

findings in ES cells, NuRD seems to function antagonistically to PRC2 at a subset of these 

ectopically activated genes. Thus, in different contexts, the interplay between NuRD and 

other chromatin modifying complexes can vary, further highlighting the potential for 

paradoxical effects of NuRD in cancer, other diseases and development.

Studies in several model organisms have also revealed that NuRD is required for 

development of erythroid progenitors, and this effect is mediated in part through the 

association of Friend of Gata (FOG) with the NuRD complex [61-64]. FOG interacts with 

NuRD via a conserved 12 amino acid motif that binds MTA and Rbbp4/7 NuRD subunits. 

Elegant studies from the Blobel lab demonstrated that disruption of the Fog1-NuRD 

interaction in knock-in mice resulted in production of fewer and less mature erythroid and 

megakaryocyte colonies, indicating the physiological significance of Fog1-NuRD 

association in vivo [65, 66]. In the developing kidney, a different zinc finger transcription 

factor, Sall1, contains the same NuRD binding motif as FOG. Recent studies demonstrate 

that, similar to Sall1, Mi2-NuRD is required to maintain nephron progenitors during 

embryonic kidney formation [67, 68]. Disruption of the Sall1-NuRD interaction in vivo in 
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knock-in mice also leads to depletion of nephron progenitors, and consequently congenital 

renal hypoplasia (D. Denner, J. Basta, M.Rauchman unpublished observations). 

Collectively, these studies highlight the role of NuRD in maintaining progenitor cell 

populations in different contexts by associating with tissue restricted transcription factors 

that are not core NuRD components. In some cases, disruption of these NuRD-co-factor 

interactions is thought to contribute to phenotypes in several human birth defect syndromes 

associated with intellectual impairment, dysmorphic facies and anomalies of various other 

organs [69-74].

Cancer and Ageing

NuRD has been shown to have opposing effects in cancer, both promoting and inhibiting 

tumor growth and metastasis in different tissues. To some extent, these paradoxical effects 

might be explained by the ability of NuRD to associate with or modulate the activity of both 

tumor suppressors (e.g. p53) and oncogenic factors (e.g. Bcl-6) [13, 33]. In addition, 

differences in NuRD complex composition with regard to the MTA subunits display 

antagonistic effects in the same tissue. MTA1 expression is increased in breast and other 

tumors, and correlates with an increased risk of metastasis and poor outcomes [75]. 

Inhibition of Estrogen Receptor (ER) target gene expression by MTA1 is one likely 

mechanism to mediate this effect [76]. Additionally, MTA1 is thought to be a downstream 

effector of the MYC oncogene, which could explain why increased levels of MTA1 are 

associated with high tumor grade and invasiveness in a variety of cancers [77]. In contrast, 

MTA3 is normally expressed in breast ductal epithelium and lost in breast cancer. MTA3 

inhibits the epithelial-to-mesenchymal transition (EMT) by repressing Snail gene expression 

[30]. Thus, loss of MTA3 in breast cancer promotes EMT, thereby leading to reduced cell 

adhesion and a migratory cell phenotype that predisposes to tumor invasiveness and 

metastases. Wang et al. showed that Lsd1 directly interacts with MTA2 and co-purifies with 

NuRD in breast cancer cells [8]. Their data suggest that a NuRD complex that requires Lsd1 

activity suppresses EMT by acting on the TGF signaling pathway. MTA3 has been shown to 

directly repress Wnt4 gene transcription, suggesting yet another potential pathway by which 

its reduced activity could promote breast cancer [78]. Overexpression of MTA1 or MTA3 in 

transgenic mice has opposing effects on ductal branching of breast epithelium and on cell 

proliferation, further underscoring the notion that these subunits of NuRD are not redundant 

and can have opposing effects.

Although the role of NuRD in cancer is complex and may differ significantly according to 

tumor type, recent studies have increasingly implicated alterations in its function in cancer. 

Two recent papers described whole exome sequencing of serous uterine tumors, a highly 

aggressive form of endometrial cancer [79, 80]. In addition to finding disruption of known 

cancer genes, both groups identified frequent (17-19%) somatic mutations in CHD4 (Mi2-

β). A number of these heterozygous mutations occurred in domains that are predicted to 

disrupt key functions of the protein, including in the catalytic core of the helicase domain 

and in the second plant homeodomain (PHD) finger that binds methylated histone H3K9 

[81-83]. Copy number variants (CNVs) involving genomic regions that include CDH4 and 

MBD3 were also relatively common [80], suggesting that the NuRD complex is playing an 

important pathogenic role. Consistent with this observation, MTA1 is upregulated in 
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endometrial cancer and its knockdown in tumor cell lines inhibited cell migration and 

proliferation [84]. This study also found that miR-30c, a micro RNA whose expression is 

down-regulated in uterine cancer, binds the 3’UTR and inhibits MTA expression. The 

molecular mechanism by which CHD4 mutations lead to uterine cancer is not understood. 

NuRD can suppress Wnt/beta-catenin signaling [85] which is a driver of endometrial 

hyperplasia [86]. EMT with loss of E-cadherin expression is thought to play an important 

role in the aggressiveness of uterine cancer; thus, the regulation of EMT by MTA/NuRD 

described in breast cancer may also be important in this context. It has also been suggested 

that mutations in the ATPase domain of CHD4 could predominantly impair the DNA 

damage response recently attributed to the NuRD complex [2, 87]. Currently, therapeutic 

options for this sub-type of endometrial cancer are limited and it accounts for a 

disproportionate number of uterine cancer deaths. These findings suggest new targets for 

intervention by compounds that directly modulate NuRD activity or alter expression of its 

subunits.

NuRD can associate with a variety of transcription factors and co-regulatory factors to 

mediate tissue and context specific effects. A recent study on hepatocellular cancer 

highlights how targeting this interface has the potential to be exploited for therapeutic 

purposes. An aggressive sub-type of hepatocellular carcinoma displays a progenitor cell-like 

phenotype. Among the onco-fetal genes that are highly expressed in this tumor is SALL4, a 

multi-zinc finger transcription factor [88]. The SALL family of transcription factors contains 

a conserved 12 amino acid domain that mediates direct interaction with NuRD [35]. Yong et 

al. were able to show that a peptide with the same sequence as this NuRD interacting 

domain in SALL4 can compete for its interaction with NuRD. This peptide could relieve 

SALL4-NuRD mediated repression of PTEN and reduce tumor growth in an animal model. 

A similar paradigm was shown for the role of SALL4 in promoting leukemogenesis, where 

use of the same peptide that disrupts NuRD –dependent transcriptional repression reduced 

tumor cell viability and engraftment in an animal model [89]. Similar effects were noted 

with HDAC inhibitors, suggesting that the tumor suppressing effect of abrogating the 

SALL-NuRD interaction is dependent on reduction of NuRD complex associated HDAC 

activity. SALL4 overexpression has been noted in other tumors [90] and thus this strategy 

may have broader application as a new therapeutic target for specific cancers. An excellent 

candidate is uterine cancer. As noted above, alterations in NuRD are directly implicated in 

this tumor. Similar to liver cancer, SALL4 overexpression is found in endometrial cancer 

where it correlates with poor outcome [91]. Thus, it is plausible that disruption of SALL4-

NuRD interaction in this tumor may also be beneficial. SALL family proteins are 

overexpressed or mutated in various cancers and its interaction with NuRD may emerge as 

an important mechanism for tumorogenesis or metastasis [90, 92, 93].

An RNAi screen performed to identify genes that contribute to therapy resistant tumor 

initiating cells in gliobalstoma also implicates a key role for NuRD in association with 

specific tissue restricted DNA binding proteins [94]. These authors discovered that ZFHX4, 

a transcription factor that associates with CHD4-NuRD, inhibits neural differentiation genes. 

While this function serves to promote the neural precursor state during development, it also 

promotes tumor formation. ZFHX4 and NuRD have overlapping patterns of genomic 
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localization and control similar gene expression programs. Silencing of ZFHX4 reduced 

tumor cell proliferation, promoted differentiation and reduced tumor burden in xenograft 

mouse models of glioblastoma. Because CHD5 is preferentially expressed in the CNS and 

its deletion has been implicated in CNS tumors (see [95] for review), it is also possible that a 

NuRD complex containing CHD5 is involved in promoting gliobalastoma. Interestingly, the 

screen by Chudnovsky et al. also identified Sall3, a transcription factor that is also known to 

associate with NuRD through the same motif found in Sall1 and Sall4 [35]; Sall3 was shown 

to regulate proliferation/differentiation of neural precursors [96]. Together, these findings 

implicate NuRD as a regulator of neural precursor cell differentiation and CNS tumor 

formation, potentially acting through different DNA binding co-factors.

Several studies have now reported that NuRD plays a role in the DNA damage response and 

maintenance of genome integrity. Cells depleted of NuRD components MTA2 or Mi2β 

displayed increased sensitivity to ionizing radiation and spontaneous DNA damage [97-99]. 

Rescue of these defects depends on the ATPase activity of Mi2β, indicating that its helicase 

activity is important for maintaining genomic integrity [99]. Two potential mechanisms have 

been invoked for NuRD in this process, recruitment of CHD4-NuRD to sites of DNA 

damage by PARP1 or the RING finger ubiquitin ligase RNF8 [2, 97, 99]. These emerging 

functions for NuRD in maintaining genome integrity will likely turn out to contribute to its 

role in oncogenesis. In addition to cancer, there is an accumulation of DNA damage with 

ageing. Pegoraro et al. found a reduction of NuRD component expression and HDAC 

activity in physiological ageing and premature ageing associated with Progeria [100]. Knock 

down of NuRD components was accompanied by chromosomal defects typically seen in 

ageing cells. In contrast to these findings, a recent study found that loss of the Mi2 

orthologue LET-418, but not depletion of other NuRD components, increased longevity in 

C. elegans and Drosphila [101]. Therefore, the discrepancy between these results and those 

in mammalian cells could be explained by species differences, and the fact that Mi2 may 

have both NuRD-dependent and independent effects on ageing. Thus, the role of NuRD in 

ageing is complex, similar to what we have learned thus far about its role in cancer.

Conclusion

NuRD has emerged as an important regulator of gene expression that controls the fate of 

stem cells in many contexts. This is accomplished through the diversity of NuRD subunits, 

its association with a wide range of tissue restricted co-factors, and its ability to cooperate 

with other chromatin modifying complexes. Recent discoveries highlight the important role 

of NuRD in cancer, ES and progenitor cell fate, and embryonic development. Because of its 

broad expression and multifaceted effects on chromatin, it is likely that future studies will 

identify key roles for this macromolecular complex in other disease processes. Advances in 

understanding of NuRD complex assembly, the molecular basis for its association with 

specific co-factors, and signals that regulate its activity have the potential to lead to new 

therapeutics.
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Figure 1. Functions of the Nucleosome Remodeling and Deacetylase (NuRD) Complex
NuRD core components are shown in the illustration. NuRD regulates gene transcription 

through binding gene enhancers and promoters, and modifying the state of chromatin. More 

recent data implicate NuRD in DNA repair processes. Box on the right indicates known 

biochemical functions (top four on list) of NuRD components and biological roles of the 

complex. Increasingly, NuRD-independent functions are being described for some 

components (e.g., Mi2, Mta1). TF=tissue restricted transcription factors; DDR=DNA 

damage response
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TABLE 1

Gene Biochemical Function ES Cell Phenotype Mouse Phenotype

Hdac1/2 Deacetylation of lysine residues on 
histone tails and other proteins

Hdac1−/− ES cells are 
viable with decreased 
proliferation and colony 
formation [102]. Hdac2−/− 
ES cells are viable and show 
no defect in proliferation or 
differentiation [103].

Hdac1−/− embryos die between E9.5 and E10.5. 
Hdac2−/− embryos exhibit perinatal lethality due to 
cardiac defects [104]. Conditional deletion of 
Hdac1/2 indicates that these genes are redundantly 
required in a broad range of organs (e.g. neurons, T 
cells, adipocytes, kidneys) [103-105].

Chd3/4/5 Helicase/ATPase that uses the energy 
from ATP to remodel chromatin through 
histone sliding; PHD domains bind 
histone H3 [81]

None reported
1 Chd4 conditional mutants revealed it is required for 

T cell, hematopoetic stem cell, epidermal 
progenitor cell, and renal progenitor cell self-
renewal and differentiation [19, 45, 60].

Mbd2/3 Methyl-CpG binding domain; Mbd2, but 
not Mbd3, binds methlylated DNA with 
high affinity [21]

Mbd3−/− ES cells are viable 
but fail to downregulate 
progenitor genes, and fail to 
differentiate [50].

Mbd2−/− embryos are viable and fertile but the 
mothers have a nurturing defect. Mbd3−/− embryos 
are embryonic lethal between E3.5 and E8.5 [43].

Mta1/2/3 SANT and GATA DNA binding 
domains; directly interacts with HDAC 
proteins and Rbbp4/7 [41, 106]

None reported Mta1−/− embryos are viable and exhibit 
cardiovascular, craniofacial, integument and 

skeletal defects [107] [MGI, 2010]
2
. Mta2−/− 

mutants exhibit skin lesions, bodyweight loss, 
glomerulonephritis, liver inflammation, and 
production of autoantibodies [108].

Rbbp4/7 Histone H4 binding; associates with 
multiple cellular proteins and thought to 
act as a scaffold; interacts directly with 
MTA1 [106]

None reported Conditional Rbbp7 mutants have decreased CD8-
positive T cell numbers, and male embryos of a 
gene trap allele have abnormal developmental 

patterning [MGI 2008, 2010]
3
.

Gata2a/2b Nuclear zinc finger protein that binds 
DNA and directly interacts with Mbd2/3 
[27]

None reported Gata2a−/− embryos display anemia by E10.5, yolk 
sacs are devoid of red blood cells, and are 
embryonic lethal by E11.5 [109].

1
Databases searched for ES cell phenotype and mouse phenotype included PubMed (www.ncbi.nlm.nih.gov/pubmed), Mouse Genome Informatics 

(MGI, www.informatics.jax.org), and Gene Cards (www.genecards.org).

2
Wellcome Trust Sanger Institute, Alleles produced for the EUCOMM and EUCOMMTools projects by the Wellcome Trust Sanger Institute. MGI 

Direct Data Submission. 2010.

3
Mouse Genome Informatics (MGI) and National Center for Biotechnology Information (NCBI), Mouse Gene Trap Data Load from dbGSS. 

Database Download. 2008, and Wellcome Trust Sanger Institute, Alleles produced for the EUCOMM and EUCOMMTools projects by the 
Wellcome Trust Sanger Institute. MGI Direct Data Submission. 2010.
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TABLE 2

Gene Human Disease/Animal Model Potential Translational Application

Hdac1/2 Hdac2 promotes cardiac hypertrophy [110]; Hdac1/2 
combined deficiency in T cells leads to neoplastic 
transformation [103]; acute ischemic injury and organ 
fibrosis reduced by Hdac inhibition [111, 112].

Broad spectrum (e.g. TSA) and Hdac class1 specific 
(aminobenzamides) inhibitors [113]; valproic acid (epilepsy); 
two FDA approved drugs for cutaneous T cell lymphoma 
(Vorinostat, Romidepsin) [114]; phase 3 clinical trials in 

progress for other malignancies
1
; expansion of cord blood stem 

cells [115]

Chd3/4/5 Mi2β auto-antibody diagnostic marker of dermatomyositis; 
frequent mutations of CHD4 in serous endometrial cancer 
[79, 80]; deletion of Chd4 in mice leads to erythroid 
leukemia [60]. CHD4 implicated in glioblastoma [94] CHD5 
deletion and promoter methylation in CNS and other tumors 
[95]

Silencing of Mi2-NuRD to increase fetal Hgb as treatment of 
hemoglobinopathies (e.g thalassemia) [42]; calixarene-based 
supramolecular hosts prevent binding of CHD4 PHD2 to 
H3Kme3 [116].

Mbd2/3 Frequent chromosomal deletion encompassing MBD3 in 
serous endometrial cancer[80]; Mbd2 deficiency in mice 
suppresses intestinal tumor formation [117].

Mbd3 inhibition for efficient generation of iPS cells [57, 58]; 
DNA methylation inhibitors to modulate Mbd2-dependent gene 
silencing (cancer, thalassemia) [26]; disrupt interaction with 
p66 (see Gata 2a/2b column below)

Mta1/2/3 Increases in expression of MTAs correlate with increased 
metastases and poor outcome in a large variety of tumors 
[118]. Mta1-3 modulate pathways in breast cancer (Estrogen 
Receptor, Wnt, EMT); CNVs overlapping MTA3 in Li-
Fraumeni syndrome with brain tumors [119]; Mta2 mouse 
mutant with systemic lupus-like features [108]

Potentially attractive targets for cancer and inflammatory 
diseases. No structures available to guide drug design; potential 
need for selectivity for specific MTAs.

Rbbp4/7 Probable role in disease processes through its interactions 
with multiple cellular proteins, though specific role in 

pathogenesis not clearly defined
2
.

Structure based drug design possible but given broad/
promiscuous range of protein interactions may have significant 
toxicity.

Gata2a/2b GATA2b loss-of-function and truncating mutations associated 
with autosomal dominant intellectual impairment and 
dysmorphic facial features [69, 74]

Inhibition of Gata 2a/2b colied-coil interaction with Mbd2/3 
with peptide or small molecule to disrupt NuRD [27]

1
www.clinicaltrials.gov

2
Databases searched for human disease/animal model include PubMed (www.ncbi.nlm.nih.gov/pubmed), Mouse Genome Informatics (MGI, 

www.informatics.jax.org), Gene Cards (www.genecards.org), and Online Mendelian Inheritance in Man (OMIM, www.ncbi.nlm.nih.gov/omim).
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