
The nucleosome remodelling and histone deacetylase 
(NuRD; also known as Mi‑2) complex is one of four 
major types of ATP‑dependent chromatin remodelling 
complexes1. Like other classes of chromatin remodel‑
ling complexes, the NuRD complex has important roles 
in processes such as transcription, chromatin assembly, 
cell cycle progression and genomic stability. The NuRD 
complex is highly conserved in plants and animals, and 
it is broadly expressed in most tissues2. It consists of dif‑
ferent protein subunits, and the combinatorial assembly 
of these subunits determines the function of NuRD in 
genomic targeting and mediating cell type‑specific func‑
tions. Recent progress in understanding the mechanisms 
of transcriptional regulation by the NuRD complex in 
cancer biology, where it has dual roles in promoting and 
suppressing tumorigenesis, form the focus of this Review. 
Emerging non‑transcriptional roles of this complex in 
processes such as chromatin assembly and the DNA 
damage and repair response, and their implications in 
maintaining genomic integrity, are also discussed.

Biology and function of the NuRD complex
The NuRD complex was first purified about a decade ago 
in cells from different species3–6, and it contains six core 
subunits2 (TABLE 1). This complex was unique on discovery 
in that it contained at least two subunits with enzymatic 
functions: the chromodomain‑helicase‑DNA‑binding 
protein 3 (CHD3; also known as Mi‑2α) and CHD4 (also 
known as Mi‑2β) subunits, which have ATP‑dependent 

chromatin remodelling activity, and histone deacetylase 1 
(HDAC1) and HDAC2 that catalyse protein deacetyla‑
tion. More recently, it has been shown that the lysine‑
specific histone demethylase 1A (LSD1) can also be 
associated with the NuRD complex in certain cell types7, 
although this association has not been confirmed inde‑
pendently (see Cell website comments on REF. 7; see 
Further information). Other non‑enzymatic subunits 
include methyl‑CpG‑binding domain 2 (MBD2) and 
MDB3, metastasis‑associated gene 1 (MTA1), MTA2  
and MTA3, and retinoblastoma‑binding protein 4 
(RBBP4; also known as RBAP48) and RBBP7 (also known 
as RBAP46). Several laboratories also report the associa‑
tion of GATAD2A (also known as p66α) and GATAD2B 
(also known as p66β) with the NuRD complex8–10. The 
RBBP4, RBBP7, GATAD2A and GATAD2B subunits 
are thought to be structural components of the NuRD 
complex and have been shown to directly associate with  
histone tails11–13. The MBD and MTA subunits, conversely, 
are implicated in targeting the complex to different 
genomic locations by associating with methylated DNA14 
or with transcription factors15, respectively.

Combinatorial assembly of the non‑enzymatic subunits 
is proposed to be a fundamental mechanism of conferring 
functional specificity of the NuRD complex. For example, 
MBD2 and MBD3 are found in mutually exclusive NuRD 
complexes16. Although MBD2 can recognize and bind to 
methylated DNA, a function that has been conserved 
throughout evolution, mammalian MBD3 contains an 
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Abstract | The nucleosome remodelling and histone deacetylase (NuRD; also known as Mi‑2) 
complex regulates gene expression at the level of chromatin. The NuRD complex has been 
identified — using both genetic and molecular analyses — as a key determinant of 
differentiation in mouse embryonic stem cells and during development in various model 
systems. Similar to other chromatin remodellers, such as SWI/SNF and Polycomb complexes, 
NuRD has also been implicated in the regulation of transcriptional events that are integral to 
oncogenesis and cancer progression. Emerging molecular details regarding the recruitment 
of NuRD to specific loci during development, and the modulation of these events in cancer, 
are used to illustrate how the inappropriate localization of the complex could contribute to 
tumour biology.
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amino acid change at the MBD-DNA interface and cannot 
bind methylated DNA17,18. Instead, the MBD domain in 
MBD3 may function as a protein–protein interaction 
domain and has been shown to bind the oncoprotein 
JUN19. Analysis of Mbd2- and Mbd3‑knockout mice 
confirmed the functional difference between the two 
MBD protein family members — Mbd3‑knockout mice 
are embryonic lethal, whereas Mbd2‑knockout mice are 
viable and have only mild defects20. Similar to the MBD 
subunit, MTA family proteins also form exclusive alterna‑
tive NuRD complexes that associate with different tran‑
scription factors and target distinct gene loci. For example, 
only MTA3 can directly interact with the transcriptional 
repressor BCL‑6 to maintain a germinal centre B cell iden‑
tity in activated B cells15. These examples highlight the 
functional differences between the various family mem‑
bers of the NuRD complex and suggest roles in promoting 
specialized functions of the complex in different cell types 
and biological systems.

In addition to their functions within the NuRD com‑
plex, some NuRD subunits can also associate with other 
protein complexes. For example, RBBP4 and RBBP7 
are found in several other multisubunit chromatin 
modification complexes12. They presumably provide 
structural support and promote protein–protein inter‑
actions, rather than provide functional specificity to 
protein complexes12. HDAC1 and HDAC2 are also the 
core enzymatic subunits of CoREST and SIN3 com‑
plexes21. Like NuRD, these complexes are also associated 
with transcriptional repression22,23. It remains unclear 
whether the different HDAC1 and HDAC2 complexes 
can function synergistically to repress common down‑
stream targets, or whether the different complexes are 
specifically targeted to different regions of the genome.

Knockout and transgenic animal models of NuRD 
complex components reveal that it has functions in normal 
developmental processes, as well as in tumorigenesis24. 
The NuRD complex is required at various stages of 
haematopoietic differentiation, including haematopoietic 

stem cell maintenance and differentiation into lymphoid 
and myeloid lineage cells25. A NuRD complex containing 
MTA3 is required for the initiation of haematopoiesis in 
zebrafish embryos26. The NuRD complex is also involved 
in the transcriptional regulation of key genes that promote 
the progression of T and B lymphocyte development27–29. 
Transcriptional repression of multiple lineage‑specific 
genes by the NuRD complex during haematopoiesis is 
mediated through friend of GATA1 (FOG1; also known 
as ZFPM1), which binds MTA family proteins and 
recruits NuRD to GATA family transcription factors30,31. 
Other haematopoietic lineage‑specific transcription 
factors that are also associated with the NuRD complex 
include IKAROS and BCL11B32–34. The MBD3‑containing 
form of the NuRD complex is required for the mainte‑
nance of pluripotency in embryonic stem cells and for 
the initiation of normal differentiation programmes35,36.  
In the context of cancer, the NuRD complex has been 
associated with processes such as metastasis and  
epithelial‑to‑mesechymal transition (EMT). The remainder 
of this Review focuses on the recent progress made in 
understanding transcriptional regulation by the NuRD 
complex in promoting tumorigenesis, as well as its 
involvement in physiological cellular processes that 
maintain genome stability to prevent the development 
of cancer.

Gene regulation by NuRD in cancer
Biology of MTA family subunits. Of all the NuRD complex 
subunits, the MTA family members are the best studied in 
the context of cancer development. MTA1 was first cloned 
and characterized as a candidate metastasis‑associated gene 
from a differential cDNA hybridization screen comparing 
nonmetastatic and highly metastatic rat mammary adeno‑
carcinomas37. Increased levels of MTA1 were subsequently 
observed in tumours derived from various tissue origins, 
including breast, colorectal, gastric, oesophageal, endome‑
trial, pancreatic, ovarian, non‑small‑cell lung and prostate 
cancer, hepatocellular carcinoma, and diffuse large B cell 
lymphoma (DLBCL) in humans38. MTA1 overexpression 
correlates with higher tumour grade, microvascular inva‑
sion and poor prognosis in many cancer types38, a result 
perhaps of MTA1 being a downstream target of the MYC 
oncoprotein39. Silencing of MTA1 was found to abrogate 
the ability of MYC to transform mammalian cells39.

In the context of breast cancer, MTA1 and MTA2, 
but not MTA3, have been shown to repress oestrogen 
functions40. Although MTA1 promotes breast tumour 
progression, MTA3 has an opposing role by inhibiting 
EMT41. EMT is characterized by loss of cell adhesion and 
increased cellular motility, a process that is thought to be 
crucial for the initiation of cancer metastasis42. Activation 
of the ERBB2 (also known as HER2) pathway results in the 
upregulation of MTA1, which in turn physically interacts  
with oestrogen receptor (ER)‑suppressing ER element 
(ERE)‑driven transcription43. Overexpression of MTA1 
in ERα‑positive (ERα+) breast cancer cells is sufficient 
to reduce levels of ER target genes, including BRCA1, 
resulting in enhanced invasive growth in an anchorage‑
independent manner43,44. The initial description of MTA3 
revealed further intertwining of the biology of the MTA 

At a glance

•	The	nucleosome	remodelling	and	histone	deacetylase	(NuRD;	also	known	as	Mi‑2)	
complex	is	a	multisubunit	chromatin	remodelling	complex	that	contains	two	core	
subunits	(chromodomain‑helicase‑DNA‑binding	protein	3	(CHD3;	also	known	as	
Mi‑2a)	and	CHD4	(also	known	as	Mi‑2b),	and	histone	deacetylase	1	(HDAC1)	and	
HDAC2)	with	enzymatic	functions.	CHD3	and	CHD4	catalyse	ATP‑dependent	
chromatin	remodelling,	and	HDAC1	and	HDAC2	mediate	histone	and	protein	
deacetylation.

•	All	subunits	of	the	complex	are	encoded	by	multiple	gene	paralogues.	Combinatorial	
assembly	of	these	paralogues	contributes	to	the	targeting	and	function	of	the complex.

•	The	metastasis‑associated	gene	1	(MTA1)	subunit	is	widely	overexpressed	in	many	
types	of	cancer	and	is	associated	with	poor	prognosis.

•	Unlike	other	chromatin	remodelling	complexes	with	well‑defined	roles	in	cancer,		
the	NuRD	complex	can	promote	or	suppress	tumorigenesis	depending	on context.

•	NuRD	complex	recruitment	to	specific	loci	is	mediated	by	multiple	mechanisms,	
including	recruitment	by	transcription	factors	and	direct	interaction	with	
methylated DNA.

•	Emerging	evidence	suggests	non‑transcriptional	roles	of	the	NuRD	complex	in	the	
maintenance	of	genome	stability,	including	DNA	replication,	chromatin	assembly	and	
DNA repair.
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gene family with ER41–45. Removal of oestrogen leads to 
the loss of MTA3 expression, and MTA3 expression posi‑
tively correlates with ER expression in human primary 
breast tumours41. An MTA3‑containing NuRD complex 
has been shown to repress transcription of SNAI1, a cru‑
cial transcription factor that promotes EMT41. MTA1 and 
MTA3 exhibit opposing patterns during tumour progres‑
sion in a transgenic mouse strain that develops spontane‑
ous breast cancer46. MTA3 is highly expressed in epithelial 
cells in normal ducts, and its expression decreases in the 
early stages of tumorigenesis and becomes silenced in late‑
stage invasive carcinoma. By contrast, MTA1 expression 
progressively increases during breast cancer progression. 
This opposing pattern of MTA1 and MTA3 expression 
is in agreement with the molecular connection between 
MTA1, ER and MTA3, and further supports the model 
that different MTA family members promote target  
specificity of the NuRD complex. The biology of the MTA  
family in breast cancer typifies the current characteriza‑
tion of NuRD complex — the combinatorial assembly of 
subunits underlies seemingly contradictory biological 
outcomes. In this sense, the NuRD complex and its roles in 
cancer are considerably different from those that have been 
documented for other chromatin remodellers, such as  
SWI/SNF and Polycomb47,48.

Recruitment of the complex by oncogenes and tumour 
suppressors. Multiple lines of evidence converge on 
the conclusion that the NuRD complex associates 

with oncogenic transcription factors to promote the 
transcriptional repression of downstream targets 
(FIG. 1). Several examples of this mechanism have 
been observed in different types of malignancies. In 
B cell lymphomas of germinal centre or post‑germinal 
centre origin, such as DLBCL, the increased express‑ 
ion of MTA3 is commonly observed49. As men‑
tioned above, MTA3 can directly interact with BCL‑6 
(REF. 15), a transcriptional repressor and oncogene 
that has a causal role in a substantial proportion 
of DLBCLs50. In this system, MTA3 is required for 
the BCL‑6‑dependent repression of the transcrip‑
tional programme that is associated with plasma cell 
differentiation15.

In three cases of aggressive B cell chronic lympho‑
cytic leukaemia, chromosomal translocations involv‑
ing the immunoglobulin heavy chain locus resulted in 
the deregulated expression of BCL11A, a Krüppel‑like 
zinc‑finger transcriptional repressor51. As MTA pro‑
teins within the NuRD complex directly interact with a 
closely related protein BCL11B in T cell leukaemia and 
lymphoma cell lines32,33, it is likely that BCL11A also 
recruits the NuRD complex to promote B cell‑lineage 
lymphoid malignancies. BCL11A and BCL11B are 
transcriptional repressors, and knockout mice have 
indicated that BCL11A and BCL11B are indispen‑
sable for early B cell and T cell development, respec‑
tively, affecting differentiation, as well as cell survival  
programmes, in these cells52,53.

Table 1 | Core components of the NuRD complex

Subunit Protein structure Functions

CHD3 and 
CHD4

The CHD3 or CHD4 subunit consists of two PHD fingers, two chromodomains and an 
ATPase domain. The PHD fingers are required for interaction with HDAC1 (REF. 6) and 
for modified histone tails96,97. The chromodomains display DNA‑binding activity and are 
indispensable for ATPase, nucleosome mobilization and nucleosome binding98. The ATPase 
domain carries out ATP hydrolysis, which provides the energy necessary for nucleosome 
remodelling by either histone displacement99,100 or histone octamer sliding101

HDAC1 
and 
HDAC2

HDAC1 and HDAC2 are class I HDACs that share homology to the yeast RPD3 gene and 
consist of a zinc‑containing deacetylase catalytic domain. HDAC1 and HDAC2 uniquely 
contain an additional carboxy‑terminal RB‑binding motif102

MBD2 The conserved MBD domain of MBD2 binds methylated DNA17,18. MBD2 also contains a 
GR‑rich region and a TRD that is involved in recruiting HDACs103,104

MBD3 The MBD domain of MBD3 does not bind methylated DNA17,18. MBD3 contains a glutamic 
acid (E) repeat region near the C terminus

MTA1, 
MTA2 and 
MTA3

MTA1, MTA2 and MTA3 share four highly conserved functional domains: BAH domain, 
ELM domain, SANT domain and a zinc finger DNA‑binding domain. The BAH domain is 
thought to be involved in protein–protein interaction105 and the SANT domain seems 
to contribute to MTA2–HDAC1 interactions106. The zinc finger domain is necessary for 
interaction with transcription factors or transcriptional co‑regulators such as FOG2 
(REF. 107). The function of the ELM domain remains undefined

GATAD2A 
and 
GATAD2B

GATAD2A and GATAD2B contain two conserved regions. The amino‑terminal conserved 
region directly interacts with MBD2 or MBD3, and the C‑terminal conserved region can 
interact with histone tails and is important for targeting to specific genomic loci10,13

RBBP4 and 
RBBP7

Both RBBP4 and RBBP7 contain six WD40 repeats, which fold into a seven‑bladed 
b‑propeller structure and bind to histone H4 (REF. 108)

BAH, bromo‑adjacent homology; CHD, chromodomain‑helicase‑DNA‑binding protein; ELM, Egl27/MTA1; FOG2, friend of GATA2; HDAC, histone deacetylase; 
MBD, methyl‑CpG‑binding domain; MTA, metastasis‑associated gene; NuRD, nucleosome remodelling and histone deacetylase; RBBP, retinoblastoma‑binding 
protein; SANT, SW13, ADA2, N‑CoR and TFIII B; TRD, transcriptional repression domain; ZnF, zinc finger.

PHD PHD Chromo Chromo ATPase

WD repeats

MBD2 and 
MBD3 binding GATA–ZnF

BAH SANTELM ZnF

E repeatsMBD

GR repeats MBD TRD

Catalytic
domain RB binding
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TWIST, a basic helix–loop–helix transcription fac‑
tor, can function as a master regulator of cancer metas‑
tasis and EMT in a similar manner to that of SNAIL54. 
Increased expression of TWIST is observed in several 
types of cancer, including breast, gastric, hepatocellular, 
prostate, uterine and bladder cancers, and correlates 
with a poor prognosis55. In breast cancer cells, an 
MTA2‑containing NuRD complex was found to asso‑
ciate with TWIST56. In this case, TWIST recruits the 
NuRD complex to the promoter of a target gene, CDH1 
(which encodes E‑cadherin), to mediate transcriptional 
repression and to promote EMT. This finding sug‑
gests that the NuRD complex is integral to the preven‑
tion41 and the promotion56 of EMT, depending on the 
cellular context.

The chimeric protein promyelocytic leukaemia 
(PML)-retinoic acid receptor‑α (RARα), a well‑ 
characterized oncogenic transcription factor resulting 
from a chromosomal translocation in human acute 
promyelocytic leukemias, also recruits the NuRD com‑
plex through direct protein interaction57. PML-RARα 
recruits NuRD to target genes that include the tumour 
suppressor retinoic acid receptor β2 (RARB2). The 
NuRD complex in turn facilitates the recruitment of 
other epigenetic modifiers, including the Polycomb 
complex and DNA methyltransferases, to establish the 
repressive histone methylation mark (H3K27) and DNA 
methylation and to promote gene‑silencing events that 
result in the blockade of cellular differentiation57.

In addition to the association with oncoproteins 
by the MTA subunits, other components of the NuRD 
complex can also directly interact with transcription 
factors. For example, NAB2, a co‑repressor of the early 
growth response (EGR) family of transcriptional trans‑
activators, preferentially binds the carboxy‑terminal 
domain of either CHD3 or CHD4 to co‑repress EGR 
activities that are involved in the progression of pros‑
tate cancer58. The functions of EGR1 are broad in 
that it regulates cell growth, differentiation and apo‑
ptotic programmes59. In prostate cancer, EGR1 targets 
include insulin‑like growth factor 2 (IGF2), transform‑
ing growth factor β1 (TGFB1) and platelet‑derived 
growth factor‑α (PDGFA), which have been implicated 
in tumour progression59. Accordingly, increased EGR1 
and reduced levels of NAB2 are frequently observed in 
prostate cancer60.

As mentioned above, the MBD3 subunit can directly 
interact with JUN19, which has an important role in 
regulating intestinal homeostasis and tumorigenesis61.  
An MBD3‑containing NuRD complex preferentially 
interacts with an unphosphorylated form of JUN to 
repress its transcriptional activity. On exposure to extra‑
cellular stimuli, such as growth factors and cytokines, 
JUN is phosphorylated by JUN N‑terminal kinase, mak‑
ing its interaction with MBD3 inefficient and relieving 
the transcriptional repression by the NuRD complex. 
Inactivation of the Mbd3 gene in the intestinal crypts of 
mice leads to increased expression of JUN target genes, 
resulting in colonic hyperproliferation and increased 
susceptibility to tumour development19. These exam‑
ples indicate that the NuRD complex has a dual role in 

promoting, as well as suppressing, tumorigenesis; which 
of these prevails is probably dependent on cell type, as 
well as the subunit composition of the complex.

Other examples of the NuRD complex associating 
with proteins that act as tumour suppressors have also 
been shown in breast cancer cells. ZIP, a zinc finger and 
G‑patch domain‑containing protein, acts as a transcrip‑
tional repressor of genes that are involved in cell prolif‑
eration, survival and migration62. Loss of ZIP results in 
aggressive tumour growth in vivo in mouse xenografts. 
Like NAB2, ZIP also exclusively interacts with the CHD3 
and CHD4 subunits of the NuRD complex.

LSD1 may also associate with the NuRD complex 
through the MTA subunit in breast cancer cells and was 
found to repress the transcription of genes that are active 
in pathways such as TGFβ, focal adhesion and MAPK7. 
These pathways are involved in cell migration, invasion 
and EMT in cancer cells. At the TGFB1 promoter, only 
an MTA3‑containing form of the NuRD complex was 
found to be associated with LSD1 (REF. 7). Depletion of 
LSD1 led to the upregulation of TGFβ1 expression and 
increased invasiveness in vitro and metastatic potential 
in vivo7. These initial results further support the unique 
role of MTA3 as a tumour suppressor in breast cancer.

It is somewhat surprising that the pattern of associa‑
tion of different proteins with particular subunits that has 
emerged from the many studies reported to date lacks any 
unifying features. Most individual subunits of the com‑
plex have been reported as key interaction proteins in 
one system or another, and in many cases different tran‑
scription factors are implicated in binding to different 
regions of individual subunits. This lack of clarity points 
to a compelling need for additional biochemistry and 
structural biology findings to ascertain the available pro‑
tein interaction surfaces within a given NuRD complex 
and how they are used by transcription factors in diverse 
biological contexts to elicit a specific biological outcome.

Protein modification and the NuRD complex. Tumour 
hypoxia, an environmental cue that is known to promote 
angiogenesis, has also been shown to induce MTA1 
expression in breast cancer cells63. MTA1 recruits HDAC1 
to deacetylate hypoxia‑inducible factor 1α (HIF1α), the 
master regulator of the hypoxia transcriptional pro‑
gramme63 (FIG. 1). The deacetylated form of HIF1α is stabi‑
lized and protected from rapid turnover, thus enhancing 
the transcriptional activation of downstream targets, 
including those involved in angiogenesis and cancer 
metastasis. Similarly, an MTA1‑ or MTA2‑containing 
NuRD complex can promote the deacetylation of p53 to 
block p53‑dependent transcriptional activation, and can 
inhibit its function in mediating growth arrest and apop‑
tosis64,65 (FIG. 1). Inactivation of p53 by the NuRD complex 
probably represents another mechanism that facilitates 
tumour growth and progression.

Subunits of the NuRD complex are also subject to 
post‑translational modification that alters their func‑
tion. Several recent reports substantiate a role for MTA1 
acetylation in gene activation. For example, MTA1 is a 
transcriptional activator of breast carcinoma‑amplified 
sequence 3 (BCAS3), a gene that is overexpressed in 
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breast cancer and implicated in enhancing anchorage‑
independent growth66. Only lysine 626‑acetylated MTA1 
in association with ERα at an intronic enhancer is able 
to efficiently recruit RNA polymerase II (Pol II) to pro‑
mote BCAS3 transcription66. In breast cancer cells, only 
an acetylated form of MTA1 was found to repress Gαi2 
transcription, leading to the activation of the RAS–RAF 
pathway,  and only this form was able to transform Rat1 
fibroblasts67. An acetylated form of MTA1 is also impli‑
cated in DLBCL in mice. MTA1 occupies the promoter 
and an enhancer region in the seventh intron of the 
Pax5 gene68, a B cell‑specific transcription factor. Only 
acetylated MTA1 efficiently recruits Pol II to the Pax5 

promoter68. Other NuRD complex subunits have also 
been shown to have post‑translational modifications, 
such as phosphorylation and acetylation69–71. However, 
functional roles for these modifications have not yet 
been determined. Regardless, studies of the acetylated 
form of MTA1 have provided evidence that the NuRD 
complex can act as a direct transcriptional activator, as 
well as a transcriptional repressor. Post‑translational 
modifications on NuRD complex subunits probably 
represent another level through which the biological 
functions of this complex are regulated.

The recruitment of MBD2 to hypermethylated gene 
promoters to mediate gene silencing. An aberrant DNA 
methylation pattern is frequently observed in cancer. 
Cancer cells often exhibit genome‑wide hypomethylation, 
which is thought to contribute to genome instability72.  
By contrast, promoter CpG islands are frequently hyper‑
methylated in cancer, and are strongly associated with 
transcriptional silencing73. Promoter hypermethylation is 
a widespread mechanism in promoting the transcriptional 
repression of tumour suppressor genes, including INK4A, 
RB1 and BRCA1 (REF. 74). In addition to preventing the 
binding of transcription activators, methylated CpGs can 
also recruit MBD family proteins and their associated 
chromatin remodelling enzymes to form repressive chro‑
matin to ensure gene silencing75 (FIG. 1). MBD2 has been 
shown to associate with several hypermethylated promot‑
ers in cancer cells, including the CDKN2A locus (which 
encodes INK4A and ARF) in colon cancer76,77. Although it 
remains unclear whether MBD2 specifically recruits other 
NuRD complex subunits to these gene loci, the treatment 
of colon cancer cells with the HDAC inhibitor trichosta‑
tin A resulted in greater expression of ARF and INK4A 
than treatment with a DNA methyltransferase inhibitor 
5‑Aza‑cytidine77. These data suggest that cooperative 
actions between MBD2 and HDAC occur at hypermethyl‑
ated gene loci, which supports an active role for the NuRD 
complex in gene silencing. Consistent with these obser‑
vations, Mbd2 deficiency in tumour‑prone Apcmin/+ mice 
suppresses intestinal tumorigenesis78. It remains to be 
determined to what extent the MBD2‑containing NuRD 
complex promotes gene silencing at hypermethylated 
promoters in cancer.

Non-transcriptional roles: genome stability
In addition to transcriptional regulation, emerging data 
indicate that the NuRD complex also has important roles 
in other processes that ensure proper DNA replication, 
cellular proliferation and protection of genome integ‑
rity69,79–82. Strict regulation of these processes is crucial for 
protecting cells from malignant transformation. Rapidly 
proliferating lymphocytes uniquely accumulate a high 
local concentration of the NuRD complex, or NuRD foci, 
at pericentromeric heterochromatin on chromosomes 
1, 9 and 16 during the S phase of the cell cycle79. These 
NuRD foci colocalize with proteins that are present at 
active replication forks, such as proliferating cell nuclear 
antigen (PCNA) and chromatin assembly protein CAF1, 
suggesting a role for the NuRD complex in regulating 
DNA replication and/or subsequent chromatin assembly 

Figure 1 | Mechanisms by which the NuRD complex interacts with different 
factors to promote cancer development. a | The recruitment of the nucleosome 
remodelling and histone deacetylase (NuRD) complex by a tissue‑specific transcription 
factor to gene promoters to mediate transcriptional repression is shown. Several known 
oncogenes have been shown to recruit the NuRD complex to suppress the transcription 
of tumour suppressor genes. b | Post‑translational modification of a transcription factor 
by the NuRD complex to modulate downstream transcriptional activities is shown.  
In hypoxic breast cancer cells, metastasis‑associated gene 1 (MTA1) recruits histone 
deacetylase 1 (HDAC1) to promote the deacetylation of hypoxia‑inducible factor 1α 
(HIF1α), leading to the stabilization of HIF1α and its transcriptional programme63. 
Conversely, deacetylation of p53 by the NuRD complex results in the inactivation  
of p53, rendering cells resistant to cell growth arrest and apoptosis64,65.  
c | A methyl‑CpG‑binding domain 2 (MBD2)‑containing NuRD complex targeting 
hypermethylated promoters (shown by grey lollipops) of tumour suppressor genes to 
mediate transcriptional silencing is shown75–77. AC, acetylation; CHD, chromodomain‑
helicase‑DNA‑binding protein; EMT, epithelial‑to‑mesechymal transition.
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at these chromosomal regions (FIG. 2). Interestingly, the 
Polycomb core complex PRC1, which localizes to peri‑
centromeric heterochromatin in many cell types, is 
absent in lymphocytes containing NuRD foci, suggesting 
a unique role of the NuRD complex during lymphocyte 
proliferation. Coincidentally, cells derived from patients 
with immuno deficiency, centromeric instability and facial 
anomalies (ICF) syndrome, owing to a loss‑of‑function 
mutation in DNA methyltransferase 3B, have aberrant 
hypo methylated pericentromeric heterochromatin83,84. 
However, B lymphocytes from these patients preferentially 
exhibit chromosomal instability, resulting in defective 
differentiation85. It is plausible that an MBD2‑containing 
NuRD complex targets the densely methylated regions 
at pericentromeric heterochromatin in lymphocytes to 
ensure proper chromatin assembly during cellular prolif‑
eration. Whether a similar mechanism is used by rapidly 
dividing tumour cells is unknown.

In addition to its involvement in chromatin assembly, 
the NuRD complex also regulates the G1/S cell cycle 
transition69. The manipulation of the NuRD subunits 
CHD4 (REFS 69,81,86) and MTA2 (REF. 81) by RNA 
interference, or the manipulation of MTA1 by genetic 
means87, can lead to a blockade at the G1/S phase transi‑
tion and the accumulation of a p53 downstream effector, 
p21. In U2OS cells, the absence of the NuRD complex 
prevented deacetylation of p53. The accumulation of sta‑
bilized p53 protein resulted in increased expression of 
p21, leading to cell cycle arrest69. By contrast, in mouse 
embryonic fibroblasts, the genetic depletion of Mta1 led 
to a destabilization of p53. Nonetheless, p21 levels were 
also increased. Subsequent investigation revealed that, 
in the mouse embryonic fibroblasts and in mouse tissue, 
MTA1 and the NuRD complex directly regulate p21 
levels via a p53‑independent mechanism85 (FIG. 2). It is 
currently unclear why these two studies, which describe 
a similar biological outcome, do so through different 
mechanisms. Further experimentation will be required 
to resolve these mechanistic discrepancies. Despite this, 
these analyses collectively indicate that the NuRD com‑
plex can have multiple roles at different stages of the cell 
cycle to regulate cell proliferation, and some functions 
seem to be cell type‑specific events.

In the past year, several groups have also reported 
a novel function of the NuRD complex in regulating 
DNA damage responses, a role that had previously been 
ascribed to MTA1 (REF. 88). A genome‑wide RNA interfer‑
ence screen in Caenorhabditis elegans identified egr-1 (also 
known as lin-40), a homologue of the MTA genes, as a fac‑
tor that protects against DNA damage that is induced by 
ionizing radiation81. Ionizing radiation results in chromo‑
somal double‑strand breaks (DSBs), and adequate DNA 
repair mechanisms are necessary to prevent apoptosis or 
aberrant transformation. The NuRD complex is rapidly 
recruited to sites of DSBs69,80,81,86, and this is dependent 
on the activity of the poly(ADP ribose) polymerase 
(PARP), which incorporates poly(ADP ribose) (PAR) 
chains at sites of DNA damage69,80 (FIG. 2). The presence 
of PAR chains recruits several DNA repair proteins, as 
well as the NuRD complex. CHD4 was found to con‑
tain PAR‑binding motifs in its amino‑terminal region69. 

The depletion of CHD4 results in hypersensitivity to DNA 
damage resulting from ionizing radiation exposure, and 
the accumulation of unrepaired breaks at sites of DNA 
damage69,80,81. Loss of CHD4 also results in CDC25A 
degradation and p21 accumulation, leading to cell cycle 
delay86. CHD4‑ or MTA2‑depleted cells failed to fully acti‑
vate the G2/M checkpoint, owing to the inability of cells 
to activate the RNF8-RNF168‑mediated histone ubiquit‑
ylation pathway, which is required for the accumulation 
of checkpoint and repair proteins, including BRCA1 
(REFS 81,86). In addition to promoting DNA repair, there 
is also evidence that the presence of the NuRD complex at 
sites of DNA damage suppresses transcription80. At sites 
of DNA damage, there is a rapid loss of nascent RNA 
and elongating RNA polymerase, which was not the case 
in CHD4‑ or MTA1‑depleted cells80. Collectively, these 
results suggest that the NuRD complex has a crucial role 
in the DNA damage response by both recruiting DNA 
repair proteins and promoting transcriptional repression, 
in order to facilitate the repair process. It is interesting 
that the NuRD complex has been implicated as an active 
regulator of both the G1/S and the G2/M progression 
checkpoints. These observations highlight the multiple 
roles of NuRD in chromosomal biology. During progres‑
sion through the G1/S boundary, a defect in NuRD seems 
to result in deregulated transcription. During G2/M 
progression, disruption of NuRD results in a defect in  
histone modification that affects checkpoint control.

Targeting of NuRD subunits for cancer therapy?
Recent progress in understanding the function of NuRD 
subunits and their specificity in different types of cancer, 
as discussed above, should set the path for designing effec‑
tive cancer therapeutic agents that target this complex. 
However, as the NuRD complex has roles in both promot‑
ing and suppressing tumour growth, even within the same 
tumour type, more knowledge of the fundamental biology 
downstream of NuRD will be required. Given the current 
state of the field, MTA1 would seem to be a prime thera‑
peutic target. It is widely overexpressed in many types of 
cancer and is downstream of important pathways, such as 
MYC, in the transformation process38,39.

The NuRD complex contains histone deacetylase 
subunits, so HDAC inhibitors may represent one poten‑
tial therapeutic avenue for targeting NuRD function.  
A recent study showed that HDAC inhibitors have selec‑
tive preference for different types of HDAC complexes89, 
suggesting that targeting specific HDAC complexes may 
be feasible with enzyme inhibitors. However, it remains 
unclear whether one could selectively target tumour‑
promoting activities while sparing tumour‑suppressive 
functions with this class of drugs.

As the NuRD complex frequently associates with 
tissue‑specific transcription factors to regulate transcrip‑
tion, drugs modulating the activity or the interactions of 
these proteins may represent a more selective approach 
to inhibiting undesirable NuRD functions in cancer 
cells. Emerging evidence points to the possibility that 
post‑translational modifications of NuRD subunits can 
modulate their function within the complex, potentially 
offering additional drug targets.
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Conclusions and future directions
When the NuRD complex was first characterized, its 
subunit composition suggested a role in transcriptional 
repression. Although many examples of transcrip‑ 
tional repression have been demonstrated, it is now 
clear that the NuRD complex is multifunctional and 
participates in many aspects of chromosomal biology, 
including transcriptional activation, protein modifica‑
tion, DNA repair and DNA replication. In the context of 
cancer, the NuRD complex has roles in both promoting 
and suppressing tumorigenesis. As the interaction with 
other proteins represents a major mechanism of its func‑
tional specificity, how the NuRD complex might contrib‑
ute to cancer development is dependent on cell type. The 
microenvironment and the transcriptional programme 
of each cell type will dictate the subunit composition of 
the NuRD complex and its interaction partners.

Given the broad role of the NuRD complex in cancer 
biology, it is surprising that the expression of the MTA1 
subunit has only been shown to be deregulated during 
tumour progression in various types of cancer. Other 
chromatin modification complexes, such as the SWI/SNF 
complex and Polycomb repressive complexes, also have 
well‑established roles in cancer47,48. Several subunits of 
the SWI/SNF complex function as tumour suppres‑
sors, and loss‑of‑function mutations in these subunits 
have been found in various human cancers. By contrast, 
the Polycomb proteins have important roles in main‑
taining cancer stem cell populations, and cancer cells 
often have increased expression of Polycomb proteins. 
Similarly, mixed lineage leukaemia (MLL), a histone 3 
lysine 4 methyltransferase that functions in a large 
nuclear complex, is frequently involved in chromosomal 
translocations in various haematopoietic malignancies90. 
MLL fusions have also been found to impart leukaemic 
stem cell properties90. As mentioned above, the NuRD 
complex has important roles in the maintenance and 
function of haematopoietic stem cells25,26, so one can 

speculate that it may also participate in regulating the 
transcriptional programme in leukaemic cells or other 
types of cancer stem cells.

As the NuRD complex is an integral component of 
the DNA repair machinery, one might anticipate the 
loss of NuRD complex function, particularly in tumour 
types that are characterized by chromosomal instability. 
Furthermore, ageing cells have loss of expression of CHD 
subunits91, which could contribute to genome instabil‑
ity and cancer susceptibility during cellular ageing. 
Indeed, loss of CHD4 expression has been observed in 
gastric and colorectal cancer cases with microsatellite 
instability92, supporting the role of the NuRD complex 
in the maintenance of genome integrity in these regions. 
However, loss‑of‑function mutations of the NuRD com‑
plex subunits have only been infrequently observed in 
cancer in limited studies92–95. For example, a truncat‑
ing mutation of HDAC2 has also been documented in 
sporadic carcinomas with microsatellite instability95, 
although it is not clear whether the loss of HDAC2 func‑
tion in these cases is in the context of the NuRD complex 
or other HDAC‑containing nuclear complexes. Ongoing 
cancer genome‑sequencing projects should provide 
insights into the prevalence of NuRD mutations in differ‑
ent types of cancer and reveal patterns of association of 
loss of function of specific subunits with unique aspects 
of tumour biology that are similar to those observed in 
other chromatin remodelling complexes.

 Although mutations have not been observed in 
NuRD subunits with high frequency in cancer, it is 
possible that subunit composition of the NuRD com‑
plex is perturbed by signalling cascades in cancer 
cells without disrupting the expression level of indi‑
vidual subunits, leading to loss of function or aberrant 
genomic targeting of the complex. Recent reports 
showing the importance of acetylation of MTA1 in 
facilitating its interaction with oncogenic transcrip‑
tional complexes suggest that post‑translational 

Figure 2 | Non-transcriptional mechanisms by which the NuRD complex maintains genome stability.  
a | Colocalization of the nucleosome remodelling and histone deacetylase (NuRD) complex with DNA replication 
machinery such as CAF1 and proliferating cell nuclear antigen (PCNA) during the S phase of the cell cycle suggests  
a role of the complex in chromatin assembly during and/or after DNA replication79. b | The NuRD complex promotes G1/S 
phase transition during cell cycle progression by promoting the deacetylation of p53. Loss of p53 function results in the 
inactivation of p21 to allow cell cycle progression69. c | The recruitment of the NuRD complex to sites of DNA damage to 
facilitate the DNA repair process is shown. At sites of double‑stranded breaks, poly(ADP ribose) polymerase (PARP) 
incorporates poly(ADP ribose) chains that can recruit the NuRD complex in addition to other DNA repair proteins to 
facilitate the repair process69,80. AC, acetylation.
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modification on NuRD complex subunits may be 
crucial in determining its function. High‑throughput 
screens of compounds with biological activity in 
tumour cells may lead to new insights into the con‑
tributions of the NuRD complex to tumorigenesis, as 
well as provide new therapeutic avenues. Furthermore, 
although the core composition of the NuRD complex 
is well characterized, only a handful of tissue‑specific 

transcription factors associating with the complex 
have been characterized. The identification of binding 
partners of different variant forms of the NuRD com‑
plex and the determination of genomic localization in 
both normal and abnormal tissue, a goal of current 
genome association studies, will facilitate the genera‑
tion of models relating the biological functions of the 
NuRD complex to cancer.
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