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 3 

In mammals, as in plants, mutations in SNF2-like DNA helicases/ATPases were 

shown to affect not only chromatin structure but also global methylation 

patterns, suggesting a potential functional link between chromatin structure and 

epigentic marks. The SNF2-like containing nucleosome remodeling and 

deacetylase corepressor complex (NuRD) is involved in gene transcriptional 

repression and chromatin remodeling. We have previously shown that the 

leukemogenic protein PMLRARα represses target genes through recruitment of 

DNMTs and Polycomb complex. In this thesis, we demonstrate a direct role of 

the NuRD complex in aberrant gene repression and transmission of epigenetic 

repressive marks in acute promyelocytic leucemia (APL). We show that PML-

RARα binds and recruits NuRD to target genes, including to the tumor-

suppressor gene RARβ2. In turn, the NuRD complex facilitates Polycomb 

binding and histone methylation at lysine 27. Retinoic acid treatment, which is 

often used for patients at the early phase of the disease, reduced the promoter 

occupancy of the NuRD complex. Knock-down of the NuRD complex in 

leukemic cells not only prevented histone deacetylation and chromatin 

compaction, but also impaired DNA and histone methylation as well as stable 

silencing, thus favoring cellular differentiation. These results unveil an important 

role for NuRD in the establishment of altered epigenetic marks in APL, 

demonstrating an essential link between chromatin structure and epigenetics in 

leukemogenesis that could be exploited for therapeutic intervention. 
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1. Leukemia  

All blood cell types are derived from haematopoietic stem cells (HSCs). Two 

properties define these cells. First, they can generate more HSCs (self-

renewal), and second, they have the potential to differentiate in a stepwise 

process, of binary decisions, into various progenitor cells (common lymphoid 

and myeloid progenitors), which in turn differentiate into additional intermediate 

progenitors. Self-renewal is required for HSCs to maintain haematopoiesis over 

the lifetime of the host. Differentiation defines the sequence of events by which 

cells undergo orderly changes into mature cells (Figure 1), which is regulated by 

several lineage-restricted transcription factors.  

 

 
           (Di Croce et al., 2004) 

 
Figure 1. Schematic representation of adult haematopoiesis. Haematopoietic 
differentiation pathway according to the model proposed by Weismann et al. 
Leukaemogenic fusion proteins could arise either in multipotent progenitors (including 
HSC) prior to lineage commitment or alternatively in committed cells, which are 
permissive for fusion expression, as indicated by the red arrows. The target cells in 
which the translocations can occur differ for the various fusion proteins. HSC, 
haematopoietic stem cell; CLP, common lymphoid progenitor; CMP, common myeloid 
progenitor. 
 
 
Mis-expression, disruption or, more often, chromosomal translocation of one of 

these ‘master’ genes required for haematopoiesis is usually a key event in 

leukemia. In leukemia, chimeric proteins created through chromosomal 

translocations are believed, in several instances, to function in a dominant-

negative fashion on gene regulation, thus preventing proper cell differentiation. 

The fusion proteins exert their action via direct or indirect interactions with 
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transcription co-factors or chromatin modifying enzymes. Why are solid tumours 

so rarely characterized by the presence of chimeric fusion proteins? The 

answer could be linked to the high frequency of recombination events that 

occurs in lymphocytes and to the requirement of a ‘permissive’ cellular context, 

which may be present in haematopoietic cells (Di Croce et al., 2004). 

 

 
1.2 Acute Promyelocitic Leukemia (APL) and PML-RARα  

Acute Promyelicitic Leukemia (APL) is a rare malignancy caused by the t(15;17) 

translocation, which juxtaposes the promyelocytic leukemia (PML) and retinoic 

acid receptor-α (RARα) genes to yield an oncogenic fusion protein, PML–RARα 

(de The et al., 1990) (Figure 2). PML-RARα binds to RARα target promoters 

blocking the maturation of promyelocitic cells and inducing the clonal expansion 

of tumoral cells with promyelocytic morphological characteristics.  

In addition to the common t(15;17) translocation, other chromosomal 

translocations have been identified in rare cases of APL. These translocations 

also result in fusions to RARα and include fusions with PLZF in 

t(11;17)(q23;q21) (Cheng et al., 1999), NPM in t(5;17)(q32;q21) (Redner et al., 

1996), and NuMA in t(11;17)(q13;q21) (Wells et al., 1997). The partners of 

RARα in the APL fusions are all nuclear but otherwise have limited 

commonality. This fact raises the possibility that all the translocations contribute 

to APL pathogenesis by generating abnormal retinoic acid receptors that share 

common transcriptional properties. 

 

 
 
Figure 2. PML-RARα squeme. The PML moiety maintains the Ring and the B-Box 
domains that modulate context-specific repression, and the Coil Coil (CC) domain, 
responsible for the oligomerization of both PML and PML-RARα molecules. The RARα 
moiety maintains both the DNA Binding Domain (DBD), that gives to PML-RARα the 
capability to bind DNA to the Retinoic Acid Responsive Elements (RARE), and the 
Hormone Binding Domain (HBD), the domain responsible for the Retinoic Acid (RA) 
binding. 
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1.3 APL treatment 

Retinoic acid (ATRA) treatment and arsenic trioxide treatment are effective in 

patients with APL (Soignet et al., 1997). The clinical effects of retinoic acid and 

arsenic are related; both induce differentiation of the promyelcytic tumour cells. 

This indicates that they have a common target and, indeed, they activate 

overlapping sets of genes. These two agents were also shown to trigger PML–

RARα degradation by targeting its two different moieties — retinoic acid targets 

the RARα component of the fusion protein (Soignet et al., 1997), whereas 

arsenic targets the PML moiety (Zhu et al., 1997) (Figure 3).  

 

 
de Thé, et al, 2000 

 
Figure 3. Effects of retinoic acid and arsenic on PML–RARα. Arsenic trioxide 
(As2O3) and retinoic acid, respectively, target the PML and RARα moieties of the fusion 
protein. At high concentrations, retinoic acid binds PML–RARα, triggering a 
conformational change that releases SMRT and recruits transcriptional co-activators, 
allowing RARα to de-repress transcription of its target genes. Retinoic acid binding also 
causes recruitment of the 19S proteasome, leading to PML–RARα degradation. 
Transcriptional activation by retinoic acid is greatly facilitated by cyclic AMP (cAMP), 
possibly through RARα phosphorylation79, but also through cAMPinduced dissociation 
of SMRT54. Conversely, As2O3 treatment promotes SUMO conjugation of PML at 
amino-acid K160. This results in 11S proteasome activator complex recruitment and 
PML–RARα degradation. Arsenic-induced changes in the post-translational status of 
amino-acid K160 of PML could also modulate DAXX (death-associated protein 6) 
binding, releasing transcriptional repression before PML–RARα degradation. 
 
 
Clinical trials performed in newly diagnosed patients have confirmed the benefit 

of dual retinoic acid and arsenic therapy for patient outcome (Shen et al., 2004). 

Retinoic acid, arsenic or dual therapies were administered until patients went 
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into complete remission, followed by consolidation chemotherapy. The study 

showed that patients treated with a combination of retinoic acid and arsenic 

reached complete remission much faster, had a more rapid and complete 

clearance of leukemia cells, had a significantly longer period of relapse-free 

survival and arsenic plus chemotherapy combination is more effective than the 

retinoic acid plus chemotherapy combination. 

 

 

1.4 Retinoic Acid Receptor α (RARα) 

The retinoid signal is transduced by two families of nuclear receptors, the 

retinoic acid receptors (RARs) and the retinoic X receptors (RXRs), which work 

as heterodimers (Kastner et al., 1997) (Mark et al., 1999). They have a modular 

structure composed of six conserved regions, named A-F. Regions C and E 

contain the conserved DNA binding domain (DBD) and ligand binding domain 

(LBD) respectively (Figure 4). LBDs are formed by 12 alpha-helices and a beta-

turn which are folded in a three-layered, antiparallel helical sandwich, the helix 

12 (in the AF-2 activation domain) is outside the LBD core (Figure 5). The N-

terminal A/B region is a ligand-independent transactivation domain while the D 

region serves as a hinge between the DBD and the LBD. The F region is absent 

in RXRs and its function in RARs is still not clear.  

 

 
                (Bastien et al., 2004) 

 
Figure 4. Schematic representation of retinoic acid receptor alpha (RARα). The 
conserved regions are indicated with different colors (A/B blue, C yellow, D white, E 
orange, F green). The functional domains are schematically indicated: activation 
domain1 and 2, AF1 and AF2, DNA binding domain (DBD), ligand binding domain 
(LBD).  
 
 
The DBD mediates the interaction of retinoid receptors with specific DNA 

regions, known as retinoic acid responsive elements (RAREs). RAREs are 

usually composed of two direct repeats of a core hexameric motif, 
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PuG(G/T)TCA (Leid et al., 1992) (Mangelsdorf et al., 1995). The classical 

RARE is the DR5 (5-bp-spaced direct repeats), however RAR/RXR can also 

bind DR1 (1-bp-spaced direct repeats) and DR2 (2-bp-spaced direct repeats). 

The presence of RARE in key genes for hematopoietic differentiation (as for 

example, p21, RARβ, STAT, vitamin D receptors and several Hox genes) points 

towards a central role of retinoid receptors in this homeostatic process. In the 

absence of RA, retinoid receptors behave as transcriptional repressors through 

the recruitment of the co-repressor complexes NCoR and SMRT which contain 

HDAC activity (Glass and Rosenfeld, 2000) (Aranda and Pascual, 2001). The 

binding of RA causes a structural change in LBD (H12 becomes tightly packed 

against H3 and H4) (Figure 5), leading to the release of the corepressor 

complexes and the recruitment of coactivators containing HAT activity. 

 

 
                   (Bastien et al., 2004) 

 
Figure 5. Retinoic acid (RA)-induced conformational change in the LBD of RARα 
and RARγ .  The LBD is formed by 12 conserved alpha-helices (H1-12) and a beta-turn 
(light green). In absence of the ligand, the H12 points away from the LBD core (apo-
RARα), while in presence of the ligand H12 becomes tightly packed against H3 and H4 
(holo-RARγ).  
 
 
Acute promyelocytic leukemia is an example of how alterations in the RA-

signal- transduction pathway can lead to cancer. However, recent studies using 

RARα transformed in a potent repressor (either expressing HDAC1-RARα or 
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using RARα mutated in the LBD in transgenic mice), shows that deregulation of 

the retinoid signaling per se is not enough to induce leukemia (Matsushita et al., 

2006). The specific properties of the other proteins involved in the chromosomal 

translocation are also required for transformation. 

 

 

1.5 Promyelocytic Leukemia Protein (PML) 
In the majority of APL cases the fusion partner of RARα is the promyelocytic 

protein PML. PML is a RING-finger like protein that localizes in nuclear 

structures of unknown function (0,2-1um in size) called PML-nuclear bodies 

(NB). Cells normally contain 10-30 NB while in APL blasts PML-RARα causes 

the disruption of NB and the location of PML into microspeckled structures. 

Recent work pointed towards the importance of the functional disruption of 

PML-NB in the development of APL (Piazza et al., 2001). PML contains a RING 

domain in the N-terminal region, followed by the RBCC domain (two Zinc finger 

domains, B boxes, and a a-helical coiled-coil motif), a nuclear localization 

sequence (NLS) and a serine/proline rich domain of unknown function. The 

RBCC domain mediates protein-protein interaction and is responsible for PML 

oligomerization (Figure 6).  

 

 
 
Figure 6. Schematic representation of the Promyelocytic leukemia (PML). The 
functional domains are schematically indicated: Ring finger domain (RING), B boxes 
(B-BOX), coiled-coil motif (Coiled-coil), nuclear localization signal (NLS). 
 

There are seven PML isoforms generated by alternative splicing that differ in 

the C-terminal region and thus in their subcellular localization (two of them do 

not contain a NLS) (Jensen et al., 2001). Intriguingly, the PML region shared by 

all the isoforms is contained in the PML-moiety of the PML-RARα fusion. PML is 

not just associated with the NB, but is directly responsible for their formation. 

Cells derived from pml-knock-out mice, do not display NB structures and show 
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an aberrant nuclear localization of the proteins usually compartimentalized in 

the NB (Ishov et al., 1999). More than 30 proteins, in fact, have been found to 

colocalize with the PML-NB and a few of them directly interact with PML, such 

as for example, p53, pRb, DAXX, CBP. Recent in vivo and in vitro studies point 

towards a role of PML in the induction of growth suppression, apoptosis and 

senescence, all functions involved in tumor suppression. (Mu et al., 1994; 

Quignon et al., 1998; Pearson and Pelicci 2001.; Salomoni and Pandolfi et al., 

2002) (Figure 7). 

 

 
(Pandolfi et al., 2002) 

 
Figure 7. The PML-nuclear bodies (NBs) regulate tumor suppression functions. 
PML regulates p53 activation for apoptosis and cellular senescence (left panel). The 
corepressor DAXX associates with PML-NBs and induces apoptosis (middle panel). 
MAD and Rb transcription are controlled by the accumulation of repressive complexes 
in the PML-NBs (right panel). 
 
 
Therefore the disruption of PML may be critical for APL leukemogenesis. 

Indeed PML-/- mice are highly susceptible to develop tumors if subjected to 

drug-induced carcinogenesis (Salomoni and Pandolfi, 2002). In addition, mice 

obtained crossing PML-RARα transgenic animals with PML-/- animals have a 

higher leukemia incidence and an accelerated onset of the disease (Rego et al., 
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2001). PML disruption could also contribute to leukemogenesis promoting the 

accumulation of other aberrant genetic events. In fact proteins responsible for 

the maintenance of genomic stability, such as BLM, nibrin/p95 and MER11, are 

also contained in the PML NB (Zhong et al., 1999). Interestingly, it was recently 

demonstrated that a posttranslational modification of PML (sumoylation at lysine 

160) is essential for PML-RARα mediated leukemic transformation. In fact, 

transgenic mice with PML-RARα mutated in lysine 160 show a 

myeloproliferative syndrome, which never progresses into leukemia (Zhu et al., 

2005). 

 

 

1.6 PML-RARα-mediated repression 
The PML-RARα fusion protein features the RBCC domain of PML and the DBD 

and LBD of RARα. These two characteristics convert PML-RARα into a 

constitutive repressor of canonical RARα target genes. Due to the RBCC 

domain PML-RARα can form oligomers and interacts more efficiently with the 

SMRT-NCoR-HDAC complex becoming insensitive to physiological 

concentrations of RA (10-9 to 10-8 M). This aberrant gene silencing leads to the 

differentiation block observed in hematopoietic precursors and the development 

of leukemia. Just pharmacological RA-concentrations (10-6 M) can partially 

revert the fusion protein-induced gene silencing. Furthermore, PML-RARα 

oligomerization allows the binding to non-consensus RARE enlarging the 

number of target genes in comparison to wild type RARs (Kamashev et al., 

2004).  

PML-RARα-mediated silencing not only involves HDACs, but also other 

epigenetic mechanisms such as DNA methylation (Figure 8A). Indeed, Di Croce 

and co-workers recently showed that the fusion protein interacts and recruits 

DNMT1 and DNMT3a to the RARβ2 promoter (one of the canonical PML-RARα 

target genes), thus inducing aberrant DNA methylation (Figure 8B) (Di Croce et 

al., 2002b). Interestingly PML-RARα-induced DNA methylation was shown to be 

stable throughout the cell cycle even in the absence of the PML-RARα fusion 

protein, supporting a role for DNA methylation in the maintenance of the 

transformed phenotype. Use of RA and 5-Aza-2’-deoxycytidine (a DNMTs 
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inhibitor) in combination reactivated RARβ2 expression in both APL-derived cell 

lines as well as in APL blasts from patients. 

 

A 

 
B 

 
         (Di Croce et al., 2002) 

 
 
Figure 8. PML-RARα-mediated gene silencing. A) Model that shows PML-RARα-
mediated repression. Initially, the fusion protein recruits the SMRT-NCoR-HDAC 
corepresor complex inducing chromatin deacetylation at target promoters. In a second 
step, the recruitment of DNA methyltransferases (DNMTs) produces also DNA 
methylation (red asterisks). Methylated CpGs can represent docking site for methyl-
CpG-binding proteins (red question mark). B) PML-RARα-induced DNA methylation. 
The scheme represents DNA methylation at the RARβ2 promoter obtained with 
bisulfite genomic sequencing of a APL derived cell line (NB4 CNTR) not treated or 
treated with retinoic acid (RA) and/or 5-Aza-2’-deoxycytidine (AZA). White squares 
represent unmethylated CpGs while black squares represent methylated CpGs. 
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2. Epigenetics 

Originally, the word "epigenetics" was coined by C.H.Waddington in 1942. 

Epigenesis is a word used to describe the differentiation of cells from a 

totipotent state in embryonic development. At the time Waddington first used 

the term "epigenetics" the physical nature of genes and their role in heredity 

was not known. Epigenetics was Waddington's model of how genes within a 

multicellular organism interact with their surroundings to produce a phenotype. 

Because all cells within an organism inherit the same DNA sequences, cellular 

differentiation processes crucial for epigenesis rely strongly on epigenetic rather 

than genetic inheritance. Robin Holliday defined epigenetics as "the study of the 

mechanisms of temporal and spatial control of gene activity during the 

development of complex organisms”. 

Today, the term is used to describe the study of heritable changes in genome 

function that occur without a change in DNA sequence. This includes; the study 

of how patterns of gene expression are passed from one cell to its descendants, 

how gene expression changes during the differentiation of one cell type into 

another, and how environmental factors can change the way genes are 

expressed. There are far-reaching implications of epigenetic research for 

agriculture and for human biology and disease, including our understanding of 

stem cells, cancer and ageing. 

 

 

2.1 Chromatin structure and the “Histone Code” 
In the nuclei of all eukaryotic cells, genomic DNA is highly folded, constrained, 

and compacted by histone and none histone proteins in a dynamic polymer 

called chromatin. For example, chromosomal regions that remain 

transcriptionally inert are highly condensed in the interphase nucleus and 

remain cytologically visible as heterochromatic foci or as the “Barr body,” which 

is the inactive X chromosome in female mammalian cells (Brown and Chandra, 

1973). The distinct levels of chromatin organization are dependent on the 

dynamic higher order structuring of nucleosomes, which represent the basic 

repeating unit of chromatin. In each nucleosome, roughly two superhelical turns 

of DNA wrap around an octamer of core histone proteins formed by four histone 

partners: an H3-H4 tetramer and two H2A-H2B dimers (Luger et al., 1997). 
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Histones are small basic proteins consisting of a globular domain and a more 

flexible and charged NH2-terminus (histone “tail”) that protrudes from the 

nucleosome (Figure 9). It remains unclear how nucleosomal arrays containing 

linker histone (H1) then twist and fold this chromatin fiber into increasingly more 

compacted filaments leading to defined higher order structures. 

 

 

 
        (Luger et al., 1997) 

 
Figure 9. Structure of the nucleosome. Ribbon traces for the 146-bp DNA 
phosphodiester backbones (brown and turquoise) and eight histone protein main 
chains (blue: H3; green: H4; yellow: H2A; red: H2B. The views are down the DNA 
superhelix axis for the left particle and perpendicular to it for the right particle. For both 
particles, the pseudo-twofold axis is aligned vertically with the DNA centre at the top. 
 
 

Chromatin structure plays an important regulatory role and the multiple 

signaling pathways converge on histones (Cheung et al., 2000a). Although 

histone proteins themselves come in generic or specialized forms (Wolffe, 

1996), exquisite variation is provided by covalent modifications (acetylation, 

phosphorylation, methylation, ubiquitilation) of the histone tail domains, which 

allow regulatable contacts with the underlying DNA. The enzymes transducing 

these histone tail modifications are highly specific for particular amino acid 

positions (Strahl and Allis, 2000), thereby extending the information content of 

the genome past the genetic (DNA) code. This hypothesis predicts that (i) 

distinct modifications of the histone tails would induce interaction affinities for 
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chromatin-associated proteins, and (ii) modifications on the same or different 

histone tails may be interdependent and generate various combinations on any 

one nucleosome. The histone code hypothesis predicts that the modification 

marks on the histone tails should provide binding sites for effector proteins 

(Figure 10). In agreement with this notion, the bromodomain has been the first 

protein module to be shown to selectively interact with a covalent mark 

(acetylated lysine) in the histone NH2-terminal tail (Dhalluin et al., 1999) 

(Winston and Allis, 1999). 
 

 
      (Kouzarides, 2007) 

 

Figure 10. Overview of different classes of modification identified on histones. 

The functions that have been associated with each modification are shown.  

 

3. DNA methyltransferases and DNA methylation 
3.1 DNA methylation 
DNA methylation is found in the genomes of diverse organisms including both 

prokaryotes and eukaryotes. In prokaryotes, DNA methylation occurs on both 

cytosine and adenine bases. In multicellular eukaryotes, however, methylation 

seems to be confined to cytosine bases and is associated with a repressed 

chromatin state and inhibition of gene expression (Bird and Wolffe, 1999b). 

Over 70% of CpGs are methylated in vertebrate DNA but distinct patterns can 

be observed between different somatic and germline tissues (Sanford et al., 

1987).  
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DNA methylation is essential for viability in mice, because targeted disruption of 

the DNA methyltransferase enzymes results in lethality (Okano et al., 1998). 

There are two general mechanisms by which DNA methylation inhibits gene 

expression: first, modification of cytosine bases can inhibit the association of 

some DNA binding factors with their cognate DNA recognition sequences; and 

second, proteins that recognize methyl-CpG can elicit the repressive potential of 

methylated DNA (Bird and Wolffe, 1999b). Methyl-CpG-binding proteins (MBDs) 

use transcriptional co-repressor molecules to silence transcription and to modify 

surrounding chromatin, providing a link between DNA methylation and 

chromatin remodelling and modification (Wade et al., 1998) (Zhang et al., 

1999).  

 

 

3.2 DNA methyltransferases (DNMTs) 
Mammalian cytosine DNA methyltransferase enzymes fit into two general 

classes based on their preferred DNA substrate. The de novo 

methyltransferases DNMT3a and DNMT3b are mainly responsible for 

introducing cytosine methylation at previously unmethylated CpG sites, whereas 

the maintenance methyltransferase DNMT1 copies pre-existing methylation 

patterns onto the new DNA strand during DNA replication (Jones, 1999). A 

fourth DNA methyltransferase, DNMT2, shows weak DNA methyltransferase 

activity in vitro (Hermann et al., 2003), suggesting that this enzyme has little 

involvement in setting DNA methylation patterns. DNMT3L is a DNMT-related 

protein that does not contain intrinsic DNA methyltransferase activity, but 

associates with DNMT3a/b and modulates their catalytic activity (Suetake et al., 

2004). In combination, these de novo and maintenance methyltransferases 

seem to constitute the core enzymatic components of the DNA methylation 

system in mammals. 

 

Mechanism and enzymes of the novo methylation: Examples of global de novo 

methylation have been well documented during germ-cell development and 

early embryogenesis, when many DNA methylation marks are re-established 

after phases of genome demethylation (Reik et al., 2001). Most current 

knowledge regarding targeting of DNA methylation de novo therefore comes 
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from cell-culture model systems. These studies have suggested at least two 

possible means by which de novo methylation might be targeted: first, DNMT3 

enzymes themselves might recognize DNA or chromatin via specific domains; 

second, DNMT3a and DNMT3b might be recruited through protein–protein 

interactions with transcriptional repressors or other factors; third, the RNA-

mediated interferente (RNAi) system might target de novo methylation to 

specific DNA sequences (Bird, 2002). Functional studies show that the 

conserved PWWP domain is required to target the catalytic activity to these 

regions of the genome. The mutation abolishes normal chromatin binding by 

DNMT3b in tissue-culture cells (Ge et al., 2004) and causes a reduction in DNA 

methylation. DNMTs can also be targeted to endogenous genes by interaction 

with site-specific transcriptional represor protein. This idea was first suggested 

for the oncogenic fusion protein PML–RARα, which can recruit DNA 

methyltransferases and cause hypermethylation of target genes in cancer cells 

(Di Croce et al., 2002a). More recently, Fuks and colleagues (Brenner et al., 

2005) have shown that the Myc protein associates with DNA methyltransferase 

activity, and that a direct interaction between DNMT3a and Myc is required for 

efficient repression of the Myc target gene p21cip1. Santoro et al. has shown that 

DNA methylation has a role in repressing the expression of genes encoding 

ribosomal RNA (rRNA) (Santoro et al., 2002). This silencing event relies on de 

novo methylation of a single CpG dinucleotide in the promoter region of the 

rRNA gene. TIP5, a component of the NoRC repressor complex, associates 

with both DNMT3b and DNMT1, providing the link between NoRC silencing at 

the rRNA genes and the DNA methylation system. 

 

Dnmt3a and Dnmt3b were identified in silico by screening mouse and human 

databases with sequences corresponding to the catalytic domain. In addition to 

the catalytic domain, Dnmt3a and Dnmt3b contain a proline-tryptophan-

tryptophan-proline (PWWP) domain and a plant homeodomain (PHD)-like Zn 

finger domain. The PWWP domain can bind DNA and may be involved in 

targeting these enzymes to specific loci. The Dnmt3a and Dnmt3b enzymes 

share about 80% homology over the catalytic domains and about 60% 

homology over the PHD regions (Figure 11). The human forms of Dnmt3a and 

Dnmt3b can form a complex with Dnmt1 via the N-termini of the enzymes. 
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Studies show a mostly nuclear co-localization for Dnmt1 and Dnmt3b, whereas 

Dnmt3a was located either exclusively in the cytoplasm or in both the nucleus 

and cytoplasm. Different forms of Dnmt3a, Dnmt3b and Dnmt1 may have 

distinct DNA targets and different functions during development. Dnmt3a and 

Dnmt3b show non-overlapping function during mouse development, with Dnmt3 

specifically required for de novo methylation of centromeric minor satellite 

repeats. The targeting of Dnmt3a and Dnmt3b isoforms to specific loci may be 

regulated at multiple levels including site preference. 

 

 
 
 
Figure 11. Schematic representation of DNMT3 isoforms. All three isoforms of 
DNMT3 conserve the catalytic domain that catalyzes the transfer of a methyl group to 
DNA. All DNMT use the S-adenosyl methyonine (SAM) as a methyl donor. PHD fingers 
are found in nuclear proteins, and accumulating evidence suggests that the role of 
PHD fingers is to tether proteins (directly or indirectly) to chromatin. 
 
 
 
3.3 Pattern of DNA methylation during development 
DNA methylation patterns are dynamic during mammalian and amphibian 

development. In frogs, DNA methylation levels are initially high in fertilised 

embryos but drops by about 40% in late blastula embryos and subsequently 

recovers during later gastrula stages (Meehan et al., 1989). In mice, 

immunohistochemical experiments with a 5mC monoclonal antibody, as well as 

bisulphite sequencing of maternal and paternal alleles of imprinted genes have 

demonstrated that after fertilisation, the male pronucleus is rapidly 

demethylated (Oswald et al., 2000). In contrast, the maternal genome initially 

maintains its methylation status but then this progressively drops until the 8-cell 

stage when the methylation content appears to be equivalent between the 
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maternal and paternal genome. The level of methylation decreases to about 

15% in the blastocysts but returns to higher levels during implantation (Reik et 

al., 2001). Genome-wide reprogramming of DNA methylation patterns has also 

been observed, although to differing extents and different timing, in bovine, rat, 

and pig zygotes (Dean et al., 2001). These species also exhibited a 

demethylated paternal genome, suggesting an active demethylase is present in 

these zygotes. What distinguishes the susceptibility of the paternal and 

maternal genome to this replication-independent demethylase is unknown. One 

difference is that sperm chromatin contains protamines in addition to histones. 

After fertilization, the sperm chromatin is rapidly decondensed and protamines 

are exchanged for histones (Storey, 1995). The methylation status of lysine 9 

on histone H3 is also different between the paternal and maternal genome and 

it is possible that this epigenetic mark also influences the DNA demethylase 

activity (Storey, 1995). It is noteworthy that demethylation reprogramming of 

DNA has not been observed in cloned bovine embryos resulting from nuclear 

transfer. The process of reprogramming in the developing embryos may be 

necessary for setting up developmental patterns of gene expression in 

subsequent cell lineages (Reik et al., 2001).  
 
 
4. Chromatin remodeling  

Nucleosome remodelling machines endow chromatin with dynamic properties 

that implement states of ‘plasticity’ or ‘fluidity’ compatible with the function of 

chromatin as a substrate for processes revolving around DNA metabolism, such 

as the expression of genes, the duplication of the genome, the repair of DNA 

damage and the recombination of chromosomes. Controlled energy dependent 

nucleosome remodelling is vital for faithful execution of a cell’s proliferation and 

differentiation programme (Cairns, 2001). Most importantly, ‘remodelling’ of 

nucleosomes increases the accessibility of DNA sequence elements to 

regulatory proteins that scan the genome for target sites. In vivo, the action of 

ATP-dependent nucleosome remodelling machines may lead to a variety of 

phenomena, ranging from the complete absence of nucleosomes at regulatory 

sites (Reinke and Horz, 2003) to shifting nucleosome positions (Belikov et al., 

2001) (Fazzio and Tsukiyama, 2003) (Goldmark et al., 2000) (Kent et al., 2001), 
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increasing the access of DNA on the surface of positioned nucleosomes and 

exchange of H2A variants (Krogan et al., 2003). 

 

Nucleosome remodeling factors are protein complexes consisting of between 

two and twelve diverse subunits. Their common denominator is a dedicated 

ATPase subunit of the Swi2/Snf2 family of ATPases (Eisen et al., 1995). The 

enzymes in this family can be grouped into several subfamilies according to 

sequence features outside of their ATPase domains (Eisen et al, 1995). 

Nucleosome remodeling activity has been directly demonstrated only for some 

enzymes: the Swi2/Snf2-related enzymes (Sudarsanam and Winston, 2000), 

the ISWI/SNF2L-type ATPases (Langst and Becker, 2001), the CHD1 family 

member Mi-2 (Brehm et al., 2000), the INO80 complex (Shen et al., 2000), and 

the Crokayne syndrome B factor (Citterio et al., 2000) (Figure 12). Other 

members of the family are known to be involved in DNA repair, recombination, 

and transcription, but their function remains to be established. Among this latter 

group are highly interesting proteins, such as ATRX, whose mutation leads to a-

thalassemia (ATR-X syndrome) (Gibbons and Higgs, 2000), and the Domino 

protein, a developmental regulator of homeotic genes in Drosophila 

melanogaster (Ruhf et al., 2001). Loss-of function mutations in several 

chromatin remodeling factors have serious consequences: mutation of BRG1 

and the associated SNF5/INI1 protein is frequently associated with cell 

transformation (Guidi et al., 2001), mutation of the Swi2/Snf2 ATPase homolog 

in Caenorhabditis elegans abolishes asymmetric division of certain T cells 

(Sawa et al., 2000). Homozygous null mutation of the ATPase ISWI in flies is 

lethal as a result of impaired cell viability (Deuring et al., 2000). Although 

transcription is the process for which a requirement of nucleosome remodeling 

machines is best documented, replication may also rely on nucleosome 

remodeling. Active replication origins are characterized by positioned 

nucleosomes that leave key regulatory sequences accessible (Lipford and Bell, 

2001). It is likely that nucleosome remodelling machines are involved in setting 

up this active chromatin architecture. 
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     (Sif, 2004) 

 
Figure 12. ATP-dependent chromatin remodeling complexes. All chromatin 
remodeling complexes purified to date and their associated subunits are shown. 
Swi2/Snf2-related ATPases are indicated in purple, ISWI-related ATPases are depicted 
in red, Mi-2-related ATPases are colored orange, and DOMINO-like ATPases are 
shown in white. Subunits conserved between Swi/Snf complexes are shown in pink, 
while subunits specific to each complex are indicated in peach. Actin and actin-related 
proteins (Arp) are shown in green. Yellow indicates the subunits that are conserved in 
Drosophila (BAP111) and humans (BAF57). Rvb1/Rvb2 and TAP54/TAP54 DNA 
helicases are shown in blue. Gray shows the highly conserved Drosophila and human 
ACF1 subunit, while light purple shows the histone fold subunits found in CHRAC. Light 
green depicts the three subunits (MBD2, p66 and p68) found in MeCP1. bBAF 
indicates brain specific SWI/SNF subunits found in association with BRG1 and BRM. 
Arrows show the interactions of individual subunits with their respective complexes. 
 

 

4.1 Nucleosome Remodelling and Deacetylase complex (NuRD) 
In 1998, several different groups simultaneously described the protein 

composition of a macromolecular histone deacetylase complex variously termed 

the Mi-2 complex (Wade et al., 1999), NuRD (Zhang et al., 1999), NURD (Xue 

et al., 1998) or NRD (Tong et al., 1998). While there were some minor 

differences, the polypeptide compositions of these preparations from 

independent laboratories using multiple cell types were remarkably similar.  

The NuRD complex is approximately 2 MDa in size and in mammalian cells 

comprises at least seven polypeptides. The histone deacetylases HDAC1 and 

HDAC2 and two histone-binding proteins (RbAp46 and RbAp48), also found in 
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the SIN3 complex, form the core complex of NuRD (Zhang et al., 1999). In 

addition to histone-deacetylase activity, the NuRD complex has ATP-dependent 

nucleosome remodelling activity because it contains Mi-2/CHD family proteins, 

which have a chromodomain, a DNA helicase/ATPase domain of the SWI/SNF 

family, and PHD fingers. Another distinguishing feature of NuRD is the inclusion 

of MTA1 or the similar protein MTA2. MTA1 was originally identified as being 

overexpressed in metastatic. The NuRD complex further contains MBD3, and 

more recently were identified two new subunits, p66 and p68, that mediate 

MBD2 and histone interaction and it seems their sumoylation enhances the 

NuRD transcriptional repression (Brackertz et al., 2002) (Figure 13). 

In the next chapters of the introduction I will explain in detail some features of all 

the subunits of the NuRD complex.  

 

 
 
Figure 13. NuRD and NuRD/MeCP1 complexes. Both NuRD and NuRD/MeCP1 
complex have HDAC1, HDAC2 and RbAp46/48 as the core complex. The difference 
between them is that the NuRD/MeCP1 complex has the p66 and MBD2 proteins, thus 
it binds to methylated DNA trough the MBD2 subunit. However NuRD complex needs a 
transcription factor, such as Ikaros and Aiolos, to be recruited to DNA.  The function of 
each subunit is explained in the text. 
 

 

4.2 The NuRD complex in gene regulation 

Very little it is known about NuRD in gene regulation, most of the information we 

have comes from genetics and development. Since few NuRD target genes are 

known it is not clear the role of NuRD in gene regulation, a part that is a 
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repressor complex because it has both histone deacetylase and chromating 

remodeling activities, as mentioned above. Recently Bartolomei and co-workers 

reported new roles for NuRD in maintaining imprinting control region DNA 

methylation and silencing the imprinted paternal H19 allele (Reese et al., 2007).  

Surprisingly, functional analysis revealed that Mi-2α, previously studied as a 

subunit in the NuRD co-repressor complex, enhanced c-Myb-dependent 

reporter activation. Consistently, knock-down of endogenous Mi-2α in c-Myb-

expressing K562 cells, led to down-regulation of the c-Myb target genes 

(Saether et al., 2007). Georgopoulos and colleagues were the first to identify 

Mi-2α as a co-activator when it is not in the NuRD complex, reporting that Mi-2α 

is required for CD4 expression and T cell development (Williams et al., 2004). 

The NuRD complex also has a role in erythroid cell maturation. Transcription 

factor GATA-1 and its cofactor FOG-1 coordinate erythroid cell maturation by 

activating erythroid-specific genes and repressing genes associated with the 

undifferentiated state. FOG-1 binds to the NuRD complex, showing that FOG-1 

and likely other FOG-like proteins are corepressors that link GATA factors to 

histone deacetylation and nucleosome remodeling (Hong et al., 2005).  

BCL11 genes play crucial roles in lymphopoiesis and have been associated 

with hematopoietic malignancies. Specifically, disruption of the BCL11B (B-cell 

chronic lymphocytic leukemia/lymphoma 11B) locus is linked to T-cell acute 

lymphoblastic leukemia, and the loss of heterozygosity in mice results in T-cell 

lymphoma. MTA1 subunit of NuRD was specifically recruited to a BCL11B 

targeted promoter, supporting the hypothesis that the NuRD complex mediates 

transcriptional repression function of BCL11B (Cismasiu et al., 2005). 

 

 
4.3 Role of the NuRD complex in development 
Elegant studies in different organisms such as Drosophilla melanogaster, 

C.elegans and in mouse embryonic stem cells have recently showed some 

important features of NuRD complex during development. 

Hendrich and colleagues used mouse embryonic stem cells to study the 

function of epigenetic silencing in pluripotent cells. Embryonic stem cells lacking 

Mbd3 were viable but failed to completely silence genes that are expressed 

before implantation of the embryo. Mbd3-deficient embryonic stem cells could 
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be maintained in the absence of leukaemia inhibitory factor (LIF) and could 

initiate differentiation in embryoid bodies or chimeric embryos, but failed to 

commit to developmental lineages. Their findings define a role for epigenetic 

silencing in the cell-fate commitment of pluripotent cells. This is the only study 

reported until now defining some features of NuRD in vivo (Kaji et al., 2006).   

Only some months after NuRD was characterized Muller and colleagues 

reported the first link between NuRD and PcG. Early in Drosophila 

embryogenesis, gap gene products directly repress transcription of homeotic 

(HOX) genes and thereby delimit HOX expression domains. Subsequently, 

Polycomb-group proteins maintain this repression. They showed that dMi-2 is 

identified as a protein that binds to a domain in the gap protein Hunchback that 

is specifically required for the repression of HOX genes. Genetic analyses show 

that dMi-2 participates in both Hunchback and Polycomb repression in vivo. 

Hence, recruitment of dMi-2 may serve as a link between repression of HOX 

genes by Hunchback and Polycomb proteins (Kehle et al., 1998). 

In C. elegans a rapid cascade of regulatory events defines the developmental 

fates of embryonic cells. However, once established, these developmental fates 

and the underlying transcriptional programs can be remarkably stable. Mello 

and colleagues recently described two proteins, MEP-1 and LET-418/Mi-2 

(NuRD), required for maintenance of somatic differentiation in C. elegans 

(Unhavaithaya et al., 2002). In animals lacking MEP-1 and LET-418, germline-

specific genes become derepressed in somatic cells, and Polycomb group 

(PcG) and SET domain-related proteins promote this ectopic expression. MEP-

1 and LET-418/Mi-2 (NuRD) interact in vivo with the germline-protein PIE-1, a 

zinc-finger containing protein. Their findings support a model in which PIE-1 

inhibits MEP-1 and associated factors to maintain the pluripotency of germ 

cells, while at later times MEP-1 and LET-418/Mi-2 (NuRD) remodel chromatin 

to establish new stage- or cell-type-specific differentiation potential. Another 

studies identified NuRD as an important complex during larval development in 

C. elegans (Cardoso et al., 2005).  
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4.4 Function of the subunits of NuRD complex 

4.4.1 Histone Deacetylase enzymes (HDACs) 
Specific lysines present in the tail of core histones, as well as in other cellular 

and viral proteins, are sites of reversible acetylation. In the case of histones, this 

post-translational modification appears to constitute a signal (Turner, 1993) that 

may function in combination with other covalent modifications to generate an 

epigenetic code. This information is, in turn, interpreted in terms of modified 

states of chromatin structure and function (Cheung et al., 2000b) (Cheung et al., 

2000a). This specific signal is reversed by machinery containing an essential 

group of enzymes, known as histone deacetylases (HDACs). In different 

species, an increasing number of HDACs are being identified (Johnson and 

Turner, 1999), implying that they might be involved in specialized functions. The 

identification of the first HDAC (Taunton et al., 1996) revealed the existence of a 

family of proteins in higher eukaryotes related to a known yeast protein, RPD3 

(Leipe and Landsman, 1997). These proteins exhibit a similar domain 

organization and could be grouped in a class, now known as class I HDACs. As 

other HDACs, distinct from RPD3, were found in yeast, an analogous situation 

was expected in higher eukaryotes. A search for other HDACs resulted in the 

discovery of a second class of HDACs related to yeast HDA1, first in mouse 

(Verdel and Khochbin, 1999), and then in human (Grozinger et al., 1999). 

Interestingly, another yeast protein, SIR2, was shown recently to be a HDAC 

and its mammalian homologues have also been identified as HDACs (Imai et 

al., 2000). Therefore, SIR2-related proteins could form a third class of HDACs in 

higher eukaryotes. The diversity of histone deacetylases has also been 

observed in plants; indeed, classes other than the well conserved RPD3-related 

class I HDACs have been characterized, containing enzymes unrelated to 

RPD3 (Kolle et al., 1999). The diversity of HDACs strongly suggests that 

members of each class may be involved in distinct, and perhaps overlapping, 

functions (Figure 14).  
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       (Khochbin et al., 2001) 
 
 
Figure 14. Identified animal kingdom HDACs can be grouped into three distinct 
classes each related to a yeast founding member. Class I deacetylases are related 
to RPD3, class II to HDA1 and class III to SIR2. Boxed regions represent the 
conserved deacetylase domain. The shuttling of the ectopically expressed HDAC7 has 
been observed. In the case of HDAC6, the endogenous protein has been shown to 
shuttle between the cytoplasm and the nucleus but this investigation indicated that the 
protein is essentially cytoplasmic. Variants of HDAC3 have been reported.  
 

 

4.4.1.1 Class I histone deacetylases 
To date, four enzymes, HDAC1, 2, 3 and 8 (Leipe and Landsman, 1997), are 

the known members of the class deacetylases, including different splice 

variants of HDAC3 (Yang et al., 1997). Members of this class contain a well-

conserved catalytic domain that in HDAC1, 2 and 3 encompasses almost two 

thirds of the protein. The remaining carboxy-terminal portion contains the most 

divergent sequences and is a distinguishing feature among these different 

members. HDAC1 and HDAC2 were identified as components of two 

multiprotein complexes, Sin3/HDAC and NuRD (Knoepfler and Eisenman, 

1999). The catalytic domains of these two HDACs are highly similar and the 

reason for the simultaneous presence of these two enzymes in different 

complexes is not clear, but it seems that different HDACs deacetylate different 

histone residues (Johnson et al., 2002), also recent studies suggest that they 

may be involved in distinct cellular functions. In a chicken B cell line, the 

disruption of HDAC2 resulted in an altered expression of several genes 
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whereas disruption of HDAC1 had little effect on gene expression (Ahmad et al., 

1999). HDAC3 appears to be functionally distinct from the first two members. 

This enzyme was not found in either Sin3/HDAC or NURD core complexes and 

therefore may not be directly involved in processes controlled by these 

complexes (Ahringer, 2000). Its major function seems to be tightly linked to the 

activity of nuclear receptor co-repressors. Indeed, increasing evidence points to 

HDAC3 being a member of the stable core of the SMRT- and N-CoR-containing 

complexes (Jepsen et al., 2000). Moreover, within the class I deacetylases, 

HDAC3 is the only enzyme known to shuttle between nucleus and cytoplasm 

and this shuttling process appears to be an essential feature of its function 

(Nakayama et al., 2000).  

 

 

4.4.1.2 Class II histone deacetylases 

The class II HDACs, comprising HDACs 4–7, were identified on the basis of 

their catalytic domain homology to yeast HDA1 protein. They possess several 

features that distinguish them from the class I members: they are larger (almost 

twice the size) and the catalytic domain of HDAC4, 5 and 7 is located in the 

carboxy-terminal half of the protein. HDAC6 is a unique deacetylase, 

possessing two catalytic domains and is probably a functionally distinct member 

of the family (Angelov et al., 2000). Some of the functions of HDAC4, 5 and 7 

appear to be shared with class I members. Indeed, it has been shown that 

specific nuclear bodies defined as the MADB (matrix-associated deacetylase 

body), visualized alter over-expression of HDAC4, 5 and 7, contain certain 

members of NuRD and Sin3 complexes, as well as Class I HDACs, HDAC1, 2 

and 3. Nuclear receptor co-repressor, SMRT and N-CoR have also been found 

in these bodies (Downes et al., 2000). It is therefore possible that HDAC5 and 7 

participate, with the class I members, in nuclear-receptor-mediated silencing 

(Downes et al., 2000) (Huang et al., 2000). One of the most interesting 

characteristics of the class II HDACs is the regulated nucleocytoplasmic 

shuttling of all known members (Miska et al., 1999). 

 

4.4.1.3 Class III histone deacetylases 

SIR2, a yeast repressor of transcription has been shown recently to have an in 
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vitro NAD+-dependent HDAC activity (Imai et al., 2000). Here again, as with 

yeast RPD3 and HDA1, a large domain of the protein shows significant 

sequence homology with a group of prokaryotic enzymes. Yeast SIR2 can be 

considered, therefore, as a founding member of a large family of related 

proteins present in higher eukaryotes that we will refer to here as class III 

HDACs. Although the discovery of the deacetylase activity of SIR2 is recent and 

no complexes containing this enzyme have yet been characterized, it can be 

easily assumed that the class III members are involved in functions not shared 

with the class I and II deacetylases (Boeke et al, 1995). First of all, there could 

be a direct link between their deacetylase activity and the cellular energy and 

redox states. Second, in contrast to RPD3 and HDA1, a large fraction of the 

yeast SIR2 protein is found within the nucleolus, associated with the tandem 

rDNA repeats, where it ensures various critical functions (Lin et al., 2000). 

Third, besides the HDAC activity, another enzymatic activity, ADP-

ribosyltransferase, is associated with SIR2 (Tanner et al., 2000). All these 

characteristics suggest that SIR2-related proteins are members of a functionally 

distinct class of HDACs.  

 

 
4.4.2 Methyl-CpG binding domain proteins (MBDs) 
The DNA methylation pattern is believed to be ‘readed’ by a conserved family of 

proteins, the MBD family (Wade, 2001). These proteins share a common motif, 

the methyl-CpG binding domain (MBD) (Hendrich et al., 1999a), initially 

identified in the MeCP2 protein (Nan et al., 1993) (Figure 15). The structures of 

MBD motifs from three different MBD proteins have been solved and their 

overall similarity indicates that all MBD-containing proteins are likely to adopt a 

similar fold (Ohki et al., 1999). 

The MBD family has five known members in mammals, MBD1-2-3-4 and 

MeCP2 (Hendrich and Tweedie, 2003). MeCP2 was the first MBD identified in 

the early 1990s biochemically (Lewis et al., 1992). The primary structures of 

these proteins bear little resemblance to each other outside the MBD motif. An 

exception to this general rule is the case of MBD2 and MBD3, which have 

substancial sequence similarity. Interestingly, mammalian MBD3, unlike in 

Xenopus and Cebrafish, fails to selectively recognize methylated DNA owing to 



                                                                        Introduction                                                                                                                  

 32 

substitution of a critical tyrosine residue within the MBD motif with phenylalanine 

(Fraga et al., 2003). Four members of the MBD family are believed to function, 

at least in part, in transcriptional repression (Bird and Wolffe, 1999a) (Hendrich 

and Tweedie, 2003) (Wade, 2001). The fifth MBD protein, MBD4, has DNA N-

glycosylase enzymatic activity and probably functions in DNA repair (Hendrich 

et al., 1999b). In most cases, the MBD proteins are expressed ubiquitously 

(Meehan et al., 1989).   

 

 
 
Figure 15. Methyl-CpG-binding family of proteins. All members of this family contain 
the Methyl-CpG- binding domain that binds to methylated DNA. MBD3 is the only 
member that do not bind to methylated DNA because its MBD domain has two point 
mutations that aboid the binding. MBD1 and MeCP2 are the only member that has the 
Transcriptional Represive Domain (TRD). MBD2 and MBD3 can form both homo and 
heterodimers because both have the Coil-Coil (CC) domain. MBD4 is involved in DNA 
repair. 
 

 

4.4.2.1 MBD3 
There are several splice variants of MBD3, including some of them with the 

MBD domain disrupted (MBD3b). All splice variants in mammals fails to bind to 

methylated DNA in vitro (Hendrich and Tweedie, 2003), suggesting that MBD3 

may possess some functions independent of DNA methylation. Recently, were 

identified two new MBD3 proteins, MBD3L1 and MBD3L2, with substantial 
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homology with both MBD2 and MBD3, suggesting that these proteins may playa 

a role in transcriptional repression. Whereas MBD3L1 is expressed 

predominantly in round espermatids, expression of MBD3L2 is seen in many 

different tissues types (Jiang et al., 2002).  

In contrast to animals lacking DNA methyltransferases, which fail to develop or 

shortly after birth, most MBD-deficient animals do not have dramatic 

phenotypes. An exception of this rule is the MBD3-null mice that fail to survive 

during embryogenesis (Hendrich et al., 2001). At least two different 

explanations for this lack of connection between the phenotypes of DNMT-null 

mice and those of MBD-null mice are conceivable.  Loss of one MBD member 

might be compensated by the action of another member of the family, or, 

alternatively, the MBD family is not the only capable to bind the methyl-CpG 

group. Indeed, it is well documented that these other proteins capable to bind to 

methylated-DNA (Kaiso, Ailos). As indicated above, MBD3 is the only MBD 

family member that is not able to bind to methylated DNA. Recently was 

reported that MBD3 is the key component of the NuRD complex because in 

cells lacking MBD3 the NuRD complex is not stable, and some subunits, as 

MTA2, are degraded (Kaji et al., 2006). The fact that MBD3-null mice fail to 

survive during embryogenesis suggest that the NuRD complex is essential for 

mouse development. In MBD2-null mice which are viable and fertile it seems 

that the NuRD complex is recruited to its targets promoters by others proteins 

with the capability to bind to methylated-DNA.  

 
 
4.4.3 Metastasis Associated Proteins (MTAs) 
Regulation of fundamental genetic processes demands dynamic participation of 

transcription factors, their coregulators, and multiprotein chromatin remodeling 

activities at target genes. One family of chromatin modifiers that is ubiquitously 

expressed is the metastasis tumor antigens (MTA), which are integral parts of 

the NuRD complex. MTA family members exist in distinct NuRD complexes, 

and functional redundancy is lacking among MTA family members (Figure 16). 

MTA proteins regulate divergent cellular pathways, including hormonal action, 

epithelial-to-mesenchymal transitions, differentiation, protein stability and 

development, and cell fate programs by modifying the acetylation status of 
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crucial target genes. Intriguingly, at least one member of this family, MTA1, 

itself undergoes acetylation and acts as a coactivator in certain contexts (Kumar 

et al., 2003). In addition to deacetylation of histones, MTA1/2/HDAC complex 

interacts with and deacetylates non-histone proteins. MTA proteins deacetylate 

p53, HIF-1α, and ERα. Deacetylated p53 results in decreased p53-dependent 

transcription, as deacetylation of p53 marks it for degradation leading to cell 

growth arrest and apoptosis. Another non-histone target of MTA1/HDAC 

complex for deacetylation is HIF-1α, a transcriptional regulator of hypoxia. 

MTA1 enhances the stability and transcriptional activity of HIF-1α under hypoxic 

conditions (Yoo et al., 2006). It is important to note that deacetylation of HIF-1α 

protects from degradation while deacetylation of p53 promotes degradation 

(Moon et al., 2007). Because the acetylation status of ERα is closely linked to 

transactivation, a recent study found that MTA2/HDAC complex involves in 

deacetylation of ERα and modulates its transcriptional activity (Cui et al., 2006). 

MTA proteins represent a small family of gene products encoded by three 

distinct genes with different chromosomal loci in humans, i.e., MTA1 at 14q32, 

MTA2 at 11q12-q13.1, and MTA3 at 2p21 and six reported isoforms (MTA1, 

MTA1s, MTA1-ZG29p, MTA2, MTA3 and MTA3L) (Kumar et al., 2003). Two 

homologues of the human MTA1 gene also exist in C. elegans, egl-27 and egr-

1 (lin-40) (Herman et al., 1999). Among MTA family members, the expression 

pattern of MTA3 is restricted, whereas MTA1 and MTA2 are ubiquitously 

expressed. MTA1, the founding member of the MTA family of genes, was 

originally identified through differential screening of a cDNA library from rat 

metastatic breast tumors (Toh et al., 1995). Subsequent studies found a 

widespread upregulation of MTA1 in human tumors. In spite of a strong 

correlation between MTA1 upregulation and cancer, the molecular function of 

the MTA family remained a mystery until proteomic analyses of the NuRD 

complex identified MTA1 and MTA2 as integral subunits, thus providing 

essential clues to the chromatin modifying roles of MTA proteins (Xue et al., 

1998). 
 



                                                                        Introduction                                                                                                                  

 35 

 
 

 
Figure 16. Metastasis Associated family members. All major members can be a 
subunit of the NuRD complex, but are mutually exclusive. The different role of each 
member of the family is still not clear, due to the high similarity among them. The BAH 
domain is involved in protein-protein interaction, whereas the SANT domain binds to 
histone tails. 
 
 
 
4.4.4. Chromodomian CHD3-CHD4 ATPase sub-familiy (CHDs) 

Members of the CHD family are characterised by a chromodomain (Delmas et 

al., 1993). The most prominent member is the ATPase Mi-2, which resides in 

NuRD complexes that have histone deacetylase activity (Zhang et al., 2003). In 

some isolation procedures NuRD copurifies with a second SNF2H-cohesin 

complex (Hakimi et al., 2002), but further fractionation separates the two 

entities. One of the subfamily of the CHD family, which lacks the DNA binding 

domain, includes the proteins CHD3 and CHD4 (Mi-2α and Mi-2β, respectively) 

(Figure 17). Additionally, the family includes D. melanogaster Mi-2 (dMi-2), a 

single gene encoding two transcripts (Khattak et al., 2002). These proteins 

harbor paired N-terminal PHD (plant homeo domain) Zn-finger-like domains that 

are not found in the CHD1–CHD2 subfamily (Woodage et al., 1997). The PHD 

Zn-finger-like domains are found in a number nuclear proteins implicated in 

chromatin-based transcriptional regulation (Bienz, 2006). Functional analyses 

have demonstrated that PHD domains are involved in chromatin remodeling 

(Eberharter et al., 2004). A number of recent reports suggest that the 

recognition of methylated histone peptides is a general feature of at least a 
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subset of PHD domains (Shi et al., 2006). For example, the PHD domains of 

yeast and human ING family members all bound preferentially to di- and tri-

methylated H3K4, whereas the PHD domains of CHD3 bound to trimethylated 

H3K36 (Flanagan et al., 2005). 

In Drosophila, recombinant dMi-2 is a nucleosome stimulated ATPase that 

binds and mobilizes nucleosomes along a linear DNA fragment (Brehm et al., 

2000). Highly purified, recombinant hCHD4 shows DNA-dependent, 

nucleosome-stimulated ATPase activity (Wang and Zhang, 2001). It is not clear 

if hCHD3 and hCHD4 exist in the same or in different NURD complexes. CHD3 

and CHD4 orthologs have also been identified in a complex similar to NuRD in 

Drosophila, Xenopus laevis, and C. elegans.  

CHD3 and CHD4 have been identified as autoantigens in patients with 

dermatomyositis, a connectivetissue disease characterized by inflammation of 

both muscles and skin (Nilasena et al., 1995). The etiology of dermatomyositis 
is poorly understood, but a correlation between this disease and an elevated 

incidence of cancer has been established (Airio et al., 1995). CHD3 also was 

associated with Hodgkin’s lymphoma (Schwab et al., 1982). 

 

 
     (Imbalzano et al., 1997) 

 
Figure 17. Structural domains of subfamily II. Schematic representation of protein 
domains found within fly, mouse, and human Chd genes of subfamily II. Members of 
this subfamily are characterized by paired PHD Zn-finger-like domains (red triangles), 
tandem chromodomains (blue rectangles), and an SNF2-like ATPase domain (yellow 
rectangle). 
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4.4.5 Retinoblastoma Associated Proteins 46/48 (RbAP) and p66 

Additional subunits of the NuRD complex consist of RbAp46 and RbAp48. 

These proteins were originally identified based on their interaction with the Rb 

tumor suppressor protein (Qian and Lee, 1995). They contain a number of WD 

repeats, a sequence motif that forms the basis for the beta-propeller structure of 

the beta-subunit of the G protein transducin (Sondek et al., 1996). These two 

proteins are presumed to be structural subunits of the NuRD complex, with the 

potential, for different blades of the propeller structure, to act as protein 

interaction surfaces. Interestingly, RbAp46 and RbAp48 have been shown to be 

components of several other multiprotein chromatin modification complexes, 

such as Polycomb Repressive Complex 2 (PRC2), in which they interact directly 

with core histones (Kuzmichev et al., 2002). 

Some versions of the NuRD complex are also thought to incorporate a second 

structural and/or regulatory subunit, p66a or p66b (Guschin et al., 2000) 

(Brackertz et al., 2002) also known as Gatad2a (p66) and Gatad2b (p68). As 

mentioned above, the p66 subunits interact with the MBD2 subunit and may be 

involved in interactions of the complex with methylated DNA (Feng and Zhang, 

2001). Like the RbAp46/48 subunits, both p66 isoforms have the capacity to 

interact directly with core histones (Brackertz et al., 2006).. 

There is a single homolog of the mammalian p66 subunits in Drosophila. These 

gene has been identified by Nusse and co-workers as a component of the Wnt 

signaling pathway in flies (Kon et al., 2005). The gene is essential and mutant 

animals die during development, probably owing to misregulation of the 

ecdysone response, a developmental signaling pathway also connected to the 

Drosophila homolog of MBD2/3 (Ballestar et al., 2001). It is unknown whether 

mammalian p66 horologes are also required for normal development and 

whether they play a fundamental role in steroid signaling. 
 
 
5. Polycomb group of Proteins (PcG) 

Polycomb proteins were originally identified in Drosophila melanogaster as 

repressors of HOX genes based on mutants phenotypes involving posterior 

transformation of body segments (Ringrose and Paro, 2004). In vertebrates, this 

function is conserved with several Polycomb mutants exhibiting skeletal 
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malformations (van der Lugt et al., 1994). At the molecular level PcG proteins 

are classified into two groups on the basis of their association with different 

classes of protein complexes, termed Polycomb repressive complexes (PRCs) 

(Levine et al., 2004). 

 

 

5.1 PcG protein complexes  
- PRC2: This group consist in the mammalian homologues for the Drosophila 

melanogaster proteins Enhancer of zeste, E(Z), Supressor of zeste 12, Suz(12), 

and Extra sex combs, ESC, which forms the core of the PRC2 complex that is 

involve in the initiation of gene repression. E(Z), the catalytic active component 

of the complex trimethylates lysine 27 of the histone H3, and to a lesser extend 

trimethylates lysine 9 of histone H3 (Figure 18).  

- PRC1: This complex is more diverse, which comprises the core components 

of Polycomb, PC, Polyhomeiotic, PH, Posterior sex comb, PSC and Sex combs 

extra, SCE/RING, can recognize the trimethylated lysine 27 of histone H3 

through the chromodomain of the PC protein (Figure 18).  

 

 
                                      (Sparmann and van Lohuizen, 2006) 

 

Figure 18. The polycomb group of preoteins (PcGs). Nomenclature of PcGs in 

Drosophila, human and mouse. For each protein are shown the characteristics 

domains and the associated functions. 
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5.2 Transcriptional repression by PRCs 

As mentioned above, Ezh2, the catalytic active subunit of the PRC2 complex, 

trimethylates the lysine 27 of histone H3, creating a docking site for the PRC1 

complex (Figure 19). The precise molecular mechanism of PRC mediated gene 

repression is poorly understood, but it has been suggested that prevents the 

transcription by preventing of the ATP-chromatin remodeling complex SWI/SNF, 

as well as, by directly blocking the transcription initiation machinery (Francis 

and Kingston, 2001). 

 

 
(Van Lohuizen et al., 2006) 

 
Figure 19. Mechanisms of Polycomb-mediated gene silencing. Polycomb-mediated 
gene silencingis initiated by the PRC2 that, methylating H3K27 creates a docking site 
for PRC1, that could also involve ubiquitination of H2AK119 and inhibition of 
transcription. The methylation of H3K27 can also recruit DNA methyltransferases 
(DNMTs) and induce chromatin compaction. 
 

 

In addition, PRC1 possesses ubiquitin E3 ligase activity that targets H2AK119, 

modification related with gene repression (Wang et al., 2004). Furthermore, in 

vitro studies have been demonstrated that PRC2 also exhibits 

methyltransferase activity towards lysine 26 of the linker histone H1 (Kuzmichev 

et al., 2004). Methylated H1K36 can tether heterochromatin-binding protein, 

HP1, to chromatin and could thereby influence higher order chromatin structure. 
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Recently our lab, in collaboration with François Fuks laboratory, proposed an 

additional mechanism for PRC-mediated gene silencing. EZH2, as part of the 

PRC2 complex, recruits DNA methyltransferases to selected target genes (Vire 

et al., 2006) (Figure 19). DNA hypermethylation of gene promoter regions 

induces transcriptional repression, an event frequently associated with the 

suppression of tumor suppressor genes in cancer cells. The demonstration of 

this link between these two epigenetic events is intriguing, but cannot be 

generalized for all PcG target genes. 
 

 

5.3 PcGs and cancer 
The first association between the PcG gene family and cancer development 

arose from the functional characterization of mouse Bmi1, a homologue of D. 

Melanogaster Psc. Bmi1 was identified as a proto-oncogene that cooperates 

with MYC to promote the generation of B- and T-cell lymphomas (Haupt et al., 

1991). A possible mechanism for this collaboration was suggested by studies 

demonstrating that BMI1 inhibits MYC-induced apoptosis through repression of 

the Cdkn2a locus (Jacobs et al., 1999). CDKN2A locus is a frequent target for 

mutations, deletions and epigenetic silencing in a wide range of human 

tumours. Repression of this genomic region could therefore contribute 

significantly to the oncogenic potential of PcG proteins. Although BMI1 is 

arguably the PcG protein most strongly associated with neoplastic 

development, several other PcG members are also linked to tumorigenesis. For 

example, SUZ12 is found overexpressed in both colon and breast cancers 

(Kirmizis et al., 2003). Furthermore, EZH2, another component of PRC2, is 

upregulated in several human tumours, such as multiple types of lymphoma, 

prostate and breast cancer (Visser et al., 2001). EZH2 expression is associated 

with poor prognosis and is indicative of a metastatic character of the disease 

(Varambally et al., 2002). In accordance with the idea that the oncogenic effect 

of PcG proteins involves targets other than CDKN2A, a significant proportion of 

the recently identified PcG target genes are silenced in human tumours by DNA 

methylation of their promoter region (Bracken et al., 2007). The PRC2 complex 

could therefore promote tumorigenesis by specifically repressing tumour-

suppressor genes through the recruitment of DNA methyltransferases (Vire et 
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al., 2006) (Figure 20A). Additionally, a recent report indicates that PcG target 

genes change following transformation (Squazzo et al., 2006). Whereas the 

authors find enrichment for developmental transcription factors among PcG 

targets in embryonic cell lines, the PRC2 component SUZ12 is predominantly 

bound to genes encoding glycoproteins in adult tumour cells. One decisive 

factor in the change of target specificity might be the formation of distinct 

‘PRC2- like’ complexes that associate with different isoforms of EED. Earlier in 

vitro studies demonstrated that EED proteins that differ in the length of their N 

termini govern the histone substrate specificity of the resulting PRC and might 

participate in the formation of transformation- specific complexes (Kuzmichev et 

al., 2005). In addition to transcriptional repression of tumour-suppressor genes, 

PcGs might therefore also influence tumour development through 

‘misspecification’ of cells towards a stem cell state. This is particularly 

interesting in light of the ‘cancer stem cell’ hypothesis, which predicts that cells 

with stem cell characteristics are the main driving force behind tumour 

proliferation and progression (Pardal et al., 2003) (Figure 20B). 

 

Our lab, has recently reported that the oncogenic transcription factor PML-

RARα recruits PRC2 complex to its target promoters, resulting in the 

trimethylation of lysine 27 of the histone H3 and DNA methylation, showing a 

crosstalk between these two important epigenetics events in the establishment 

of repressive state induce by an oncogenic transcription factor (Villa et al., 

2007). 
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                                     (Van Lohuizen et al., 2006) 

 
 
Figure 20. Function of PcGs during tumor development. A) PcGs transcriptionally 
repress tumor-suppressors genes (TSGs), that normally are necessary to control cell 
proliferation through apoptosis and senescence. B) Overexpression of PcGs in 
tumours could offer self-renewal properties to the cells, favoring neoplastic growth and 
tumor progression. 
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Research in our group is focused on the investigation of epigenetic mechanisms 

involved in cancer using APL as a model system. APL is characterized by the 

presence of the chimeric fusion-protein PML-RARα that, blocks hematopoietic 

differentiation at the promyelocytic stage through aberrant gene silencing. The 

mechanisms so far identified for PML-RARα-mediated genes repression involve 

deacetylation of histones and both histone and DNA methylation (Di Croce et 

al., 2002b) (Grignani et al., 1998) (Lin et al., 1998) (Villa et al., 2007). The aim 

of this thesis project was to further study the possible PML-RARα–mediated 

changes in chromatin structure on its target genes, and its implication in both 

PML-RARα-mediated genes repression and in PML-RARα-induced block of 

differentiation. 

 

Specifically, the main objectives of my PhD project were: 

- Study if the Acute Promyelocytic Leukemia-oncogenic transcription 

factor PML-RARα induces chromatin alterations in RARβ2 promoter. 

 

- Elucidate the role of the NuRD chromatin remodelling complex in the 

Acute Promyelocytic Leukemia (APL). 
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To study the Acute Promyelocitic Leukemia (APL) we mainly used two cell lines: 

U937-PR9 cells and NB4 cells. 

 

U937-PR9 cells are U937 promyelocytes stable transfected with the cDNA of 

PML-RARα, the expression of the protein is under a Zn2+ inducible promoter. 

Using this cell line we can study the first steps of leukemogenesis upon PML-

RARα expression.   

 

NB4 cells are leukemic blasts derived from a patient. These cells express PML-

RARα constitutively; render them a useful model for studing the reversion of the 

leukemic phenotype, upon pharmacological doses of Retinoic Acid (RA). 
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1. PML-RARα expression induces chromatin alteration. 

As mentioned in the introduction section the oncogenic transcription factor PML-

RARα is a dominant negative repressor that recruits several co-repressors, 

such as N-Cor/SMRT and HDAC3 complexes, induces both DNA-methylation, 

by the recruitment of the DNMT3, and trimethylation of lysine 27 of the histone 

H3 by the recruitment of the PRC2 complex (Di Croce et al., 2002b) (Grignani et 

al., 1998) (Lin et al., 1998) (Villa et al., 2007). The oncogenic potential of PML-

RARα maintains the undifferentiatied and leukemic phenotipe of the 

haematopoyetic promyelocytic cell. To further analyze if the expression of the 

oncogenic transcription factor PML-RARα induces chromatin alteration we 

performed a DNaseI hypersensitive assay in U937-PR9 cells upon PML-RARα 

expression after 24 hours of 100mM Zn2+ treatment (Figure 1).  

 

A                                  B 

 
Figure 1. PML-RARα expression induces chromatin alterations in RARβ2 
promoter. A) PML-RARα expression in U937-PR9 cells after 24 hours of 100 mM 
treatment. U937-PR9 extracts, prior or after Zn treatment, were blotted with anti-RARα 
antibody. B) Intact nuclei of U937-PR9 cells, with and without PML-RARα expression, 
were incubated with different DNaseI concentrations. On the right representative EtBr 
gel after DNaseI digestion and on the left representative southern-blot using a probe 
against RARβ2 promoter that showed chromatin alteration particularly in the RARE 
region of the promoters. 
 

DNaseI-hypersensitive sites reflect the stable association of transcription factors 

with nucleosomal DNA, and this accessibility it has been also correlated with 

promoter activation. Our DNaseI-hypersensitive analysis reveal that the 
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presence of PML-RARα in the RARβ2 gene induces chromatin changes 

specially at the RARE region as indicated by the loss of accessibility of DNaseI 

digestion, indicating that this region is in an “open” conformation prior to 

expression of PML-RARα. These data confirm at structural level that RARβ2 

promoter is active in basal condition. 

 

 

1.1 PML-RARα and histone H1 are recruited to RARβ2 promoter while 
there is a concominantly replacement of the histone H3.3. 

The linker histone H1 can interact with the nucleosomal arrays to further 

package the nucleosomes to form higher-order chromatin structures, and is 

strongly associated with compaction of chromatin and heterochromatization 

(Woodcock et al., 2006), while the presence of the histone H3 variant H3.3 is 

associated with transcriptional activation (Hake and Allis, 2006). To confirm our 

hypothesis that PML-RARα induces chromatin compaction to its target genes 

we decided to study, by chromatin immunoprecipitation (ChIP), if PML-RARα 

recruits the linker histone H1 and if there is a replaclement of the histone H3.3. 

ChIP experiments in U937-PR9 in the absence or presence of PML-RARα  (i.e. 

prior to or after Zn induction) showed that PML-RARα binds to the RARE region 

of the RARβ2 promoter. Linker histone H1 is also recruited to the RARβ2 

promoter upon PML-RARα expression while there is a concominantly 

replacement of histone H3.3 (Figure 2). As I mentioned above, presence of the 

linker histone H1 is well characterized as a marker for chromatin compaction 

and therefore reflects a repressive state of the target promoter, while histone 

variant H3.3 is associated with active promoters. As a control of the experiment, 

we also performed ChIP analysis using antibodies anti-histone H4, a 

component of the histone core, to confirm the equal amount of material used for 

the immunoprecipitation (Figure 2). 

The results of these assays suggested again that PML-RARα, in U937-PR9 

cells, induces changes in the chromatin structure of the RARβ2 promoter, and 

these changes result in a chromatin compaction. This leaded us to think that a 

chromatin remodelling complex must have a role in PML-RARα-mediated 

repression. 
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Figure 2. Binding of PML-RARα and histone-H1 to endogenous RARβ2 promoter, 
while there is a concominantly replacement of histone H3.3. Chromatin 
immunoprecipitation (ChIP) was performed in U937-PR9 cells in presence or not of 
PML-RARα (i.e prior to or after Zn2+ induction for 24 hours) using antibodies anti-
RARα, H1, H3.3 and H4. PCR product is flanked with arrows which represent 
oligonucleotide primers. 
 

 

2. PML-RARα interacts with the chromatin remodeling complex NuRD. 
Once we established that PML-RARα induces chromatin alterations in the 

RARβ2 promoter we asked whether a chromatin remodelling complex was 

implicated in such process. 

It has been proposed that chromatin remodelling machineries might contribute 

to the   establishment and/or maintenance of methylated DNA. We and others 

have previously demonstrated that PML-RARα  (Grignani et al., 1998b; Lin et 

al., 1998; Villa et al., 2006) imposes an altered pattern of DNA methylation on 

its target genes (Di Croce et  al., 2002). We hypothesized that NuRD could be 

implicated in PML-RARα-induced gene silencing since: i) one of the HDACs 

enzymes present in the complex has been demonstrated to associate with the 

PML moiety of PML-RARα (Wu et al., 2001); ii) MBD3, which is an important 

component of the NuRD complex, shares an high homology with MBD1, 

previously implicated in the spreading of aberrant methylation in PML-RARα 

target genes (Villa et al., 2006); iii) NuRD complex is mainly involved in gene 

repression, while other chromatin remodeling complexes (e.g. SWI/SNF) are 

either exclusively involved in gene activation or function in both activation and 
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repression; and iv) NuRD has been implicated in hormone receptor-mediated 

gene silencing (Xue et al., 1998). We thus decided to study the potential role of 

NuRD in PML-RARα-dependent leukemia. 

 

2.1 PML-RARα interacts with overexpressed NuRD subunits in 293T cells. 

We started our assays studying the possible interaction of the oncogenic 

transcription factor PML-RARα with different overexpressed subunits of the 

NuRD complex in 293T cells. We transfected 293T cells using the calcium 

phosphate method (Chen and Okayama, 1987) with vectors of PML-RARα in 

combination with expression vectors of the different NuRD components. We 

found that both HA-tagged-MBD3a and MBD3b, the major MBD3 isoforms, 

interacted specifically with PML-RARα (Figure 3A), while the closely related 

protein MBD2, which has an intrinsic affinity for methylated DNA and targets Mi-

2/NuRD to methyl-CpG (Ahringer, 2000), did not (Figure 3B). To confirm the 

interaction observed with MBD3 and to confirm that MBD2 does not interact 

with PML-RARα, we performed the immunoprecipitations using both anti-PML-

RARα and anti-HA antibodies. 

 
A 

 
B 

 
 
Figure 3. PML-RARα interacts with both MBD3a and MBD3b but not with MBD2a 
in 293T cells. A) MBD3a and MBD3b interact with PML-RARα. 293T cells were 
transfected with PML-RARα and either HA-MBD3a or HA-MBD3b expression vectors, 
and extracts were immunoprecipitated with anti-PML-RARα, or anti-HA antibodies. 
Western blots of 10% input lysate and immunoprecitates were analyzed by using 
antisera against RARα, or HA. B) MBD2a does not interact with PML-RARα. 293T cells 
were transfected with PML-RARα and HA-MBD2b expression vectors, and extracts 
were immunprecipitated with anti-PML-RARα, or anti-HA antibodies. Western blots of 
10% input lysate and immunoprecitates were analyzed by using antisera against 
RARα, or HA. 
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We then extended our analysis to other components of the NuRD complex 

using the same method. We observed interaction of PML-RARα with the others 

subunits of the complex MTA2, and to a lesser extent with MTA1 and MTA3, 

HDAC1 and HDAC2. 

 

A 

 
 

B 
 

 
 

 
 

Figure 4. PML-RARα interacts mainly with MTA2, and with HDAC1 and HDAC2.  
A) PML-RARα interacts with MTA2, and in less extension with both MTA1 and MTA3. 
293T cells were transfected with PML-RARα and either Flag-MTA1, Flag-MTA2 or 
Flag-MTA3 expression vectors, and extracts were immunprecipitated with anti-Flag 
antibodies. Western blots of 10% input lysate and immunoprecitates were analyzed by 
using antisera against RARα, or Flag. B) PML-RARα interacts with both HDAC1 and 
HDAC2. 293T cells were transfected with PML-RARα and either Myc-HDAC1, or Flag-
HDAC2 expression vectors, and extracts were immunprecipitated with anti-PML-RARα, 
or anti-Myc or anti-Flag antibodies. Western blots of 10% input lysate and 
immunoprecitates were analyzed by using antisera against RARα, Myc and Flag. 
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2.2 PML-RARα and NuRD complex interact directly through both PML and 

RARα moieties. 
To study the possible direct interaction of PML-RARα with the NuRD complex 

we performed GST-pull down assays using recombinant GST-fusion NuRD 

subunits expressed in Escherichia coli, incubated with in vitro translated  (IVT) 

PML-RARα. We found that GST-MBD3a, GST-MBD3b and GST-MTA2 

recombinant proteins interact in vitro with IVT-PML-RARα. GST-MTA1 also 

interacts with PML-RARα but with less extend than GST-MTA2 (Figure 5A). 

Once established that PML-RARα and NuRD complex interact directly we 

studied which moiety of PML-RARα is the responsible for the direct interaction. 

Using IVT-PML and IVT-RARα we found that, interestingly, the PML moiety of 

PML-RARα mediated the interaction with MBD3, while the RARα moiety was 

responsible for the MTA2 binding (Figure 5). Together these results show that 

PML-RARα possesses two surfaces for interaction with the NuRD complex. 

Reinberg and co-workers reported that MTA2 only interacts directly with MBD3 

in the NuRD complex (Zhang et al., 1998), and that NuRD core complex 

(HDAC1, HDCA2) interacts directly with MBD3 and not with MTA2. These 

observations fit in our model where MTA2 and MBD3 are the subunits of the 

complex that interact directly with PML-RARα (Figure 5B).  

 

A 
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B 

 
 
Figure 5. PML-RARα interacts directly with the NuRD complex though MBD3 and 
MTA2. A) Autoradiogram of in vitro translated PML-RARα, PML, and RARα co- 
precipitated with GST alone or GST-MBD3a/b, GST-HDAC1/2/3, and GST-MTA1/2/3. 
The input lanes were loaded with 20% or 10% of the amount of 35S-labeled proteins 
used in the binding reaction. The gel was stained with Coomassie Blue prior to the 
autoradiography to show the approximately equal amounts of GST fusion protein in 
each lane. B) Schematic representation of the interactions between PML-RARα and 
NuRD. MBD3 subunit interacts with the PML moiety and MTA2 subunit with the RARα 
moiety of PML-RARα. 
 

 

2.3 Endogenous interaction of PML-RARα and the NuRD complex in U937-
PR9 and leukemic-NB4 cells. 
Once we established that PML-RARα and NuRD interact in both transfection 

co-immunprecipitations assays and in vitro, we decided to investigate whether 

PML-RARα interacts with endogenous levels of NuRD complex. To investigate 

whether PML-RARα associates with physiological levels of the NuRD complex, 

we performed co-immunoprecipitation experiments using lysates from the two 

best-characterized APL model systems: NB4 cells, leukemic blast derived from 

patients, and U937-PR9 cells, haematopoietic precursor cells, that carry PML-

RARα coding sequence under the control of a zinc-inducible promoter. 

Pharmacological doses of RA (1 µM) changes the conformation of both RARα 

and PML-RARα, which releases the co-repressors and allows the interaction 

with co-activators. For this reason we decided to perform the endogenous Co-

IPs, in NB4, in absence and in presence of pharmacological doses of RA, which 

should impair the interaction of NuRD with PML-RARα. We used antisera anti-

PML-RARα to immunoprecipitate endogenous PML-RARα. We found that 

HDAC1, HDAC2, MTA2 and Mi-2α/β co-immunoprecipitate with PML-RARα 

(Figure 6), but not MTA1 (data not shown). As a control of the co-
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immunoprecipitation we used anti-IgG antibody. Thus, as shown in figure 6, we 

were able to co-inmunoprecipitate all the subunits of the NuRD complex in the 

PML-RARα immunoprecipitation, and these interactions were released in 

presence of RA.  

 

 
 
Figure 6. Endogenous NuRD and PML-RARα interaction in NB4 is sensitive to 
RA. Lysates of NB4 cells, prior or after RA (1µM), were immunoprecipitated with 
antisera anti-RARα and co-immunoprecipitates were detected by Western Blot using 
antibodies anti-MTA2, HDAC1, HDAC2 and Mi-2α/β.  
 

Once we observed that PML-RARα can interact with physiological levels of the 

NuRD complex in a leukemic cell line, we moved to the U937-PR9 cells, which 

allows us to study the firsts steps of leukemogenesis, including interaction, 

recruitment of repressor complexes, histone modifications, and chromatin 

alterations induced by the expression of the oncogenic transcription factor PML-

RARα.  

In U937-PR9 cells, after 14 hours of PML-RARα expression, we performed co-

immunoprecipitation assays and we observed interaction of PML-RARα with 

endogenous HDAC1, HDCA2, MTA2 and Mi-2α/β (Figure 7). For these set of 

co-immunoprecipitation experiments we used antisera anti-RARα to investigate 

Mi-2α/β interaction, and antibodies anti-HDAC1, anti-HDAC2, and anti-MTA2 

antibodies to study whether different NuRD subunits of the complex could 

immunoprecipitate PML-RARα. In U937-PR9 we neither found interaction of 
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PML-RARα with MTA1 (data not shown), as well as in the leukemic NB4 cell 

line. In this co-immunoprecitations we used different controls, only Agarose 

beads, anti-IgG antibody or antisera anti-HA. 

 

 
 
Figure 7. The NuRD complex interacts endogenously with PML-RARα in U937-
PR9. After 14 hours of PML-RARα induction, by addition of 100 mM of Zn2+ to the 
medium, we immunoprecipitate the lysate using anti-MTA2, PML-RARα, HDAC1 and 
HDAC2 antibodies. Western blot of 10% of total lysate and immunoprecipitates showed 
interaction of PML-RARα with different subunits of the NuRD complex.  
 

 

3. NuRD occupancy at PML-RARα target promoters. 

Among several PML-RARα target genes, RARβ2 has been characterized in 

detail ((Fazi et al., 2007), and reference therein). We and others have 

previously demonstrated that, upon PML-RARα expression, the RARβ2 

promoter is rapidly silenced as a consequence of concomitant methylation of 

DNA by the recruitment of DNMT3 and methylation of lysines 9 (H3K9me) and 

27 (H3K27me) of histone H3 (Carbone et al., 2006; Di Croce et al., 2002; Villa 

et al., 2007) induced by the recruitment of Suv39h and PRC2 complex 

respectively. 

 

3.1 PML-RARα recruits the NuRD complex to its target promoters. 
In order to explore the possibility of NuRD recruitment at PML-RARα target 

genes, we performed chromatin immunoprecipitation (ChIP) experiments in 

U937-PR9 in the absence or presence of PML-RARα (i.e. prior to or after Zn2+ 
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induction). PML-RARα binding to RARβ2 promoter was restricted to the 

promoter region harboring the RARE (Figure 8, and (Villa et al., 2006)). Upon 

expression of PML-RARα, both HDAC2 and MTA2 were enriched on the 

RARβ2 promoter, showing that the NuRD complex is recruited to the RARβ2 

promoter when PML-RARα binds to it, while occupancy of histone 

acetyltransferase (HAT) enzyme p300 and global histone H3 acetylation levels 

were reduced (Figure 8A). The presence of HAT p300 and high acetylation 

levels of histone H3 prior PML-RARα suggest that RARβ2 gene was active. 

Using semi-quantitative PCR we show PML-RARα represses the expression of 

RARβ2 gene (Figure 8B). 

 
A 

 
B 

 
 
Figure 8. PML-RARα recruits the NuRD complex to the RARβ2 promoter and 
repress the expression of the RARβ2 gene. A) PML-RARα recruits the NuRD 
complex to the RARβ2 promoter. U937- PR9 cells, treated sequentially with RA (1 nM) 
to activate endogenous RARs, and then with 100 µM Zn2+ (14 h) to induce PML-RARα 
expression, were subjected to ChIP analysis, as indicated in the figure. The RARβ2 
promoter was amplified by real-time PCR. Errors bars indicate the standard deviation 
obtained from three independent experiments. B) Endogenous RARβ2 expression is 
downregulated upon PML-RARα expression. mRNA levels of endogenous RARβ2 
gene were measured by semi-quantitative PCR. Results were normalized against 
Tubulin mRNA. 
 

To strengthen our observations, we expanded our analysis to other PML-RARα 

target genes that could be potentially co-regulated by the NuRD complex. 

Recently, global gene expression studies identified several PML-RARα 
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regulated genes (Meani et al., 2005). Among those, that are significantly down-

regulated following the expression of the fusion protein (Carbone et al., 2006), 

we characterized the hPSCD4 (Pleckstrin homology, Sec7 and coiled-coil 

domains 4) and hNFE2 (Nuclear Factor erythroid derived 2) promoters based 

on the presence of several RARE elements within the regulative promoter 

regions. ChIP experiments confirmed that, similarly to RARβ2, hPSCD4 and 

hNFE2 promoters had a similar reduction of HAT p300 and a concomitantly 

increase of HDAC2 binding levels upon PML-RARα expression (Figure 9).  

 

 

 
 
Figure 9. NuRD complex is recruited to the hNFE2 and hPSCD4 PML-RARα-target 
genes. U937-PR9 cells, treated as in Figure 8, were subjected to ChIP analysis, as 
indicated in the figure. The NFE2 and PSCD4 promoters were amplified by real-time 
PCR. Errors bars indicate the standard deviation obtained from three independent 
experiments. 
 

 

3.2 The NuRD complex is released from PML-RARα-target genes, upon RA 
administration, in leukemic cells. 
Administration of pharmacological doses (1µM) of retinoic acid (RA) causes 

dissociation of the NCoR/HDAC3 complex from PML-RARα (Di Croce, 2005; 

Licht, 2006), and recruitment of co-activators and reduction of DNA methylation, 

resulting in promoter reactivation in both NB4 cells and primary blasts from APL 

patients (Figure 10 and Di Croce et al., 2002; (Fazi et al., 2005). 
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Figure 10. Pharmacological doses of retinoic acid restores the RARβ2 
expression in NB4 cells. Endogenous RARβ2 expression is upregulated upon 
pharmacological doses of RA (1µM). mRNA levels of endogenous RARβ2 gene were 
measured by semi-quantitative real-time PCR. Results were normalized against tubulin 
mRNA. 
 

Our data suggest that in NB4 cells RA (1µM) administration caused a reduction 

of several NuRD proteins, including HDAC1, HDAC2, MTA2, MBD3 bound to 

RARβ2 promoter (Figure 11A), with a corresponding increase of several co-

activators such as RNA Polymerase II, HATs p300 and CBP, and global 

acetylation of histone H3. Inverse to NuRD proteins, the promoter occupancy of 

Brahma-related gene 1 (BRG1), a subunit of the SWI/SNF chromatin 

remodelling complex, related to gene activation, was increased upon RA 

treatment (Figure 11B).  

 

 

A 

 
 

 
 

 
 
 



                                                                               Results                                                                                                                      

 62 

 

B 

 
 
Figure 11. The NuRD complex is released from the RARβ2 promoter after 
pharmacological doses of RA. A) The NuRD complex is released from the RARβ2 
promoter after 8 hours of RA administration. NB4 cells treated with RA (1µM) were 
subjected to ChIP analysis, as indicated in the figure. The RARβ2 promoter was 
amplified by real-time PCR. Errors bars indicate the standard deviation obtained from 
three independent experiments. B) Recruitment of co-activators to RARβ2 after 8 hours 
of RA (1µM). ChIPs analysis were performed as indicated in the figure. The RARβ2 
promoter was amplified by real-time PCR. Errors bars indicate the standard deviation 
obtained from three independent experiments. 
 

 

We then investigated whether the NuRD complex was released upon RA 

administration in other PML-RARα-target genes (NFE2 and PSCD4), as we 

observed in U937-PR9 cells. The capability of RA to induce the release of the 

NuRD complex from these promoters was also confirmed (Figure 12). 

 

 
 
Figure 12. NuRD complex is released to the hNFE2 and hPSCD4 PML-RARα-
target genes upon RA. NB4 cells, treated as in Figure 11, were subjected to ChIP 
analysis, as indicated in the figure. The NFE2 and PSCD4 promoters were amplified by 
real-time PCR. Errors bars indicate the standard deviation obtained from three 
independent experiments. 
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4. The NuRD complex is required for structural changes of PML-RARα-

target promoters.  
It has been recently demonstrated that MBD3 is required for stable formation of 

the NuRD complex, and that destabilization of the complex reduces the 

abundance of some of its components (Hendrich et al., 2001; Kaji et al., 2006). 

Hendrich and colleagues recently reported that the mouse MBD2 knock-out is 

fertile and viable whereas the MBD3-knock-out is not viable, suggesting that 

MBD3 is the key component of the NuRD complex and MBD2 is one of the 

transcription factor that can recruit the NuRD complex to the DNA. Kaji and co-

workers reported that in mouse embryonic stem cells lacking MBD3 the NuRD 

complex is not stable and there is a reduction of MTA2 protein levels. The 

mechanism of the MTA2 protein reduction is not clear. These two studies 

prompted us to continue our studies by reducing the MBD3 protein levels in 

both U937-PR9 and NB4 cells. Using a retroviral vector-based shRNA approach 

(Brummelkamp et al., 2002), we generated a stable U937-PR9 cell line (RNAi 

MBD3) with strongly reduced expression levels of MBD3 (more than 70%).  

Concomitantly, levels of MTA2 were also reduced, while other NuRD subunits 

protein levels were not affected (Figure 13). 

 

 
 
Figure 13. U937-PR9 RNAi-MBD3 stable cell line shows significant MBD3 reduced 
protein levels. Western blots analysis of mock (RNAi-Scr) and MBD3 interference 
U937-PR9 cells (RNAi-MBD3). Equal amounts of cell extract from mock and RNAi-
MBD3 cells were blotted with the indicated antibodies. U937-PR9 cells were infected 
with retroviruses containing small hairpin sequence of MBD3 or scramble sequence. 
293-GP2 packaging cell line was transfected with the pSUPER-MBD3 or pSUPER-Scr 
expression vectors. After 48 and 72 hours the virus-containing medium was collected 
and used for U937-PR9 infection. Infected cells were selected with puromycin (2µg/ml) 
for 3 days. 
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4.1 The NuRD complex is necessary for efficient repression of RARβ2- 

PML-RARα-target gene. 
As mentioned in the introduction section, PML-RARα mediates the repression of 

its target genes through the aberrant recruitment of the N-Cor/SMRT complex, 

DNMTs and the PRC2 complex. The recruitment of these co-repressors stable 

represses the expression of PML-RARα−target genes, resulting in a block of 

differentiation at pregranulocyte state and expansion of the leukemic blasts. We 

next asked whether the recruitment of NuRD is necessary for the efficient 

repression of PML-RARα-target gene RARβ2.  

In order to analyze the role of the NuRD complex in PML-RARα-dependent 

gene silencing, we tested the ability of PML-RARα to downregulate its target 

gene RARβ2 in RNAi-Scr and RNAi-MBD3 cells. In contrast to control cells, in 

RNAi MBD3 cells the RARβ2 promoter was not efficiently silenced by PML- 

RARα (Figure 14, lanes 3-4 vs. 5-6), suggesting that chromatin remodelling is 

necessary for an efficient PML-RARα-dependent gene silencing. 

 

 

 
 

Figure 14. NuRD complex is necessary for the complete repression of the RARβ2 
gene induced by PML-RARα. U937-PR9 cells were treated with physiological 
concentration of retinoic acid (1nM) to activate RARβ2 expression and sequentially with 
100 mM of Zn2+ to induce PML-RARα expression. mRNA levels of endogenous RARβ2 
gene were measured by real-time PCR. Results were normalized against β-actin 
mRNA. 
 

 



                                                                               Results                                                                                                                      

 65 

4.2 The NuRD complex facilitates PML-RARα-induced structural changes 

on its target promoter. 
Actively transcribed promoters have a markedly open chromatin structure that is 

deficient in the linker histone H1 and contain nucleosomes enriched in 

acetylated forms of histones H3 and H4 (Tazi and Bird, 1990). To address 

whether the recruitment of the NuRD complex facilitates PML-RARα-induced 

structural changes on its target promoter, we performed DNaseI 

hypensensibility sites assays (DHS) in U937-PR9 cells. DHS generally reflect 

the stable association of transcription factors with nucleosomal DNA, and also 

has been correlated with transcriptional activation. We took advantage of the 

previous DNaseI assay we performed (see Figure 1) in which we mapped the 

DNaseI hypersensitive sites within the RARβ2 promoter. Instead of using 

Souther-blot technique, we decided to study the DNaseI hypersensitive sites by 

implementing semiquantitative-PCR. If the DNA is in a relaxed conformation the 

DNaseI enzymes has more accesibilty to DNA, thus the PCR will give less 

product than if the DNA is more compact. Thus, analysis was initially performed 

in the absence or presence of physiological concentrations of retinoic acid (RA) 

that are sufficient to activate RARE-containing promoters in cells when PML-

RARα is not expressed (Figure 15B, lane 1-2 vs. 3-4). Under these 

experimental conditions we observed an increased accessibility of the RARβ2 

promoter to DNaseI in presence of RA. 

 

A                                                   B 

 
 
Figure 15. Retinoic acid increases accessibility to DNaseI. A) Scheme of the 
RARβ2 promoter. PCR products are flanked with arrows that represent oligonucleotide 
primers. B) U937-PR9 cells treated with physiological concentrations of RA (1nM) were 
digested with DNaseI (90, 270U/ml). Purified DNA was further digested with PstI and 
BglII, and the fragments spanning the RARE region were detected by semi-quantitative 
PCR.  
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We next investigated whether the NuRD complex was required for DNaseI 

accessibility upon RA stimulation at both the RARE-containing promoter region 

as well as at downstream region (exon 5). In the absence of PML-RARα, we did 

not observe any significant differences when RNAi control cells were compared 

to RNAi MBD3 cells (Figure 16, compare lanes 1-6 with lanes 7-12). Expression 

of PML-RARα counteracted the RA effect resulting in reduced chromatin 

accessibility (compare lanes 1-6 with lanes 13-18). Interestingly, in PML-RARα 

expressing cells, lack of the NuRD complex restores RA sensibility (compare 

lanes 13-18 with lanes 19-24). To test the generality of these findings, the 

chromatin structure of the β−actin promoter was also investigated (Figure 16C). 

We did not obverse any change in the chromatin structure on β−actin in cells 

lacking the NuRD complex. Together these experiments suggest that in the 

presence of physiological concentration of RA, PML-RARα acts as a strong 

repressor that prevents “opening” of the chromatin structure. Although the 

NuRD complex seems to be dispensable for promoter activation, its integrity is 

required for PML-RARα-mediated silencing and chromatin compaction. 

 

A                                                                          B 
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C 
 

 
 
Figure 16. The NuRD complex facilitates PML-RARα-induced structural changes 
on RARβ2 promoter. A) NuRD induces chromatin alterations in RARβ2 promoter 
upon PML-RARα expression. Intact chromatin of mock (RNAi-Scr) and RNAi-MBD3 
U937-PR9 cells treated as in figure 15 was digested with DNaseI (30, 90, 270U/ml). 
Purified DNA was further digested with PstI and BglII, and the fragments spanning the 
RARE region and the down-stream exon 5 were detected by semi-quantitative PCR. A 
representative example of four independent experiments is shown. B) Quantification of 
the PCR products of a representative DHS assay. C) DNaseI digestion control region. 
Intact chromatin of mock (RNAi-Scr) and RNAi-MBD3 U937-PR9 cells was treated as 
figure 16A. β-actin promoter region was detected by semi-quantitative PCR. A 
representative example of four independent experiments is shown. 
 

 

5. The NuRD complex facilitates DNA hypermethylation in U937-PR9 cells. 
Others and we have previously demonstrated that PML-RARα and other 

transcription factors can repress transcription by recruitment of DNMTs (e.g. 

STAT5, AML1-ETO, Myc (Brenner et al., 2005; Zhang et al., 2005)), leading to 

promoter hypermethylation. DNMT3a has been reported to be able to bind 

physically and functionally with MBD3 in mouse lymphosarcoma cells (Datta et 

al., 2005), suggesting a physical interaction between DNMT3 and the NuRD 

complex. Therefore we decided to study if other different subunits of the NuRD 

complex interact with DNMT3a. In addition of MBD3, we found that HDAC1 and 

the NuRD-specific subunit MTA2 bind to IVT-DNMT3a (Figure 17).  
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Figure 17. The NuRD complex interacts in vitro with DNMT3a. Autoradiogram of in 
vitro translated DNMTa co-precipitated with GST alone or GST-MBD3a, GST-HDAC1, 
and GST-MTA2. The input lanes were loaded with 10% of the amount of 35S-labeled 
proteins used in the binding reaction. 
 

We next analyzed the occupancy of DNMTs at RARβ2 promoter in both U937-

PR9 RNAi control cells and in RNAi MBD3 cells. As shown in figure 18, the 

accumulation of DNMT3a, which was observed in presence of PML-RARα, was 

significantly reduced in RNAi MBD3 cells. We did not observe any variation in 

DNMT1 occupancy. This is in agreement with DNMT3a enzyme catalyzes the 

de novo methylation at PML-RARα-target genes. 

 

 
 
Figure 18. NuRD facilitates DNMT3a binding at RARβ2 genes. ChIP assays were 
performed in mock (RNAi-Scr) and RNAi-MBD3 U937-PR9 cells, as described in figure 
8. The promoter of RARβ2 was amplified by real-time PCR. Errors bars indicate the 
standard deviation obtained from three independent experiments. 
 

 

To further strength these observations that link DNMT3a with NuRD, we tested 

both Mi-2α and Mi-2β immunoprecipitates DNAmethyltransferase activity. As 

shown in figure 19, both Mi-2α and Mi-2β co-purified with 

DNAmethyltransferase activity. These results suggest that the NuRD complex 

associates with DNMTs.  
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Figure 19. Both Mi-2α and Mi-2β associates with DNAmethyltransferase activity. 
HeLa cellular extracts were immunoprecipitated using either Mi-2α/β or Mi-2β 
antibodies, and assayed for methyltransferase activity. Values are normalized to 
background controls (IgG) and are expressed as fold above background. The results 
shown are the average of two independent experiments with error bars displaying 
standard deviations. 
 

 

These results prompted us to investigate the methylation status of the RARβ2 

promoter in dependence of PML-RARα and NuRD. Thus, we performed 

bisulphite genomic sequencing analysis in the same experimental setting as 

described above. The bisulphite genomic sequencing is a very sensitive 

technique that allows studying precisely the methylation status on every single 

CpG of a certain DNA region. The bisulphite reaction converts all non-

methylated cytosines into tymines, while methylated cytosines remain 

unchanged. As previously reported, expression of PML-RARα caused RARβ2 

promoter hypermethylation in wild type or mock-infected leukemic cells (Di 

Croce et al, 2003 and Figure 20). Interestingly, in MBD3 knockdown cells, 

methylation of CpGs was reduced by 50% (Figure 20). Of note, protein levels of 

DNMT3a and DNMT1 were not altered by RNAi MBD3 (data not shown). These 

results suggest that chromatin remodelling by NuRD is required for PML-RARα-

induced de novo DNA methylation. Importantly, DNA methylation has been 

demonstrated to contribute directly to the establishment of APL phenotype (Di 

Croce et al., 2002).  
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Figure 20. Changes in DNA methylation in cells lacking NuRD complex (RNAi-
MBD3). NuRD knockdown reduces DNA methylation of RARβ2 gene in U937-PR9 
cells. DNA extracted from mock (RNAi-Scr) RNAi-MBD3 U937-PR9 cells untreated or 
treated with 100µM Zn2+ for 24h was used for bisulphite genomic sequencing. The 
methylation status of each CpG dinucleotide in each sequenced cloned is depicted by 
a black square if the position was methylated or a white square, if was not. 
 

To further demonstrate the implication of the NuRD complex in the deposition of 

methyl groups at PML-RARα-target genes, we generated a U937-PR9 RNAi-

MTA2 stable cell line (Figure 21). 

 

 
 
Figure 21. U937-PR9 RNAi-MTA2 stable cell line shows significant MTA2 reduced 
protein levels. Western blot analysis of mock (RNAi-Scr) and MTA2 interference 
U937-PR9 cells (RNAi-MTA2). Equal amounts of cell extract from mock and RNAi-
MTA2 cells were blotted with the indicated antibodies. U937-PR9 cells were infected 
with retroviruses containing small hairpin sequence of MTA2 or Scramble sequence. 
293-GP2 packaging cell line was transfected with the pSUPER-MTA2 or pSUPER-Scr 
expression vectors. After 48 and 72 hours the virus-containing medium was collected 
and used for U937-PR9 infection. Infected cells were selected with puromycin (2µg/ml) 
for 3 days. 
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Bisulphite genomic sequencing was also performed in RNAi-MTA2 knock down 

cells. Methylation of CpGs was reduced more than 75% in RNAi-MTA2 when 

compared to control cells (Figure 22). These results strongly support that the 

NuRD complex plays a pivotal role in de novo DNA-methylation of PML-RARα-

target genes. 

 

 
 
Figure 22. Changes in DNA methylation in cells lacking NuRD complex (RNAi-
MTA2). NuRD knockdown reduces DNA-methylation of RARβ2 gene in U937-PR9 
cells. DNA extracted from mock (RNAi-Scr) and RNAi-MTA2 U937-PR9 cells untreated 
or treated with 100µM Zn2+ for 24h was used for bisulphite genomic sequencing. The 
methylation status of each CpG dinucleotide in each sequenced cloned is depicted by 
a black square if the position was methylated or a white square, if was not. 
 

 

We next investigated whether the ATPase subunit of the NuRD complex, Mi-2, 

is necessary for DNA methylation of PML-RARα-target genes, and thus if 

impairing directly the chromatin remodelling activity of NuRD we could obtain 

the same the de novo DNA methylation reduction levels, at RARβ2 gene, as we 

observed knocking down both MBD3 and MTA2. We generated U937-PR9 

shMi-2 stable cell line using the same approach as we used for both U937-PR9 

shMBD3 and U937-PR9 shMTA2 cell lines (Figure 23). 
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Figure 23. U937-PR9 RNAi-Mi-2 stable cell line shows significant Mi-2 reduced 
protein levels. Western blot analysis of mock (RNAi-Scr) and Mi2 interference U937-
PR9 cells (RNAi-Mi-2). Equal amounts of cell extract from mock and RNAi-Mi-2 cells 
were blotted with the indicated antibodies. U937-PR9 cells were infected with 
retroviruses containing small hairpin sequence of Mi-2 or scramble sequence as was 
done for both RNAi-MBD3 and  RNAi-MTA2 cell lines.   
 
We performed a bisulphite genomic sequencing of RARβ2 promoter using the 

RNAi-scr and RNAi-Mi-2 cells lines. We observed that in Mi-2 knock down cells 

methylation of CpGs was reduced more than 50% (Figure 24). These results 

suggest that the NuRD complex, and thus chromatin remodelling, plays a 

pivotal role in de novo DNA-methylation of PML-RARα-target genes. 

 

 
 
Figure 24. Changes in DNA methylation in cells lacking NuRD complex (RNAi-Mi-
2). NuRD knockdown reduces DNA-methylation of RARβ2 gene in U937-PR9 cells. 
DNA extracted from mock (RNAi-Scr) and RNAi-Mi-2 U937-PR9 cells untreated or 
treated with 100µM Zn for 24h was used for bisulphite genomic sequencing. The 
methylation status of each CpG dinucleotide in each sequenced cloned is depicted by 
a black square if the position was methylated or a white square, if was not. 
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6. Role of the NuRD complex in the crosstalk between DNA and histone 

methylation.   
The results described above suggest that chromatin remodelling by NuRD is 

required for PML-RARα-induced the de novo DNA methylation. We recently 

demonstrated that the presence of DNA methylation and Polycomb are both 

necessary for maintenance of the epigenetic alterations in leukemic cells that 

constitutively express PML-RARα (Villa et al. 2007). We thus decided to 

investigate how epigenetic silencing is initiated following the expression of the 

oncoprotein PML-RARα. For this, we analized the kinetics of NuRD, DNMTs, 

and Polycomb recruitment, but also their interdependence for the establishment 

of the epigenetic repressive marks at promoters.  

Time-course ChIP analysis performed in U937-PR9 cells indicated that the 

NuRD complex is efficiently loaded at RARβ2 promoter after only 8 h of 

expression of PML-RARα, as measured by the presence of the diagnostic 

subunit MTA2 (Figure 25). Similar analyses suggested that EZH2 and DNMT3 

are found associated at promoter region at later time points, with DNMT3a/b 

being strongly recruited at 48 h.  

 

 
 
Figure 25. Kinetics of NuRD, EZH2 and Dnmt3a/b recruitment to RARβ2 
promoter. U937-PR9 cells, treated with 100 µM Zn2+ for 8h, 24h and 48h to induce 
PML-RARα expression, were subjected to ChIP analysis, as indicated in the figure. The 
RARβ2 promoter was amplified by real-time PCR. Error bars indicate the standard 
deviation obtained from three independent experiments. 
 

Interestingly in cells lacking active NuRD complex (using both RNAi-MBD3 and 

RNAi-Mi-2 cell lines), we observed by ChIP analysis that PML-RARα-mediated 

EZH2 recruitment and H3K27me3 were severely compromised, while global H3 

acetylation level was higher (Figure 26).  
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Figure 26. NuRD complex is required for PML-RARα-mediated Polycomb 
recruitment and H3K27me3 at RARβ2 promoter. ChIP assays were performed in 
mock (RNAi-Scr) and RNAi-MBD3 U937-PR9 and RNAi-Mi-2 cells, as described in 
figure 8. Error bars indicate the standard deviation obtained from three independent 
experiments. 
 

 

We next explored whether knock-down of the Polycomb repressive complex 2 

(PRC2) would also affect NuRD occupancy and gain of DNA methylation at 

RARβ2 promoter. We generated a stable SUZ12 knockdown U937-PR9 cell line 

(RNAi-SUZ12). A reduction of >70% of SUZ12 protein was achieved under 

these conditions, when compared to the mock knockdown cells (RNAi control) 

(Figure 27), and a corresponding decrease in bulk histone H3 tri-methyl K27 

level was also observed, as previously described (Kirmizis et al., 2003). ChIP 

analysis for MTA2 indicates that the PRC2 complex is not required for PML-

RARα-mediated NuRD recruitment, although EZH2 binding and H3K27 tri-

methylation were found to be reduced.  
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Figure 27. NuRD occupancy at RARβ2 promoter is independent of PRC2 
complex. A) Western blot analysis of mock and Suz12 interference U937-PR9 cells. 
Equal amounts of cell extract from mock and RNAi-MBD3 cells were blotted with the 
indicated antibodies (left panel). B) ChIP analysis was performed using antibodies 
indicated in the figure. The RARβ2 promoter was amplified by real-time PCR. Error 
bars indicated the deviation obtained from three independent experiments. 
 

 

We recently described, in the leukemic NB4 cell line, that PRC2 complex is 

involved in the maintenance of hypermethylated DNA (Villa et al., 2007). We 

next asked whether impairing the PRC2 complex could also effect de novo 

methylation of the RARβ2 promoter. Interestingly, in cells lacking PRC2 

complex, DNA methylation fails to accumulate at the RARβ2 promoter upon 

PML-RARα expression, while in RNAi control cells, PML-RARα   caused 

promoter hypermethylation.  
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Figure 28. Polycomb is necessary for the de novo methylation of the RARβ2 
promoter upon PML-RARα expression. DNA extracted from mock (RNAi-Scr) and 
RNAi-Suz12 U937-PR9 cells untreated or treated with 100µM Zn for 24h was used for 
bisulphite genomic sequencing. The methylation status of each CpG dinucleotide in 
each sequenced cloned is depicted by a black square if the position was methylated or 
a white square, if was not. 
 

Together, these experiments suggest that the NuRD complex is required for the 

establishment of DNA and histone methylation at lysine 27, while PRC2 likely 

plays a role in sustaining active DNA hypermethylation. 
 
 
7. Epigenetic changes in NuRD knockdown leukemic cells. 
We next investigated whether the NuRD complex would also be involved in the 

maintenance of the cancerous phenotype in fully established leukemia cells. 

Therefore, we generated a stable MBD3 knockdown in patient-derived NB4 

cells (RNAi MBD3). A reduction of >75% of MBD3 protein was achieved under 

these conditions (Figure 29A).  

Similarly to U937-PR9 cells, in NB4 cells knockdown of MBD3 led to a reduction 

of intracellular MTA2, it but did not affect HDAC1/2 and DNMTs protein levels 

(Figure 29A, and data not shown). As shown in figure 29B, NuRD is 
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destabilized in NB4-shMBD3 cells, suggesting that MBD3 is the key component 

of the complex, and when is removed the NuRD complex is not formed. 

 

A 

 
B 

 

 
 
Figure 29. Western blots analysis of mock and MBD3 interference NB4 cells and 
stability of the NuRD complex in NB4-shMBD3 cells. (A) Equal amounts of cell 
extracts from mock (RNAi-Scr) and interference RNA cells (RNAi-MBD3) were blotted 
with the indicated antibodies. NB4 cells were infected with retroviruses containing small 
hairpin sequence of MBD3 or scramble sequence. 293-GP2 packaging cell line was 
transfected with the pSUPER-MBD3 or pSUPER-Scr expression vectors. After 48 and 
72 hours the virus-containing medium was collected and used for U937-PR9 infection. 
Infected cells were selected with puromycin (1µg/ml) for 3 days. (B) MBD3 knockdown 
destabilizes the NuRD complex. Lysates of NB4 cells were immunoprecipitated with an  
antibody anti-HDAC1 and co-immunoprecipitates were detected by Western Blot using 
antibodies anti-MTA2 and HDAC1. 
 

 

We have previously demonstrated that the leukemic potential of PML-RARα 

relies – at least in part – on its capability to induce epigenetic alterations at 

target genes (Hormaeche and Licht 2007), which include DNA methylation (Di 

Croce et al. 2002) and tri-methylation of lysine 27 of histone H3  (Villa et al., 

2007). Thus, based on the above results, we hypothesized that NuRD 

knockdown could affect the levels of both DNA and histone methylation at PML-
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RARα-repressed genes in leukemic cells, and therefore demonstrate that the 

NuRD complex also plays a key role in the maintaining of DNA methylation and 

aberrant epigenetic marks. The genomic bisulphite analysis confirmed that in 

control leukemic cells, the RARβ2 promoter is hypermethylated to a similar 

extent as previously reported, while in leukemic cells lacking functional NuRD 

complex, the levels of CpG methylation was significantly reduced more than 3 

fold (Figure 30). This result clearly shows that NuRD is important for the 

maintaining of DNA methylation, during cell division, in leukemic cells. 

 

 
 

Figure 30. NuRD knockdown affects the DNA-methylation levels at RARβ2 gene 
in leukemic cells. DNA extracted from mock (RNAi-Scr) and RNAi-MBD3 NB4 cells 
was used for bisulphite genomic sequencing. The methylation status of each CpG 
dinucleotide in each sequenced cloned is depicted by a black square if the position was 
methylated or a white square, if was not. 
 

In parallel with the previous analysis, we performed chromatin 

immunoprecipitation (ChIP) experiments for the H3K27me3 and MTA2 subunit 

of NuRD (data not shown). A 3-to-4-fold reduction in both H3K27me3 was 

observed in MBD3 knock-down cells, when compared to the mock control 

(RNAi control) (Figure 31), suggesting that NuRD is also necessary for the 

recruitment of the PRC2 complex in leukemic cells.  
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Figure 31. NuRD knockdown affects H3 methylation at lysine 27 (H3K27me3). 
ChIP assays were performed in mock (RNAi-Scr) and RNAi-MBD3 NB4 cells. The 
promoter of RARβ2 was amplified by real-time PCR. Errors bars indicate the standard 
deviation obtained from three independent experiments. 
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8. The NuRD complex is involved in the maintenance of leukemia. 

Next we asked whether NuRD could have an implication in the maintenance of 

the leukemic phenotype. We assessed differentiation based on morphological 

and functional criteria. NB4 RNAi control and MBD3 RNAi cells were stained 

with Wright-Giemsa (Figure 32). As shown, MBD3 RNAi cells displayed a more 

mature morphology as observed by several features: i) they contained a 

reduced nucleus-to- cytoplasm ratio; ii) the dark blue-gray cytoplasm became 

lighter and often contained granules; and iii) they frequently displayed an 

irregular nucleus shape. These differences were much more pronounced in 

untreated cells, while RA administration - as expected - induced differentiation 

in both samples.   

 

 
 

Figure 32. Differentiation of MBD3 interference NB4 cells into granulocytes. Mock 
and RNAi-MBD3 NB4 cells treated or not with RA (10 nM, 100 nM, and 1 µM) were 
stained with Wright-Giemsa and analyzed for the morphology under the light 
microscopy. 
 

 

The level of CD11b, a marker for the maturation of hematopoietic cells (Lanotte 

et al., 1991), was increased by more than 2-fold in cells with less functional 

NuRD complex (Figure 33). Interestingly, the simultaneous addition of a 

differentiation stimulus (RA) synergized in inducing cell differentiation.  

The nitroblue tetrazolium (NBT) reduction test, which measures functional 

differentiation, was performed using standard methodology. The percentage of 

cells containing intracellular-reduced black formazan deposits was determined. 
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Examination of the samples revealed little evidence of spontaneous 

differentiation in untreated control RNAi cells, while we observed a significantly 

increased number of NBT positive cells in RNAi MBD3 NB4 (Figure 33). 

Extensive kinetic studies of RA administration confirmed that in cells lacking 

MBD3, a more pronounced differentiation was observed (Figure 33). Together 

these results show that proper NuRD function is required to fully maintain the 

undifferentiated and leukemic phenotype of NB4 cells.    

 

A                                                            B 

 
 

 
Figure 33. Kinetics of differentiation of mock and RNAi-MBD3 NB4 cells after 
treatment with different concentration of RA. Differentiation was evaluated by 
quantitative expression of CD11b antigen (A) and by nitroblue tetrazolium (NBT) 
reduction assay (B). 
 
 
 
 
The results of this thesis are under revision in Nature Structural and Molecular Biology.  
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In mammals most ATP chromatin remodeling complexes use the energy of the 

hydrolysis of the ATP to change the chromatin structure. One group changes 

the chromatin structure to an “open“ confomation, which allows the recruitment 

of the transcription machinery for further transcriptional activation of target 

promoters. Another group of chromatin remodeling complexes changes the 

chromatin structure to a repressive state, compacting the nucleosomes in many 

different maners. In humans the NuRD complex is the most abundant 

repressive ATP chromatin remodelling complex. NuRD deacetylates the histone 

tails prior compaction, which presumably occurs by sliding, of the nucleosomes 

on its target genes. So far it has been shown that the NuRD complex can be 

recruited to the DNA by two different mechanisms, i) by a transcription factor 

(for instance BCL11B) or ii) by a methyl-binding protein, such as Kaiso or 

MBD2, that recruits NuRD to methylated DNA. The mechanism of action of 

NuRD is still poorly understood and during my thesis we focused on the 

potential role of the NuRD complex in cancer. 

 

1. PML-RARα and NuRD. 

Wild type RARα interacts with co-activators when RA binds to its Ligand-binding 

domain, to activate transcription of RARE-containing promoters. The co-

activators-binding affinity is reduced when RA does not bind to RARα, and 

therefore co-repressors are recruited. We found that NuRD interacts with both 

PML and RARα moieties of PML-RARα. Showing that PML-RARα possesses 

two surfaces for interaction with the NuRD complex.  

It is important to mention that although MTA2 subunit interacts in vitro with the 

RARα moiety, and this suggest that MTA2 and RARα should have a role in vivo 

we did not observe any effect of MTA2 in the RARb2 promoter when PML-

RARα was not expressed. It seems that endogenous RARα is not able to bind 

MTA2 in vivo, thus the NuRD complex needs specifically, PML-RARα to interact 

with RARα.  

After pharmacological RA treatment we did not observe interaction of PML-

RARΑ with physiological levels of NuRD subunits. RA changes the 

conformation of PML-RARα, resulting in a release of the co-repressors and in 
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the binding of co-activators, prior to degration of PML-RARα by the proteosome 

pathway. 

 
 
2. Link NuRD and DNA methylation 

The intimate link between NuRD and DNA methylation was postulated since the 

identification of MBD2 and MBD3 within the MeCP1/NuRD complex. It was later 

demonstrated that, although MBD2 is not an integral subunit of NuRD, it 

associates and recruits the NuRD complex, now called MeCP1 complex, to 

methylated DNA. More recently, Zhang and co-workers provided additional 

mechanistic insight on the MBD2 dependent binding of NuRD to methylated 

nucleosomes (Feng and Zhang 2001). Since MeCP1 and NuRD complexes 

have different abilities on the binding to DNA it would be interesting to study 

their occupancy on the genome and if both complexes share common target 

genes. The fact that there are different NuRD complexes, containing MTA1 or 

MTA2 subunit, mutually exclusive, and Mi-2α or Mi-2β, suggest that these 

complexes have different target genes and probably different functions in both 

normal and tumor cells. 

Our data now reveal a novel function of NuRD in this scenario. We found that 

the establishment of aberrant DNA methylation patterns at PML-RARα target 

genes is altered in cells lacking the NuRD complex. Based on this, we show 

that the remodelling activity of NuRD may facilitate access of DNMTs to 

chromatin template for deposition of methyl groups at CpG sites. Experiments 

performed in leukemic blasts showed that a continuous binding of NuRD to 

silenced promoters could be required for the maintenance (and perpetuation 

during cell cycle) of methylated CpGs. Until know it was no clear whether the 

NuRD complex has a role in the DNA methylation process. Our data now reveal 

that NuRD complex is necessary for deposition and maintaining of the methyl 

group to the CpGs.The MBD2/NuRD complex may have different role in DNA 

methylation because it is recruited to already methylated DNA, maybe in this 

scenario the complex is required only for perpetuation during cell cycle of the 

methyl group of the CpGs. 

It would be interesting to investigate in the future whether DNA methylation 

levels of other genes, which are not PML-RAR direct targets, are also affected 
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in cells lacking NuRD complex, and more in general how chromatin structure 

influences DNA methylation pattern. Consistent with this hypothesis, the 

chromatin remodelling SNF2- like protein DDM1 was shown to be essential for 

full methylation of the Arabidopsis thaliana genome (Vongs et al. 1993).  The 

amount of 5-methyl cytosine was reduced by 70% in the DDM1-mutants and the 

de novo methylation rate was severely compromised even though DDM1 is not 

DNA methyltransferase enzyme. Similarly in mammals, mutations in mouse Lsh 

genes (Dennis et al. 2001) and human ATRX (Gibbons et al. 1995; Gibbons et 

al. 2000), both of which encode relatives of the chromatin-remodeling protein 

SNF2, have significant effects on global DNA methylation patterns. Lsh-knock 

down mice showed reduced genomic methylation at repetitive sequences, 

single copy and imprinted genes, despite the lack in changes in DNA 

methyltransferase activities. Suggesting that Lsh activity is necessary for DNA 

methylation rather than DNMTs. Mutations in ATRX give rise to characteristic 

developmental abnormalities including severe mental retardation, facial 

dysmorphism, urogenital abnormalities and a-thalassaemia, also give rise to 

changes in the pattern of methylation of several highly repeated sequences 

including the rDNA arrays and subtelomeric repeats. 

Thus, both global and targeted DNA methylation might require a dedicated 

chromatin remodelling machinery. Raising important questions about chromatin 

accessibility and DNA methylation. The aforementioned link between NuRD and 

MBDs, as well as the interaction between NuRD and DNMTs documented here 

identify NuRD as an important player in DNA methylation metabolism, in tumor 

and likely in normal cells. Additionally, Bartolomei and co-workers reported that 

MBD3 is required for the maintenance of paternal methylation and repression of 

the imprinted H19 gene in mice (Reese et al., 2007), supporting our 

observations that NuRD complex has a role in the maintaining of DNA 

methylation. 
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Figure 1. NuRD and MeCP1/NuRD complexes and DNA methylation. A) The NuRD 
complex is recruited by via transcription factors to DNA, leading both the de novo and 
maintenance of DNA methylation, by the recruitment of DNMTs and PRC2 complex. B) 
MeCP1 complex is recruited to methylated DNA. The role of MeCP1 complex in DNA 
methylation it is not known. A hypothesis could be that the recruitment of these 
complexes is necessary for the maintenance of the DNA methylation levels. Red 
lolipops represent methylated CpGs. 
 

 

3. Histone Deacetylation 
We have previously shown that PML-RARα recruits the N-Cor/HDAC3 complex 

to its target genes (Villa et al., 2006). The interaction with NuRD not only leads 

to chromatin remodelling and changes in DNA methylation, but also causes a 

recruitment of two additional HDAC enzymes, which display differences in 

substrate specificity with respect to HDAC3 (Johnson et al., 2002). This might 

expand the capability of PML-RARα to remove acetyl groups from histone tails, 

thus preparing them for further modifications.  

HDAC inhibitors (HDACi) are being used in APL pacients since long time ago. 
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HDACi induce, to a variable extent, growth arrest, differentiation and apoptosis.  

The fact that HDACi have an impact in PML-RARα-dependent repression can 

be due to the recruitment of the NuRD complex, and N-Cor/HDAC3 complex, to 

the RARβ2 promoter. Prior to chromatin remodelling HDAC enzymes 

deactetylase the histone tails of the nucleosomes, thus if the HDAC activity is 

impaired, by HDACi, chromatin remodeling does not take place, and there is no 

deposition of the epigenetic marks that stable repress PML-RARα target genes.   

 

 

4. NuRD and PRC2 
We have recently documented the recruitment of the PRC2 complex, to RARβ2 

promoter upon PML-RARa expression (Villa et al., 2007). Data presented here 

suggest that NuRD recruitment at target genes is required not only for PML-

RARα-induced methylation, but also for deposition of Polycomb repressive 

marks. Interestingly, genetic analyses in Drosophila have demonstrated that the 

ATPase dMi-2 participates in Polycomb repression (Kehle et al., 1998), thus 

anticipating a decade ago a role of NuRD in histone deacetylation and 

chromatin changes that in turn allow binding of Polycomb protein complexes. 

Our kinetic analysis of co-repressor occupancy suggests a precise sequence of 

events that occur at PML-RARα target genes, with NuRD-mediated chromatin 

remodelling being necessary for further deposition of both epigenetic repressive 

marks DNA and histone methylation. Moreover, knock-down of PRC2 complex 

prevents either de novo hyper-methylation or its stability, although the NuRD 

complex is still recruited to DNA, suggesting again that NuRD is one of the first 

co-repressors recruited to PML-RARα-target genes. 

In leukemic cells, PML-RARα recruits both NuRD and Polycomb complexes to 

its target genes (Villa et al. 2007), and coordinates enzymatic activities to 

ensure a stable epigenetic gene silencing. We suggest that PML-RARα 

represses gene transcription through several distinct mechanisms, including 

histone deacetylation, DNA methylation, histone modification, chromatin 

compaction and heterochromatinization (Figure 2). The data presented 

demonstrates that the NuRD complex plays a pivotal role in both establishment 

and maintenance of aberrant epigenetic silencing imposed by PML-RARα 
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molecular targets of intervention in cancer. 

 

 

 
 
 
Figure 2. Progressing silencing of PML-RARα-target genes. Our studies showed 
the precise events that take place in PML-RARα-target genes. Recruitment of NuRD 
complex changes the chromatin structure and deacetylates the histones prior to 
recruitment of the PRC2 complex and DNMTs. Methylation of DNA creates a docking 
site for MBD1, involved in the spreading of the silencing through the gene. There is 
also a crosstalk between histone modifications and DNA methylation. The recruitment 
of all these co-repressors leads to a stable silencing of PML-RARα-target genes, that is 
maintained upon cell division. 
 
 
 
5. NuRD and cell differentiation. 
Recently, Hendrich and co-workers showed that the NuRD complex is important 

for the pluripotency, and not for the self-renewal, of mouse Embryonic Stem 

Cells (ESC). The ESCs lacking the NuRD complex were able to initiate 

differentiation program but failed to commit to developmental lineages (Figure 

3A). As mentioned in the introduction section, both genetic and biochemical 

analysis showed that the MBD3 knock out mice die during early embryogenesis 

and that MBD3 is the key subunit of the complex. 

Having elucidated the molecular mechanism of NuRD in Acute Promyelocytic 

Leukemia, we then studied whether NuRD has a role in maintaining the 

leukemic phenotype. We observed that leukemic cells lacking the complex were 

able to start to differentiate spontaneously with no RA treatment (Figure 3B), 

and also that the epigenetic marks, such as both DNA and histone methylation 
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were significantly reduced. Our first idea was that NuRD could have a role in the 

first steps on the PML-RARα-induced leukemogenesis, but our differentiation 

assays showed a strong implication of NuRD in the maintaining of the leukemic 

phenotype. This is the first time that is showed that NuRD has an important and 

pivotal role in cancer, playing a role in the initiation and in the maintainance of 

the leukemia phenotype (Figure 3B).  

 

A 

 
 

B 

 
  
Figure 3. NuRD duality in cell differentiation.  A) In mouse embryonic stem cells 
(ESCs) the NuRD complex is necessary for initiation of differentiation and Oct4 and 
Nanog expression are the responsible for the self-renewal. B) In APL blasts NuRD is 
required for the maintenance of the block differentiation. If NuRD activity is impaired 
the APL blasts start to differentiate with no RA treatment.   
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This NuRD duality observed in mouse ESCs and in APL could be explained by 

the fact that NuRD may have different target genes in different cell types and in 

different organisms. It would be interesting to investigate whether NuRD is also 

necessary for the differentiation of human ESCs or, in contrast, it is only 

required for the differentiation of mouse ESCs. Since this is the first study that 

links NuRD and cancer would be interesting to study if the different NuRD 

subunits are up-regulated in cancer. 

 

These data are important and could have an implication in the therapy of APL 

patients. Would be interesting to develop specific inhibitors against the Mi-2 

ATPase of NuRD. The reasons why the inhibitors should be against Mi-2 are 

because Mi-2 is an enzyme, and therefore is easylly inhibited by an specific 

inhibitor and because it would prevent the chromatin remodeling necessary for 

PML-RARα-induced silencing. Since several years APL patients are 

successfully treated with high doses of RA or arsenic tri-oxide, but this give 

rises to many hematopoyetic problems. We thus hypothesize that impairing the 

Nurd activity, specifically in the leukemic blasts of the patients, should induce 

the spontaneous differentiation of the APL blasts, toghether with suboptimal RA 

concentrations, diminishing the malignancy on the hematopoyetic system that 

appear upon high doses of RA. 

Our data showing that NuRD is important for the maintaining of the leukemic 

phenotype, and thus APL-NuRD-knock down cells initiate the differentiation 

program open an unexpected view to understand the role of the NuRD complex 

in cancer. 
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1. The oncogenic transcription PML-RARα expression induces chromatin 
alterations in RARβ2 promoter. 

 
2. The NuRD complex interacts both in vivo and in vitro with PML-RARα. 
 

2.1 - MBD3 subunit of NuRD interacts with the PML moiety, and MTA2 with 
the RARα moiety of PML-RARα. 
2.2  - Endogenous NuRD complex interacts with PML-RARα after 14 hours of 
PML-RARα expression in U937-PR9.  
2.3 - Endogenous levels of NuRD interacts with PML-RARα in leukemic cells. 
 

3. The NuRD complex is recruited to PML-RARα-target genes and it is released 
upon RA administration in leukemic cells. 

 
4. The NuRD complex is necessary for efficient repression of RARβ2-target   

PML-RARα gene. 
 
5. The NuRD complex facilitates PML-RARα-induced structural changes on its 

target genes. 
 
6. The NuRD complex facilitates the de novo DNA methylation in U937-PR9 

cells. 
 
6.1 - In U937-PR9 cells lacking the NuRD complex DNMT3 is not recruited to 
RARβ2 promoter. 
6.2 - Mi-2α/β has DNAmethylatransferase activity. 
6.3 - In U937-PR9 cells lacking the NuRD complex (MBD3, MTA2, and Mi-2β 
Knock-down cells) the de novo DNA methylation induced by PML-RARα is 
significantly reduced. 
 

7. The NuRD complex is recruited to RARβ2 promoter, upon PML-RARα 
expression, prior to PRC2 complex and DNMT3a/b. 

 
8. The NuRD complex is required for PML-RARα-mediated PRC2 recruitment 

and H3K27m3 at RARβ2 promoter. 
 
9. NuRD occupancy at RARβ2 promoter is independent of PRC2 complex 
 
10. Polycomb is necessary for the de novo methylation of the RARβ2 upon 

PML-RARα expression. 
 
11. In leukemic cells, NuRD knock-down affects the maintenance of DNA 

methylation and the PRC2 recruitment at the RARβ2 gene. 
 
12. The NuRD complex is necessary for the maintenance of the leukemic 

phenotype. 
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Plasmids  

The plasmids pcDNA3-HA-hMBD2a, pcDNA3-HA-hMBD2b, pcDNA-

FlaghMBD3a were kindly provided by Dr. Ishikawa (Kyoto University), pGEX-

5X-3-mMBD3a and pGEX-5X-3-mMBD3b were kindly provided by Dr. Reinberg 

(University of Medicine and Dentistry of New Jersey), pGEX-2T-MBD2b was 

kindly provided by Dr. Brackertz (Justus-Liebig University), pCLneo-mHDAC1-

Myc and pME18s-Flag-mHDAC2 were kindly provided by Dr. Seiser (University 

of Viena) and pGEX-MTA1/2/3 and pcDNA-Flag-MTA1/2/3 were kindly provided 

by Dr. Yang (Nacional Cheng Hsing University). 

pcDNA3-HA-hMBD2b and pcDNA3-HA-mMBD3b were subcloned from pGEX-

2T-MBD2b and pGEX-5X-3-mMBD3b to pcDNA3 by digestion with EcoRV and 

XhoI restriction enzymes.  

 

 
Antibodies 
We used the following antibodies:  

*Please note that for both IP and ChIP we always used 5ug of all the Antibodies 

listed below. 

 

Antibody Company Aplications WB Dilution 

PGM3 B. Amati’s Lab IP  

PML Santa Cruz WB, ChIP 1: 2000 

RARα  Santa Cruz WB, IP 1: 2000 

HDAC1 Abcam WB, ChIP, IP 1: 5000 

HDAC2 Abcam WB, ChIP, IP 1: 5000 

HDAC3 Abcam ChIP  

MTA1 Santa Cruz WB, IP 1: 1000 

MTA2 Santa Cruz WB, ChIP, IP 1: 2000 

MBD3 A. Bird’s Lab WB, ChIP 1: 1000 

Mi-2α /β  Santa Cruz WB, ChIP 1: 1000 

Suz12 Abcam WB, ChIP 1: 5000 

Ezh2 K. Helin’s Lab WB 1: 20 
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DNMT3a/b Santa Cruz WB, ChIP 1: 1000 

DNMT1 Imgenex WB, ChIP 1: 1000 

BRG1 Santa Cruz ChIP  

HAT p300 Upstate ChIP  

HAT CBP Upstate ChIP  

RNA pol II Covance ChIP  

Tubulin Abcam WB 1: 10000 

H3Ac Upstate WB, ChIP 1: 10000 

H3K27me3 Upstate WB, ChIP 1: 5000 

Flag Sigma WB, IP 1: 10000 

Myc Upstate WB, IP 1: 5000 

HA Luciano’s Lab WB, IP 1: 5000 

CD11b Dakocytometri FACS 5ul/sample 

 
 
Cell lines  

U937-PR9 and NB4 cells were cultured at 37oC and 5% CO2 in RPMI medium 

(Cambrex) supplemented with 10% of fetal bovine serum, 5% L-glutamine and 

antibiotics. HEK 293T and HEK 293T/GP2 cells were cultured at 37oC and 5% 

CO2 in Dulbeccos MEM supplemented with 10% of fetal bovine serum, 5% L-

glutamine and antibiotics.  

 

Calcium phosphate transfection 
8 hours before transfection HEK-293T cells were harvested by trypsination, 

washed with PBS1X and replated at a density of 3,5 X 106 cells in a 100 mm-

plates in complete DMEM medium. The calcium phosphate-DNA coprecipitates 

were prepared with different amounts of DNA, depending on the vector used in 

the different co-immunprecipitation assays, into 500µl of CaCl 2M. One volumen 

of this 2-fold calcium-DNA solution was mixed with equal volume of 2-fold-HBS 

solution at room temperature. After 10 minutes the calcium phosphate-DNA 

suspension was added to the cells. After 14 hours the medium was replaced by 

fresh medium, and after 36 hours the transfected cells were collected for the 
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immunoprecipitation assays. 

 
 
Immunoprecipitation and Western Blot Analysis 
For immunoprecipitations (IP), antibodies were coupled to protein A sepharose 

beads. Cell extracts were prepared in 500µl of Lysis buffer, sonicated 15 

seconds at 15% output in a Branson Sonifier, and centrifuged 15 minutes at 

maximun speed/4oC. Soluble material was incubated with 15ul of beads 

overnight at 4ºC. Beads were washed three times with lysis buffer 

complemented with additional 150 mM NaCl and 0,2% NP40. Bound proteins 

were eluted with 2x Laemmli sample buffer and loaded on SDS-PAGE. Input 

lanes show 10% of lysates used for immunoprecipitation. The extracts were 

analyzed by Western blotting with specific antibodies as indicated in the figure 

legends. Blots were developed using the ECL system (Amersham Bioscences).  

 

Immunoprecipitation assay solution: 

- Lysis Buffer: 50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2.5 mM 

EGTA, 0.1% Tween 20, and proteinase inhibitors. 

- Wash Lysis Buffer: 50 mM Hepes, pH 7.5, 300 mM NaCl, 1 mM EDTA, 2.5 

mM EGTA, 0.1% Tween 20, 0,1% NP-40, and proteinase inhibitors. 

 
 
Chromatin immunoprecipitation 
NB4 and U937-PR9 cells were cultured as above. Formaldehyde (Sigma) was 

added to the culture medium to a final concentration of 1%. Cross-linking was 

allowed to proceed for 10 min at room temperature and stopped by addition of 

glycine at a final concentration of 0.125 M, followed by an additional incubation 

for 5 min. 20X106 fixed cells were washed twice with PBS1X and harvested in 

1,3 ml Lysis Buffer II. Cells were disrupted by sonication with a Bioruptor for 2 

pulses of 15 minutes with cicles of 30’, yielding genomic DNA fragments with a 

bulk size of 200–400 bp. The lysate was then diluted ten times with IP Buffer. 

For each immunoprecipitation, 4 ml of diluted lysate was precleared by addition 

of 50 µl of blocked protein A beads (50% slurry salmon sperm DNA/protein A-

Agarose, Upstate; 1 mg/5ml, salmon sperm DNA) during 2 hours at 4°C. 
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Samples were immunoprecipitated overnight at 4°C with the polyclonal 

antibodies described in the Antibodies section. Immune complexes were 

recovered by adding 30 µl of blocked protein A beads and incubated for 2 h at 

4°C. Beads were washed three times in 1 ml of ChIP Wash Buffer, and one time 

in 1ml ChIP High Salt Wash Buffer, immunoprecipitated material was eluted in 

500µl of Elution Buffer for 30 minutes in rotation at room temperature, After 

centrifugation the supernatant was incubated overnight at 65oC with 20µl of 

NaCl 5M, here Input material was included. The eluted material was then 

incubated with 10µl of EDTA 0,5M, 2µl of proteinase K and 20µl of Tris-buffer 

6,5 pH for at least 2 hours at 65oC before phenol/chloroform-extraction and 

ethanol-precipitation with 2,5 volumes of Ethanol 100%, 10% NaAc 5M, and 

10µg glycogen, for 35 minutes at -80oC. Precipitated DNA was resuspended in 

50µl of water. PCR was performed with 2µl of DNA to a final volume of 10µl in 

Lightcycler SYBR Green Reaction Mix (Roche). Accumulation of fluorescent 

products was monitored by real-time PCR using a Lightcycler Roche Detector 

480 (Roche). Each PCR reaction generated only the expected specific 

amplicon, as shown by the melting-temperature profiles of final products. Primer 

sequences are summarized on Table 1. 

 
ChIP solutions: 

- Buffer Lysis II: 50 mM Tris at pH 8.1, 1% SDS, 10 mM EDTA and protease 

inhibitors. 

- ChIP IP Buffer: 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16,7 mM Tris 

at pH 8.1, 167 mM NaCl and protease inhibitors. 

- ChIP Wash Buffer: 50 mM HEPES at pH 7.5, 140 mM NaCl, 1% Triton X-100, 

and protease inhibitors. 

- ChIP High Salt Buffer: 50 mM HEPES at pH 7.5, 1% Triton X-100, 500 mM 

NaCl, and protease inhibitors. 

-  Elution Buffer: 1% SDS and 0,1%NaHCO3. 
 
 
GST fusion, in vitro translation, and pull-down assays 

GST and GST fusion proteins were expressed in Escherichia coli BL21 strain. 
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Bacteria were induced with 0.25 mM isopropyl-D-thiogalactopyranoside (IPTG) 

for 3 h at 25 °C, harvest and lysated in 10 ml with AX Buffer, then sonicated 30’’ 

4 times at 30% output in a Branson R-250 sonicator. Recombinant proteins 

were purified with 100µl of glutathione-sepharose beads (Amersham Pharmacia 

Biotech), previously saturated with Coating Buffer, for 2 hours at 4°C, and then 

analyzed on SDS-PAGE gel electrophoresis to normalize protein amounts with 

a BSA curve. Equivalent amounts of GST fusion proteins (2µg) were incubated 

with 5µl of [35S] methionine-labeled PML-RARα, PML, RAR, or Dnmt3a 

produced by the T7 TNT-coupled transcription/translation system (Promega) 

and with 500µl of Hunt Buffer for 2 hours at 4°C. Pull-downs were then washed 

3 times with Hunt Buffer with 0.1% NP-40, denatured in Laemmli buffer, and 

then SDS-PAGE gels were visualized by autoradiography after Coomassie Blue 

staining to confirm that equal amounts of GST proteins were used for the pull-

down. 

 
GST-pull down assay solutions: 

- AX Buffer: 50 mM Tris-HCl pH 8, 10 mM EDTA, 150 mM NaCl and Complete-

mini EDTA-free tablets (Roche). 

- Coating Buffer: 50 mM Tris-HCl pH 8, 10 mM EDTA, 150 mM NaCl and 

Complete-mini EDTA-free tablets (Roche). 

- Hunt Buffer: 20 mM Tris-HCl pH 8, 1 mM EDTA, 100 mM NaCl, 0.5% NP-40 

and protease inhibitors. 

- Hunt Wash Buffer: 20 mM Tris-HCl pH 8, 1 mM EDTA, 100 mM NaCl, 0.6% 

NP-40 and protease inhibitors. 

 

 

RNA interference and retroviral infection 
The target sequence used to silence MBD3, MTA2, Mi-2 and Suz12 were 

inserted as a short hairpin into the pRetroSuper (pRS) retroviral vector 

according to the manufacturer’s recommendations (OligoEngine) to form RNAi-

MBD3 (U937-PR9 and NB4), RNAi-MTA2 (U937-PR9), RNA-Mi-2 (U937-Mi-2) 

and RNAi-Suz12 (U937-PR9) cell lines. 8µg of pRS-shMBD3a, pRS-shMTA2, 

pRS-shMi-2 or pRS-shSuz12 and pRS-scramble vector were transfected with 

4µg of the pVSVG plasmid by the calcium phosphate precipitation method into 
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HEK-293T/GP2 cells, after 2 and 3 days the supenatant containing the 

retroviruses was collected. U937-PR9 and human NB4 leukemic cells were 

infected by 90 minutes centrifugation at 32 °C at 3200 rpm, with Protamine 

Sulfate and the virus containing the shMBD3, shMTA2 or shSuz12. After 36 

hours the cells were in selection with puromicin (2 µg/ml for U937-PR9 or 

1ug/ml for NB4) for at least 72 hours. 

 

 

DNAaseI-hypersensitive assay 

Nuclei of 1x106 U937-PR9 cells were isolated with 100ul of NP-40 Buffer and 

digested with DNaseI enzyme (30 to 270 U/ml; Roche) in 100 µl of NP-40 Buffer 

at 37°C for 5 minutes. Digestion was terminated by adding 40 ml 6xLysis Buffer. 

After stopping the reaction, digested DNAs were treated with 1,2ml of RNase A 

(10mg/ul) for 30’ at 37oC and then with 10ml of proteinase K (10mg/ul) 

overnight at 55oC. DNAs was then extracted two times with phenol/chloroform 

and precipitated at -80oC for 35 minutes. Eluted DNAs was resuspended in 

100ml of water and quantified in a Nanodrop. 100 ng of DNAs were loaded in a 

1% agarose gel to check the DNAseI digestion pattern. 2µg of purified DNAs 

were subjected to a secondary digestion with BglII and PstI restriction enzymes 

overnight at 37oC. Digested samples were purified with PCR purification Qiagen 

column, and quantified in the Nanodrop. 200 ng of digested DNAs was loaded 

in a 1% agarose gel to check the digestion pattern, and subjected to a semi-

quantitative PCR reaction using 50 ng of DNA as a template. PCR products 

were resolved in a 2% agarose gel. Primer sequences are summarized on 

Table 1. 

 

DNAseI-hypersensitive assay solutions: 

- NP-40 Buffer: 15 mM Tris (pH 7.4), 15 mM NaCl, 60 mM KCl, 0.5 mM EDTA, 5 

mM MgCl2, 300 mM Sucrose. Before use, make it 0,5 mM β-mercaptoethanol, 

0,2% NP-40 (Sigma). 

- 6xLysis Buffer: 6% SDS, 300 mM Tris-HCl, pH 8.0, 120 mM EDTA.  
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Bisulfite genomic sequencing. 

Genomic DNA, from 2X106 U937-PR9 RNAi-MBD3 and RNAi-Scr, NB4 RNAi-

MBD3 and RNAi-Scr, U937-PR9 RNAi-MTA2 and RNAi-Scr, U937-PR9 RNAi-

Mi-2 and RNAi-Scr and U937-PR9 RNAi-Suz12 and RNAi-Scr cells, was 

isolated by Cell Culture DNA Kit (Qiagen) as described in the manufacturer’s 

instructions. 5µg of extracted DNA were digested with EcoRI restriction enzyme 

overnight at 37oC, extracted with phenol/chloroform and precipitated at -20oC 

for 2 hours. After centrifugation at 13000 rpm at 4oC for 20 minutes and washed 

1 time with Ethanol 70%. eluted DNA was resupended in 100µl of TE1X and 

denatured with 11µl of NaOH 3M for 30 minutes. Bisulphite reaction was 

proceeded during 16 hours at 65oC, protected from the light, in 1,1ml of 

Bisulphite buffer, with mineral oil to avoid evaporation. Bisulfite-converted DNA 

was purified with the Genclean Kit II and resuspended in 100 ml of TE1X, 

denatured with 11µl of NaOH 3M during 15 minutes at 37oC, and then 

precipitated 20 minutes at -20oC. After centrifugation at 13000 rpm at 4oC for 20 

minutes and washed 2 times with Ethanol 70% DNA was eluted in 100µl of 

water.  4µl of DNA was subjected to semi-quantitative PCR reaction. 4µl of the 

first PCR were subjected to Nested semi-quantitative PCR reaction. Primer 

sequences are summarized on Table 1. Nested product was loaded in a 1% 

agarose gel, purified with the Gel Extraction Kit (Quiagen), cloned in a pGEM 

vector using the pGEM-T Easy vector system Kit (Promega) and transformed in 

DH5a bacterial strain. 10 white colonies were picked up and plasmid DNA was 

extracted with the Miniprep-Kit (Quiagen) to further sequence the Nested-PCR 

product. Primer sequences are summarized on Table 1. 

 

 
Differentiation assays 
RNAi-Scr and RNAi-MBD3 NB4 leukemic cells (2 x 105/ml) were suspended in 

4 ml of culture medium and cultured with or without different RA concentrations 

in multidishes (Nunc). Expression of granulocytic antigen CD11b, on the 

surface, was determined by indirect immunofluorescent staining and flow 

cytometry. Briefly, human leukemia NB4 cells (5 x 104) were washed with 

PBS1X and incubated in 50µl of mouse anti-CD11b or anti-CD11c (Mac-1; 
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Nichirei Co., Tokyo, Japan) in PBS1X containing 0.2% BSA and 3XFBS at 4°C 

for 30 min. The cells were washed with PBS1X and incubated in 50µl of FITC-

conjugated antimouse IgG (Tago Inc., Burlingame, CA) in PBS1X containing 

0.2% BSA and 3XFBS for 20 min, washed with PBS1X, and then analyzed in a 

flow cytometer (BD FACSCanto). 

For NBT reduction assay and Wright-Giemsa staining we used the same RNAi-

Scr and RNAi-MBD3 NB4 cells for both experiments, cultured with or without 

different concentration of RA. Preparation of NBT solution at 0,2% in 10 ml 

PBS1X pH 7,4 in the dark, once is dissolved filter the solution with a 0,22 mm 

filter. Add 200µl of NBT solution in every multidish with 2x105 cells previously 

resuspended in 200 ml of medium. Add to the cells with the NBT solution 3 ml 

of TPA 10-3M (in ethanol). Incubate cells 30 minutes at 37oC. After the 

incubation with the TPA cells were centrifugated in microscope slides at 400 

rpm for 4 minutes. Let the cells to dry prior staining with modified Wright-

Giemsa solution during 1 minute, then rise the cells in PBS1X and stain again 

during 10 minutes in Giemsa diluted 1/20 with destiled water. Allow slide to dry. 

For the NBT assay count in a chamber microscope at least 300 cells per 

experimental condition. 

 

 

RNA purification and RT-PCR analysis.  
Total RNA was extracted by RNeasy Minikit (Qiagen) as described in the 

manufacturer’s instructions. The RNA was measured with the Nanodrop and 

stored at -80oC. The cDNA was generated from 1µg of total RNA by using 

Superscript First Strand Synthesis System (Invitrogen) with Random primers. 2 

ml of cDNA were used as template for semi-quantitative PCR or Real-time PCR 

using Lightcycler SYBR Green Reaction Mix (Roche). Accumulation of 

fluorescent products was monitored by real-time PCR using a Lyghtcycler 

Roche Detector 480 (Roche). β-Actin expression was used as control of 

quantification of total RNA used for the cDNA generation. Primer sequences are 

summarized on Table 1. 
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DNAmethyltransferase assay 

Immunoprecipitated material using anti-Mi-2α/β or anti-Mi-2α antibodies 

(performed as a regular immunoprecipitation, see Immunoprecipitation and 

Western Blot Analysis section for details) was added to HeLa nuclear extract 

(100µl) in 250µl of modified IPH buffer and incubated at 4 °C for 12 h. Beads 

were washed three times with IPH buffer and assayed for methyltransferase 

activity in a 100µl reaction containing a 33-bp hemimethylated oligonucleotide 

substrate (500ng), S-Adenosyl-L-[methyl-3H]-methionine (2ml; 77 Ci/mmol; 

Amersham), Tris-HCl (50 mM, pH 7.5), EDTA (5 mM), 50% glycerol, DTT (5 

mM) and protease inhibitors. After incubation at 37°C for 1 h, we removed 

unincorporated nuclides with Biospin chromatography columns (BioRad) and 

determined incorporation of radioactivity by liquid scintillation counting. 

 

DNAmethyltransferase assay solution: 

- IPH Buffer: 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM EDTA, 0.1% NP-40 

and protease inhibitors. 
 

 
Table I. Primers sequence 

Experiment Primers Sequence 

ChIP Real-time PCR RARE-665-RARβ2-F 5’-GGTCATTTGAAGGTTAGCAGCCC-3’ 

 RARE-808-RARβ2-R 5’- CCCTTTGGCAAAGAATAGACCC-3’ 

 RARE-50-PSCD4-F 5’-TCCCTGCTGCTCAAAACTCTG-3’ 

 RARE-50-PSCD4-R 5’-CTCGTGTGCAGGCTTTTGAC-3’ 

 RARE-NEF2-1427-F 5’-AGATGGGTTTTCACCGTGTTTC-3’ 

 RARE-NEF2-1427-R 5’-GGAGAGGGGAAGCACTTTG-3’ 

DNAseI RARE-665-RARβ2-F 5’-GGTCATTTGAAGGTTAGCAGCCC-3’ 

 RARE-808-RARβ2-R 5’- CCCTTTGGCAAAGAATAGACCC-3’ 

 EXON5-RARβ2-F 5’- TTGCAAAAAGCCTTCCGAAT-3’ 

 EXON5-RARβ2-R 5’-TGTTTGAGGACTGGGATGCC-3’ 

 β-Actin-F 5’-GCCCCGCGTGTCCCTCAAAC-3’ 

 β-Actin-R 5’-GCTCCGCGTCGCTCACTCACC-3’ 
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RT-PCR EXON8/9-RARβ2-F 5’-TCCAGTCGGACTCGATGGTC -3’ 

 EXON8/9-RARβ2-R 5’-GAAACTTTCCCTTCACTCTGCC -3’ 

 β-Actin-F 5’-CGAGGGGAAAGATGTACGAG-3’ 

 β-Actin-R 5’-CCTTCTCTGGGAGCAAACAG-3’ 

Bisulphite sequencing Exon-431-RARβ2-F 5’-ATAGAGGAATTTAAAGTGTGGGTT-3’ 

 Exon-1107-RARβ2-R 5’-TCCAAATAATCATTTCCCTTATTC-3’ 

 Nested-403-RARβ2-F 5’-ATAAGGAATTTAATAGATAGAAAGG-3’ 

 Nested-1172-RARβ2-R 5’- ATCCCTATCTAATACCTTATCCTTA-3’ 

Stable cell lines shMBD3-359 5’-GATCCCCCAACAAGGTCAAGAGCGAC 

TTCAAGAGAGTCGCTCTTGACCTTGTTG 

TTTTTA-3’ 

 shMTA2-54 5’CCGGCGGGAAGGATTTCAATGATATCT 

CGAGATATCATTGAAATCCTTCCCGTTT 

TTG-3’ 

 shMi-2β-61 5’CCGGGCTGCTGACATCCTATGAATTCT 

CGAGAATTCATAGGATGTCAGCAGCTTT 

TT-3’ 

 shSuz12 Helin’s lab construction 
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