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Abstract

Eukaryotic gene expression is developmentally regulated, in part by chromatin remodelling, and 

its dysregulation has been linked to cancer. CHD5 (chromodomain helicase DNA-binding protein 

5) is a tumour suppressor gene (TSG) that maps to a region of consistent deletion on 1p36.31 in 

neuroblastomas (NBs) and other tumour types. CHD5 encodes a protein with chromatin 

remodelling, helicase and DNA-binding motifs that is preferentially expressed in neural and 

testicular tissues. CHD5 is highly homologous to CHD3 and CHD4, which are the core subunits of 

nucleosome remodelling and deacetylation (NuRD) complexes. To determine if CHD5 forms a 

similar complex, we performed studies on nuclear extracts from NBLS, SY5Y (both with 

endogenous CHD5 expression), NLF (CHD5 null) and NLF cells stably transfected with CHD5 

cDNA (wild-type and V5–histidine-tagged). Immunoprecipitation (IP) was performed with either 

CHD5 antibody or antibody to V5/histidine-tagged protein. We identified NuRD components both 

by GST–FOG1 (Friend Of GATA1) pull-down and by IP. We also performed MS/MS analysis to 

confirm the presence of CHD5 or other protein components of the NuRD complex, as well as to 

identify other novel proteins. CHD5 was clearly associated with all canonical NuRD components, 

including metastasis-associated protein (MTA)1/2, GATA zinc finger domain containing 2A 

(GATAD2A), histone deacetylase (HDAC)1/2, retinoblastoma-binding protein (RBBP)4/7 and 

methyl DNA-binding domain protein (MBD)2/3, as determined by Western blotting and MS/MS. 

Our data suggest CHD5 forms a NuRD complex similar to CHD4. However, CHD5–NuRD may 

also have unique protein associations that confer functional specificity and may contribute to 

normal development and to tumour suppression in NB and other cancers.
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Introduction

Neuroblastoma (NB) is the most common extracranial solid tumour of childhood. This 

tumour of the sympathetic nervous system accounts for 8%–10% of childhood cancers and 

15% of childhood cancer deaths [1,2]. NBs may regress spontaneously, especially in infants, 

or grow relentlessly despite intensive, multimodality therapy. We and others have identified 

distinct patterns of genomic changes that underlie these disparate clinical behaviours [1,3]. 

Deletion of the short arm of chromosome 1 (1p) has been observed in 35% of primary NBs 

and 70% of NB-derived cell lines [4–6]. We first identified 1p deletion as a characteristic 

change in advanced stage NBs [7], which presumably reflects loss of one or more tumour 

suppressor genes (TSGs) from this region. We used DNA-based polymorphisms [6,8] to 

refine the smallest region of consistent deletion (SRD) of 1p36 to a ∼2 Mb region on 

1p36.31 and we identified CHD5 (chromodomain helicase DNA-binding protein 5) as a 

bona fide TSG from this region in NBs [9–12]. CHD5 expression is low or absent from NB 

cell lines and most high-risk tumours and low expression is associated with unfavourable 

features and outcome [9–11,13,14]. Bagchi et al. [15] also identified CHD5 as a TSG on the 

orthologous region of mouse chromosome 4 using a chromosome engineering approach. 

Furthermore, CHD5 has been implicated as a TSG in a variety of other cancers, such as 

gliomas and cancers of the colon, breast, lung, ovary, prostate, stomach, larynx and gall 

bladder [15–27].

CHD5 is a member of the chromodomain-helicase-DNA-binding (CHD) family [11,28,29]. 

Currently the CHD family has nine members and they are divided into three subfamilies 

[27,30]. CHD1 and CHD2 comprise the first subfamily, which contains a classic DNA-

binding domain. The second subfamily consists of CHD3 (Mi2α) and CHD4 (Mi2β), which 

have two PHD-zinc finger motifs and each forms a nucleosome remodelling and 

deacetylation (NuRD) complex. The third subfamily consists of CHD6–CHD9, which was 

originally identified based on structural homology to other known CHD members [29,31]. 

Of all the CHD family members, CHD5 is most homologous to CHD3 and CHD4. Indeed, 

CHD3–CHD5 are the only members that have two PHD domains near the N-terminus, in 

addition to paired chromodomains and a split SWItch/Sucrose NonFermentable (SWI/SNF)-

like helicase/ATPase domain [32]. Thus, CHD5 belongs most appropriately in the second 

subfamily. However, CHD5 is expressed almost exclusively in the nervous system and in 

testis, whereas CHD3 and CHD4 are expressed more ubiquitously [27,33].

Gene regulation is a highly co-ordinated process that involves ordered recruitment of 

transcriptional machinery to maintain proper chromatin structure and chromatin remodelling 

proteins play crucial roles in this process [34]. NuRD complexes were first identified more 

than 15 years ago [34,35] and they alter chromatin structure and gene expression in part by 

causing ATP-dependent remodelling of nucleosomes [36]. Most studies have focused on the 
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Mi2β/CHD4–NuRD complex, which has both ATPase and histone deacetylase activity [34]. 

Other canonical NuRD components are: metastasis-associated proteins 1 and 2 (MTA1/2), 

retinoblastoma-binding proteins (RBBP)4 and RBBP7 (formerly RbAp48 and RbAp46 

respectively), GATAD2A and -B (formerly p66α/β) and methyl DNA-binding domain 

proteins (MBD2/3) [28,37,38].

NuRD complexes have been implicated in regulating gene transcription, genome stability, 

DNA damage and DNA repair [28,37,39–41]. Altered NuRD function is associated with a 

variety of cancers, as described above [15–27]. CHD5 has also been shown to regulate the 

expression of neural-specific genes that are implicated in aging, as well as in Alzheimer's 

disease [42,43]. However, it has been unclear if CHD5 forms a NuRD complex similar to 

CHD3 and CHD4 or whether CHD5 forms unique protein associations. In the present study, 

we provide evidence that CHD5 forms a bona fide NuRD complex with all the same 

canonical proteins as CHD4. Furthermore, CHD5 forms novel protein associations that may 

account for the functional differences between CHD4– and CHD5–NuRD complexes.

Experimental

Reagents

Cell culture media [Roswell Park Memorial Institute medium (RPMI-1640)], antibiotics and 

FBS were obtained from Invitrogen Inc. Parental NB cell lines were maintained in our 

laboratory but are also available from the A.T.C.C. Restriction enzymes and other molecular 

biology reagents were purchased from Roche Applied Sciences, Promega Inc. and New 

England Biolabs Inc. ‘Complete’ protease inhibitor cocktail tablets were obtained from 

Roche Applied Sciences. Halt protease and phosphatase inhibitor cocktail was obtained 

from Sigma–Aldrich Company. Nuclear extraction kits were obtained from Thermo 

Scientific. NuPAGE gels (4%–12%), buffers and prestained Rainbow molecular mass 

markers were obtained from Invitrogen.

Antibodies

Rabbit polyclonal CHD5 antibody and goat primary polyclonal antibodies for MTA-1, 

MTA-2, RBBP4, RBBP7, histone deacetylase (HDAC)1, HDAC2, MBD2 and MBD3 were 

from Santa Cruz Biotechnology. CHD4 antibody was from Bethyl Laboratories. Polyclonal 

antibodies for HDAC1, HDAC2, RBBP7, RBBP4/7 and MDB3 were from Cell Signaling 

Technology. GATAD2A antibody was from Upstate Biotechnology. Tagged V5–His was 

from Invitrogen. Secondary antibodies were from GE Healthcare Life Sciences and Santa 

Cruz.

Plasmid cloning

CHD5–ORF2 was amplified directly from brain total RNA (by cDNA cloning) and 

subcloned after PCR amplification. Expression plasmids for the CHD5 transcript were 

generated in a eukaryotic V5–His-tagged pcDNA3.1 expression plasmid at NotI and XhoI 

sites. DNA sequencing from both ends and restriction enzyme analyses confirmed transcript 

fidelity. GST and GST– FOG1 [N-terminal 45 amino acids (aa)] plasmids were described 

previously [44].
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Cell culture and transfections

We transfected the NLF NB cell line [9–12] either with a CHD5 expression vector (NLF–

CHD5), with or without a V5–His-tag or with empty pcDNA 3.1 vector. NB cell lines 

(NBLS, SY5Y and NLF) were cultured in RPMI-1640 + 10% FBS and gentamicin, along 

with the appropriate selection antibiotics. Transfections of NLF cells were performed using 

Lipofectamine 2000 (Invitrogen). Cells were cultured for 6–8 weeks in the presence of G418 

(400 μg/ml) to select single cell clones. Single cell suspensions were cultured in the presence 

of neomycin to obtain clones derived from single cells.

Immunofluorescence

Parental NLF and NLF–CHD5 were cultured on cover slips in six-well plates. Forty-eight 

hours after plating, cells were fixed with 4% paraformaldehyde (Electron Microscopy 

Sciences) in PBS for 15 min at room temperature. Cells were washed gently twice and 

permeabilized with 0.2% Triton X-100 in 1% BSA, followed by immunostaining using 

either rabbit anti-CHD5 (1:1000) or tagged monoclonal anti-mouse V5–His (1:1000; 

Invitrogen) followed by Alexa Fluor 488, goat anti-rabbit IgG (A11008) and Fluor 546, goat 

anti-mouse IgG (A11030) as secondary antibodies (1:400–1:2000). Coverslips were 

mounted and exposed to ProLong®Gold Antifade Reagent with DAPI (0.1 μg/ml, Molecular 

Probes) for 10 min to stain nuclei. Images were captured using a phase contrast microscope 

and analysed using Olympus 1×70 with Slidebook4 software (Universal Imaging).

Cell extract preparation

Subcellular fractionated proteins (cytosol, membrane, nuclear and cytoskeleton) were 

extracted using commercially available kits from ThermoFisher Scientific. Nuclear and 

cytosolic fractions were prepared with two buffer (low- and high-salt) extraction, as 

described previously [44]. Protein concentrations were determined using Bradford Protein 

Assay Reagent with SmartSpec Plus spectrophotometer (BIO-RAD Laboratories).

Immunoprecipitation

Immunoprecipitations (IPs) of CHD5– and CHD4–NuRD complexes were performed using 

nuclear protein (100–2000 μg) from NBLS, SY5Y, parental NLF, as well as NLF–CHD5 

cells. Typical IP buffer contained protease (Sigma P-8340; 1:500) and phosphatase 

inhibitors (50 mM Na fluoride, 10 mM Na pyrophosphate, 5 mM Na vanadate). Extracts 

were pre-cleared with agarose beads and incubated overnight using either anti-CHD5 

antibody (1–25 μl) or V5–His tag antibody (1–10 μl) in the presence of protease inhibitors. 

Bound complexes were washed and lysed in 20 μl lysis buffer and aliquots were applied to 

either 4%–12% gradient or SDS/PAGE (10% gel).

Western analysis and GST–FOG1 pull-downs

Western blot analyses for CHD5 and CHD5–NuRD components were performed following 

PAGE, as described previously [44,45], using NuPAGE Bis-Tris gels with MOPS-SDS 

running buffer (Invitrogen). Proteins were transferred to nitrocellulose membranes (GE 

Healthcare Life Sciences) and probed with antibodies as described above using ECL 

detection (Invitrogen). We performed in vitro binding studies of GST, GST–FOG1 (45 aa N-
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terminal fragment) a GATA1 cofactor, to pull down a CHD4 (Mi-2β), as described earlier 

[44]. We used a GST– FOG1 construct to pull down complete NuRD complexes from NB 

cells. Twenty micrograms of either GST or GST–FOG1 was incubated with 2 mg of NLF or 

NLF–CHD5 nuclear extract overnight in buffer containing 150 mM NaCl, 50 mM Tris/HCl 

(pH 7.5), 0.5% Igepal (Sigma), protease inhibitor cocktail (P-8340, Sigma, 1:500) and 1 mM 

DTT. Bound proteins were washed twice in the above buffer with 350 mM NaCl, then three 

times with 650 mM NaCl buffer, followed by an additional wash in 350 mM NaCl, then 

separated by SDS/PAGE and stained with SimplyBlue (Invitrogen), a modified form of 

Coomassie Blue. Aliquots were also analysed by Western blot with appropriate NuRD 

component antibodies.

Protein sequence analysis by LC-MS/MS

LC-MS/MS analysis to identify proteins associated with CHD4 and CHD5 was performed at 

the Taplin Biological Mass Spectrometry Facility (Harvard Medical School). Nuclear 

extracts were immunoprecipitated with specific antibody and subjected to SDS/PAGE (10% 

gel) followed by Coomassie/Simply Blue staining. Excised gel bands were cut into 

approximately 1 mm3 pieces. Gel pieces were then subjected to a modified in-gel trypsin 

digestion procedure [46]. Gel pieces were washed and dehydrated with acetonitrile for 10 

min followed by removal of acetonitrile. Pieces were then completely dried in a speed-vac. 

Rehydration of the gel pieces was with 50 mM ammonium bicarbonate solution containing 

12.5 ng/μl modified sequencing-grade trypsin (Promega) at 4 °C. After 45 min, the excess 

trypsin solution was removed and replaced with 50 mM ammonium bicarbonate solution to 

just cover the gel pieces. Samples were then placed in a 37°C room overnight. Peptides were 

later extracted by removing the ammonium bicarbonate solution, followed by one wash with 

a solution containing 50% acetonitrile and 1% formic acid. The extracts were dried in a 

speed-vac (∼1 h). The samples were then stored at 4°C until analysis.

On the day of analysis, the samples were reconstituted in 5– 10 μl of HPLC solvent A (2.5% 

acetonitrile, 0.1% formic acid). A nanoscale reverse-phase HPLC capillary column was 

created by packing 5 μm of C18 spherical silica beads into a fused silica capillary (100 μm 

inner diameter × ∼25 cm length) with a flame-drawn tip [47]. After equilibrating the 

column, each sample was loaded via a Famos auto sampler (LC Packings) on to the column. 

A gradient was formed and peptides were eluted with increasing concentrations of solvent B 

(97.5% acetonitrile, 0.1% formic acid).

As peptides eluted, they were subjected to ESI and then entered into an LTQ Orbitrap Velos 

Pro ion-trap mass spectrometer (ThermoFisher Scientific). Peptides were detected, isolated 

and fragmented to produce an MS/MS of specific fragment ions for each peptide. Peptide 

sequences (and hence protein identity) were determined by matching the acquired 

fragmentation pattern with protein databases using the software program, Sequest 

(ThermoFisher) [48]. All databases include a reversed version of all the sequences and the 

data were filtered to between a 1% and 2% false discovery rates (FDRs). Results were 

tabulated in columns, indicating gene symbol/name, total peptides identified and unique 

peptides for specific protein.
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Results

CHD5 expression is localized to the nucleus

In order to determine the subcellular localization of CHD5, we performed a series of 

Western analyses using various cell fractions (cytosol, membrane, nuclear and chromatin 

bound nuclear). Our results indicate that the CHD5 was detected only in the nuclear 

fractions from NLF–CHD5, but absent from parental NLF cells, whereas CHD4 was 

detected in both NLF–CHD5 and parental NLF cells (Figures 1A and 1B). CHD5 protein 

was detected in both nuclear and chromatin-bound nuclear fractions, but it was not detected 

in appreciable amounts in cytoplasmic or membrane compartments. To validate this 

subcellular fractionation, blots were stripped and probed with cytosol-specific antibodies 

such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the larger subunit of NF-

kB (nuclear factor kappa-light-chain-enhancer of activated B-cells) p65. As anticipated, we 

detected GAPDH and NF-kB proteins only in the cytosolic fractions (Figure 1A), indicating 

that our cell fractions were specific to each subcellular compartment. In order to confirm 

that these observations were not due to CHD5 overexpression in NLF transfected cells, we 

performed Western blot analysis using nuclear extracts from NBLS and SY5Y cells that 

express endogenous CHD5. We observed that both NBLS and SY5Y cells expressed CHD4 

and CHD5 only in the nucleus, although the expression level of CHD5 was much lower in 

NBLS and SY5Y cells when compared with NLF–CHD5 (Figure 1B). Expression patterns 

of cytosol-specific markers GAPDH and NF-kB p65 were consistent whether the cells 

expressed CHD5 endogenously or by overexpression (Figure 1B).

To further confirm these observations of nuclear localization of CHD5, we performed 

immunofluorescence (IF) studies with a CHD5-specific polyclonal antibody. Parental NLF 

cells did not express CHD5 protein and served as negative control. IF results from 

transfected NLF–CHD5 cells demonstrated that CHD5 was expressed only in the nucleus 

(Figure 2A). This was confirmed by analysis of independent NLF clones expressing CHD5 

tagged with the V5–His epitope using a V5–His antibody, which also demonstrated 

exclusive expression in the nucleus (Figure 2B). We also performed parallel experiments 

with the NBLS cell line that expresses CHD5 endogenously and we obtained similar results 

(Figure 2C). These results demonstrate that CHD5 is expressed exclusively in the nucleus, 

consistent with a role in chromatin remodelling, similar to CHD4.

CHD5 associates with all NuRD complex proteins

CHD4–NuRD binds to the transcription cofactor FOG1 via a highly conserved short motif at 

the FOG1 N-terminus [44] and this region is required for the transcription functions of 

FOG1 [49]. Fusion of this peptide to GST allows purification of the CHD4– NuRD complex 

to high purity by a single step. To determine if CHD5 forms a NuRD complex similar to 

CHD4, we performed GST–FOG1 pull-downs with nuclear extracts from parental NLF and 

NLF–CHD5, followed by stringent washing with 150– 650 mM NaCl. Bound proteins were 

subjected to SDS/PAGE and stained with SimplyBlue (Figure 3A). Well-separated, stained 

proteins (Figure 3A) were also excised and identified by MS/MS. All bands were identified 

as known components of the CHD4–NuRD complex, as described above. Protein complexes 

were also subjected to Western blot with antibodies to individual NuRD components (Figure 
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3B). As expected, all NuRD complex proteins were detected, including MTA1 and -2, 

HDAC1 and -2, GATAD2A and B, RBBP4, RBBP7 and MBD3 with GST– FOG1 pull-

down, but none were detected with GST pull-down alone (Figure 3B). Notably, CHD5 also 

co-purified as part of the complex. Similar results were obtained with the nuclear extracts of 

NB cell line NBLS that express endogenous CHD5 protein. IP and Western results 

confirmed the presence of all canonical NuRD components (Figure 3C). Thus, CHD5 

associates with all known members of a CHD4–NuRD complex in these NB cell lines, 

suggesting that it also forms a NuRD-type chromatin-remodelling complex.

Since FOG1 recruits NuRD complexes via binding to MTA1/2 and/or RBBP4/7 subunits 

[44], it was unclear whether CHD5 associates with the entire complex or only select 

subunits. To test this, we performed IP of NLF cells transfected with V5–His-tagged CHD5 

using a V5–His antibody and IP of endogenous CHD4 with a CHD4-specific antibody. 

Western blotting again demonstrated that CHD5 associated with all known CHD4– NuRD 

components (Figure 4). In order to further confirm that these interactions are not due to 

overexpression, we performed IP experiments using nuclear extracts from NBLS cells that 

express CHD5 endogenously. Our results confirmed the association of CHD5 protein with 

all NuRD components in this line as well (Figure 3C). Together, these results indicate that 

CHD5 associates with all members of a canonical NuRD complex and probably forms a 

similar complex.

In order to further confirm the association of CHD5 with other NuRD complex proteins, we 

analysed gel fractions from CHD4 IP and CHD5 IP, (as described in the ‘Experimental’ 

section) using LC-MS/MS. Nuclear extracts from NLF and NLF– CHD5 cells were isolated 

and subjected to IP with CHD4-and CHD5-specific antibodies independently. Immune 

complexes were separated on SDS/PAGE gels and stained with Simply Blue. Stained 

proteins were excised as single bands or regions of the gel and subjected to MS/MS analysis. 

We identified all known canonical NuRD components of CHD4–NuRD: MTA1/2, 

GATAD2A/B, HDAC1/2, RBBP4/7 and MBD2/3. All of the same components were also 

identified in the CHD5 IP (Table 1), strongly suggesting that CHD4 forms a NuRD complex 

similar or identical with CHD4. Additional proteins unique to either CHD4 or CHD5 

complexes were also identified, which we are investigating.

Discussion

CHD4/Mi2β is highly conserved across species and it is expressed abundantly in most 

tissues [28]. However, CHD5 expression was recently localized to neurons in the brain of 

rodents and so it may have a role in neural development as well as in neurological diseases, 

such as aging and Alzheimer's disease [42,43,50]. CHD5 may play different roles in 

different cell types, so the suppression of cell growth and facilitating chromatin 

condensation are only two aspects of this protein's chromatin-remodelling functions. Egan et 

al. [42] showed that neuronal differentiation requires direct binding of CHD5 to H3K27me3. 

Moreover, it has been reported in a mouse model system that depletion of CHD5 in the 

developing neocortex blocks neuronal differentiation, which leads to an accumulation of 

undifferentiated neural progenitors [42]. We demonstrated that CHD5 was also expressed at 

high levels in the testis and CHD5 deficiency causes a failure of developmentally-regulated 
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chromatin condensation during spermatogenesis [33]. This finding has been confirmed 

recently by others [51]. In addition, high expression of chromatin remodelling factors, 

including CHD5, are associated with normal spermatogenesis, whereas decreased expression 

of these genes is closely associated with round spermatid arrest [52].

CHD5 inactivation may contribute to the failure of chromatin condensation of selected 

domains of DNA, which may contribute to tumorigenesis [42]. Furthermore, CHD5 has also 

been implicated in the pathogenesis of a variety of cancers in adults and children, including 

NB [15–27] so its dysregulation by deletion and/or epigenetic modification may affect other 

tissues as well. Relatively little is known about its function, but our results strongly suggest 

that CHD5 functions as part of a NuRD-type chromatin-remodelling complex. Nevertheless, 

the exact mechanism by which CHD5 functions as a TSG in NBs or other cancers is still 

unclear. Paul et al. [53] recently reported that PHD-mediated histone 3 binding, involving 

chromatin mediated transcriptional regulation, is required for CHD5-mediated tumour 

suppression. Whether CHD5 functions independently of a NuRD-type complex is unknown 

at present.

We demonstrate, in the present study, by both GST–FOG1 pulldown experiments and IP 

studies, that CHD5 is associated with all canonical members of a CHD4–NuRD complex 

(MTA1/2, HDAC1/2, GATAD2A/B, RBBP4/7, MBD2/3). Thus, based on its homology 

with CHD4 (Supplementary Table S1), its nuclear localization and its association with all 

typical CHD4– NuRD components, it is extremely likely that CHD5 forms a NuRD-type 

chromatin-remodelling complex. This is consistent with the report by Potts et al. [43] who 

also found an association of CHD5 with several NuRD components. It is unknown whether 

CHD5 competes with CHD4 or CHD3 for NuRD components, but all NuRD components 

appear to be expressed abundantly. Our data provide evidence that CHD5 must have 

different functions than CHD4 in NBs as well as other tissues.

First, CHD4 is expressed ubiquitously in almost all tissues in the body, whereas CHD5 

expression is very restricted, with the highest expression in the nervous system and testis 

[11,33,42,43]. Second, NBs with 1p deletion and virtually no CHD5 expression have 

abundant expression of CHD4, yet they grow readily both in vitro and in vivo [9,10,13]. 

When these same NBs were transfected with CHD5, clonigenicity and tumorigenicity were 

dramatically suppressed [9]. Indeed, CHD5 transfection has a similar effect on other cancers 

with 1p36 deletion and CHD5 transcriptional silencing [19–24,54–56]. Thus, CHD4– NuRD 

cannot simply substitute for CHD5–NuRD in these cells.

One formal possibility was that CHD5 did not associate with all the same proteins as did 

CHD4 in a NuRD complex. However, our data demonstrate by both Western analysis and 

MS analysis that all components known to be associated with CHD4–NuRD (MTA1/2, 

GATAD2A/B, HDAC1/2, RBBP4/7 and MBD2/3) were also associated with CHD5 (Table 

1). Nevertheless, CHD4 is expressed abundantly in NLF, yet cell growth, colony formation 

and tumour formation is inhibited only when CHD5 is introduced [9]. This suggests that 

CHD5 may have protein interactions with other proteins or functions that are entirely 

independent of its role as part of a NuRD complex and we are exploring both possibilities.
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The functional characterization of CHD5, alone or as part of a CHD5–NuRD complex, 

would provide insight into the role of CHD5 in epigenetic modification of gene expression 

in normal development and in cancer, including NB. Targeting CHD5 for up-regulation 

would be theoretically possible, because even in tumours with 1p deletion and loss of one 

copy, the remaining allele is rarely if ever mutated. Instead, the promoter of the remaining 

allele is frequently methylated, resulting in epigenetic silencing [9,14] and transcription 

could be silenced by other mechanisms, such as histone modification. Therefore, reversing 

the epigenetic modifications that result in transcriptional silencing of CHD5 [19– 23] should 

restore expression of an intact allele and presumably restore growth control. Thus, it will be 

important to identify the genes and proteins that regulate CHD5 expression, the genes that 

CHD5 regulates and the proteins with which CHD5 interacts, to fully understand the role of 

CHD5 in normal development as well as malignant transformation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

aa amino acids

CHD chromodomain-helicase-DNA binding

CHD4/5 chromodomain helicase DNA-binding protein4/5

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HDAC histone deacetylase complex

IF immunofluorescence

IP immunoprecipitation

MBD methyl DNA-binding protein

MTA metastasis-associated protein

NB neuroblastoma

NF-kB nuclear factor kappa-light-chain-enhancer of activated B-cells

NuRD nucleosome remodelling and deacetylation

RBBP retinoblastoma-binding protein

RPMI Roswell Park Memorial Institute medium

TSG tumour suppressor gene
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Figure 1. Nuclear localization of CHD5: Western analysis
Various NB cell lines were subjected to SDS/PAGE (4 %–12% gels) and probed with 

fraction-specific antibodies as shown on the right. (A) Subcellular fractions, cytosol, 

membrane, nuclear (Nuc) and chromatin-bound nuclear (Nuc2), for NLF and NLF–CHD5. 

(B) Cellular fractions, cytosol and nuclear, for NLF, NLF–CHD5, NBLS and NY5Y. CHD5 

(∼250 kDa) was detected only in the nuclear fraction from NLF–CHD5-S, NBLS and SY5Y 

(very low expression), but not in cytosolic or membrane fractions. CHD4 was present in all 

nuclear fractions as expected in all tested cell lines. Blots were stripped and probed with 

GAPDH and p65, the larger subunit of NF-kB, as markers for cytosolic fractions.
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Figure 2. Nuclear localization of CHD5-IF
(A) Parental NLF cells (top row) and NLF–CHD5 (second row) were cultured for 48 h. 

Cells were immunostained with CHD5 as indicated. Nuclei were stained with DAPI (left 

panels). Nuclear localization of CHD5 was observed when cells overexpressed CHD5 

(middle panels), whereas no nuclear staining was observed in control NLF cells (upper 

middle panel). Merged images are shown on right. (B) IF images indicating nuclear 

expression with tagged V5–His antibody. (C) Nuclear expression of CHD5 in NBLS cells 

expressing endogenous CHD5.
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Figure 3. Detection of CHD4– and CHD5–NuRD components: GST–FOG1 pull-down
(A) Nuclear extracts of NLF–CHD5 were subjected to either GST alone or GST–FOG1 pull-

down followed by PAGE and stained with Simply Blue. All canonical NuRD components 

from CHD4/5–NuRD complexes were readily visible (marked with arrows). (B) GST–

FOG1 bound protein complexes from NLF–CHD5 and NLF parental cells were subjected to 

4%–12% PAGE. The identity of individual proteins from the NuRD complex was confirmed 

by Western blot analysis. CHD5 was detected only in NLF–CHD5-S extracts but absent 

from NLF extracts. Additional bands in the CHD5 lane are probably due to proteolytic 

degradation products and additional bands with MTA1/2 probably represent alternate 

isoform recognition. (C) Identification of individual canonical NuRD components in NBLS 

cells. Nuclear extracts were immunoprecipitated with either IgG or CHD5 antibody as 

indicated and complexes were subjected to SDS/PAGE (4%–12% gels) followed by Western 

blot analysis. MTA1/2, GATAD2A/B, HDAC1/2, RBBP4/7 and MBD2/3 were detected as 

individual canonical NuRD components along with CHD5.
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Figure 4. Detection of CHD5–NuRD components: IP and Western analysis
Nuclear extracts from NLF–CHD5 and NLF were immunoprecipitated as indicated. 

Subsequent proteins from IP and GST–FOG1 pull-down (left lane) were subjected to 4%–

12% PAGE. Extracts from NLF following GST–FOG1 pull-down served as negative 

control. Individual NuRD components were detected by Western blotting with antibodies 

specific to each NuRD component. The boxes around the NLF–CHD5 and NLF lanes 

highlight the identification of all canonical NuRD components in NLF–CHD5 and not in 

NLF as a negative control, as these cells do not express CHD5 endogenously. FT, flow 

through.
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Table 1
IP/MS identified known canonical NuRD components

Nuclear extracts expressing CHD5 were immunoprecipitated with CHD5 (A) or CHD4 (B) antibodies 

independently followed by SDS/PAGE analysis. Gels were stained with Simply Blue and excised gel bands 

were sent for MS analysis. MS analysis revealed the list of known canonical NuRD components as shown 

below. Total, number of total peptides present in a given sample application; Unique, number of peptides that 

are unique and specific to the indicated gene/protein description.

A. CHD5–NuRD

Gene symbol Description Unique Total

CHD5 Chromodomain helicase DNA-binding protein 5 56 97

MTA1 Metastasis-associated 1 18 21

MTA2 Metastasis-associated 2 27 34

GATAD2A/p66α GATA zinc finger domain containing 2A 23 41

GATAD2B/p66β GATA zinc finger domain containing 2B 15 26

HDAC1 Histone deacetylase 1 11 16

HDAC2 Histone deacetylase 2 7 11

RBBP4/RbAp48 Retinoblastoma-binding protein 4 14 20

RBBP7/RbAp46 Retinoblastoma-binding protein 7 4 5

MBD2 Methyl-CpG-binding domain protein 2 4 4

MBD3 Methyl-CpG-binding domain protein 3 7 8

B. CHD4–NuRD

Gene symbol Description Unique Total

CHD4 Chromodomain helicase DNA-binding protein 4 91 275

MTA1 Metastasis-associated 1 20 30

MTA2 Metastasis-associated 2 28 45

GATAD2A/p66α GATA zinc finger domain containing 2A 27 77

GATAD2B/p66β GATA zinc finger domain containing 2B 25 37

HDAC1 Histone deacetylase 1 15 28

HDAC2 Histone deacetylase 2 10 26

RBBP4/RbAp48 Retinoblastoma-binding protein 4 18 42

RBBP7/RbAp46 Retinoblastoma-binding protein 7 5 6

MBD2 Methyl-CpG-binding domain protein 2 7 8

MBD3 Methyl-CpG-binding domain protein 3 9 14
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