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Despite the well-established fact that NuRD (nucleosome remodeling and histone deacetylase) is incapa-
ble of actively demethylating DNA, the complex is surprisingly showed to be required for the establish-
ment of unmethylated state at promoters of ribosomal genes. But the molecular mechanism underlying
how NuRD mediates unmethylation at rDNA promoters remains obscure. Here we show that NuRD
directly binds to the promoter of rDNA transcription silencer TIP5 (TTF-I interacting protein 5), one of
the components of nucleolar remodeling complex NoRC that silences rRNA genes by recruiting DNA
methyltransferase to rDNA promoters and increasing DNA methylation. NuRD negatively regulates
TIP5 expression, thereby inhibiting rDNA methylation and maintaining demethylation state of rDNA pro-
moters. The deficiency of NuRD components in reprogrammed cells activates TIP5 expression, resulting in
the increased fraction of heterochromatic rRNA genes and transcriptional silencing. Thus, NuRD is able to
control methylation status of rDNA promoters through crosstalking with NoRC complex.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

NuRD (nucleosome remodeling and histone deacetylase) is a
multisubunit complex containing nucleosome remodeling and
histone deacetylase activities [1,2]. MBD3 (methyl-CpG binding
domain protein 3), another subunit of the NuRD complex, does
not directly bind to methylated DNA but is highly related to
MBD2 (methyl-CpG binding domain protein 2), a polypeptide that
binds to methylated DNA [3]. NuRD provides a means of gene
silencing by DNA methylation in gene transcription [3]. Surpris-
ingly, CHD4/NuRD has been shown to activate rRNA synthesis
and result in the increase of unmethylated rRNA gene promoters
[4,5]. Mechanism investigation demonstrates that CHD4/NuRD
binds to a subset of rRNA genes being unmethylated but not tran-
scribed, so called poised state of rDNA promoters, and functional
interplay with CSB to mediate the transition of rRNA genes from
the permissive to the active state [5,6]. Strikingly, CHD4 is directly
involved in the establishment of the poised state, and enables
rDNA promoters to maintain unmethylated state [5,7]. It seems
that one of the components of NuRD might be an enzyme capable
of actively demethylating DNA. However, numerous studies failed
to confirm the demethylase activity of NuRD [8–11]. Thus, the find-
ing that NuRD complex maintains the unmethylated state of
poised promoters raises a new question about the molecular mech-
anism underlying how NuRD maintains the hypomethylated state
at rDNA promoters.

Ribosomal RNA (rRNA) genes exist in three different epigenetic
states, active rDNA promoters being unmethylated and marked by
euchromatic histone modifications, silent ones are methylated and
exhibit heterochromatic features, and poised ones display bivalent
chromatin modifications which are permissive for active transcrip-
tion [5,12,13]. Several ATP-dependent chromatin remodeling com-
plexes play an important role in establishing these three states and
distinguishing silent heterochromatin and active euchromatin
from the poised bivalent chromatin [13,14]. NoRC (nucleolar
remodeling complex) consisting of SNF2h (sucrose nonfermenting
protein 2 homologue) and TIP5 (TTF-I interacting protein 5)
maintains the silent state of rDNA by repositioning of the pro-
moter-bound nucleosomes, alternation in histone modifications,
and increased DNA methylation, thereby establishing heterochro-
matic features at a subset of rDNA repeats [12,15–17]. NuRD has
been shown to establish the poised state of rRNA genes being
unmethylated and marked by bivalent histone modifications [5].
Poised rDNA promoters are permissive for transcription and can
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be further activated by another chromatin remodeler CSB (Cocka-
yne syndrome group B), whose function is to maintain the active
rDNA state [5,6]. Thus, different chromatin remodelers establish/
modulate the ratio of active, poised and silent clusters of rRNA
genes, and control the rDNA transcription level to meet the various
demands for ribosome production and protein synthesis in cell
activities such as reprogramming and differentiation.

In this study, we show that NuRD complex binds directly to the
promoter of TIP5 gene in mouse embryonic fibroblast (MEF) cells,
and negatively controls TIP5 expression. Knockdown of NuRD com-
ponents activates TIP5 expression, resulting in the increased level
of DNA methylation and heterochromatic histone modification at
rDNA promoters. Reprogramming of MEFs into induced pluripo-
tent stem cells correlates with decreased level of NuRD and accord-
ingly up-regulated expression levels of TIP5, thereby triggering
rDNA promoter methylation, heterochromatin formation and tran-
scriptional silencing. Thus, NuRD establishes the unmethylated
state of rDNA promoter through repression of TIP5 expression
which in return inhibits methylation at rDNA promoters. The re-
sults uncover a novel mechanism by which the functional interplay
of two chromatin remodelers regulates the methylation status for
rDNA transcription.
2. Materials and methods

2.1. Plasmids and antibodies

The retroviral encoding CHD4 and shRNA vectors are based on
pBabe and pQsupR published by Ramirez-Carrozzi et al. respec-
tively. The shRNA sequences are listed in Supplementary
Table S1. Plasmids encoding mouse Oct4, Sox2, Klf4 and c-Myc were
from Addgene. The following antibodies were used: anti-SSEA-1
(480, Santa Cruz, USA), anti-Nanog (30329, Santa Cruz, USA),
anti-CHD4 (11378x, Santa Cruz, USA), anti-MBD2 (3754, Abcam,
UK), anti-MBD3 (3755, Abcam, UK), anti-H3K9me3 (8898, Abcam,
UK), anti-H3K4me3 (8580, Abcam, UK), anti-HDAC1 (7872x, Santa
Cruz, USA), anti-HDAC2 (7029, Abcam, UK), anti-TIP5 (73303, Ab-
cam, UK & polyclonal antibody provided by Ingrid Grummt Lab),
anti-a-tubulin (T9026, Sigma, USA), anti-a-smooth muscle actin
(N1584, Dako, Denmark), anti-a-fetoprotein (8108, Santa Cruz,
USA), and anti-nestin (21249, Santa Cruz, USA).
2.2. Cell culture and iPSCs generation

Plat-E cells and MEFs were cultured in DMEM medium (Gibco,
USA) containing 10% FBS (Gibco, USA), 50 U/ml penicillin and
50 mg/ml streptomycin (Gibco, USA). Mouse embryonic stem cells
(mESCs) (R1) and induced pluripotent stem cells (iPSCs) were
maintained in mESCs culture medium (DMEM/F12, 20% FBS, 1%
NEAA, 1 mM L-glutamine, 0.1 mM b-mercaptoethanol, 50 U/ml
penicillin, 50 mg/ml streptomycin, 1000 U/ml LIF) (Gibco, USA)
on feeder layers of mitomycin C (Roche, USA)-treated MEFs. For,
retroviruses expressing Oct4, Sox2, Klf4, c-Myc, MBD2-shRNA,
CHD4-shRNA or MBD3-shRNA were produced by transfecting vec-
tors into Plat-E cells using the calcium phosphate method (OSKM
for iPSCs induction). For iPSCs induction, MEFs were infected with
the respective retroviruses supplemented with 4 lg/ml polybrene
(Sigma, USA) and cultured in mESC medium or iSF1 medium
(DMEM/high glucose, 10% KSR, 1/200 N2, 1 mM L-glutamine, 1%
NEAA, 50 U/ml penicillin, 50 mg/ml streptomycin, 1000 U/ml LIF,
5 ng/ml bFGF) (Gibco, USA). For OSKM mediated reprogramming,
iPSCs generation was monitored 16 post infection in mESC med-
ium and 12 days post infection in iSF1 medium.
2.3. Northern blot hybridization

Non-isotopic labeling of the DNA probes with digoxigenin (DIG)
was achieved using DIG-11-dUTP (Roche, USA). Specific probes for
45S pre-rRNA were obtained by amplification of the sequences
from the pMr600 provided by Ingrid Grummt Lab. The primers
used for Northern blotting hybridization are shown in Supplemen-
tary Table S1. Total RNA was electrophoresed on a 1.2% formalde-
hyde agarose gel, capillary-blotted onto a Hybond membrane
(Amersham, USA), and UV cross-linked. Blots were hybridized with
45S pre-rRNA probes. The signal was developed with DIG High
Prime DNA Labeling and Detection Starter Kit (Roche, USA).
2.4. Gene expression analysis and chromatin immunoprecipitation
(ChIP)

cDNA was generated from 1 lg of total RNA using random
primers dN6 (Promega, USA) and M-MLV reverse transcriptase
(Promega, USA). qPCR was performed using the SYBR Premix Ex
Taqkit (Takara, Japan) with primers listed in Supplementary
Table S1. Crosslinked chromatin was sonicated, precleared and
incubated with specific antibodies. Immunoprecipitated DNA was
quantified by real-time PCR, calculating the ratio of DNA in the
immunoprecipitates versus input chromatin. Data were normalized
to control reactions with IgGs.
2.5. Cell characterization

Alkaline phosphatase (AP) staining was performed using NBT/
BCIP substrates (Promega, USA). For in vitro differentiation, mESCs
or iPSCs were harvested by trypsinization and transferred to bacte-
rial culture dishes containing mESC medium without LIF. After
3 days, aggregated cells were plated onto gelatin-coated tissue cul-
ture dishes and incubated for another 3 days. Differentiation was
determined by immunostaining with antibodies against smooth
muscle actin, a-fetoprotein or nestin. For teratoma assays,
1 � 106 iPSCs were subcutaneously injected into nude mice. All
animal studies were conducted at the AAALAC approved Animal
Facility in the Laboratory Animal Center of Peking University.
Experiments were undertaken in accordance with the National
Institute of Health Guide for Care and Use of Laboratory Animals,
with the approval of Peking University Laboratory Animal Center,
Beijing. Tumors were surgically dissected after four weeks, fixed,
embedded in paraffin, and sections were stained with hematoxylin
and eosin.
2.6. Bisulfite sequencing

To monitor DNA methylation of the rDNA promoter, genomic
DNA was modified by bisulfite using the EpiTect Bisulfite Kit (Qia-
gen, Germany), amplified by PCR and sequenced. The PCR product
contains �143, �133 and +8 three CpG dinucleotide sites and the
sequences are: for-50-GAGTTTTTTTTCTTTTTCTTA-30, rev-50-
CAATTATCACAAACTACCCAC-30.
2.7. Statistical analysis

All experiments were performed at least three times. The re-
sults are expressed as the mean ± SE. Differences among groups
were determined by the Student’s t-test. p < 0.05 is considered sta-
tistically significant.
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3. Results

3.1. NuRD binds to the promoter of TIP5 and represses its transcription

TIP5/NoRC recruits DNMTs and establishes a silent chromatin
structure at rRNA genes, but it is transcribed by RNA polymerase
II. Given that mainly acting as a broad repressor for RNA
Fig. 1. CHD4/NuRD interacts with TIP5/NoRC. (A) Schematic of locations of primer se
downstream of the transcription start site (arrows). The locations of primer pairs are sh
against CHD4, MBD2, MBD3, HDAC1 and HDAC2, subunits of NuRD complex. The prec
regions of TIP5 indicated in the scheme above. Error bars represent s.d. from at least three
sets of indicated genes’ promoter region. rDNA is a positive control that NuRD binds direc
MBD2 or MBD3. Data are normalized to GAPDH mRNA (⁄⁄p < 0.01, n = 3). Error bars deno
and MBD3 in MEFs infected with retroviruses encoding gene specific shRNA or control s
the enrichment of CHD4 and TIP5 on rDNA promoters upon depletion of CHD4 in (D) (
promoter from depletion of CHD4 in MEFs. Methylated CpGs are represented by black c
polymerase II transcriptional activity, NuRD is possibly involved
in the regulation of TIP5 expression. To determine whether NuRD
was able to interact directly with the TIP5 promoter, we performed
chromatin immunoprecipitation assays in MEFs. PCR primer sets
were designed to amplify ChIP amplicons spanning 2 kb upstream
to 26 kb downstream of the transcription start site (TSS) of TIP5
(Fig. 1A). The ChIP result showed that NuRD strictly bound to the
ts used in (B) throughout TIP5 gene. Primer sets cover 2 kb upstream and 26 kb
own below. (B) Cross-linked chromatin from MEFs was incubated with antibodies

ipitated DNA was analyzed by qPCR using primer pairs that amplify the indicated
independent experiments. (C) PCR performed with ChIPed DNA from (A) and primer
tly. (D) RT-qPCR measuring TIP5 transcription level in MEFs upon knockdown CHD4,
te standard deviation (n = 3). The western blots (WB) show the level of CHD4, MBD2
hRNA. Analyses were performed 8 days post-infection. (E) Quantitative PCR detects
⁄p < 0.05, ⁄⁄p < 0.01, n = 3). (F) Bisulfite sequencing data show methylation of rDNA
ircles, unmethylated CpGs by white ones.



Fig. 2. Deficiency of NuRD components in reprogrammed cells accompanied by the increase of TIP5. Characterization of iPSCs derived from MEFs transfected with Oct4, Sox2,
Klf4 and c-Myc (OSKM). RT-qPCR analysis of mESC marker genes (A), AP staining (B), immunofluorescence of mESC marker genes (SSEA-1 and Nanog) (C), immunofluorescence
showing embryoid body (EB)-mediated differentiation of iPSCs (EB-iPSC 5# and EB-iPSC 14#) (D) and hematoxylin and eosin staining showing teratoma formation of iPSCs
(E). Scale bars = 100 lm. (F) Comparison of TIP5 and NuRD transcriptional level in iPSCs and mouse embryonic fibroblasts (MEFs). The bars represent the relative levels of pre-
rRNA normalized to GAPDH mRNA (⁄p < 0.05, ⁄⁄p < 0.01, n = 3). (G) RT-qPCR analysis shows the expression level of TIP5 in MEFs, mESCs and iPSC lines. The bars represent the
relative levels of pre-rRNA normalized to GAPDH mRNA (⁄⁄p < 0.01, n = 3).
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TIP5 promoter (Fig. 1B). As expected, NuRD was associated with
the rDNA promoter [5], however we did not detect association of
NuRD with promoters of Pol I transcription initiation complex
genes, i.e., TAF 63, UBF and RPA53, as well as PHF8 that is an acti-
vator for Pol I transcription (Fig. 1C). We then examined the role of
NuRD in the regulation of TIP5. We measured TIP5 transcription
upon short-hairpin RNA (shRNA)-mediated depletion of NuRD.
We found that depletion of NuRD components, i.e., CHD4, MBD2
and MBD3, increased the level of TIP5 transcription (Fig. 1D). Given
that TIP5 is a well-known key player in silencing rDNA promoters
and knockdown NuRD results in increased methylation at rDNA
promoters [5,7,17] (Fig. 1E and F), these findings imply that NuRD
maintains the unmethylated state of rDNA promoter through
down-regulating TIP5 expression level.
3.2. NuRD deficiency in reprogrammed cells activates TIP5 expression

To investigate the mechanism underlying rDNA transcription
regulation through the crosstalk between NuRD and NoRC, we
firstly reprogrammed mouse embryonic fibroblast (MEF) cells into
induced pluripotent stem (iPS) cells as previously described [18],
mouse embryonic stem (mES)-like clones were generated with
the infection of pMXs based retroviral vectors containing defined
four factors, i.e., Oct4, Klf4, Sox2 and c-Myc. RT-qPCR examination
showed that all the selected ESC marker genes were activated in
iPSC 5#, iPSC 13#, iPSC 14# and iPSC 15# clones (Fig. 2A). Two
mESC-like clones, 5# and 14#, were chosen as replicates for the
following study. Immunocytochemistry staining verified that these
two clones were alkaline-phosphatase (AP) staining positive
Fig. 3. pre-rRNA synthesis decreased during reprogramming as well as in mESCs. (A) RT-q
The bars represent the relative levels of pre-rRNA normalized to GAPDH mRNA (⁄⁄p < 0
mESCs, and two iPSC lines (iPSC 5# and iPSC 14#) induced by ectopic Oct4/Sox2/Klf4/c-My
RT-qPCR analysis showing the expression of components of polymerase I initiation comp
TIF-IB. Error bars represent standard deviation (⁄p < 0.05, ⁄⁄p < 0.01, n = 3). (D) Real-time P
bars) rDNA promoter in MEFs, iPSCs and mESCs. PCR primers map upstream or downstr
(n = 3). (E) ChIP assay monitoring rDNA enrichment of H3K4me3 (euchromatic mark) a
(qPCR) uses specific primer for the promoter of mouse rDNA. Data are normalized to hi
assay shows the relative occupancy of TIP5 and CHD4 in iPSCs and mESCs compared to M
standard deviation (⁄⁄p < 0.01, n = 3).
(Fig. 2B), expressed typical pluripotency marker genes including
Nanog and SSEA-1 (Fig. 2C). iPSCs formed embryoid bodies in non-
coated plastic dishes. When grown in tissue culture dishes, the
embryoid bodies from iPSC 5# and iPSC 14# cells attached to the
dish bottom and initiated differentiation. After 3 days, immuno-
staining detected cells positive for a-smooth muscle actin (meso-
derm marker), a-fetoprotein (endoderm marker), and nestin
(ectoderm marker) (Fig. 2D). Importantly, the established iPSC
lines could form embryonic body (EB) efficiently and differentiate
into three germ layers specific cell type in vitro (Fig. 2E). These data
confirmed the pluripotency of iPSC 5# and iPSC 14# in vitro.

Then we analyzed gene expression of CHD4/NuRD and TIP5 in
MEFs and iPSCs. Specifically, CHD4/NuRD components were
down-regulated, whereas rDNA specific repressor TIP5 was signif-
icantly up-regulated (Fig. 2F). Therefore, these findings demon-
strated that the decreased level of NuRD is accompanied by
increased TIP5, strongly suggesting that rDNA promoters could
transited to silent state during reprogramming. Indeed, RT-qPCR
result showed that TIP5 was up-regulated after reprogrammed as
well as in ESCs (Fig. 2G).
3.3. The fraction of silent rRNA genes is increased during
reprogramming

We monitored the levels of rDNA transcription in MEFs, two
iPSC clones and mouse embryonic stem (mES) cells. Both Northern
blot and RT-qPCR analyses demonstrated that rDNA transcription
is down-regulated upon iPSCs generation (Fig. 3A and B). Expres-
sion of Pol I transcription machinery such as RPA53 (subunit of
PCR analysis shows the expression level of pre-rRNA in MEFs, mESCs and iPSC lines.
.01, n = 3). (B) Northern blot (NB) shows the expression level of pre-rRNA in MEFs,
c (OSKM). The panel below shows ethidium bromide (EtBr) stained cellular rRNA. (C)
lex in MEFs, mESCs and iPSC lines. RPA53 is a subunit of Pol I; TAF 95 is a subunit of
CR data showing the level of Hpa II-sensitive (white bars) and Hpa II-resistant (grey

eam of the Hpa II site at -143 and normalized to internal primer without Hpa II site
nd H3K9me3 (heterochromatic mark) in MEFs, iPSCs or mESCs. Quantitative PCR

stone H3. Error bars denote standard deviation (⁄p < 0.05, ⁄⁄p < 0.01, n = 3). (F) ChIP
EFs at rDNA promoter. Data are normalized to input chromatin. Error bars denote
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Pol I), UBF and TAFI 95 (subunit of TIF-IB) during reprogramming is
not decreased, excluding the possibility that down-regulation of
rDNA transcription was caused by the deficiency of Pol I transcrip-
tion machinery (Fig. 3C). Consistent with the down-regulation of
rDNA transcription, HpaII digestion analysis revealed that methyl-
ation at rDNA promoters increased in iPSCs as well as in mESCs
compared to MEFs (Fig. 3D). rDNA promoter in reprogrammed cells
maintains higher level of heterochromatic mark (H3K9me3) and
less euchromatic mark (H3K4me3), whereas rDNA promoter in
MEFs features by more euchromatic histone modifications
(Fig. 3E). Indeed, much more TIP5 but less CHD4 occupies at rDNA
promoter in reprogrammed and stem cells (Fig. 3F). Collectively,
these data indicates reprogramming from MEFs to iPSCs induced
epigenetic resetting of rDNA promoter to heterochromatic silent
state, revealing that cell programming negatively regulates rDNA
transcription.

4. Discussion

The association with histone deacetylases and diverse tran-
scriptional repressors is consistent with the function of NuRD com-
plex in gene silencing. However, NuRD is also associated with
active genes, suggesting a versatile use of NuRD in transcriptional
regulation [4,19–21]. Regarding to rDNA transcription, NuRD has
been shown to activate rRNA genes expression through mediating
the unmethylation of rDNA promoters. Such unmethylated rDNA
promoters bound by NuRD are poised for transcription and act as
reservoir for ready-to go rRNA genes [5]. Overexpression of NuRD
results in increase of unmethylated promoters, indicating that
NuRD directly involves in maintaining unmethylation. Though
MBD2 was shown to activate genes by removing the methyl resi-
dues [11], numerous studies failed to confirm the demethylase
activity of MBD2 [8–10]. However, several studies confirmed that
NuRD complex is capable of specifically maintaining unmethyla-
tion state of rDNA promoters, and activating rDNA transcription
[4,5,7], but the underlining mechanism remains unclear. The iden-
tification of the crosstalk between NuRD and TIP5 in this study
demonstrated that NuRD mediates the unmethylation through
repressing expression of TIP5. Though NuRD itself does not per-
form as a demethylase, it can drive rDNA promoters to unmethy-
lated state by inhibiting the recruitment of DNMTs to rDNA
promoters. Thus, the establishment of unmethylated rDNA pro-
moters in poised state can be achieved through repression of
TIP5 by NuRD.

Cell differentiation rapidly down-regulate the rate of rRNA syn-
thesis, the reduced rate of rRNA formation during differentiation is
not regulated at the level of pre-rRNA processing instead due to a
decrease in rDNA transcription [22]. In contrast to differentiation,
somatic cells can be reprogrammed into induced pluripotent stem
(iPS) cells by defined transcription factors [18,23]. The reprogram-
ming cells undertake dramatically modulation on epigenetic reset-
ting and gene expression pattern including rDNA transcription. But
the alteration of rDNA transcription during reprogramming and
underlying regulation mechanism, however, remains poorly
understood. Given that differentiation induces down-regulation
of rDNA transcription, accordingly, reprogramming was thought
to up-regulate rRNA synthesis. However, in this study, our results
demonstrated that cell programming in fact negatively influenced
rRNA synthesis, suggesting that the two processes are not simply
reversal ones. It is worthwhile to note that the decreased capacity
of embryonic stem cells for pluripotent differentiation correlates in
time with activation of ribosomal genes [24]. It is likely that the
activation of ribosomal genes correlates with the early stage of dif-
ferentiation, but eventually the transcription down-regulates at
terminal differentiation, suggesting that rDNA transcriptional level
undergoes undulating regulation process during cell development.
Most importantly, in contrast to the increased methylation at
rDNA promoter in reprogrammed cells, there is no change in meth-
ylation at rDNA promoter upon differentiation [5], suggesting that
distinct mechanisms are applied to silence rDNA transcription in
reprogramming and differentiation process. During cell differenti-
ation, the up-regulated expression level of NuRD results in the
accumulation of poised rDNA promoters without changes of rDNA
methylation. While in reprogramming, decreased expression level
of NuRD in mESCs and iPSCs induced elevated expression of TIP5
that triggers the increased DNA methylation and accumulation of
silent state rDNA promoters. Thus, our finding of crosstalk between
NuRD and NoRC demonstrates functional interplay between two
distinct ATP-dependent chromatin remodeling complexes in con-
trolling rDNA transcription during cell reprogramming and
differentiation.
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