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Maintenance of specific heterochromatic domains is crucial
for genome stability. In eukaryotic cells, a fraction of the
tandem-repeated ribosomal RNA (rRNA) genes is organized
in the heterochromatic structures. The principal determinant
of rDNA silencing is the nucleolar remodelling complex,
NoRC, that consists of TIP5 (TTF-1-interacting protein-5)
and the ATPase SNF2h. Here we showed that TIP5 not only
mediates the establishment of rDNA silencing but also the
formation of perinucleolar heterochromatin that contains
centric and pericentric repeats. Our data indicated that the
TIP5-mediated heterochromatin is indispensable for stability
of silent rRNA genes and of major and minor satellite
repeats. Moreover, depletion of TIP5 impairs rDNA silencing,
upregulates rDNA transcription levels and induces cell
transformation. These findings point to a role of TIP5 in
protecting genome stability and suggest that it can play a
role in the cellular transformation process.
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Introduction

Formation of specific heterochromatic domains is crucial for
genome stability (Grewal and Jia, 2007; Peng and Karpen,
2008). This is exemplified by the heterochromatin structure
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of repetitive major satellite (pericentric) and minor satellite
(centric) DNA sequences whose maintenance and accurate
reproduction throughout multiple cell divisions represents a
major challenge to ensure genome stability. In interphase, the
centromeric heterochromatin is predominantly located either
at the nuclear periphery or around the nucleolus (Haaf and
Schmid, 1991; Pluta et al, 1995). The nucleolus is the sub-
nuclear body where the tandemly repeated ribosomal RNA
(rRNA) genes synthesize ribosomal RNA, the major compo-
nents of the ribosome. In humans and apes, rRNA genes are
located between the short arm and the satellite body of
acrocentric chromosomes. Standard laboratory strains of
mice, which are thought to have originated mainly from a
European subspecies, Mus musculus domesticus, and par-
tially from an Asian subspecies, M.m.musculus/molossinus,
have rDNA clusters within the centromeric regions of chro-
mosome-12, 15, 16, 18 and 19 (Dev et al, 1977; Davisson,
1989; Kurihara et al, 1994). However, the combinations of
chromosomes that include rDNA have been shown to be
highly polymorphic among individuals (Suzuki et al, 1990).
Due to the linear proximity, centromeres of chromosomes
bearing rDNA repeats associate with nucleoli. Notably, also
chromosomes devoid of rRNA genes have their centromeres
associated with the nucleolus at a frequency more than that
expected for a random distribution (Carvalho et al, 2001 and
references therein). The basis of this association probably
relies on the linear proximity along the chromosome and on
the repeated nature of DNA sequence, which provides multi-
ple binding sites for specific proteins capable of forming
multimeric complexes. In each cell, a fraction of rRNA
genes is transcriptionally silent and organized in heterochro-
matic structures by epigenetic mechanisms (reviewed by
Santoro, 2005). By contrast, the ‘active’ euchromatic fraction
represents TRNA genes competent for transcription whose
activity is modulated according to the requirement of cell
metabolism (Grummt, 2003; Moss et al, 2007). CpG-methy-
lated silent rRNA genes were shown to assemble adjacent to
the perinucleolar heterochromatin in mouse neuronal cells,
suggesting an intricate relationship between these hetero-
chromatic regions and silent rRNA copies (Akhmanova
et al, 2000).

The presence of heterochromatic silent rDNA repeats
raises question regarding their function, which could be to
either dose the rRNA transcript levels and/or to affect the
structure of other types of chromatin localized nearby. Here
we show that the role of TIP5 (TTF-1-interacting protein-5),
the key subunit of the NoRC (nucleolar remodelling com-
plex), is not only restricted to the formation of heterochro-
matin at the rDNA repeats, but that it also extends its action
in establishing the perinucleolar heterochromatin and repres-
sive histone marks at major and minor satellite sequences.
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The results indicate that TIP5 is crucial to maintain the
stability of silent TRNA genes and centric and pericentric
repeats. We also show that cells depleted of TIPS upregulate
rDNA transcription levels, increase cellular proliferation rates
and have a transformed phenotype. The results uncovered a
role of TIPS in protecting genome stability and suggest that
deregulation of rDNA silencing can contribute to cellular
transformation.

Results

The principal determinant that establishes rDNA silencing is
NoRC that consists of TIPS and the ATPase SNF2h (Strohner
et al, 2001; Santoro et al, 2002). NoRC binds to the rDNA
promoter and represses rDNA transcription through recruit-
ment of histone-modifying and DNA-methylating enzymes
(Santoro et al, 2002; Zhou et al, 2002; Santoro and Grummt,
2005; Mayer et al, 2006). We have recently shown that
depletion of TIPS, the NoRC subunit recruiting repressor
complexes at the rDNA locus, affects rDNA silencing in
mammalian cells (Santoro et al, 2009). Two cell lines
(shRNA-TIP5-1 and shRNA-TIP5-2), derived from NIH3T3
cells, were established, each expressing a different shRNA
sequence directed against TIPS and both showing a reduction
in TIPS of about 80% when compared with a control cell line
(Supplementary Figure S1A and B). Previous results showed
that TIPS binds to the rDNA promoter region and induces de
novo methylation of these sequences (Santoro et al, 2002;
Li et al, 2005). In NIH3T3 cells, about 40-50% of the rDNA
promoter sequences are CpG-methylated. As shown in
Figure 1A, rDNA CpG methylation levels were reduced over
the entire TRNA gene in both shRNA-TIP5 cell lines when
compared with that in control cells, underscoring the role of
TIPS in initiating local silencing events, which then spread
over the whole rDNA unit (Figure 1A). Measurements of
rRNA transcription by qRT-PCR and in vivo BrUTP incor-
poration showed higher levels of TRNA synthesis in both
shRNA-TIP5 cell lines with respect to that in the control
cell line (Supplementary Figure S1C and Figure 1B).
Similarly, 45S pre-TRNA synthesis was enhanced in NIH3T3
cells 10 days after infection with a retrovirus expressing
miRNA directed against TIP5 sequences (Supplementary
Figure S1D). All these results indicate that depletion of
TIPS induces loss of rDNA silencing and enhances rRNA
production.

TIP5 mediates the formation of perinucleolar
heterochromatin

The nucleolus is the subnuclear body where rRNA is tran-
scribed, processed and assembled into ribosomal subunits,
and is a principal component of the nuclear architecture.
Alterations in the nucleolar structure are often detected by
changes in the levels of rRNA synthesis (Sirri et al, 2008). For

example, as consequence of elevated nucleolar activities,
cancer cells show enlarged nucleoli, which are commonly
used by pathologists to identify tumour formation (White,
2005). To determine whether the nucleolar structure is
affected in TIP5-depleted cells, we analysed the cellular
localization of the nucleolar proteins fibrillarin or UBF (up-
stream binding factor) by immunofluorescence (Figure 1C).
Statistical analyses of 100 shRNA-TIP5 and control cells
selected at random showed that the nucleoli of shRNA-TIP5
cells diminished in number (shRNA-control cells: 6.09 + 1.47
nucleoli per cell; shRNA-TIPS cells: 3.90 + 1.47 nucleoli per
cell) and had enlarged structures (shRNA-control cells:
12.64 £3.37 pum?/cell; shRNA-TIPS cells: 21.19 £6.55 um?/
cell), a characteristic indication of elevated rDNA transcrip-
tion activities. Notably, TIP5-depleted cells showed an altered
staining with DAPI (4,6-diamidino-2-phenylindole), a fluo-
rochrome able to detect condensed heterochromatic loci (CC)
formed by coalescence of centromeres in mouse interphase
cells (reviewed by Maison and Almouzni, 2004). Whereas in
control cells these CC are equally distributed all over the
nucleus, in shRNA-TIP5 nuclei they are diminished in num-
ber and increased in size, indicating that structural changes
occurred at these loci. Consistent with this, we detected
structural alterations at the centromeric loci in interphase
ShRNA-TIPS cells after immunostaining with antibodies
against the core kinetochore CENP-A (Figure 1D) (reviewed
by Black and Bassett, 2008). Although cellular amounts of
CENP-A remain the same in both shRNA-control and shRNA-
TIPS cells (Supplementary Figure S2A), similar to the CC
visualized by DAPI staining, the CENP-A-stained foci in TIP5-
depleted cells were diminished in number (shRNA-control
cells: 56+ 7 per cell; shRNA-TIP5 cells: 32+ 6 per cell) and
increased in size. The heterochromatin of pericentric and
centric regions were shown to localize also alongside the
nucleolus (Carvalho et al, 2001; Guenatri et al, 2004 and
Supplementary Figure S2B) and, in the specific case of mouse
neuronal cells, even adjacent to methylated silent rRNA
genes (Akhmanova et al, 2000). To analyse whether perinu-
cleolar distribution of heterochromatin is affected in TIP5-
depleted cells, we performed electron microscopic analysis
(Figure 2A). The nucleolus is organized in three main struc-
tures: the fibrillar centre (FC), the dense fibrillar component
(DFC) and the granular component (GC). Repressed rDNA
genes are localized in the FC and initiation of rDNA tran-
scription occurs at the FC-DFC boundary. The resulting pre-
TRNA transcripts emerge into the DFC where they are cleaved
and modified by the small nucleolar RNPs (snoRNPs) and
processing enzymes (reviewed by Boisvert et al, 2007). Using
a contrast specific for nucleic acids (Junéra et al, 1995), two
kinds of heterochromatin (CC) with distinct positioning
relative to the nucleolus were defined: intra-CC (ICC) in
contact with the FC and extra-CC (ECC) at the nucleolar
periphery (Figure 2A). In 13 shRNA-control and 14 shRNA-

Figure 1 Depletion of TIPS impairs perinucleolar heterochromatin formation. (A) Depletion of TIP5 decreases CpG methylation at the entire
rDNA repeat. A schema representing a single mouse rDNA repeat and the analysed Hpall (H) sites. The arrows represent the primers used to
amplify the Hpall-digested DNA. The data represent the amounts of Hpall-resistant TDNA normalized to the total rDNA calculated by
amplification with primers encompassing DNA sequences lacking Hpall sites and undigested DNA. The error bars indicate the s.d. of three
independent experiments. (B) Depletion of TIP5 enhances rDNA transcription. rRNA transcripts were detected by in situ BrUTP incorporation
after same exposure time. The inset shows a longer exposure of one control cell. (C) Depletion of TIPS alters the number and size of nucleoli.
Indirect immunofluorescence analysis of the nucleolar protein fibrillarin (left panel) or UBF (right panel) in shRNA-TIPS and control cells.
(D) Indirect immunofluorescence analysis of shRNA-control and shRNA-TIP5-1 cells using anti-CENP-A antibodies. The values represent the
average number of CENP-A-stained foci of 50 cells scored at random.
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TIPS cells selected at random, the number of ICC and ECC the ECC to chromosomes not containing rDNA repeats. The
was analysed. As rDNA transcription is initiated at the number of ICC was 84% in control cells and 4% in shRNA-
periphery of the FC, most probably the ICC in contact with TIPS cells, whereas the ECC was observed in 70 and 56% of
the FC corresponds to the rDNA-bearing chromosomes and control and shRNA-TIPS cells, respectively. All these results
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indicated that depletion of TIP5 and reduction of rDNA
silencing levels affects the nucleolar structure and the forma-
tion of condensed chromatin within and in close proximity of
the nucleolus.

TIP5 mediates heterochromatin at centric
and pericentric repeats
The centric and pericentric domains consist of repetitive
minor and major satellite DNA repeats, respectively. These
sequences are enriched in nucleosomes containing histones
H3 tri-methylated at Lys9 (H3K9me3; Peters et al, 2003). To
analyse whether TIPS affects the epigenetic features at major
and minor satellite repeats, we measured histone modifica-
tions by quantitative ChIP analysis (Figure 2B). Consistent
with the CpG methylation results (Figure 1A), depletion of
TIPS increased the amounts of acetylated histone H4 (AcH4,
active histone mark) at the rDNA promoter and decreased the
levels of K20 trimethylation of histone H4 (H4K20me3,
repressive histone mark), underscoring the role of TIPS in
establishing rDNA silencing. In contrast, the levels of
H3K9me3 were slightly reduced. This is consistent with
previous results showing that H3K9me3 is also present at
active TRNA genes (Yuan et al, 2007). Notably, the levels of
H3K9me3 and H4K20me3 were drastically reduced at both
major and minor satellite sequences, whereas levels of his-
tone acetylation were only slightly changed. These results
indicated that impairment of heterochromatin formation by
TIPS depletion is not only restricted to the rDNA locus but
also occurs at the centric and pericentric sequences. To
determine whether increase in the levels of TIPS affects the
formation of repressive chromatin at these repeats, we over-
expressed TIPS in NIH3T3 cells using a retroviral TIP5-
expression vector. As shown in Figure 2C, when TIP5 was
overexpressed, the levels of H3K9me3 and H4K20me3 in-
creased at the rDNA, major and minor satellite repeats but
not at the a-globin genes. Notably, minor satellite repeats
showed the most drastic changes, including a 40% reduction
in AcH4 levels. All these results indicated that TIPS modu-
lates the formation of repressive chromatin not only at the
rDNA locus but also at the major and minor satellite repeats.
The results described so far suggest that TIPS may bind to
centric and pericentric repeats and establish heterochromatic
structures using similar mechanisms used to silence the
rDNA locus (Santoro et al, 2002; Zhou et al, 2002).
Previous immunofluorescence studies showed that TIPS lo-
calized exclusively within the nucleoli of NIH3T3 cells

(Strohner et al, 2001). Colocalization of TIPS with DAPI-
stained heterochromatic loci, with the exception of those
regions adjacent to the nucleolus, was never detected. To
further assay whether TIPS binds to centric and pericentric
DNA, we performed ChIP assay. Consistent with previous
results (Santoro et al, 2002), we found specific association of
TIPS with rRNA genes (Figure 2D). By contrast, the bound/
input value of TIPS immunoprecipitation (IP) with major and
minor satellite repeats was much lower than that with rDNA
sequences, although reproducibly higher when compared
with a pre-immunoserum control IP and to a control a-globin
gene and Mariner and Charlie transposon sequences. These
results indicate that either TIPS interacts with a minor frac-
tion of centric-pericentric repeats or that this association is
either weak and/or transient. To further examine the interac-
tion of TIPS with centric repeats, we analysed whether TIP5
associates with the core kinetochore protein CENP-A. After
transfection of HEK293T cells with a plasmid expressing GFP-
CENP-A with or without a FLAG-TIP5 expression vector, we
detected anti-FLAG precipitated proteins on immunoblots
using anti-GFP and anti-FLAG antibodies. As shown in
Figure 2E, a significant amount of CENP-A was associated
with TIPS. By contrast, no signal was detected when IP was
performed in cells not expressing FLAG-TIPS. This result
suggests that the interaction of TIP5 with centric repeats
can be mediated by the association with the core kinetochore
protein CENP-A.

TIP5 protects the stability of silent rDNA, centric

and pericentric repeats

Repetitive DNA sequences, which constitute half of the
genome in some organisms, often undergo homologous
recombination, thus instigating genomic instability resulting
from a gain or loss of DNA (Moazed, 2001; Grewal and Jia,
2007). Assembly of DNA repeats into a silent chromatin is
generally thought to serve as mechanism ensuring repeat
stability by limiting access to the recombination machinery.
Consistent with this, in the budding yeast Saccharomyces
cerevisiae, the stability of the rDNA repeats requires a Sir2-
containing chromatin-silencing complex (Straight et al,
1999). Similarly, Drosophila Su(var)3-9 and RNAi mutants
caused an increase in the amount of extrachromosomal
circular rDNA, a typical result of IDNA recombination events
(Peng and Karpen, 2007). The role of heterochromatic marks
in preventing illicit DNA recombination events at repetitive
sequences is also supported by data showing that the number
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Figure 2 TIP5 mediates heterochromatin formation at major and minor satellites. (A) The distribution of the heterochromatin (CC) associated
with the nucleoli of shRNA-control and shRNA-TIP5 cells. A general view of the nuclei (a, d) and the nucleoli (b, c, e, f). The contrast procedure
reveals in dark the structures containing the nucleic acids, DNA or RNAs. (a) In the nucleus of an shRNA-control cell, the CC (arrows) are
visible within the nucleolus (Nu) or at the nucleolar periphery. (d) In the nucleus of an sShRNA-TIP5 cell, no CC are visible in or close to the
nucleoli (Nu). (b, c) In shRNA-control nucleoli the CC are detected close (I, intra-CC) to the FC (+) or at the nucleolar periphery (E, extra-CC).
(e, f) In shRNA-TIPS nucleoli few CC are present (E). The arrowheads indicate the DFC (dense FC). Bar: (a, d) =1um; (b, c, e, f) =0.5 um.
(B) Depletion of TIPS decreases repressive histone modification levels at the rDNA, major and minor satellite repeats. Quantitative ChIP
analysis of cross-linked chromatin was precipitated with the indicated antibodies. The data are presented as the amounts of bound normalized
to input and shRNA-control cell levels. The error bars indicate the s.d. of three independent experiments. (C) Overexpression of TIP5 modifies
the heterochromatin of rDNA, major and minor satellites. The data are presented as a modified histone fold-change of NIH3T3 cells transiently
transfected with TIPS-expression plasmids versus that in cells transfected with control plasmids. The error bars indicate the s.d. of two
independent experiments. (D) ChIP showing association of TIPS with a minor fraction of satellite repeats in NIH3T3 cells. The data are
presented as the amounts of bound normalized to input and pre-immunoserum levels. The error bars indicate the s.d. of four independent
experiments. (E) CENP-A interacts with TIPS in vivo. HEK293T cells were co-transfected with GFP-tagged CENP-A plasmids in the presence and
absence of pcDNA-FLAG-TIP5 and precipitated with anti-FLAG antibodies. Co-precipitated CENP-A was visualized on immunoblots using
antibodies against GFP and FLAG. The signal indicated by the asterisk represents IgG. 10% of the lysate used for IP is shown (input). The low
levels of FLAG-TIPS in the input were below the detection limit.
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of mouse minor satellite repeats decreased in Dnmtl-defi-
cient cells (Jaco et al, 2008). To determine whether TIPS
protects genome stability, we depleted TIP5 in NIH3T3
cells for 10 days by miRNA, measured the amount of rDNA
repeats by quantitative PCR and compared it to the levels of
the o-globin gene (Figure 3A). In miRNA-TIPS cells, we
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detected an about 20% reduction in the number of chromo-
somal rDNA copies as compared with that in the control cells,
suggesting a role of TIPS in preventing recombination events
at the rDNA locus. Major and, more pronouncedly, minor
satellite amounts were significantly reduced, indicating that
as well these repeats are destabilized in the absence of TIPS.
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Figure 3 TIPS protects genome stability. (A) Depletion of TIP5 induces loss of rDNA, major and minor satellite repeats. JPCR of genomic DNA
from NIH3T3 cells infected for 10 days with a retrovirus expressing miRNA-TIP5 and (B) from shRNA-TIPS cells. The values were normalized to
the amounts of a-globin genes and to control cells. The error indicate the s.d. of three independent experiments. (C) Depletion of TIPS alters the
replication timing profiles of rDNA, major and minor satellite repeats. Synchronized cells were pulse-labelled with BrdU in 1-h intervals and
nascent DNA was immunoprecipitated using anti-BrU antibodies. To calibrate for DNA recovery during IP, BrdU-labelled E. coli DNA was added
to the reactions. Nascent DNA was measured by qPCR. The values represent the amounts of immunoprecipitated DNA normalized to the
amounts of BrdU-labelled B-lactamase gene. The error bars indicate the s.d. of two independent experiments.

To determine whether this decrease in DNA levels was
extended to other repeats, we analysed the amounts of the
interspersed DNA transposons Mariner and Charlie. As
shown in Figure 3A, both transposons were not substantially
affected by TIPS depletion, indicating that these are not the
primary targets for TIP5. Consistent with these results, loss of
rDNA, major and minor satellite repeats was also detected to
a higher extent in shRNA-TIP5 stable cell lines (Figure 3B).
However, in contrast to a short-time (10 days) TIP5 depletion,
Charlie repeat levels diminished in both stable shRNA-TIP5
cells, whereas Mariner DNA levels decreased only in
shRNA-TIPS-2, a likely effect of prolonged events of instabil-
ity that the stable cell lines faced. All these results indicate
that TIPS protects the stability of rDNA, centric and
pericentric repeats.

A typical feature of the heterochromatin is that its replica-
tion occurs usually in the late S-phase. The replication timing
is tightly regulated and correlates with the chromatin states

VOL 29 | NO 13| 2010

(Goren and Cedar, 2003). Consistent with this, TRNA genes
show a biphasic replication profile: active genes replicate
early whereas silent replicate late in S-phase (Li et al, 2005).
To determine whether depletion of TIP5 induces loss of either
early and/or late replicating repeats, we performed anti-BrdU
IPs of nascent DNA from S-phase-synchronized cells pulse-
labelled with 5-bromodeoxyuridine (BrdU). In both shRNA-
control and shRNA-TIPS5 cells, S-phase progression took
about 7-8 h to complete and replication of the early replicat-
ing a-globin gene occurred 3h after entry into S-phase
(Figure 3C and Supplementary Figure S3). As expected,
rDNA from control cells replicated both in early and mid-
late S-phase (3 and 6 h) (Figure 3C). By contrast, the amounts
of late replicating silent rDNA decreased in shRNA-TIP5 cells.
Notably, the levels of early replicating TRNA genes did not
increase proportionally, suggesting that depletion of TIPS
induces loss of rDNA repeats that replicate in late S-phase.
Similarly, the levels of both late replicating major and minor

©2010 European Molecular Biology Organization



satellite repeats diminished in shRNA-TIP5 cells, whereas the
levels of the early replicating fraction was not affected. All
these results indicate that TIPS protects the genome stability
of repeats replicating in mid-late S-phase and suggest that
TIPS has a role in the duplication and inheritance of the
chromatin state of rDNA, centric and pericentric repeats.

If TIPS protects genome stability by establishing a hetero-
chromatin at the rDNA repeats, depletion of TIP5 should
instigate loss of silent CpG-methylated genes. To test this, we
took advantage of the well-known presence of polymorph-
isms at the human and mouse rDNA sequences (Arnheim
and Southern, 1977; Kominami et al, 1981). We tracked active
and silent rRNA genes using a polymorphism that we found
located at position + 42/ + 43 (Figure 4A and Supplementary
Figure S4A and B). We referred to these sequences as rDNA-
A, rDNA-T and rDNA-G variants (v-rDNA). This polymorph-
ism is conserved among mouse cells and tissues that we
analysed so far (data not shown). To analyse the v-rDNA, we
established polymorphism-specific rDNA amplifications that
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amplify specifically either TDNA-A or rDNA-G or rDNA-T
sequences (Supplementary Figure S4C). NIH3T3 cells are
characterized by a unique v-rDNA CpG methylation pattern
that could not be found so far in other examined cell lines or
tissues: about 85% of rDNA-A genes lack CpG methylation
(i.e. active copies), whereas about 70 and 50% of rDNA-T and
IDNA-G genes are CpG-methylated (i.e. silent copies)
(Figure 4B and Supplementary Figure S4D). If the TIPS-
mediated heterochromatin protects the stability of silent
rRNA genes, the amounts of TDNA-A variants (85% unmethy-
lated copies) should not be greatly affected by TIPS depletion.
To test this, we measured the amounts of v-rDNA in shRNA-
TIPS cells by quantitative PCR and compared it to the
expression levels of the a-globin gene. As shown in
Figure 4C, the levels of IDNA-G and rDNA-T genes decreased
whereas rDNA-A copies were not affected, suggesting that
stability of active variants is not influenced by TIPS. Notably,
whereas the number of methylated silent genes decreases,
the amounts of unmethylated rDNA-A, rDNA-T and total
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Figure 4 Depletion of TIPS induces loss of CpG methylated, silent TDNA repeats. (A) A schema representing rDNA polymorphisms at +43/
+44 (A, G and T sequences). The arrows represent the primers used to specifically amplify v-rDNA. (B) The CpG methylation profile of the v-
rDNA promoter region in NIH3T3 cells. Polymorphism-specific qPCR. The data represent the amounts of Hpall-resistant v-rDNA normalized to
the corresponding total v-rDNA calculated by amplifications using primers encompassing v-DNA sequences lacking Hpall sites and undigested
DNA. The error bars indicate the s.d. of three independent experiments. (C) TIPS mediates the stability of silent rRNA genes. Polymorphism-
specific qPCR of v-rDNA from shRNA-TIPS and control cells. The data were normalized to the amounts of a-globin genes and to control cells.
Silent, methylated rDNA represents the Hpall-resistent fraction relative to v-rDNA amounts. The Hpall-digested fraction corresponds to active
genes, lacking CpG methylation. The error bars indicate the s.d. of three independent experiments. (D) Depletion of TIPS enhances the
transcription of active rRNA genes. rRNA transcripts originating from v-rDNA variants were measured by qRT-PCR. The data are presented as
the amounts of v-rRNA transcripts normalized to GAPDH mRNA levels and to control cells. The error bars indicate the s.d. of four independent
experiments.
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genes remain relatively unchanged, underscoring the role
of TIP5-mediated rDNA heterochromatin in protecting the
genome stability of silent rRNA genes.

Changes in the amounts of silent and active rRNA genes is
generally discussed as a mechanism that cells use to mod-
ulate and dose rRNA transcript levels (reviewed by Santoro,
2005 and McStay, 2006). However, until now, there was no
satisfying correlation between the levels of synthesized 45S
pre-TRNA transcripts and the number of rRNA genes (French
et al, 2003). In agreement with these results, the data
described so far indicate that rDNA transcription is upregu-
lated in TIP5-depleted cells (Figure 1B and Supplementary
Figures S1C and D), although the number of unmethylated,
active genes is the same as that in the control cells
(Figure 4C). These results suggest that enhancement of
rDNA transcription in TIP5-depleted cells does not depend
on the number of active genes. To further investigate this
point, we compared the levels of rRNA transcripts synthe-
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sized by each class of rDNA variants. As shown in Figure 4D
and Supplementary Figure S4D, all the variants, including the
rDNA-A genes whose copy number was not affected by
depletion of TIPS, transcribed at higher levels. These results
strengthen the view that rDNA transcription is preferentially
modulated by altering the transcriptional activity of each
gene and not by altering the number of genes. Moreover,
the data imply that TIPS and the levels of rDNA silencing
influence and modulate the transcription rate of active
rRNA genes.

Depletion of TIP5 induces cellular transformation

As genome instability and elevated rDNA transcription are
typical features of cancer cells, we tested whether TIP5 can
contribute to cellular transformation. As shown in Figure SA,
the population of both shRNA-TIP5 and miRNA-TIPS cells
decreased in the G;/S and accumulated in the S and G,-
phases. Consistent with these results, shRNA TIPS cells

shRNA-control: G1/S: 45 + 1%; S: 28 + 2 %; G2/M: 26 + 3%
shRNA-TIP5-1: G1/S: 33 + 3%; S: 37 + 1%; G2/M: 29 + 2%
shRNA-TIP5-2: G1/S: 37 + 1%; S: 32 + 1%; G2/M: 31 + 1%

Days

shRNA-TIP5-2

Figure 5 Depletion of TIPS induces cellular transformation. (A) FACS analysis of miRNA and shRNA-TIPS cells. Data were quantified from two
independent experiments. (B) The growth curve of miRNA-TIP5 and shRNA-TIPS and control cells. Cellular confluence was reached at about
day 5. Similar results were obtained in three independent experiments performed in triplicates. The error bar values of shRNA cells are hidden
by symbols. (C) The transforming activity of TIPS depletion. Cells were plated at low density on a 10-cm-diameter plate. After 14 days (8 days

after confluence) cells were stained with methylene blue.
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showed increased incorporation of BrdU into nascent DNA
and higher levels of cyclin-A (Supplementary Figures SS5A
and B). Comparison of the proliferation rates indicated that
shRNA-TIP5 and miRNA-TIP5 cells proliferate faster than
control cells, suggesting a functional link between TIPS and
control of cell growth and proliferation (Figure 5B). Notably,
TIPS5-depleted cells showed a transformed phenotype, con-
tinuing to proliferate beyond confluence, forming cellular
foci and peeling off the culture surface in large mass
(Figures 5B and C). A similar phenotype was obtained with
NIH3T3 cells transformed with known oncoproteins like Ras
(Tognon et al, 1998). All these results indicate that depletion
of TIPS can contribute to cellular transformation and
strengthen the intimate link between rDNA transcription,
genome instability and cancer.

Discussion

Our study provides insights into the role of TIP5 and rDNA
silencing in mammalian cells. The results indicate that both
depletion and overexpression of TIP5 affect heterochromatin
formation at rDNA, centric and pericentric repeats, implying
an intimate relationship that links TIP5 with rDNA silencing
and formation of centromeric heterochromatin. In mouse and
human chromosomes, the TRNA genes are positioned very
close to the centromeres (Henderson et al, 1974; Elsevier and
Ruddle, 1975) and centromeres of chromosomes bearing
rDNA repeats associate with the nucleolus (Carvalho et al,
2001). Importantly, silent methylated rRNA genes were found
localized in proximity to the centromeric heterochromatin in
mouse neuronal cells (Akhmanova et al, 2000). According to
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our data, such spatial and linear closeness may allow TIPS,
bound to silent TRNA genes, to interact with centric repeats
and to aid in establishing heterochromatic structures using
similar mechanisms as used to silence the rDNA locus
(Santoro et al, 2002; Zhou et al, 2002) (Figures 6A and B).
Although our ChIP data showed that this interaction is
probably weak and transient, the association of TIPS with
the centromeric protein CENP-A suggested that this interac-
tion indeed takes place. Alternatively, the repressive chroma-
tin of silent rDNA copies may affect the centric and
pericentric heterochromatin either by spreading mechanisms
or by creating a nucleolar/perinucleolar compartment en-
riched in chromatin repressor complexes. In both cases,
decrease of rDNA silencing after TIPS depletion would affect
the spreading of heterochromatin and reduce the levels of
repressor complexes within and nearby the nucleolus.
Notably, a role of the perinucleolar compartment in mediat-
ing the incorporation of repressive chromatin factors was
recently discussed for the establishment of the inactive
X-chromosome that contacts the nucleolus during mid-to-
late S-phase to faithfully duplicate its epigenetic character
(Zhang et al, 2007). Future studies will investigate whether
formation of inactive X-chromatin at the nucleolar periphery
is also a process that may depend on the levels of rDNA
silencing and TIPS.

Our data show that TIPS is involved in maintaining
genome stability. In the yeast S. cerevisiae, recruitment of
the nucleolar protein complexes RENT (regulator of nucleolar
silencing and telophase exit) and Cohibin to rDNA suppresses
unequal recombination at the rDNA repeats (Mekhail et al,
2008 and references herein). This suppression is seemingly

Centric—pericentric repeats

Nucleolus

Perinucleolar heterochromatin

Figure 6 TIPS mediates the heterochromatin at the nucleolar/perinucleolar associated chromatin. A model showing the role of TIP5 in
establishing heterochromatin at regions located adjacent to the nucleolus. The cellular (A) and linear (B) distribution of active/silent IRNA
genes and centromeric heterochromatin within the nucleolus and at the perinuclear periphery. In a transient association model, TIPS interacts
transiently and/or weakly with nearby localized chromatin domains (centric-pericentric repeats) from its stable binding sites (silent rRNA
genes). Alternatively, spread of heterochromatin from silent rRNA genes or formation of nucleolar/perinucleolar compartment enriched in
chromatin repressor complexes can affect the perinucleolar heterochromatin. In this model, it is also proposed that TIP5 and silent rRNA copies
have a role in mediating the transcriptional activity of active rRNA genes as suggested by the results shown in Figure 4D.
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linked to the ability of these complexes to induce rDNA
silencing. Until now, the repetitive nature of the rRNA
genes represented a limit in determining which rRNA genes
(active or silent) undergo instability in the absence of these
chromatin repressor complexes. By tracking rRNA genes
with polymorphic variations, we showed that TIP5-mediated
heterochromatin formation specifically protects silent rRNA
genes from illicit recombination events whereas active genes
are not affected. Similarly, our data showed that the stability
of major and minor satellite sequences depends on TIP5. Loss
of rDNA, major and minor satellite repeats is restricted to
sequences replicating in the mid-late S-phase. This is consis-
tent with previous results showing that TIPS binds to rRNA
genes, which replicate in the second half of S-phase (Li et al,
2005). Furthermore, it suggests that TIPS is involved in the
heterochromatin formation of centric repeats replicating in
mid-late S-phase. As formation and maintenance of hetero-
chromatic structures at these repeats are crucial for genome
stability (Peters et al, 2001), our results show that the
TIPS-mediated heterochromatin has an important role in
protecting the genome from inappropriate chromosomal
rearrangements.

Cells in the absence of TIPS proliferated beyond conflu-
ence and had a transformed phenotype, a likely result of the
genome instability that we detected in TIPS-depleted cells.
Loss of genome stability is known to be a principal molecular
step in cancer formation, contributing importantly to rapid
selection of clonal cell populations that are able to overcome
the various environmental challenges that arise during carci-
nogenic progression. In addition, in cancer cells, TDNA
transcription is enhanced, contributing to increased produc-
tion of ribosomes and protein synthesis of the rapidly pro-
liferating tumours (Ruggero and Pandolfi, 2003; White, 2005).
Disruption in one or more of the steps that control protein
biosynthesis has been associated with alterations in the cell
cycle and regulation of cell growth (White, 2005). Consistent
with this, we have recently shown that depletion of TIP5 and
impairment of rDNA silencing enhances ribosome synthesis
and increases protein production (Santoro et al, 2009). A
lower content of rDNA methylation was reported for several
tumours (Qu et al, 1999; Shiraishi et al, 1999; Ghoshal et al,
2004), strengthening the notion of the role of CpG methyla-
tion in repressing rDNA transcription (Santoro and Grummt,
2001). Moreover, rTDNA CpG methylation levels were found to
be higher in ovarian cancer patients with long progression
survival as compared with that in patients with short survi-
val, an indication that rDNA silencing levels may influence
cell growth properties essential for active tumour prolifera-
tion and tumour aggressiveness (Powell et al, 2002).
Surprisingly, upregulation of rDNA transcription in TIP5-
depleted cells does not depend on the de-repression of silent
genes. Whereas the amount of silent genes decreases in these
cells, the number of unmethylated active genes is not af-
fected. Consistent with this, a specific class of rDNA variants
(rDNA-A) synthesized higher rRNA transcript levels after
TIPS depletion, although the majority of these genes are
active and their stability is not affected by TIPS. It seems,
therefore, that TIPS and/or presence of heterochromatic
silent repeats indirectly affects the transcription rate of active
genes, probably by enriching the nucleolar compartment of
the chromatin repressor complexes. However, we cannot
exclude the possibility that upregulation of rDNA transcrip-
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tion is a consequence of genome instability that caused the
acquisition of aberrant mechanisms of rDNA transcriptional
regulation, thus representing an advantage for the elevated
protein synthesis necessary for high proliferative rates.

Although it remains to be estimated to which extent the
genome instability or enhancement of rDNA transcription in
TIP5-depleted cells contributed to the transformed pheno-
type, our results provide evidences that the TIP5-mediated
heterochromatin has a crucial role in protecting genome
stability and regulating rDNA transcription, thus contributing
to the cellular transformation process.

Materials and methods

Stable and transient TIP5 knockdown

NIH3T3 cells were stably transfected with plasmids expressing
ShRNA-TIP5-1 (5-GGACGATAAAGCAAAGATGTTCAAGAGACATCT
TTGCTTTATCGTCC) and shRNA-TIP5-2 (5-GCAGCCCAGGGAAAC
TAGATTCAAGAGATCTAGTTTCCCTGGGCTGC) sequences under the
control of the H1 promoter. Plasmids expressing control miRNA or
miRNA targeting TIPS (5'-GATCAGCCGCAAACTCCTCTGAGTTTTG
GCCACTGACTGACTCAGAGGATTGCGGCTGAT) were constructed
according to the Block-iT Pol II miR RNAi system (Invitrogen).
Infections were performed according to manufacturer’s instruc-
tions. Cells were analysed 10 days after infection.

Transcription and ChIP analysis

45S pre-rRNA transcription was measured by qRT-PCR in
accordance with the standard procedure using the Universal Master
mix (Diagenode). The primer sequences used to detect 45S pre-
rRNA and GAPDH were as reported by Santoro and Grummt (2005).
The rDNA transcription levels were normalized to GAPDH mRNA
levels. ChIP analysis was performed as previously described
(Santoro et al, 2002). rDNA, major and minor satellite sequences
were amplified with previously reported primers (Santoro et al,
2002; Martens et al, 2005). tDNA methylation was measured as
previously described (Santoro et al, 2002).

Indirect immunofluorescence

In vivo BrUTP incorporation was performed as previously described
(Grob et al, 2009). To detect fibrillarin and UBF, cells were fixed in
methanol for 20min at —20°C, air-dried for 5min and rehydrated
with PBS for 5min. Incubations with antibodies were performed as
previously described (Strohner et al, 2001). DNA was stained with
DAPI (Molecular Probes). The area of nucleoli was quantified using
ImageJ software (NIH).

Electron microscopy

The DNAs and RNAs were contrasted with uranyl after methylation
and acetylation of the amino and carboxyl groups as described by
Junéra et al (1995). Briefly, cell pellets were fixed in glutaraldehyde,
incubated in methanol and acetic anhydride, and embedded in
Epon. The sections were contrasted by uranyl acetate for 60 min at
RT. The specificity of the contrast was verified on ribosomes.

Immunoprecipitation

To monitor the interaction of TIPS and CENP-A in vivo, we
transfected HEK293T cells with expression vectors encoding the
respective proteins (pcDNA-Flag-Tip5 and GFP-CENP-A (gift from K
Sullivan)). After 48 h, we lysed the cells in a lysis buffer (50 mM
Tris-HCl (pH 7.8), 150mM KCl, 5mM MgCl,, 5SmM EDTA, 20%
glycerol, 0.1% NP-40, 0.1 mM PMSF, proteinase inhibitor cocktail
(Roche)) at 4°C for 30 min. The cleared lysate was subjected to IP
overnight at 4°C using an immobilized antibody against FLAG (anti-
FLAG M2 affinity gel; Sigma). The precipitates were washed three
times with a buffer containing 150 mM KCl, separated on either 6 or
12% SDS-polyacrylamide gels and analysed on western blots using
anti-FLAG M2 (Sigma) and anti-GFP (Roche) antibodies.

Replication timing

Cells were synchronized at the G;/S phase as previously reported
(Li et al, 2005). The synchronized cells were pulse-labelled (30 min)
with 30uM 5-BrdU in 1-h intervals. Nascent DNA was isolated,
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purified and measured by qPCR. To calibrate DNA recovery, BrdU-
labelled Escherichia coli DNA was added to the reactions before IPs.
Semi-quantitative PCRs were normalized to the amounts of
B-lactamase calculated by qPCR.

DNA copy number

Repetitive DNA sequences were quantitatively amplified from
logarithmic dilutions of genomic DNA using previously reported
primer sequences (Santoro et al, 2002; Martens et al, 2005). The
data were normalized to the amounts of the a-globin gene.

Polymorphism-specific PCR

The following primers pairs were used to specifically amplify the
v-rIDNA variants: TDNA-A (+ 63/ +42) Rev: TAAATCGAAAGGGT
CTCTTT; rDNA-T (+62/+41) Rev: TAAATCGAAAGGGTCTCTTA;
TDNA-G (+ 62/ + 41) Rev: TAAATCGAAAGGGTCTCTTC; total IDNA
(+87/+66) Rev: TAGGCTGGACAAGCAAAACAG; total rDNA
(+1/+20) For: ACTGACACGCTGTCCTTTCC; total rDNA (—165/
—145) For: GACCAGTTGTTCCTTTGAGG.

Antibodies

Anti-TIPS antibodies were purchased from Diagenode. Anti-
acetylated histone H4, anti-H3K9me3 and H4K20me3 were obtained
from Upstate. Anti-UBF and anti-cyclin-A antibodies were from
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