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SUMMARY

The tandemly organised ribosomal DNA (rDNA) repeats
are transcribed by a dedicated RNA polymerase in a
specialised nuclear compartment, the nucleolus. There
appears to be an intimate link between the maintenance of
nucleolar structure and the presence of heterochromatic
chromatin domains. This is particularly evident in

many large neurons, where a single nucleolus is
present, which is separated from the remainder of
the nucleus by a characteristic shell of heterochromatin.
Using a combined fluorescence in situ hybridisation and
immunocytochemistry approach, we have analysed the
molecular composition of this highly organised neuronal
chromatin, to investigate its functional significance. We find
that clusters of inactive, methylated rDNA repeats are
present inside large neuronal nucleoli, which are often
attached to the shell of heterochromatic DNA. Surprisingly,

the methylated DNA-binding protein MeCP2, which is

abundantly present in the centromeric and perinucleolar
heterochromatin, does not associate significantly with the
methylated rDNA repeats, whereas histone H1 does overlap
partially with these clusters. Histone H1 also defines other,
centromere-associated chromatin subdomains, together
with the mammalian Polycomb group factor Eed. These
data indicate that neuronal, perinucleolar heterochromatin
consists of several classes of inactive DNA, that are linked
to a fraction of the inactive rDNA repeats. These distinct
chromatin domains may serve to regulate RNA
transcription and processing efficiently and to protect
rDNA repeats against unwanted silencing and/or
homologous recombination events.
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INTRODUCTION

been known for a long time that methylation of particular DNA
sequences is often linked to their transcriptional inactivity.

Eukaryotic interphase nuclei are highly compartmentalise®Recent studies have demonstrated that this phenomenon can be

structures. It is generally accepted that

architecturaattributed, at least in part, to the action of specific methylated

organisation of the nucleus and regulation of transcription al®NA-binding proteins, such as MeCP2, MBD1, MBD2
functionally linked. For example, it has been proposed thaand MBD3 (Hendrich and Bird, 1998), some of which can
RNAs are synthesised at ‘transcription factories’ — discretéorm complexes with histone deacetylases and chromatin
sites within the nucleus, which contain high concentrations afemodelling machinery (Bird and Wolffe, 1999). Such
a particular type of RNA polymerase and accessory factorsomplexes are believed to alter chromatin structure and in this
(Cook, 1999). Different types of transcription factors areway contribute to regulation of transcription, however, their
directed to nuclear subdomains by a variety of targeting signatsle in activation or repression of particular genomic loci
(Stein et al., 1999). There is also significant evidence thatmains to be determined.

transcriptional silencing is associated with targeting of The nucleolus

is the most striking example of a

genomic sequences to repressive (heterochromatic) nucleaorrelation between specialised transcription and nuclear
compartments (Cockell and Gasser, 1999). The repetitiveompartmentalisation, since in the nucleolus only the genes
nature of a given DNA sequence could be a primary cause ehcoding ribosomal RNA (rRNA) are transcribed and its main
its participation in heterochromatin, since repeated DNA igunction is that of ribosome biogenesis (Hadjiolov, 1985).

often repressed, or ‘silenced’, constitutively (Henikoff, 1998).Interestingly, in eukaryotes the rDNA genes are organised as
Formation of heterochromatin is thought to protect the genomtandem repeats. In the mouse diploid genome there are about
against unwanted recombination events at the repeated locu#00 genes, which are spread over a number of different
A vast number of regulatory factors, capable of activating ochromosomes, that vary according to the inbred strain
repressing transcription, have been characterised; howevanalyzed (Kurihara et al., 1994). The murine rDNA repeat has
their organisation within the nucleus in relation to particulama length of approximately 44 kb, of which 13 kb is transcribed
genomic sequences is largely unresolved. For example, it hamo the 47S precursor rRNA (pre-rRNA) by a specialised
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transcription complex, consisting of RNA polymerase | andMATERIALS AND METHODS

accessory factors. This pre-rRNA is subsequently processed

to 18S, 5.8S and 28S rRNAs, which are in turn assemblégdice

into ribosomes. Adult FVB mice were chosen for the majority of the experiments
The number of rDNA copies, expressed in a given cellgescribed in this report, since this inbred strain is used in our

depends on the demand for protein synthesis, and hence BRoratory for standard breeding purposes and to generate transgenic

metabolic activity. However, even in metabolically active"nes- In the methylation experiment, shown in Fig. 4, DNA from FVB

cells not all rDNA copies are transcribed (Haaf et al., 19915n|ce was compared to that of an age-matched C57BI6 control mouse.

and therefore rDNA silencing must occur, in a cell and/ololecular biology techniques

tissue specific manner. Since nucleolar structure appears AGnyrine cosmid library (Mazarakis et al., 1996) was screened with
be regulated by proteins implicated in heterochromatin rinosomal DNA probe (UBTS, positions 5611-5928 in the mouse
formation (Carmo-Fonseca et al.,, 2000) and rDNA genemNA gene sequence; accession number X82564; see Fig. 2A), that
have been found to undergo methylation (Bird et al., 1981)was labeled to high specific activity using a PCR protocol from the
it is possible that some of the constitutively non-transcribedhanufacturer (Boehringer). Of the 180 positive clones, 5 were
rDNA repeats are silenced because of DNA methylatiofnvestigated in more detail (cosmids labelled 3, 5, 7, 13 and 17 in Fig.
underly nuclear and nucleolar DNA repression. However, aﬂ‘letect non-transcribed rDNA (NTS probe), while the complete insert

L . . . af cosmid 13 was used to detect transcribed rDNA (TS probe).
the rDNA genes are very similar, which raises the questloﬂ Genomic DNA was isolated and digested using standard procedures

hOV,V inactive rDNA genes are dIStIthISth from the(Sambrook et al., 1989) and blotted onto Hybord Membranes
active ones and how they are organised with respect {Qmersham). RNA was extracted from different mouse tissues
heterochromatin. (Auffray and Rougeon, 1980) and approximatelyuf5of total RNA

We are interested in the nuclear and nucleolar chromatifas fractionated (Fourney et al., 1988) and blotted onto Hybdnd N
organisation of adult neurons and its correlation with genenembranes. Probes were labeled using the random prime method
expression, including that of rDNA (Mazarakis et al., 1996;Feinberg and Vogelstein, 1983), or by PCR. Blots were exposed to
Payen et al., 1998). This architecture is likely to reflect th&hophorimager screens (Molecular Dynamics).
requirements of efficient RNA synthesis, processing ang v dies
tran_spo_rt W'thout[ the superimposed compllpatlon of DN he anti-MeCP2 antibodies (Nan et al., 1996) were a gift from Dr A.
repllc_:a_tlt_)n and mitotic chromosome condensqnon, cha_ractens rd (rabbit polyclonal #674, used as full serum in a 1:500 dilution);
for dividing cells. Many neurons are metabolically active cellsyonocional anti-5-methylcytosine antibodies (Reynaud et al., 1992)
with large cytoplasmic volumes, the notable exception beingere provided by Dr A. Niveleau (shipped as ascites fluid, used at
granule cells of the cerebellum (Peters et al., 1991). The high30 dilution); rabbit polyclonal anti-histone H1 antisera were gifts
protein synthesis requirements of large neurons presumabhpm Dr M. Bustin (affinity purified serum; dissolved at 0.2 mg/ml)
demand a similarly high ribosome biogenesis, which woul@nd Dr M. Parseghian (Parseghian et al., 1993) (both antisera were
account for the large size of the neuronal nucleolus. In additioysed at 1:200 dilution); the rabbit polyclonal anti-coilin antiserum
the majority of neuronal nucleoli contain a characteristic rimf04,10 (Santama et al., 1996) was a gift from Dr J. Sleeman (used at
of nuclear heterochromatin, which can be stained with Hoechg{200 dilution). Rabbit polyclonal anti-Eed antiserum (Denisenko and
and propidium iodide in tissue sections (Manuelidis, 1984a;0mszyk, 1997) was a gift from Dr O. Denisenko (used at 1:200

L . : jlution). Antisera against other Polycomb factors were tested, but
Manuelidis and Borden, 1988) and the centromeric regions id not work on brain paraffin sections. FITC-labeled goat anti-

many chromosomes are found clustered and attached as laggyt antibodies (Nordic Laboratories, The Netherlands; 1:80)
aggregates to the neuronal nucleolus (Manuelidis, 1984b). Th@d rhodamine-labeled sheep anti-mouse antibodies (Boehringer
perinucleolar heterochromatic ring is surrounded by relativeljlannheim; 1:25) were used for indirect immunofluorescence
‘open’ chromatin, since this DNA is more accessible to DNAseletection.
l. :

To investigate the functional significance of neuronal'mmur_'ocyto(:hem's‘tr_y and FISH _ _ _ _
chromatin domains, we have developed modified RNA and/(ﬁ?araffln-embedded t_lssue sectioning and antibody |ncub§tlons were
DNA fluorescent in situ hybridisation (FISH) techniques,performed as described before (Payen et al., 1998), with a minor

hich are combined with immunofluorescent detection o odification for MeCP2 detection: after microwave treatment the
whi ' with -1 u u : issue sections in buffer were quickly chilled on ice because this gave

chromatin proteins. These combined DNA and/or RNAj ¢learer signal. FISH was based on published protocols (Mulder et
FISH/immunofluorescence approaches allow simultaneous. 1995; wijgerde et al., 1995), with modifications.

detection of nucleic acid sequences and antigens in paraffin-For detecting RNA, rehydrated tissue sections were treated with
embedded brain tissue. We show here that in many adut01% pepsin in 0.01 M HCI for 5 minutes at 37°C, rinsed in PBS,
neurons from inbred FVB mice, large arrays of inactive postfixed in 3.7% formaldehyde in PBS, rinsed several times in PBS

methylated rDNA repeats tend to cluster near the centrome@gd then in water, and dehydrated through an ethanol series and air
on the inside of the perinucleolar heterochromatindried. For detection of DNA, rehydrated tissue sections were fixed in

Surprisingly, unlike other highly methylated genomic 4% paraformaldehyde in PBS for 1 hour, rinsed several times in water

sequences, such as centromeric satellites, they do not cont?fﬁ) incubated for 1 hour with 100ig/ml RNAse in water.

S - : sequently, slides were treated with 0.01% pepsin in 0.01 M HCI
a significant amount of MeCP2. Our data provide direc or 5 minutes at 37°C, rinsed in PBS, postfixed in 3.7% formaldehyde

cytological evidence for non-random distribution of a methyl-, pgs, rinsed several times in PBS and then in water. DNA was
CpG binding protein over methylated genomic DNA anddenatured by microwave treatment (10 minutes at 750 watts to bring
indicate that silencing of a fraction of the rDNA genes isthe solution to the boiling-point and 2 minutes at 90 watts in 1 liter
intimately associated with perinucleolar heterochromatin.  of 10 mM citrate buffer (pH 6.0)); the slides were immediately chilled
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in ice-cold 70% ethanol, transferred to 96% ethanol and air-dried. Favays which yielded very similar results. The first method included
both  RNA- and DNA-FISH, the hybridisation solution (50% tissue pre-treatment and incubation with anti-5-methylcytosine
formamide, 10% dextran sulfatex 3SC, 50 mM sodium phosphate antibodies as described above. After incubation with secondary
buffer (pH 7.0), 1 mM EDTA, 200 ngl denatured salmon sperm (FITC-labeled anti-mouse) antibodies, slides were fixed for 2 hours
DNA and 1-5 ngil probe), was applied to dry tissue sections, and thet room temperature in 4% paraformaldehyde in PBS, rinsed in water,
slides were incubated overnight in a moist chamber at 37°C. Slidesicrowave-treated for the second time, and hybridised with a biotin-
were washed once iBSC at room temperature, and then twice forlabeled NTS rDNA probe, followed by biotin detection. Alternatively,
15 minutes in 0.2 SSC at 50°C. Subsequently, slides were rinsed irslides were pre-treated as for 5-methylcytosine detection, but after 2
25 mM Tris (pH 7.5), 100 mM NacCl, 0.05% Tween-20 (TNT buffer) M HCI and 0.1 M borate treatment, slides were rinsed in water,
and then blocked with 1% bovine serum albumin in TNT for 30dehydrated through an ethanol series and hybridised with a biotin-
minutes at room temperature. Antibody incubations were performeldbeled NTS rDNA probe. After biotin detection slides were fixed
in TNT buffer, each incubation for 1 hour at room temperature. Aftewith paraformaldehyde and microwave treated as in the first method,
incubation with primary, secondary or tertiary antibodies, slides werand incubated with anti-5-methylcytosine antiserum and the
rinsed 4 times 5 minutes in TNT buffer. corresponding secondary antibodies.

For FISH the following probes were used’&iBS, labeled with The chromosomal localisation of rDNA loci in FVB mice was done
digoxigenin-11-dUTP (Boehringer) by PCR; NTS and TS rDNA using biotin labeled cosmid 7, and the following digoxigenin labeled
probes, labeled with digoxigenin-11-dUTP or biotin —16-dUTP bytelomere probes (Genome Systems Inc): for chromosome 12 probe
nick-translation, mouse-satellite probe (an oligonucleotide with 6852, for chromosome 15 probe 7734, for chromosome 18 probe 7771
the sequence' B5GACCTGGAATATGGCGAGAAAACTGAAAAT- and for chromosome 19 probe 6942 (Shi et al.,, 1997). Slides
CACGGAAAATGAGAAATAC-3', labeled with digoxigenin at were mounted in DAPI/DABCO/Vectashield solution (Vector
position 25 and at the ends (Eurogentec, Belgium)). For detection afboratories).
digoxigenin-labeled probes rhodamine- or FITC-labeled sheep anti- Signals were captured with a Leica DMRBE fluorescence
digoxigenin antibodies (Boehringer Mannheim; 1:50-1:100) weramicroscope, equipped with a Hamamatsu C4880 DCC, or with a Zeiss
used, and for rDNA detection the signal was amplified using Texasonfocal laser scanning microscope (LSM510). In the latter case,
Red or FITC-labeled donkey anti-sheep antibodies (Jacksooptical sections of 0.7-0,9m were used.

Laboratories: 1:100). For detection of biotin-labeled probes, Texas

Red-labeled avidin D (Vector Laboratories; 1:500) was used in the

first detection step, followed by incubation with biotinylated goat anti-RESULTS

avidin antibodies (Vector Laboratories; 1:500) and then another

incubation with Texas Red-labeled avidin D. ; Qi ;

For simultaneous detection of rRNA transcripts and rDNA, tissu«ﬁaer?segﬁgssnaﬁdprrg?\le: :gglenatssl’tu detection of rRNA
sections were hybridised first with digoxigenin labeletETS probe o . .
and, after incubation with FITC-labeled anti-digoxigenin antibodies!n cultured cells, nucleolar transcription has been studied with
sections were fixed for 2 hours at room temperature in 49the use of the first 600 bp fragment of the external
paraformaldehyde in PBS, rinsed in water, microwave-treated fdranscribed spacer '€6TS) of the rDNA repeat, because this
DNA denaturation, dehydrated and hybridised with a biotin-labeledragment is rapidly cleaved from the 13 kb rRNA precursor and
NTS rDNA probe. Biotin detection was performed as describeds postulated to be highly unstable (Gurney, 1985; Lazdins et
above. In the immuno-FISH protocol (with anti-histone H1 or anti-a|_, 1997; Miller and Sollner-Webb, 1981). We therefore
MeCP2 antibodies), the detection of proteins was performed togeth@bnerated the unstabltEF'S probe (UETS, see Fig. 2A) and

with that of the probe (the hybridisation step did not affect th . : ; . -
reactivity of the above mentioned antibodies). For detection of Se[-ESted it on northern blot in mouse brain and kidney (Fig. 1).

methylcytosine, tissue sections were pre-treated as for DNA-FISH?,‘urp”Smgly’ while in kldne_y RNA only one major fragf"?”t of
but after microwave treatment they were incubated in 2 M HCI for -3 kb could be detected, in brain theRIES probe hybridises
hour at room temperature, neutralized in 0.1 M borate buffer (pH 9.0§0 3 transcripts, of 13, 6.6 and 0.6 kb. The 13 kb RNA
rinsed with TNT, blocked and incubated with antibodies. Combinedepresents the full-length rRNA precursor. The 0.6 kb
5-methylcytosine — rDNA detection was performed in two differentfragment, detected only in brain, presumably represents the

Fig. 1. Ribosomal RNA processing in mouse brain A brain Kidne B
and kidney. (A) Total RNA, isolated from brain y

and kidney of two mice of the inbred FVB and BI6 Bl6 FVB BI6 FVB

strains, was blotted and hybridised with the
USETS probe, depicted in Fig. 2A. RNA markers
are indicated to the left. The positions of precursor
(13 kb) and intermediate (6.6 kb) rRNAs, the 95—
U5 ETS fragment (0.6 kb) and of the mature 18S ?'5 —
and 28S rRNAs (asterisks) are indicated to the : - - ..
right. Sizes of the different rRNAs were calculated 4.4 —
using the RNA standards. (B) Densitometric :
analysis of the second lane of the brain (upper
panel) and kidney (lower panel) RNA blots reveals 7 4 —
that the intermediate and'#3'S rRNAs are

present in the brain but not detectable in kidney. 1.4 —
Scans were generated from Phophorlmager files,

using NIH Image software. These data suggest that Teew
ribosomal RNA processing in the mouse brain 024 —
differs from that in kidney. '

int- pre-
u5’ETS rRNA rRNA

oo b

precursor 130.91
“— IRNA
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" IRNA

| * 288 2373
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cleaved 600 bp'ETS processing product. The finding of a 6.6brain sections the TS and NTS probes produce almost identical
kb processing intermediate in the brain, indicates that asignals (Fig. 2C-E), which are highly specific for the nucleolus
alternative rRNA processing pathway exists in this tissue, ifencircled in Fig. 2E, see also Figs 3, 5 and 6). These results
which a site between 18S and 5.8S rRNAs (i.e. 6.6 klemonstrate that both TS and NTS probes specifically detect
downstream of the transciption inititaiton site) is cleaved firsttDNA, in spite of the fact that in particular the NTS probe
instead of the 600 bp site at thertd of the rRNA precursor. contains many repeated sequences, that are also present in
Such an alternative pathway for pre-rRNA processing exists iather regions of the mouse genome.
Xenopus laevigRivera-Leon and Gerbi, 1997). Densitometric
analysis of the northern blot in Fig. 1A confirmed that the 606-0mbined RNA/DNA FISH reveals a pool of inactive
bp and 6.6 kb fragments are much more abundant in brain th#ANA in neurons
in kidney (Fig. 1B). These data suggest that pre-rRNAn control FISH experiments with the'83'S probe, no signal
processing in the murine brain is different from that in cultureds observed on RNAse-pretreated mouse brain sections (results
cells or kidney, and that the 600 bfE®S fragment is more not shown), while a clear nucleolar signal is obtained in sections
stable in brain than in cultured cells. Therefore, when
used in FISH experiments in the brain, théEI%S
probe will detect sites of pre-rRNA processing A
addition to sites of transcription.

Using the UETS as a probe, we isolated sev

rDNA-containing cosmid clones (Fig. 2A). Wh L
tested by in situ hybridisation to metaphase sprea — g“” l BamHI "M
mouse chromosomes, these cosmids produce
specific signals. As shown in Fig. 2B, in the ink PCR probes =
FVB mouse strain, four rDNA loci are detected, wt us _anm ETS ETS
are all located near the centromere. Double labe P
studies with chromosome specific telomere pr e AN
(data not shown), revealed that in FVB mice the rL cosmids
loci are on chromosomes 12, 15, 18 and 19. FVB  # A&
therefore resemble the inbred C57BL/10J, SJL/J NTS o ®
SWR/J mouse strains in the number of (C A
containing chromosomes and in the chromosc
localisation of these rDNA clusters (Kurihara et — “ I
1994). P TS
On metaphase spreads, identical results | —
obtained with probes, corresponding to the rF P
precursor (transcribed sequence, or TS), or -
probes, derived from the non-transcribed spacer (|
data not shown). Also in paraffin embedded m¢

Sall
Sall

18S 5.85 285

®

|
QI®|e

Fig. 2. Characterization of murine rDNA probes for FISH
analysis. (A) Schematic representation of the 22 kb
sequenced region of the murine rDNA repeat (accession
number X82564). Precursor (thin black bar), 18S, 5.8S and
28 S rRNAs (thick bars) and some of the restriction enzyme
sites within this region are indicated. Vertical arrows mark
the approximate positions of putative processing sites in th
pre-rRNA, as deduced from Fig. 1. The position of 5 rDNA
containing cosmids, with respect to the 22 kb murine rDNA
sequence is indicated. The position of the PCR probes use
to characterize and map the cosmids is shown. Note the
different variable repeat-regions in the cosmids. NTS: non-
transcribed spacer; TS: transcribed sequence; US: upstreal
sequence; ETS: external transcribed spacer; VR: variable
repeat. (B) FISH analysis on FVB mouse chromosomes,
using biotinylated cosmid 7 as a probe reveals the presence COS7 rDNA FISH
of 4 rDNA loci in this inbred strain of mice. (C-E) FISH
analysis on microwave treated, paraffin embedded mouse
brain section using the NTS (red, C) and TS (green, D)
probes depicted in A. Pictures were taken using a confocal
laser scanning microscope. In E the green and red signals
are merged. The nucleolus of a large neuron in the
hypothalamus is depicted here (encircled in E). Notice the Feg
specific and largely overlapping hybridisation pattern
obtained with both rDNA probes. Barpsn. NTS




in which RNA is preserved, indicating the 'B%S probe
specifically detects rRNA transcripts. For detecting rDNA we
used the NTS probe, which produces no signal on non-denatur
tissue sections under RNA-FISH conditions (data not shown
while, as shown in Fig. 2C, this probe specifically labels
nucleolar rDNA under DNA-FISH conditions. Therefore,
double localisation studies, using first the u'5ETS probe for pre
rRNA detection, followed by the NTS probe for rDNA detection,
were next performed on transverse sections of mouse brain,
analyse ribosomal gene transcription in the central nervot
system. The cerebellum was chosen as a model system, bece
transcriptionally active Purkinje cells are positioned next to th
granule cells, which have a low metabolic (and hence a lo
ribosomal gene) activity. As shown in Fig. 3A, the intensity of
the UBETS staining is much higher in nucleoli of Purkinje cells
(indicated by arrowheads), than in granule cells (of which som
are encircled), reflecting the differential transcriptional activity
in the two cell types. In addition, in Purkinje cells the probe is
detected throughout the nucleolus, whereas in granule ce
staining is restricted to small dots, of which 1-3 appear to b
present per cell. The rRNA FISH contrasts with the rDNA
staining shown in Fig. 3B, which is of a similar intensity in
Purkinje and granule cells, due to the equal amounts of rDN.
per cell.

Fig. 3. Transcriptionally active and inactive ribosomal DNA.

(A,B) Paraffin embedded, transverse sections joinSthrough an

adult mouse brain, were incubated with th&ed% probe (green

signal for pre-rRNA detection), followed by the NTS probe (red
signal for rDNA distribution), in a combined RNA/DNA FISH
protocol. After detection with secondary antibodies sections were
mounted in medium containing DAPI, to allow detection of
heterochromatic regions of the nucleus. In A and B a low power
magpnification of part of the cerebellum is shown, as observed with
normal epifluorescence, to demonstrate pre-rRNA (A) and rDNA (B)
signals and the specificity of the combined FISH protocol. In this
section, two Purkinje cell nucleoli are detected (arrowheads), which
light up very strongly with the rRNA probe but much less so with the
rDNA probe. The nuclear (dotted circle) and cytoplasmic (dashed
circle) boundaries of one of the Purkinje cells have been indicated t
demonstrate the cytoplasmic autofluorescence (arrow in A,B), whict
is visible through all filters (DAPI picture is not shown here). To aid
in their identification, four granule cells have been encircled, to the
left of the upper Purkinje cell. Notice the speckled pattern of
hybridisation in this layer of the cerebellum, due to the fact that
multiple, small nucleoli exist per granule cell. Bar in A 0.

(C-F) Higher magnification of the large nucleoli of a Purkinje cell
(C) and brainstem (E) neuron and of the small nucleoli of the granul
cells (D,F), after a combined RNA/DNA FISH. Signals are merged tc
show colocalisation (or the lack of it) of pre-rRNA and rDNA. In

C,D a normal epifluorescent microscope was used to capture the
signals, in E,F a confocal microscope. Therefore, only in C,D the
DAPI signal could be added (blue/purple signal), to produce a triple
overlay. Notice the large red rDNA aggregates, indicated by arrows
in C,E, which are devoid of rRNA signal and are located at the
boundaries of the large nucleoli. These aggregates are likely to be
transcriptionally inactive rDNA repeats. In C it is clear that this
rDNA is adjacent to the DAPI-positive heterchromatin. In the granule
cells (D,F), the rRNA signal (green) is always adjacent to and/or
partially overlapping with the rDNA (NTS probe, red). Not all
nucleolar organising regions express rRNA, in line with the fact that
these cells have a low metabolic activity. In D, the DAPI overlay
(blue) was enhanced to indicate cell nuclei, one of these is outlined.
Bars: 1um (C,E); 10um (D,F).

Chromatin domains in neurons 4467
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At higher magnification (Fig. 3C,E), the FISH results A B
suggest that in many neurons with a single large nucleolu
such as Purkinje cells of the cerebellum, the rDNA forms Sy S Sy 52
concentrated large aggregates and several smaller dots (see &Y @%\.g? & g .zéi,g@
Fig. 2C-E). When the rRNA/rDNA signals are superimposec TEL LT SOLOPP
and investigated either by normal epifluoresence microscog FIF SIS SFS FEF
(Fig. 3C), or with a confocal laser scanning microscope (Fi¢ kb kb
3E), it appears that the very large lumps of rDNA, that ar <
located at the boundary of the nucleolus, in the vicinity o >11
centromeric aggregates, are devoid of rRNA signal (see arrov 6-9 " 1 v
in Fig. 3C,E). Therefore, this fraction of the rDNA pool likely - 8 -

represents clusters of inactive rDNA genes. The lumps do ni 4.3
overlap with the heterochromatic ring, as judged from a triple : Ua."
overlay with DAPI (Fig. 3C, the DAPI stained area is

encircled).The data suggest that many of the inactive rDN/
genes are attached to the periphery of the large neuror
nucleolus, but they do not merge with nuclear heterochromati
and thus seem to form a distinct domain of inactive DNA. Suc
an organisation is not specific for Purkinje cells, but is observe
in many types of large neurons with a single nucleolus. li
granule cells, on the other hand, the transcription signal (i

green) is generally found on the tip of the rDNA signal (in red) -
of which several dots per nucleus occur (Fig. 3D,F). These da -
indicate that in granule cells only a very small number o ) - -
selected rDNA genes are active, which are likely to form thi
small nucleoli present in these cells (Peters et al., 1991). =
Cs7BI6| FVB C57B16| FVB

Transcriptionally inactive rDNA is methylated, but ,
contains little MeCP2 5’ETS Zfp37

The combined RNA/DNA FISH data suggest that an inactivesig. 4. Methylation of the rDNA repeats in FVB mice. Genomic
rDNA fraction exists in the nucleoli of large neurons, whichDNA, isolated from the brain of one C57BI6 or of one FVB mouse,
forms a distinct chromatin domain, located adjacent to theas digested witkEcoRI, EcoRI andHpall, or EcaRl andMsp,
centromeric DNA inside the nucleolus. Since transcriptionaglectrophoresed and blotted. The southern blot was first hybridised
inactivation is often associated with increased methylation ayith the uSETS probe (A), depicted in Fig. 2A. After washing the
CpG-residues, we wanted to determine whether the inactiJdot was exposed to a Phosphorimager screen to detect radioactive

rDNA aggregates are methylated. To determine whether FV%QE""'S- Th.ef.b'?t Wﬁs S“b.seq%”g%’ Smpp'(eg)a'r\‘ld fehygridised Witfhﬁ
: probe specific for the murine Zfp37 gene (B). Notice that some of the
'DNA repeats are methylated, we analyzed genomic I:)N'AY’DNA hybridisation is still visible in B, due to the strong signal

digested W'.thEC(RI’ EcaRI _andeaII (an enzyme, sensitive obtained with the rDNA repeats. Lengths (in kb) of bands,
to methylation at CpG-residues in the context of CCGG), Ofecognised by the two probes, are indicated to the left.
EcdRl and Msp (methylation-insensitive enzyme), by
southern blot, using UBTS as a probe (Fig. 4A). As a control,
DNA from a C57BI6 mouse was taken, since in this mousenethylated along the entire >11 HgdRlI-region, giving rise
strain the rDNA repeats are practically devoid of methylatiorito completelyHpall-protected bands, while others are partially
(Bird et al., 1981). To verify that thidpall digestion of the methylated, giving rise to the 6-9 kb products and to the low
rDNA loci was complete, we reprobed the blot with anmolecular mass ladder. These results support the recent
unrelated single copy gene probe, which contains an 8 khwroposal for the human rDNA genes, i.e. that a small
Hpall-resistant (i.e. methylated) fragment and a 4.3Hkiall- proportion of these repeats is completely methylated (and may
sensitive band (Fig. 4B). be constitutively silent), while the remainder is methylated in
In EcoRI-digested DNA uETS hybridises to large DNA the non-transcribed region of the gene and not, or partially,
fragments of >11kb. AfteEcoRI/ Hpall digestion, three types methylated in the transcribed part (Brock and Bird, 1997). The
of Hpall-resistant fragments are detected in the brain DNA ohumber of completely methylated fragments is constant
FVB mice (Fig. 4A): the originaEcoRl fragments (>11 kb); between littermates of the inbred FVB strain and using
bands ranging in size between 6 and 9 kb (indicated by bracketensitometric scanning it was estimated to be around 20%
in Fig. 4A), and a regularly spaced ladder of lower moleculadata not shown).
mass bands. In the C57BI6 mouse only the lower molecular Since FVB rDNA is methylated, we next tested whether in
mass bands are seen (Fig. 4A), which confirms the results thag¢urons the methylated rDNA can be distinguished in situ,
in this mouse strain the rDNA is not heavily methylated (Birdusing anti-5-methylcytosine (5MC) monoclonal antibodies in
et al., 1981). AllHpall-resistant fragments are digested by conjunction with rDNA FISH. These immuno-FISH studies
Msp, suggesting that extensive methylation occurs throughowtere possible on tissue sections because we treated them with
the rDNA repeat in FVB mice. The simplest explanation forthe microwave in order to retrieve antigen and to denature
these results is that in FVB mice some of the rDNA genes araucleic acids. The 5MC signal is largely restricted to the
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Fig. 5. Characterization of the inactive rDNA fraction in nucleoli of large neurons. Transverse sectiqum,afui through the brain of an
adult FVB mouse, were analyzed for the colocalisation of 5-methylcytosine residues (5MC), the methylated DNA binding [2&2jn Me
rDNA or centromeric DNA, using a combined immuno-FISH protocol. First and second treatment refers to the sequence dghivents in
combined protocol. After completion of the experiments, sections were mounted in medium with DAPI, of which the stainirig glatten
(in black and white) in the last column. (A-D) Colocalisation of 5MC (green, A) and rDNA (red, B). The 5MC antibodies roaialig¢o
centromeric DNA, as judged with the DAPI stain (D). This correlates with the fact that mouse centromeric DNA is heavilteghethyla
Adjacent to this region of 5SMC concentration, there are small domains, indicated by arrows, that are outside the DARigiesiyédut
that colocalise with rDNA, as is seen in the overlay. Bam3(E-H) Colocalisation of-satellite DNA (red, E) and MeCP2 (green, F). The
satellite probe brightly marks centromeric DNA, but not the MeCP2-positive perinucleolar heterochromatin ring, showirsg ttvet tiypes
of heterochromatin have a different DNA-composition. Barp25 (I-L) Immuno-FISH of rDNA (red, I) and MeCP2 (green, J). Notice that
MeCP2 does not colocalise with the large inactive rDNA fraction, as shown in an overlay picture (Kumba(M2P) Colocalisation of 5SMC
(red, M) and MeCP2 (green, N). These antibodies label highly similar areas of the neuronal nucleus, including the celmitditests

that represent inactive rDNA repeats (arrows) are labeled with 5SMC antibodies only. These results indicate that a fnedtiaictofe rDNA
genes is methylated but not abundantly decorated with MeCP2. par, 4

MeCP2

centromeric DNA attached to the nucleolus, as judged bgntibodies, as well as with the rDNA probe (Fig. 5A-C). In
comparison to the DAPI staining (Fig. 5A,D), consistent withcontrast to these intense signals the remainder of the nucleolus
the fact that centromeric DNA in mice is heavily methylatedis only weakly stained by the 5MC antiserum. These data
However, in addition to the strong centromeric staining, smakuggest that an rDNA fraction exists inside the large nucleoli
dots of 5MC signal are also visible adjacent to the centromered$ FVB neurons, that is methylated to a higher extent than the
(see arrows in Fig. 5A-C). These dots stain both with the 5SM@mainder of the nucleolar rDNA and which is located adjacent
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to centromeric DNA. Strikingly, this methylated rDNA pool When the MeCP2 distribution is tested in conjunction with
occupies the same position as the transcriptionally inactivan rDNA FISH, it is clear that MeCP2 does not colocalise
rDNA described in Fig. 3, indicating that these pools represemignificantly with the rDNA (Fig. 5I-L). Similarly, when the
the same fraction of rDNA. anti-5MC and anti-MeCP2 antisera are used in a double
As the transcriptionally inactive rDNA fraction appears tolabelling experiment, they overlap to a great extent in the
be methylated more densely, we analyzed whether this rDN&entromeric chromatin regions, but not in the punctate regions
is bound by MeCP2, since this protein has been shown to birtdat were shown to contain inactive rDNA (Fig. 5M-P). Taken
to methylated, transcriptionally silent regions of the genometogether these data indicate that in FVB mouse neurons MeCP2
Moreover, MeCP2 is highly enriched in the brain (Nan et al.is distributed over methylated DNA sequences, with the
1997) and was shown to colocalise with DAPI-positive,notable exception of the transcriptionally inactive and
heterochromatic regions surrounding the nucleolus (Payen stethylated rDNA fraction.
al., 1998). Using a,-satellite oligonucleotide probe (which - )
should localise to the centromeres) in a combined immunddentification of novel neuronal nuclear domains,
FISH experiment with anti-MeCP2 antibodies, we firstenriched in transcriptional repressors
ascertained that the MeCP2 distribution is not altered by theke MeCP2, histone H1 is a factor associated with
immuno-FISH procedure. Indeed, as shown in Fig. 5E-H, th&anscriptionally inactive DNA (Zlatanova and Yaneva, 1991).
MeCP2 antibodies still colocalise with the DAPI-positive We therefore tested whether this protein is detected on the
signal and with thg-satellite probe after the immuno-FISH. In inactive rDNA pool in neurons. For this assay we examined
addition, the anti-MeCP2 antiserum also stains théarge brainstem neurons, since histone H1 is virtually absent
heterochromatin rim surrounding the nucleolus, which idrom Purkinje cells (Garcia-Segura et al., 1993; Payen et al.,
devoid of y-satellite. The results with they-satellite  1998). The combined immuno-FISH results suggest that
oligonucleotide are in agreement with =
previous in situ hybridisation, using ni ; :
translated satellite DNA and peroxid histone H1 merge (+DAPI)
staining methods (Manuelidis, 1984b)
indicate that perinucleolar heterochromati
distinct in its DNA sequence content fri
centromeres. Together the results sugges
the immuno-FISH protocol does not aff
MeCP2 distribution in a detectable manne

Fig. 6. Histone H1 and Eed distribution in neurons. : -
(A-1) To investigate whether histone H1 is present [EaBNEs histone H1
in the inactive, methylated rDNA fraction,
colocalisation experiments with rDNA (red, A,D)
and anti-histone H1 antiserum (green, B,E), or
with 5SMC (red, G) and histone H1 (green, H)
antibodies, were carried out on transverse sections
of mouse brain. In A-C and G-I an epifluorescent
microscope was used to capture the signals, in D-
a confocal microscope. In C, the triple stain with
DAPI is shown, in F and | the overlay of red and
green only. In the neuronal nuclei with a single
large nucleolus, the histone H1 signal partially
overlaps with that of the rDNA, but histone H1 is
also detected in distinct pericentromeric domains,
that remain green in the overlay and that are
indicated by arrows. Bar,jim. In the

colocalisation of 5SMC with histone H1 two nuclei
are visible (G-I), both of which contain 5SMC- and
H1-positive centromeric DNA, as well as >
pericentromeric areas, rich in histone H1 but not injis
5MC (arrows). (J-L) Localisation of the polycomb

group protein Eed. A similar pericentromeric EED/DAPI EED/DAPI
heterochromatic domain, as seen with the histone

H1 antibodies, is stained with a polyclonal o /

antiserum against Eed (green). In J,K one >

nucleolus is depicted, stained with anti-Eed only
(J), or with anti-Eed and DAPI (K). In L the anti-
Eed overlay with DAPI is shown on a different
nucleolus. The data demonstrate that Eed stains
centromeric and pericentromeric heterochromatin.
Bar, 2um.
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histone H1 is present in the centromeric heterochromatin, astaining of coilin is visible (marked by arrowheads). The 5SMC-
the perinucleolar rim and that it overlaps partially with theand coilin positive structures are interspersed, but overlap only
rDNA domains (Fig. 6A-F). Thus, histone H1 associates wittslightly (Fig. 7E,F). These data indicate that cytologically
the inactive rDNA fraction. However, histone H1 is alsodistinct domains, enriched in components of either the
prominently detected in distinct subdomains (arrows in Figtranscriptional repression machinery or of RNA processing
6B), which are adjacent to the rDNA signal and attached toomplexes are asscociated with the nucleolar surface. The
centromeric heterochromatin and/or the perinucleolar rimresults in Fig. 7 agree with the previous studies on coilin
These neuronal histone H1-rich domains could be detectatistribution in rat neurons (Lafarga et al., 1998; Santama et al.,
with two independent antibody preparations (data not shown)996) and present further evidence that the harsh treatment of
Judging from colocalisation experiments, these novel domainzaraffin embedded sections of the brain, as described here, still
do not containy-satellite DNA (data not shown), and no high allows good preservation of intranuclear structure.
concentration of 5SMC (Fig. 6G-I). This pattern of histone H1

distribution is in sharp contrast to the uniform labelling with

anti-histone H1 antibodies, observed in different cultured celDISCUSSION

types (Parseghian et al., 1993; data not shown).

Remarkably, an antiserum against the mammalian Polycomih this report we describe a modified procedure for combined
group protein Eed also appears to detect these ‘H1l-domaing|SH/immunofluorescence, which allows simultaneous
which are clamped between the centromeric blobs andetection of RNA and DNA, or the detection of nucleic acid
perinucleolar heterochromatin (Fig. 6J-L, arrows). Since alseequences with nuclear proteins, on paraffin-embedded
Eed protein was reported to be uniformly distributed insections of mouse brain. Using this method we have examined
cultured cell nuclei (Sewalt et al., 1998; van Lohuizen et althe nuclear architecture of neurons. Since the organisation of
1998), its concentration in pericentromeric chromatin domainthe nucleus and the number and appearance of various nuclear

appears to be specific for neurons. bodies display a great degree of variation in different cell

culture systems, the importance of studying tissue material,
Distribution of coilin in microwave treated, paraffin which represents the actual in vivo situation, should not be
embedded neurons underestimated. Paraffin embedding of tissue allows good

A number of markers, used in this study, such as histone Hfireservation of the three-dimensional nuclear structure,
MeCP2 and 5MC, display staining of the DAPI-positivebut reduces the sensitivity of in situ hybridisation and
heterochromatin rim, surrounding the nucleolus. On the othemmunocytochemistry. Microwave treatment of the samples
hand, previous studies in the rat brain and in cultured neuromelps to overcome the latter problem without significantly
identified a perinucleolar cap structure (also termed ‘rosette’YJisrupting nuclear structure, since the distribution of markers,
which occupies a very similar position in neuronal nuclei anduch as y-satellite DNA and coilin, observed in our
which is stained by coilin antibodies (Lafarga et al., 1998gxperiments, is similar to that described previously (Lafarga et
Santama et al., 1996). To determine the relationship betweah, 1998; Manuelidis, 1984b).

the ‘rosette’ and perinucleolar heterochromatin, we performed Using the combined FISH/immunofluorescence protocol,
colocalisation studies with the 5MC- and coilin-specificwe describe the existence of four classes of chromatin in large
antibodies. In Fig. 7 two optical sections through a singleeurons, which are intimately associated with the nucleolus:
neuron, taken with the use of a confocal microscope, afd) centromeric DNA; (2) a ring of perinucleolar
shown. In the first section a rounded

structure is detected (Fig. 7A, arro
which is located near to the nuclec coilin merge
and very likely represents a Cajal =
coiled) body. In the other section (F
7D) the typical perinucleolar ‘roset

Fig. 7.Coilin and 5MC localisation in
large neurons. Double labelling on a large
neuron using polyclonal anti-coilin
antibodies (A,D, green) and anti-5MC
antiserum (B,E, red). Images were
acquired with a confocal microscope.
Two sections through the same neuron
are shown. In A-C, a section above the
nucleolus demonstrates the presence of
coilin in a round structure, which very
likely represents a Cajal body. In D-F, a
section through the nucleolus
demonstrates the cap-like perinucleolar
staining with the anti-coilin antibodies
(arrowheads). Notice that coilin and 5MC
distributions are mostly nonoverlapping
(merges in C,F).



4472 A. Akhmanova and others

heterochromatin; (3) inactive rDNA and (4) pericentromericand the perinucleolar heterochromatic ring. This observation
Eed and/or H1 positive domains. A summary of the data iprovides a direct indication that MeCP2 is not randomly
presented in Fig. 8, in a model of the transcriptionally activelistributed over methylated CpG sites, but is selectively
and inactive chromatin domains found in large neurons. Thexcluded from methylated inactive rDNA. Perhaps the
presence of the first two classes of chromatin near neuronassociation of MeCP2 with TFIIB, a component of the RNA
nucleoli has been reported in a number of studies, but the latggolymerase Il complex (Kaludov and Wolffe, 2000), underlies
two domains have not been noted yet. Previous reports dillis exclusion. Alternatively, it could be achieved by sequence-
show that in neurons transcriptionally inactive DNA, includingspecific DNA binding proteins that are involved in rDNA
the inactive X-chromosome (Borden and Manuelidis, 1988inactivation. It will be interesting to determine whether any of
and a large inactive DNA repeat of several megabasehke other recently characterized MBD-containing proteins bind
(Manuelidis, 1991), are associated with centromerido the inactive rDNA population. In addition, it will be of
heterochromatin and the nucleolus. The novel perinucleolanterest to examine whether in other cell types MeCP2 is
H1/ Eed-positive domains reported here are also likely texcluded from inactive rDNA.
represent transcriptionally silent DNA, since Eed protein has Histone H1, a linker histone implicated in transcriptional
been shown to associate with histone deacetylases and repregzression (Zlatanova and Yaneva, 1991), was shown to have
transcription in a number of assays (van der Vlag and Otte, repressing effect on the 5S ribosomal genes in vivo (Bouvet
1999). We show that alstnside nucleoli inactive DNA, et al., 1994). There is controversy over whether histone H1
consisting of methylated ribosomal genes, assembles adjacenédiates repression through preferential binding to methylated
to the perinucleolar heterochromatin. These data underscobPNA (Bird and Wolffe, 1999; Campoy et al., 1995; McArthur
the intricate relationship between heterochromatin and inactivend Thomas, 1996). Here we show that histone H1 associates
rDNA (Carmo-Fonseca et al., 2000). Thus, our studies extendith the inactive methylated rDNA fraction, but is hardly
previous experiments and emphasise that large neurons wittdatected in the remainder of the nucleolus, in spite of the fact
single nucleolus have an organisation of heterochromatithat both domains are occupied by the same DNA sequences.
around their nucleolus that appears to separate RNAlthough one could explain our observations by assuming that
polymerase II- (and lll-) transcriptional domains from RNA histone H1 is excluded from the actively transcribing regions
polymerase I-domains. of the nucleolus, our data indicate that in the case of the rDNA
The localisation of an inactive rDNA fraction to a regiongenes, histone H1 does have a preference for the more
adjacent to the centromere, made it possible to determine whaethylated DNA fraction.
proteins bind to this type of chromatin. MeCP2,
which belongs to a small family of prote
containing a conserved methylated CpG-bin
domain, or MBD (Hendrich and Bird, 1998), v
an excellent candidate for binding to inac
rDNA. This protein was shown to bind methyla
DNA in vitro, to localise to methylated regions
the genome and to be highly abundant in k
tissue (Nan et al., 1997; Nan et al., 1993; Nan ¢
1996). Furthermore, recent studies have showr
MeCP2 can interact with histone deacetylases
in this way promote transcriptional repress
(Jones et al., 1998; Nan et al., 1998). Howe
although inactive rDNA clusters appear to
methylated and accessible to antibodies, we ¢
not detect a significant association of MeCP2 '
these clusters. In the same cells, MeCP2 is
abundant within other methylated chromi
structures, such as the aggregates of centrol

nucleus (RNA pol Il and Ill)

centromere
(MeCP2, histone H1, satellite, meth)

inactive rDNA
(histone H1, Eed) o th, histone H1)

e

Fig. 8. Neuronal nuclear and nucleolar chromatin : PNH |
domains. Transcriptionally active and inactive chromatin CB 1 (MeCP2, meth, DAPI)
domains in an FVB neuron. This schematic overview (coilin) 5

summarises the data described here and obtained by
other groups. The single large nucleolus of this neuron is
surrounded by a heterochromatic shell, to which several
distinct, inactive DNA domains are attached, both to the
outside as well as to the inside of the nucleolus. The
protein and DNA composition of each domain is
indicated. The heterochromatin ring thus serves as an
attachment site for inactive DNA. CB: Cajal body; meth:
methylated DNA; PNH | and —II: perinucleolar
heterochromatin domain | and —II; PNC: perinucleolar
cap (also called ‘rosette’).

(coilin)

nucleolus (RNA pol 1)
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The fact that the inactive rDNA fraction, adjacent toextrachromosomal rDNA circles, which cause aging in yeast
perinucleolar heterochromatin, is highly methylated, stronglySinclair and Guarente, 1997). Whether similar mechanisms
suggests that also in the rDNA genes methylation anglay a role in aging in vertebrates needs to be shown, but it is
transcriptional repression are intimately linked processegossible that aberrant polymerase Il activity within the
However, methylation can only explain part of the inactivatiomucleolus and DNA repair processes associated with it could
of rDNA genes in any given cell type, since the methylatiorpromote recombination between tandem rDNA repeats and
patterns of the rDNA genes appear to be set early ithereby promote aging. Such processes would have extremely
development and they do not differ between rDNA isolatederious consequences, especially in cells with very long life
from different tissues (Bird et al., 1981), while rDNA activity span and high proportion of active rDNA repeats, such as
does differ drastically between cells from different tissues, aseurons. Thus, the strict separation of transcriptional domains
we have shown here for granule cells of the cerebellum ardkscribed here could reflect the necessity to maintain high
Purkinje cells. It is tempting to speculate that the perinucleolalevels of pre-rRNA transcription without deleterious effects on
methylated and inactive rDNA fraction represents (part of thethe structure of the rDNA genes.
constitutively inactive rDNA genes, which were proposed to
exist in the case of human rDNA genes (Brock and Bird, 1997). We thank all colleagues that generously send aliquots of their
The remainder of the rDNA genes are distributed within th&ntibody preparations. We also thank B. Eussen (Dept of Clinical
nucleolus, in a thread-like pattern, containing a number @e”rie(;:gz'ﬁEr:zsrtl‘_‘;]?sug‘s";;'éﬁ) Lf/’;smzl:‘;;%r‘;‘gbh Eitt't?lge ”got;‘; '%szliuh
knots (see Figs 2, 3, 5, 6). These might represent the active gﬁﬁ’ ’ . . .
facultative inactive population of rDNA genes, which is IessFoﬁggg?;nozsAL\r}vsf ggg Sggﬂges (KNAW) and the Life Sciences
methylated and appears to contain little or no MeCP2, or IR
histone H1.
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