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ABSTRACT

By using formaldehyde cross-linking of histones to
DNA and gel retardation assays we show that for-
maldehyde fixation, similar to previously established
psoralen photocross-linking, discriminates between
nucleosome- packed (inactive) and nucleosome-free
(active) fractions of ribosomal RNA genes. By both
cross-linking techniques we were able to purify
fragments from agarose gels, corresponding to cod-
ing, enhancer and promoter sequences of rRNA genes,
which were further investigated with respect to DNA
methylation. This approach allows us to analyse
independently and in detail methylation patterns of
active and inactive rRNA gene copies by the combina-
tion of Hpall and Mspl restriction enzymes. We found
CpG methylation mainly present in enhancer and
promoter regions of inactive rRNA gene copies. The
methylation of one single
promoter region, showed particularly strong correla-
tion with the transcriptional activity.

INTRODUCTION

Hpall site, located in the

We have used an alternative technique to distinguish between
the two different classes of ribosomal chromatin, namely
formaldehyde cross-linking of histones to DNA. This technique
was developed to examine the arrangement and interactions of
nucleosome componentd0E12). In functional studies, for-
maldehyde fixation was used to detect the chromatin rearrange-
ment in RNA polymerase 1l genek3(15). Here we show that
formaldehyde fixation can discriminate successfully between
active and inactive rRNA gene copies and allows the purification
of the DNA from both classes of ribosomal chromatin for further
analyses.

Substantial evidence indicates that DNA methylation may play
a role in inactivating gene function and in the propagation of this
inactive state in cell generations (for reviewslseé 9). Several
studies attempted to correlate DNA methylation and the trans-
criptional activity of rRNA genes. A loss of rDNA methylation
during the onset of rRNA gene transcription was observed in
early development ofenopus laevi§20). Furthermore, it was
shown that in somatic cells énopusmouse 0,21) and plants
(22,23), only a fraction of rDNA is undermethylated at specific
sites in the intergenic spacers and in coding regions. The amount
of unmethylated genes varies between mouse species and is
proportional to the DNAse | sensitive fractidtil); In wheat,
cytological measurements suggest that the volume of nucleoli

In cells of higher eukaryotes, two distinct chromatin structures aluring interphase is related to the size of secondary constrictions
rDNA coexist (—4). Their proportion is tissue specifis)@nd in metaphase chromosomes and corresponds to the activity of
represents two different transcriptional states—active and inactisecleolar organisers2®). Active nucleoli containing high
ribosomal RNA gene copie$)( In the cells of most eukaryotes numbers of transcribed rRNA gene copies with long intergenic
the repeated rRNA genes are present in >100 copies per csflacers (a large number of enhancer repeats) were found
organised in tandem arrays. In the diploid genome of rat, 2@deferentially undermethylated3), compared with rRNA gene
copies are organized in six chromosomal dom&ins ( copies, with short and highly methylated non-transcribed spacers.
Several techniques have been developed to measure the fracliberefore, in wheat a correlation exists between the length of the
of actively transcribed ribosomal RNA genes. Muscarella andtergenic spacer and DNA methylation. This approach, however,
co-workers {) took advantage of the preferential association ofloes not distinguish between active and inactive rRNA gene
topoisomerase | with the coding region of transcribed rRNAopies with the same length of intergenic spacers. In differen-
genes to determine the proportion of active gene copies in norntiated mammalian cells direct evidence is lacking for the role of
and aneuploid chicken embryo fibroblasts. Hetfal (8) DNA methylation with respect to rRNA gene transcriptional
described a cytochemical method to estimate the number of actadivity. Since formaldehyde fixation and psoralen photocross-
rRNA genes in individual cells. The accessibility of DNA inlinking allow us to separate and isolate transcriptionally active
chromatin to psoralen is probably the most accurate assayawd silent rRNA gene copies, we analysed the distribution of
guantify the proportion active and inactive rRNA gene copiesethylated CCGG sites in different domains along the rat rDNA
(1,2,4,5,9). locus. Our results suggest that in rat cells, there is no particular

*To whom correspondence should be addressed. Tel: +41 1 633 3343; Fax: +41 1 633 1069; Email: sogo@cell.biol.ethz.ch


https://core.ac.uk/display/85210089?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1734 Nucleic Acids Research, 1997, Vol. 25, No. 9

correlation between the intergenic spacer length and rRNA geard the filters were hybridized and washed according to the
activity. Methylated sites are predominantly present in inactivBioRad instruction manual. Rat rDNA probes used for hybridiza-
rRNA genes and are not uniformly distributed, but concentratdins, derived from enhancer (pUC/BS), coding (pUC/EB) and
mainly in the regulatory elements like enhancer and promotpromoter sequences (pUC/BH) cloned in pUC 18 (Hiy.The

sequences. There is almost no detectable methylation in tk@bes were labelled by random priming (Pharmacia). After
coding regions of both active and inactive rRNA gene copies. hybridization (when necessary) the filters were placed in

Phosphorimager cassettes and quantified (Phosphorimager; a

MATERIALS AND METHODS trade mark of Molecular Dynamics was used with the kind

o _ permission of Prof. Ch. Weissman) after several days of exposure.
Formaldehyde fixation of nuclei

Nuclei from rat liver and rat cell lines were prepared according 9esyLTS

the procedure of Hewish and Burgoyfé)(@nd cross-linked by

formaldehyde using a slightly modified protocol to that ofFormaldehyde fixation and characterisation of ribosomal
Solomon et al (13). Aliquots of nuclei were washed and chromatin

resuspended (1.5x 1 nuclei/ml) in cross-linking buffer

containing: 25 mM HEPES pH 7.8, 0.1 M NaCl, 0.15 mM EDTAFormaldehyde fixation allows the cross-linking of histones to
pH 8 and 20% glycerol. Formaldehyde was added to a finBINA in vivoandin vitro (12,13). Formaldehyde added to intact
concentration of 1% for 4 h af@ with slow agitation. After cells or nuclei forms a network of DNA—protein, RNA—protein
cross-linking nuclei were pelleted, washed several times in T&hd protein—protein adducts, which prevents possible rearrange-
(10 mM Tris, pH 8, 1 mM EDTA) and incubated for 4 h &t@7 ments of the cellular (or nuclear) components. Treatment of
in TE containing 1% SDS and proteinase K (1§dnl). The total DNA-histone complexes with non-specific proteases does not
DNA—peptide adducts were extracted twice with phenol/chlordead to complete digestion of the covalently bound proteins
form and chloroform and then ethanol precipitated. Cross-linkgd0,12). After purification of the DNA and DNA-—peptide
DNA—peptide complexes were dissolved in TE and then storedaimplexes followed by restriction enzyme digestion, DNA—
4°C. Lately, for formaldehyde fixed nuclei of the cell lines thehistone peptides adducts migrate in neutral agarose gels with
deproteinization step was reduced to one phenol/chloroforraduced electrophoretic mobility compared with naked DNA

extraction. (10,12,13). Formaldehyde-mediated cross-linking is reversible
by mild temperature treatment and results in peptide-free
Psoralen photocross-linking undamaged DNA1().

) ) ] ) In order to test the reliability of the formaldehyde cross-linking,
Nuclei were photocross-linked with thrimethyl psoralen agye performed the experiments in parallel to psoralen photocross-

described previouslyl. linking, which vyields detailed information on the structural
. organisation of ribosomal chromatin. Similar to formaldehyde
Cell lines fixation, the extent of psoralen cross-linking is detectable in a gel

N1-S1 Novikoff rat hepatoma cell line was obtained from th etardation assay. The more a DNA fragment incorporates

: - ; len, the slower it migrates in a native agarosé.)gel (
ATCC collection (ATCC CRL 1604) and grown as advised in th@sora .
supporting instructions. C6 rat glyoma was a gift from Prof. We used DNA from formaldehyde or psoralen cross-linked

U. Suter. C6 cells were cultivated in Dulbecco’s modified Eagle#?cfart‘u%e,\'lf SggilzzertehgeioGHS (ﬂf:?gﬁ)fregurﬂﬁgédgrll\lv:df:g%n
. o .
medium supplemented by 10% foetal calf serum. untreated, psoralen or formaldehyde cross-linked nuclei was

: : . restricted witfEcdRlI. After electrophoresis in 1% native agarose
EcoRI digestion of nuclei gel, the 6.5 kbEcoRI fragment of both formaldehyde- or

Rat liver nuclei (1 ml 1.5 105 nuclei/ml per sample) were PSoralen-treated samples is resolved as two bandidfaigd e).
cross-linked with psoralen or formaldehyde, washed twice withS described previouslyl), the psoralen cross-linking assay
restriction buffer and incubated with 100BdcRI. After 1 h of ~ allows one to distinguish between two different classes of rRNA
digestion the reaction was stopped by EDTA (10 mM fina@€nes coexisting in the same cell population (fijg.The slowly
concentration) and total DNA was purified. Each sample wa¥igrating s-band (DNA more accessible to psoralen) represents
divided into two aliquots. The first aliquot was redigested withhe class of nucleosome-free, transcriptionally-active rRNA
Pst and the second one with bd®st andEccRI. All samples ~ 9€nes, vyhergas the less r_etarded f-band contains nucleosome:
were finally ethanol precipitated, redissolved inldading buffer ~Packed inactive gene copies (less accessible to psoralen). In

and run in 1% neutral agarose gels without ethidium bromide Purified formaldehyde-treated material the 6.5 kb fragment is also
resolved into two bands in neutral agarose gels1&)jgThe shift

of the slower band depends on the extent of proteinase K
digestion, leading to shortening of the DNA-attached histone
Cross-linked and untreated DNA were digested using standgdptides (Figle). After 48 h of digestion the two bands migrate
Boehringer restriction buffers and enzymes. For cross-linkegery close to each other. We suggest that the upper band, whose
DNA, three times more enzyme was added than recommendeddhyft depends on the extent of proteinase K treatment, possibly
the supplier. Digested DNA was run in agarose gels. represents nucleosome packed inactive rRNA gene copies. Active
Enhancer and promoter fragments were eluted from agara$@NA genes (containing no or less cross-linkable histones) accumu-
gels using QIAEX Il Gel Extraction kit (Qiagene). Alkaline late in the band with mobility close to the untreated control DNA.
Southern blotting was done on Pall Biodyne B membrane (Pallhis assumption is tested by the experiments described below.

Gel electrophoresis, transfer and hybridization
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Figure 1. Psoralen and formaldehyde cross-linking of rat liver ribosomal chromatin and its acceskbiidltdigestion. (a, b and c) Structural organisation of the

rat RNA gene unit.g) EcaRl andPst restriction map of rDNA unit.h) Organisation of the enhancer region and 45S rRNA coding sequencaisos the
heterogeneity of the enhancer fragments and the cutting sikdisfbfind Hpall restriction enzymes. 2.3, 1.3 and 1 kb enhancer fragments can be observed
preferentially in rat liver nuclei and mostly 1.3, 1 and 0.76 kb in the used rat cell lines. The hybridisation probes containing rDNA fragments subcloned in pUC
(25), pUC/SB , pUC/EB and pUC/BH are shown below the corresponding regions of the structutdlIs@ated rat liver nuclei were photoreacted with psoralen

and the DNA was purified, digested BgdR| and fractionated in 1% agarose gel (lane 2) alongside the uncrosdtinketidigested rat liver DNA (lane 1).

(e) Isolated rat liver nuclei were cross-linked with 1% formaldehyde. Proteinase K digestion time is indicated. DNA, carrying covalently bound short histone peptic
wasEcaRlI-digested and electrophoresed in 1% agarose gel (lanes 2—-6) in parallel to DNA from control untreated nuclei (lane$) 1satate).nuclei were
cross-linked with psoralen or formaldehyde, washed with the appropriate restriction buffers and digdsteRMiEeoR| in nuclei is known to have access only

to transcriptionally active rRNA gene copies. DNA was purified, digestedPsitland loaded on the gel (lanes 2 and 5) or redigestedEadiRI before loading

to visualise both populations of inactive and active rRNA gene copies (lanes 3 and 6). DNA from untreated nuclei digesiet(leities 1 and 4) is shown.The
differences in yield in cleaving the active rRNA genes in nuclei after psoralen and formaldehyde cross-linking seen in lanes 2 and 5 were not further investiga

Accessibility of DNA in nucleosome-free ribosomal chromatin  alongsideEcaRI-digested, uncross-linked rat liver control DNA
to EcoRl (Fig. 1f, lanes 2-3 for psoralen and 5-6 for formaldehyde
Conconiet al (1) demonstrated that in intact nuclei restrictioncross'“nkeq fT‘a“?”a" respecnvely). .
enzymes preferentially recognise and digest active rRNA genes.After hy.br|d|sat|0n with a probe_, complementary_to the coding
WhenEccRI digested nuclei were psoralen cross-linked, only thE?NA region,EccRl treated nuclei showed a prominent band at
slowly migrating band, corresponding to active rRNA gened;13 kb corresponding to thiest fragment, i.e., to the DNA of
could be released. We repeated this assay using rat liver nuélgctive genes not accessibleBoRI in intact nuclei (Figlf,

(Fig. 1f) cross-linked with either psoralen or formaldehyde. Bot#anes 2 and 5). In the case of the psoralen cross-linked sample, a
cross-linked nuclei samples were digested BittiRI. The DNA ~ band corresponding to the slowly migrating band of the 6.5 kb
was purified and half of each sample was additionally redigesté@dRI doublet was detected (Fitf, lane 2). For the formalde-

with EcaRl. All four aliquots were restricted witPst to reduce  hyde-fixed nuclei, a single band of 6.5 kb is mainly seen1Fig.

the size of uncut DNA and were electrophoresed in agarose gkelse 5), but here with mobility close to that of untreated control
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a b and electrophoresed either in the presence or in the absence of
{EtEn (+E1Br) 010) ethidium bromide. As control, only psoralen or only formalde-
Pr -+ -+ * + Faw, s XK. hyde cross-linked samples were loaded. In absence of ethidium
L L A, == bromide, as shown previously (Fitd and f), the restriction
I L vem) (R - nact fragments of the formaldehyde or psoralen cross-linked samples
- e were resolved as doublets (Rlg, lanes 2 and 3). However, in the
- ﬁ{;- uﬁdd? double cross—ligkeddsamlele, thedG.S lgb rdReNE\T Icoding) fraﬁqment
migrates as a broad single retarded ban iglane 4). This
s {mm iy -"n.% ., QOO result suggests that the slowly migrating fragments from the
i e formaldehyde experiment (inactive rRNA gene copies) comigrate
R g e T == ol with the h_eawly psoralen cross-linked DNA fragments (acpye
- fnazs. gene copies). When we rerun the same samples in ethidium
8 6788 100 bromide containing gels the relative mobility of the formaldehyde

derived doublet remained unaffected (@, lane 7), whereas
Ffi]gure t2 %%b'?i_ PSOfa“T”_ and fOFma"lj,eLWge _?rf]oss"i”ri”gf(’f fi?gsﬁn;a' the psoralen cross-linked material is visualised as a single sharp
chromatin. &) Rat liver nuclei were cross-linked with psoralen, formaldehyde : : . s N
or both, and the purified DNA was digested vitoRI Ft]o obtain the 6.5 kby band (F|g2a, lane 6)' The mte.rcalatlon .Of ethl(_il_um bromide in
fragment of the coding region. Samples were run in a neutral 1% agarose gkt NA appears to mask the difference in mobility between the
without ethidium bromide (lanes 2—4) in parallel to control DNA from untreated Slightly and heavily psoralen cross-linked rRNA geoputa-
nuclei (lane 1), or in a similar 1% agarose gel containing@ral ethidium tions. The DNA fragments derived from the formaldehyde and

bromide (lanes 6-8). Lane 5 is the same control DNA as in lane 1. In presen soralen double cross-linked samples are now resolved as a
of ethidium bromide, the psoralen-derived doublet of the 6.5 kb fragmenﬁg P

migrates as a single band (compare lane 2 with 6), whereas in the formaldehy&ié)qble_ band in _the p(e.f,ence of e_thld'um b_ro'mldezﬁlgane 8),
gel retardation assay the doublet is seen in presence and absence of ethididiicating that in ethidium bromide containing gels the retarda-
bromide (compare lane 3 with 7). After double cross-linking with psoralen andtion of some of the material leads to visualisation of the two
formaldehyde (lanes 4 and 8) the 6.5 kb fragment can be visualised as a dOUbﬁbpuIations of fragments maimy due to the presence of bound
only in gels containing ethidium bromide (lane 8—for the details see Bxt). ( peptides

" .

Eluted DNA from bands | and Il was reanalyzed in two parallel gels. In the firs . .
one (upper panel), containing ethidium bromide, the samples were loaded |h€ two bands of the DNA from d_O_Uble cr_os_s-llnked UUC|G|
directly after gel elution as indicated in lanes 2 and 3 in parallel to the startingvere eluted from agarose gels containing ethidium bromide and
material of lane 8 in (a) (lane 4). In the second gel without ethidium bromidereanalysed. In presence of ethidium bromide, aliquots of bands |

go""er pane) the same Izar}:]pclies rere “"(‘I beforg ('agei); and 9) and aftging || were loaded alongside to double cross-linked material of
ecross-linking of formaldehyde adducts (lanes 8 an . As a referenc : . P
EcdRI cleaved DNA from psoralen cross-linked nuclei was run in the same geT;‘ne 8 (Fig2b, upper panel). Clearly there is no cross-contamination

(lanes 6 and 11). etween the two eluted samples. In a second gel without ethidium
bromide, aliquots of bands | and Il were run after decross-linking
. . ) ) of the formaldehyde induced adducts (Rig. lower panel). As
DNA (Fig. 1, lane 4). In the aliquots in which the DNA was y5rker, DNA from nuclei cross-linked only with psoralen was
redigested witlecaRlI (Fig. 1f, lanes 3 and 6), the doublets were|y54eq (Fig2b, lower panel, lanes 6 and 11). As expected, in the
seen as expected, both for the psoralen and the formaldehyigence of ethidium bromide, the DNA from bands | and I of lane
cross-linked nuclei and t_he 13 IRI?II band disappeared to a large g i, Figure2a show the same mobility (Fp, lower panel, lanes
extent. The resulfts qf this experiment suggest.that, as opposegtgnd 9). The two decross-linked bands | and II, however,
psoralen cross-linking, the rDNA from active gene Copi€gsrrespond exactly to the material cross-linked only with
migrates faster than that from the. inactive _rRI\!A gene copies afterralen (Figb, lower panel, compare lanes 8 and 10 with 6 and
formaldehyde treatment of nuclei: in fact, it migrates similarly t 1). Note that under these conditions (absence of ethidium
the control 6.5 kbEcaRI fragment. This indicates that the promide), the fast migrating band | of lane 8 (Ba).is retarded
transcrlptlon_ally active rR_NA gene copies carry few formaldep,qre (Fig.2b, lane 7) than the slowly migrating psoralen band
hyde cross-linkable proteins. after decross-linking of the formaldehyde adducts @glane
The ratio of nucleosomal and non-nucleosomal 6 BddRl  g- 1oy explanation see Discussion).
fragments achieved by formaldehyde fixation and psoralen pyom these results we conclude that formaldehyde fixation as
photocross-linking in the first experiments (Figand f) appears ysoralen cross-linking) appears to distinguish between nucleo-
to be different. Formaldehyde cross-linking yields more actiVeyma| and non-nucleosomal rDNA, or based on previous
rRNA gene copies compared with the psoralen assay. W§idence with psoralen cross-linkind),(between inactive and
supposed that this discrepancy might be due to the preferentigliye rihosomal chromatin, respectively. Therefore, formalde-
loss of DNA-histone peptide complexes during the deprotelmg—é/de fixation can be considered as an alternative approach to

ation step. Later, by reducing the phenol extraction we achievgflestigate transcriptionally active and inactive rRNA gene copies.
similar values with both cross-linking techniques, but we used

mainly psoralen photocross-linking for quantification.
Methylation of active and inactive rRNA genes in rat liver

Psoralen and formaldehyde double cross-linking in chromatin ~ nuclei

In order to compare the two populations of rDNA fragment®NA methylation has been reported to play a role in the

which are obtained when nuclei are cross-linked either wittepression of some RNA polymerase Il transcribed genes, as well
psoralen or formaldehyde, a double cross-linking was performead.the establishment of the inactive chromatin state (for review see
Rat liver nuclei were first psoralen cross-linked followed by20). Since we are able to separate DNA fragments from non-
formaldehyde fixation. DNA was purified, digested wiitcRI ~ nucleosomal, transcriptionally active and nucleosomal, transcrip-
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tionally inactive rRNA gene copies, we analysed the relationship a i
between methylation and transcriptional activity of rat rRNA S 5 e
genes applying both the formaldehyde and psoralen assays. —A+ T 7 com—
DNA from untreated, psoralen cross-linked or formaldehyde L T
fixed rat liver nuclei was first digested with the appropriate ¥ bt e
enzymes. Each sample was divided into three aliquots and two of = e 2
them were redigested witHpall (sensitive to methylation in o A
position CCmGG) dvisp (insensitive to methylation in the same mm——
CCGG site). b
WhenEcdRI digested DNA (to obtain the 6.5 kb fragment of Hahve DHA faorbn HAD
the coding region) was incubated witpall or Msp, even £ _H. E HM otd

loading four times more DNA per gel slot than usual, we detected
hardly any sequences methylated in all CCGG sites throughout
their full length (data not shown, but see Ba).

Rat rDNA Pvul-BanHI enhancer fragments show a broad
length heterogeneity6{25), consisting of variable numbers of
135 bp repeats (Figa). In liver nuclei, we found 2.3, 1.3, 1 and
some 0.76 kb long enhancer fragments, contairiifg10, 8 and

25 | | . a-

6 135 bpHinfl repeats (Fig3a and b, lane 1). Each 135 bp repeat P - :. = |
carries twoHpall sites which can be potentially methylated | ot | |& K -
(Fig. 3a). DNA purified from either psoralen or formaldehyde § 3
cross-linked samples reveals double bands for the 2.3 and 1.3 kb o7s == i F
Pvul-BanHI fragments (in the case of formaldehyde also for the 123 e T8
1 kb fragment; see Figb, lanes 4 and 7Hpall-resistant DNA
(Fig. 3b, lanes 5 and 8) is detected only for the fragments c d
originating from nucleosomal DNA, i.e., the fast migrating bands e e G i
in case of psoralen (Figb, lane 5), or the slowly migrating bands TCHMCHM G H W Nk, M.
in case of formaldehyde cross-linking (Falp, lane 8). In the 139 48880 RNl
Msp lanes (Fig.3b, lanes 3, 6 and 9) the DNA appears to be e - SRR
completely digested. These results indicate that methylated =
CCGG sites are predominantly located in nucleosome-packed, =
i.e., inactive enhancer regions.

In order to estimate the extent of methylation in nucleosomal - =
and non-nucleosomal enhancer fragments, we eluted the two the —}. - an e e -
fractions from agarose gels. We used psoralen cross-linked e 0.8

material to separate and purify the DNA corresponding to the
1.3 kb enhancer bands. Material from several gels was pooled. Agure 3.Methylation of rRNA gene enhancers in ratliver nuaiSructural
control the total population of 1.3 kb enhancers from untreate@fganisation of rat rRNA gene enhancer region. The heterogeneity in length

. . , 1.3 and 1 kb) @danHI-Pvul enhancer fragments, composed of 16, 10
nuclei was eluted the same way. Eluted samples were redlges short 135 bp repeats, is shown. The positioHgfifandMspl restriction

with Hpall or Mspl and reanalysed in 1.8% agarose gels @€lg.  sites and the hybridisation probe (pUC/SB) in enhancer repeats are indicated.
Since every 135 bp repeat carries tdeall sites, the lack of  (b) DNA from untreated (lane 1), psoralen (lane 4) or formaldehyde (lane 7)
methylation in one of them is sufficient to lead to the disappealcross_t-_"”kﬁd rat 2"ng nlécilaeimwas digetsﬁe? t\_l\mb_a". a Ftl_pG Imethyéatgon d

: sensitive (lanes 2, o an B, a me ation-insensitive (lanes s, b an
ance of the entire 1.3 kb _fra_gment. Afﬂdpall and Mspl .9) restricti(on enzymec) To Lnalgj/se the m)tlathylation of the fu(II size enhancer
treatment most of the material is found as short f_ragments (F'Q_egions, the 1.3 kb fragment from untreated nuclei [for reference see lane 1 in
3c, lanes 2, 3, 5, 6, 8 and 9) of 135 bp (only one site per repeal(is] and the DNA from bands corresponding to active and inactive 1.3 kb
accessible tdHpall) or 113 and 22 bp (when both sites are enhancerfragments from psoral(_—}n cross-linked material [for reference see lane
accessible tipall andMspl). The short 113—135 bp fragments 4 in (b)] were gel eluted and redigested wifiall (lanes 2, 5 and 8) dnspl

- - - Jlanes 3, 6 and 9)dj Methylation of 135 bp repeats was tested using eluted

We_re not resolved in this type of gel aﬂd comigrate as a broad s -3 kb fragments from formaldehyde cross-linked sample [for reference see
(Fig. 3c, lanes 2, 3, 5, 6, 8 and 9). Faint banddpad|-resistant  |ane 7in (b)]. The purified DNA was digested vitinfl [lanes 1 and 3; see also
material is detected in the control DNA and in the nucleosomgh)] followed byHpall (lanes 2 and 4—four times more DNA was loaded). As
1.3 kb enhancer fragments (F[@p, lanes 2 and 5)_ In these @&size marl_(er_ (lane 7) the BRL 123 bp_ D_NA ladder was used. H and M in (b)
nucleosomal 1.3 kb enhancer fragments there are alstplags '€ 2oPreviations dipall andMspl restriction enzymes.
113-135 bp digestion products compared withvisig digestion
products (Fig.3c, compare lanes 5 and 6). In the sample
corresponding to the non-nucleosomal population of the 1.3 kiagments both blipall andMspg. Around 17% of nucleosomal
enhancers most of the DNA appeared to be digestdgdihand 1.3 kb enhancer fragments have all gl sites methylated
Msp to the same extent (Figc, compare lane 8 with 9). These compared with0.5% of the non-nucleosomal enhancers.
indicate that a small portion of nucleosome-packed enhancer§o determine the proportion of methylateighall sites in
have methylateHipall sites along the full 1.3 kb length (FRe,  individual 135 bp enhancer repeats, the purified 1.3 kb bands
lanes 4-6), whereas in the nucleosome-free fraction 3Ejg. were first cut withHinfl (Figs 3a and4c). To obtain the two
lanes 7-9) most of the material is degraded to 113-135 Ipppulations of nucleosomal and non-nucleosomal enhancer
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repeats (Fig3d, lanes 1 and 3) we used DNA from formaldehyde
cross-linked nuclei, in order to avoid partial digestiorioffl,
which was observed after psoralen cross-linking (not shown).
Redigestion of 135 bHlinfl fragments byHpall demonstrates

that in the nucleosome-free repeats most of the material is
i degraded and some accumulates in a fragment of 80 bdFig.
Lo compare lane 1 with 2), whereas nucleosomal repeats are more
b, resistant toHpall (Fig. 3d, compare lane 3 with 4). The
_ s, guantification data shows that up to 58% of 135 bp repeats arising
| ' from nucleosomal enhancers are methylated at the two possible
positions. Although this proportion is rather high according to
only 17% of the fully methylated 1.3 kb enhancer fragments, it
means that for the rest of the nucleosome-packed enhancers a
least one of the 135 bp repeats is unmethylated. In the
non-nucleosomal population the amount of methylated 135 bp
repeats corresponds to 9%—the data are the average of five
B e independent experiments.
P ”'“'H_”i_ Ty i In conclusion, in rat liver nuclei the methylation is prominent
A mainly in nucleosome-packed enhancers, however not uniformly
—d distributed. Some of the non-nucleosomal enhancer fragments
are methylated as well, although to a very low extent.
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Methylation of rDNA in rat cell lines

G23456788 125458u
- —~ ®= = -5 The results described in the previous paragraph are consistent
with the suggestion that in the regulatory enhancer elements of rat
liver nuclei a correlation exists between the transcriptional
activity of rRNA genes and the amount of methylated enhancer
sequences. In mammalian cells a certain cell type has a defined
- - e M number of transcriptionally active and inactive rRNA gene copies

(1,5). Since the amount of methylation in rDNA has also been
described as cell type and tissue specifg:2(1), we wanted to
examine if the extent of methylation correlates with the amount
of inactive rRNA gene copies. We choose two rat cell lines, which
showed a clear difference in the amount of active and inactive
rDNA fractions. C6 glyoma cell line showB5% of transcrip-

ore L R tionally inactive rRNA gene copies (Fig, lane 2). In contrast,
e e tss T W in the N1-S1 hepatoma cell line most (>80%) of the rRNA genes

are active (Figd4a, lane 5). Aliquots of DNA purified from

Figure 4. Different methylation patterns of coding and enhancers regions of ra ; ; ; ;
C6 and N1-S1 cell linesa)Isolated nuclei from C6 and N1-S1 cell lines were tformaldehyde crostinked nuclei of both cell lines were dlgeSted

formaldehyde cross-linked, the DNA was purified and digestedBeiRI. with Hpall OI’_ Mspd to an_alyse the methylation density of
Methylated sequences in the 6.5 kb rDNA coding fragment (lanes 2 and 5) wer@nhancer regions and coding sequences.
analysed in both cell lines Bypall redigestion (lanes 3 and 6p)(For the ~ As can be seen in C6 cells (Fidp, lane 3), the retarded band
g’;ﬁqcaer:é‘;%righoebgi\r‘ﬁﬁ:rl'f'gdlfg’r:g %rgzsl'('l')”gﬁg;nucﬂf'f:’;zfn‘é'ggszg‘:‘;Vs”hcorresponding to nucleosome organised enhancers is considerably
and 5; see also Fig. 1). The preéence of methylated DNA was determined _)?SIStant t(!Hpa” dl_geStIO_n. Similar results can be Observ_ed even
Hpall redigestion (lanes 3 and 7) kispl as a control (lanes 4 and 8). As ¢ I the coding region (F“Eﬂa_, lane 3). As described previously,
(lanes 1 and 5 for the enhancer region and lanes 1 and 4 for coding sequenceehien the bands corresponding to nucleosomal and non-nucleosomal
Ines onhancer regions. Srucuraland ESiicion M f 1EDERIEd SOTENS areme aerenoct reclye i Wi (s 3 o o ol
shown. Black thick lines indicate the productsioffl (135 bp) orHinfl plus f undi d ial d di ’ h ! h y in f n
Hpall digestion (80, 33 and 22 bp) of 1.3Rbul-BanHI enhancer fragment. 0 lj'n '9e5te materia Wa§ etected in the enhancers in front o
(d) DNA eluted from the bands corresponding to 1.3 kb non-nucleosomal (lanéCtive ribosomal genes (Fidd, lane 5). Only 0.8% of the full
4), nu_cleosomal (lane 7) or to the unfracti_onated population (uncr_oss-linkedength fragment IS resistant ﬂdpall_ When the extent of
:‘:(;';éé?gg v;{r:;alr?g‘;] ESGQESeg:gggﬁsg‘ (gﬁecsegs 6(2‘;‘3 S;Z)?lFégka) Wagnethylation was determined by the combinatiotffl and

, ) . ! o .
enhancer fragments of N1-S1 cell line were eluted from untreated (lanel) olr_lpa”’ as described above (F@)’ (1% of smgle 135_bp_repeats
formaldehyde cross-linked nuclei (lane 4) and redigesteipay(lanes 2and ~ derived from non-nucleosomal enhancers remain intact after
5) orMsp (lanes 3 and 6). Lane 7 is BRL 123 bp ladder size marker. Note thaHpall digestion (Fig4f, lane 4). In contrast, we foun@6% of
in N1-S1 cell line most of the rRNA genes are active and, therefore, onlyCg 1.3 kb nucleosomal enhancers methylated along their full length
non-nucleosomal enhancer elements were analysed [see (a) I8n&.3klf _ Fig.4d, lane 8). A ladder cbipall digestion products (Fig,d, lanes
eluted enhancer fragments from C6 cells (see lanes d1, 4 and 7) were digestgd d h domlv distributed hvlated si
with Hinfl to obtain 135 bp enhancer repeats (lanes 1, 3 and 5) which wer: an 8) repr_esents the randomly distributed unmethylated sites
further treated wittHpall (lanes 2, 4 and 6)gf The same as (d) but with 0N the heavily methylated nucleosomal 1.3 kb C6 fragment.

enhancers derived from N1-S1 cell line. Among the single 135 bp repeaBl % remain resistant kpall
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(Fig. 4f, compare lane 5 with 6), which means that they are

methylated at bothipall recognition sites. a

In N1-S1 rat glyoma no detectable methylation was observed =
neither in the coding region (Figa, lane 6) nor in the corresponding i - L - i
enhancers (Figtb, lane 7, and Figle and g). ;',T" T T

gamHl  Heall "’i-i- H:tdll'l

Methylation of a singleHpall site near the rRNA gene e et
promoter F— 570
In contrast to the genes transcribed by RNA polymerase I, the o
analysis of rDNA intergenic spacers in different species did not b c d
reveal any consensus sequence near the transcription initiation ENE il cs N1
sites (for review se26). However, there is a certain similarity in
the organisation of regulatory elements like enhancers and &F «ﬂf? & & &
transcription terminators in rDNA intergenic spacers of different A8 eﬁi B ."‘96 Tot. DNA
eukaryotes §,26,27). In some organisms a single conserved C N e o iih
Hpall site can be found close to the transcription initiation site of
the rRNA genes. Several reports point out a correlation between
the methylation of this site and the transcriptional activity L e
(23,28). Using formaldehyde fixation, we examined the methyla- 1. - - |- 135bp
tion of a singleHpall site located 145 bp upstream from the +1

nucleotide in the rat rRNA gene promoter (/5a).

We analysed the 405 bpanHI-Hindlll fragment which
carries the rRNA gene promoter region and the transcriptiofigure 5. Methylation of a singleipall recognition site at position —145 in the
initiation site (Fig.5a). When total genomic DNA, Originating rDNA promoter region.d) Structural and restriction map of rat the rDNA

. . . . egion 5 around the transcription start site. To purify the promoter fragments
from rat liver nuclei or from the two rat cell lines described abov rom formaldehyde cross-linked nuclei the DNA was first digeste dBaitti |

after treatment witBanH| andHindlll, was redigested bypall andPvu (1.3 kb downstream of the transcription start site) to obtain a 1.7 kb
a different amount oHpall-resistant promoter fragments was fragment, which can be resolved as two bands in the formaldehyde gel
observed in samples (Fligh, ¢ and d, compare lane 1 with 2). To retardation assay using 1.6% agarose gels. After elution, the samples were
confirm that theHpall-resistant material represents promoters ijn"édigested wittiindlll to discard the majority of the coding sequences from
front of inactive rRNA total DNA ified f f lde- promoter region. Hybridisation pr(_)be spans along the whole 4Barhigd|—

| genes, total DNA purinied from formailde- pingiii promoter fragmentRestriction fragments, which are expected to be
hyde cross-linked nuclei was first digested \BigimHI andPvu visualised after Southern hybridisation of total genomic DdtAeluted
to obtain a 2.8 kb fragment, which contains the promotefragments digested with the three restriction enzyBeeeHl, Hindlll and
fragment and a part of 45S rRNA precursor coding Sequenifpa” (or Mspl) are indicated with black bard)(BantHI—Hindlll promoter

. ragments from untreated nuclei or formaldehyde cross-linked rat liver nuclei
After separation of nucleosomal and non-nucleosomal rDN lanes 1, 4 and 6) were analysecHpall (lanes 2, 5 and 7) ofispl digestion

sequences in 1% agarose gels ?—_nd separate elution Of_ the tW@e 3). ¢) The same procedure as in (b) using the C6 cell tippéthylation
bands, the DNA was redigested witindlll to discard the coding  at position —145 in the N1-S1 cell line in DNA from untreated nuclei (lane 1)
sequences from the promoter regibtpall or control Msp was detected biipall (lane 2) orMspl (lane 3) digestion. In liver nuclei and

; ; s jpboth cell lines the amountidpall-resistant promoter fragments corresponds
dlgesuon ofthe punfled promoter fragments shows no detedabl% the observed amount of inactive rRNA gene copies (for details see the text).

methylation of this single site In fragments correspo_ndlng G5amples treated withpall are indicated as H adspl digested as M in (b—d).
non-nucleosomal promoters in liver and in C6 cell nuclei §6ig.  C stands for control undigestBerHI—Hindlll promoter fragments [lanes 1 in
and c, lane 7). In contrast, we found nucleosome-packet-d)].
promoters methylated to a large extent (see the resistant band in
Fig.5b and c, lane 5).

A similar experiment was performed with the N1-S1 cell line
(Fig.5d). Here we used uncross-linked total DNA, since we haV/elSCUSSION
estimated thaf®0% of rRNA genes in this cell line are active ot . :
(Fig.4a, lane 5). AfteHpall digestion only a small proportion of Formaldehyde fixation of rat ribosomal chromatin
the 405 bp fragment remains intact, which correlates to thEhe proportion of active and inactive rRNA genes in vertebrates
amount of inactive N1-S1 rRNA genes (Figl, lane 2). In s cell type specific1(4,5), whereas in simple eukaryotes, like
conclusion, the lack of methylation in this partictigall site of  yeast, it can be modulated according to the growth conditions
active rDNA promoters can be observed in all three cas¢g,3). Since this ratio is distinct for tissue-specific cellS)(and
analysed here. is maintained stable, perhaps some of the multiple rRNA gene

For both cell lines and liver nuclei the quantification of the 408opies in higher eukaryotes become transcriptionally inactive during
bp fragments resistant tpall digestion in comparison to the cell differentiation. Stimuli which modulate the transcriptional
control undigested lane, revealed values close to those calculagetlvity of the cell do not significantly affect the proportion of
for the proportion of active and inactive rRNA genes. Thereforactive rRNA gene%j. Until now, few reports have been available
in these cases, the amounHgpfll resistant promoter fragments concerning mainly the factors involved in the transcriptional
can be used as a simple assay to estimate the active and inagépeession of rRNA genes in growth arrested c2iis30). The
rRNA gene copies. onset and mechanisms of maintenance of inactive state of rRNA
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genes, however, is poorly investigated. Growing evidenaenzyme cutting, it results in variable amount of partial digests.
indicates that several repressive components, such as proteanmaldehyde fixation, however, does not affect the restriction
factors, DNA methylation and chromatin structure can contributenzyme digestion and after reversing the formaldehyde-mediated
simultaneously for rRNA genes inactivatidrb,(L9). adducts the DNA can be used for further analysis. The main
In order to examine the involvement of methylation in thelisadvantage of the second technique is that it does not allow
transcriptional repression of rRNA genes we applied formaldexccurate quantification of nucleosomal and non-nucleosomal
hyde fixation of histone proteins to DNA and compared théactions.
results with the previously established psoralen cross-linking
assay. Our data demonstrate that formaldehyde fixation results i
a doublet of bands in a gel retardation assay and by this c

distinguish, like the psoralen assay, between the transcriptionz%;haS been proposed that methylation-mediated gene repression

thylation pattern of rat rRNA genes

active and inactive rRNA genes coexisting in the same cely geeur by at least two different mechanisms: either by directly
population. Through peptide residues remaining attached to tg,jishing the binding of transcription factors to their recognition

DNA after protease digestion, the DNA-histone peptides adduclges or indirectly, through methylated CpG-binding proteins,
migrate slower in a native agarose gel than naked DNA. Wheghich plock access of the transcription factors to the template
formaldehyde fixation was made in presence of heparin whighg 19). There is evidence that remethylation after passage of the
strips histones from the DNAY), no band-shift was observed yepjication fork can act as a component of the cell memory,
(data not shown). This control experiment was consistent with thihereasde novomethylation supports formation of inactive
previous data of Solomenal (12) suggesting that formaldgde  chromatin (for reviews seis,19). In transcriptional repression,
preferentially cross-links histones, but not other proteins to DNAne proteins like MeCP-24,35) and MDBP-2 86) which bind

The experiment shown in Figukéconfirms the observation methylated DNA, probably play a significant role, since it has
(1) that treatment of intact nuclei wifcdRI leads to cleavage peen demonstrated that in many cases methyjagioseis not
exclusively in the active, non-nucleosomal rRNA gene copies. Kfficient to abolish transcription9).
case of formaldehyde cross-linking, however, only the fast migratingThe early investigations of rDNA methylation in higher
band of the doublet is seen, which strongly supports thg,caryotes37,38) failed to define a correlation between rDNA
interpretation that in the case of formaldehyde cross-linking, thgethylation and transcriptional activity of rRNA gerlasvivo,
slowly migrating band of the doublet originates from the inactiveyp, undermethylated region correspondingXttaevis rDNA
nucleosomal chromatin with cross-linked histone peptidegnhancers was found in Xtnopusomatic cells, whereas it was
whereas the fast migrating band from the doublet represemjgayily methylated in sperm DNATY). Demethylation occurs in
active, non-nucleosomal gene copies. This interpretation is algrly mid-blastula shortly before rRNA synthesis can be detected
consistent with the experiment in Fig@tein which DNA from  (37). However, transcription was not abolished when the same
nuclei which had been cross-linked with both formaldehyde arfg"y methylatedXenopussperm rDNA 87) or cloned rRNA
psoralen was analysed. However, the mobility of 6.5¢RI  genes methylated typall methylasen vitro (38) were injected
fragment in agarose gels after double cross-linking of nuclei wifhto Xenopusoocyte nuclei. These studies and analysis of
both psoralen and formaldehyde was different from that aftefiethylation patterns in mouse culture cells and individual tissues
formaldehyde or psoralen cross-linking alone. We interpret thgt 1), led to the conclusion that methylation does not dramatically
the DNA has to be fully intercalated with ethidium bromide, inaffect transcription of rRNA genes, in contrast to many polymerase
order to visualize gel retardation only due to more or less peptidqa@enes 19). To the contrary, in wheat the relative activity of
cross-linked to the DNA. When the fast migrating band of F&aure - individual nucleolar organisers can be determined morphologically
lane 8, originating from the non-nucleosomal, active rDNAy the volume of the corresponding nucleold$).( Large,
chromatin after double cross-linking was isolated and rerun in tigesumably active, nucleoli carry rDNA loci with lori) and
absence of ethidium bromide, the gel retardation was strong@idermethylated intergenic space?8)( On the other hand,
than that of the active band of psoralen cross-linking alone. TRBNA clusters with lower transcriptional activity contain rRNA
additional band-shift is most likely due to the cross-linkegene copies with shorter and predominantly methylated intergenic
peptides, since the mobility of this band increases to the samgacers 43). Similar observations were made for other plant
extent as that of psoralen cross-linking alone, when the formaldspecies 48). These studies obviously correlate rRNA genes
hyde adducts of the double cross-linked material were reversggtivity to the extent of DNA methylation, however, do not
(Fig. 2b, lower panel). We cannot completely exclude thelearly exclude that the active nucleoli could also contain inactive
possibility that active rRNA copies are still in contact with someRNA gene copies.
subset of histones. Two possibilities remain open: either there arThe formaldehyde and psoralen band-shift assays used here
very few (if any) histones in active rRNA genes, or they arghow that in rat cells, the longer rRNA gene enhancer fragments
modified in such a way that prevents efficient formaldehydelo not necessarily indicate higher number of transcriptionally
cross-linking. Histone acetylation is an event that can modify thective rRNA gene copies (data not shown, but see J¥ig.
histone—DNA contacts in transcribed chromaiip33). Non-nucleosomal and nucleosomal enhancers are distributed

The two cross-linking techniques described complement eabktween all the variations of length BéanHI-Pvul enhancer
other. Both allow us to separate and purify the two rDNAragments when several individual rat liver nuclei samples were
fractions from agarose gels, corresponding to differently packeahalysed (data not shown). Experiments shown in Fi§uaed
gene copies. We made use of the advantages of each technigugemonstrate that a high density of methyl&tpdll sites can
For the quantification of both chromatin populations of rRNAbe detected mainly in nucleosomal enhancers upstream of
genes we used mainly psoralen cross-linking; however, in sormactive rRNA genes. This correlation is even more prominent in
cases, when the psoralen cross-linking interferes with restrictitimee promoter region, where all promoters of inactive genes are



methylated in a single conservepball site. In contrast, the 6

amount of methylated DNA in the regulatory elements of activi

genes as well in the coding sequences is almost neglectable. Th s«%I
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Chikaraishi,D.M., Buchanan,L., Danna,K.J. and Harrington,C.A. (1983)
Nucleic Acids Resll, 6437—6452.

uscarella,D.,Vogt,V. and Bloom,S. (1987)Cell Biol, 105 1501-1513.
aaf,T., Hayman,D. and Schmid,M. (19€Kp. Cell Res193 78-86.

data are consistent with previous observations that undermethylatgd ycchini,R., Pauli,U., Braum,R., Koller,Th. and Sogo,J.M. (198F)ol.

rDNA sequences can be found in regions hypersensitive to
DNAse | in mouse tissuegX). 10
Recentin vitro studies show that transcription oXanopus 1
rRNA minigene construct is suppressed by methylation of severe%l
CpGs in the rRNA gene promot&6]. Footprinting experiments 13
(methylation interference footprinting) demonstrate that xXUBE4
binding is not affected by methylatiofj. However, an indirect
mechanism of inactivation was proposed by a putative mejé
recognising protein, which abolishes xUBF binding to thag
recognition sites39). In rat ribosomal RNA genes we found, in 17
agreement with some previous observati@is@,28), a single 18
Hpall site methylated in all promoters associated with inactive?
rRNA gene copies. It is tempting to speculate that for the
repression of rRNA transcription in early cell differentiation thexo
crucial step might be the methylation of CpGs in the promotet]
which would allow binding of meCpG recognising protein(s)22
These complexes would abolish the access of transcriptign
factors and thus support the formation of nucleosome-packed
inactive chromatin. Methylation might contribute to a stable4
maintenance of the proportion of active and inactive rRNA gene
copies in differentiated cells of higher eukaryotes. On the othé
hand, lower eucaryotes, like yeast, which lack CpG methylation,
can modulate the number of actively transcribed gene copigs
depending on the growth conditior®. ( 27
In conclusion, there is increasing evidence that DNA methylatio%g
plays an important role in inactivation of rRNA genes transcriptiol
in vertebrates and plants. The identification of mCpG bindingg
proteins interacting with methylated promoter and enhancer
sequences might allow one to reconstitutétro the mechanism 31

of the inactivation event. 32
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