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ABSTRACT

Chromatin domain organization and the compart-
mentalized distribution of chromosomal regions are
essential for packaging of deoxyribonucleic acid
(DNA) in the eukaryotic nucleus as well as regulated
gene expression. Nucleoli are the most prominent
morphological structures of cell nuclei and nucle-
olar organization is coupled to cell growth. It has
been shown that nuclear scaffold/matrix attachment
regions often define the base of looped chromoso-
mal domains in vivo and that they are thereby critical
for correct chromosome architecture and gene ex-
pression. Here, we show regulated organization of
mammalian ribosomal ribonucleic acid genes into
distinct chromatin loops by tethering to nucleolar
matrix via the non-transcribed inter-genic spacer re-
gion of the ribosomal DNA (rDNA). The rDNA gene
loop structures are induced specifically upon growth
stimulation and are dependent on the activity of the
c-Myc protein. Matrix-attached rDNA genes are hy-
pomethylated at the promoter and are thus available
for transcriptional activation. rDNA genes silenced
by methylation are not recruited to the matrix. c-
Myc, which has been shown to induce rDNA tran-
scription directly, is physically associated with rDNA
gene looping structures and the intergenic spacer
sequence in growing cells. Such a role of Myc pro-
teins in gene activation has not been reported previ-
ously.

INTRODUCTION

In eukaryotic organisms, deoxyribonucleic acid (DNA) is
packaged into chromatin within the nucleus. The architec-
ture and dynamics of chromatin play a crucial role in estab-
lishing and maintaining appropriate gene expression levels
(1). Compelling evidence has shown that the equilibrium

between the ‘open’ (accessible) and ‘closed’ (inaccessible)
states of genes can be attributed to their physical location
in an appropriate nuclear ‘compartment’ or ‘domain’ (2).
Moreover, epigenetic modifications are important for estab-
lishing the functional compartmentalization into chromatin
domains within nuclei as well as the regulation of nuclear
functions (3). It has been proposed that nuclear compart-
mentalization could facilitate the efficiency of gene expres-
sion by bringing together appropriate genes and transcrip-
tion factors, involved in ribonucleic acid (RNA) synthesis,
processing and modifications, in time and space (4,5).

Nucleoli are the most prominent nuclear domains. The
best characterized nucleolar function is ribosomal RNA
(rRNA) synthesis, processing and assembly into ribosomal
sub-units (5). Nucleolar assembly and ribosome biogenesis
are essentially coupled to the architectural and functional
compartmentalization of the nucleus, cell growth and pro-
liferation (6). The 400 copies of the rRNA gene are clustered
in tandem arrays separated by intergenic spacers (IGS) and
are found on human chromosomes 13, 14, 15, 21 and 22.
The nucleolus to which these chromosomal regions con-
tribute is a dynamic nuclear structure with a size that is cor-
related to the level of ribosomal DNA (rDNA) transcrip-
tion and which is broken down and reformed at every cell
division. As for the rest of cellular DNA, the long length of
extended rDNA repeats (7) in relation to the size of the nu-
cleolus requires considerable compaction of the rDNA. Us-
ing the chromosome conformation capture (3C) technique,
we previously showed dynamic changes in the higher order
of rDNA chromatin structure that reflects cell growth status
(8,9).

Evidence from three-dimensional electron tomography
suggests that the rDNA genes are compacted in the form
of loop structures within the nucleolus (10). This is reminis-
cent of the multi-loop sub-compartment model proposed
for non-nucleolar genomic regions, by which folding and
looping of chromatin domains is mediated by the anchorage
to the nuclear matrix via scaffold attachment regions or ma-
trix association regions (S/MARs) (2,11). The S/MARs are
involved in the modulation of transcription by promoting
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chromatin accessibility and histone acetylation (12). Fur-
thermore, MAR-mediated chromatin loop formation has
been shown to be important for expression of the human (3-
globin gene cluster (13) and the cytokine gene cluster (14),
as well as the IGF2 (15) and DIx5 loci (16). Interestingly,
these studies may be relevant for nucleolar genes because
attachment of rDNA to nuclear matrix has been described
previously (17-20).

c-Myc is a key inducer of cell growth in response to
growth factors. c-Myc induces functions required for pro-
tein synthesis such as the protein subunits of ribosomes, and
we and others have shown that c-Myc plays a direct nucle-
olar role in producing the RNA components of ribosomes
(21,22). We further showed that c-Myc plays a key role in
the induction of higher-order rDNA chromatin structure
changes that accompany cell growth induction. (8,9). How-
ever, the mechanism by which c-Myc changes rDNA chro-
matin structure remained elusive. In this work, we demon-
strate that c-Myc is associated with the rDNA IGS region
where it regulates association of epigenetically non-silenced
rDNA genes to the nucleolar matrix in a growth-dependent
fashion.

MATERIALS AND METHODS
Cell lines, culture conditions and chemical treatments

Human embryonic kidney 293 (HEK?293) cells, HeLa cells
and rat fibroblasts (TGR-1, RatIMycER and HO15.19)
were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% fetal bovine
serum (FBS) and 0.1% (v/v) gentamycin at 37°C in a
5% CO, atmosphere. In starvation/re-feeding experiments,
cells were grown to confluence and starved in DMEM with-
out FBS for 24-48 h for rat fibroblasts or 72 h for HeLa
cells, and then DMEM containing 10% FBS was added for
4 h. The starved Rat1MycER (myc +/+, MycER) cells were
untreated or treated with 4-hydroxytamoxifen (4-HT; final
concentration, 200 nM) (Sigma-Aldrich) and were added to
culture medium for 4 h. For treatments with the c-Myc in-
hibitor 10058-F4 (Calbiochem), a final concentration of 80
wM was added to culture medium 1 h before serum or 4-HT
addition and incubated overnight during serum stimulation
or for a further 2 h for 4-HT treatment.

Pre-rRNA transcription analysis

Cells were harvested and total RNA was extracted, us-
ing a RNeasy Midi Kit (Qiagen) according to manufac-
turer instructions, and quantified spectrophotometrically.
Following the manufacturer’s protocol, 1 ug of whole cell
RNA from each sample was reverse transcribed using the
RevertAid H Minus First Strand cDNA synthesis Kit
(Thermo Scientific). Amounts of pre-rRNA were measured
in relation to Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) by real-time polymerase chain reaction (PCR)
performed on a MyiQ™ single-color real-time PCR de-
tection system (Bio-Rad) using the 2~ A A Cy method (23),
where AACT = (CT, Pre-rRNA  — CT, GAPDH)experimental group
- (CT, Pre-rRNA — CT, GAPDH )control group- The primers used
to amplify human and rat pre-rRNA are shown in
Supplementary Tables S1 and S2. The forward primer:

S'-tggcattgctctcaatgacaac-3’ and the reverse primer: 5'-
tgggatggaattgtgagggagatg-3’ were used to amplify rat
GAPDH mRNA (GenBank number X02231.1). The for-
ward primer: 5'-tcgacagtcagccgeatcttc-3’ and the reverse
primer: 5-acgtactcagcgccageatcg-3' were used to amplify
human GAPDH mRNA (GenBank number AF261085.1).
The real-time PCR program used is the same as described
under quantitative PCR (qPCR) assays.

Isolation of nucleolar MARs

Nucleoli from HelLa, TGR-1, HO15.19 and RatMycER
cells were prepared using sucrose gradients (24). Nu-
cleolar matrix with looped DNA domains (halos) was
prepared by extraction of histones and other proteins
from nuclei in high salt buffer essentially as described
previously (17); see Figure 2A. Dithiothreitol (DTT; 1
mM /ml) was added into extraction buffer [2-M NaCl, 40-
mM tris(hydroxymethyl)aminomethane hydrochloride (Tris
HCI) pH 8.5 and 10-mM ethylenediaminetetraacetic acid
(EDTA)] in order to isolate nucleolar matrix with a lower
protein content (39). Halos were then incubated in diges-
tion buffer containing DTT (I mM/ml), DNase 1 (200
ug/ml) (Sigma-Aldrich) and RNase A (200 mg/ml) (Sigma-
Aldrich) at 37°C for 30 min, or were digested by indi-
cated restriction enzymes (BamHI1+Pstl in HeLa cells,
BamHI1+Xhol in TGR-1/HO15.19/RatIMyc cells at 10
units/wg DNA) (New England Biolabs) overnight. After
digestion with endonuclease or restriction enzymes, the nu-
cleoid samples were separated into a soluble fraction (su-
pernatant, non-matrix-associated DNAs) and an insoluble
fraction (matrix-associated DNAs). The cutting efficiencies
of restriction enzymes on nucleolar halos were determined
as shown in Supplementary Figure S2. The DNAs purified
from pools of matrix and loop fractions were used as tem-
plates for qPCR analyses with indicated primer pairs. The
sequences and locations of primer sets corresponding to hu-
man and rat rRNA are available in Supplementary Tables
S1 and S2, respectively, and in Figure 1. The enhancement
of matrix-associated DNA was calculated in relation to in-
put DNA (without treatment by endonuclease or restriction
enzymes).

DNA methylation assays

The rat rDNA fragments, recovered separately from to-
tal DNA or non-matrix-associated DNA and matrix-
associated DNA after digestion of restriction enzymes
(BamH1+Xhol), were subjected to digestion with Hpall
or Mspl enzyme (New England Biolabs) prior to qPCR
analysis. Hpall/Mspl restriction enzyme sensitivity assays
were used to measure the methylation status of a pro-
moter CpG site at position —145 (relative to the transcrip-
tion initiation site) (40). A primer set, the forward primer:
S'-agcatggacttctgaggecgag-3’ and the reverse primer: 5'-
cataaagctgccccagagag-3’, was used to amplify a fragment of
450 bp containing an Hpall/Mspl restriction site that in-
cludes the —145-bp CpG site. CpG methylation at this site
inhibits cleavage by Hpall and thus the level of resistance to
cleavage can be used as a measure of CpG methylation. The
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Figure 1. The non-transcribed intergenic spacer (IGS) region of rRNA genes has an enhanced propensity for nuclear matrix attachment. The line graphs
show MAR potential score in relation to nucleotide position for the rDNA repeat sequence from human (A) and rat (B). The lower panels in each figure
part show schematic depictions of rRNA gene repeats. Vertical arrows below the rDNA repeat represent the locations of cleavage sites for BamHI (B) and
Pstl (P) in human (part A) and for BamHI (B) and Xhol (X) in rat (part B). The locations of amplified rDNA regions are shown by horizontal bars. The
sequences of primer sets used for amplification of human and rat rDNA are shown in Supplementary Tables S1 and S2. The dotted line in rat rRNA gene
represents sequences that are not available from GenBank. Human rDNA sequence, derived from GenBank number U13369, and (B) rat rDNA sequence,
derived from accession numbers X04084, X03838, X61110, X00677, X16321, V01270 and X03695, were used. Matrix attachment potential was predicted
by the MAR-Wiz software (57) as implemented at http://genomecluster.secs.oakland.edu using a window size of 1000 bp stepped at 100-bp intervals. Scores
in excess of 0.6 are generally considered as strong indicators of nuclear matrix binding potential.

RO primer pair (Supplementary Table S2) amplifies a 200-
bp fragment downstream of the transcription initiation site
that was used for normalization between samples.

3C assay and MAR-loop assay

The procedure for 3C has been described in detail previ-
ously (8). The MAR-loop assay is a development of the
3C method (25). The obligatory cross-linking step with
formaldehyde was omitted because the nucleolar matrix is
sufficient to maintain higher-order DNA structures. The
formaldehyde cross-linked chromatin (3C) or nucleolar ha-
los (MAR-loop) were digested by the indicated restriction
enzymes as shown above at a concentration of 10 units/g
DNA, and then a low concentration of chromatin or nucle-
olar halo, equivalent to 5 ng DNA /ul, was ligated overnight
using T4 ligase (150 U) (Fermentas) at 16°C. DNA was re-
covered from the ligation mixtures by proteinase K diges-
tion followed by phenol-chloroform extraction and ethanol
precipitation prior to use as template for PCR amplifica-
tion. The sequences of primers for amplifying size marker
templates and re-ligated DNA fragments are shown in Sup-
plementary Tables S3—S6. The size marker DNA fragments
were amplified, gel purified and sequenced.

Chromatin immunoprecipitation assays

Preparation of nuclei from 0.25% formaldehyde-fixed
HEK293 or HeLa cells and sonication of nuclear chro-
matin was carried out as described previously (8). The av-
erage length of DNA fragments in preparations of son-
icated nucleolar chromatin ranged from 500 bp to 1 kb.
Four micrograms of antibodies against Myc (sc-764) and

upstream binding factor UBF (SC-13125) were used as well
as normal rabbit immunoglobulin G (IgG) as a negative
control (Santa Cruz Biotechnology). After overnight incu-
bation at 4°C in chromatin immunoprecipitation (ChIP)
buffer (0.1% sodium dodecyl sulphate (SDS) in phos-
phate buffered saline), 30 w1 of a 50% slurry of salmon
sperm DNA /protein G-coated agarose beads (#16-201,
Upstate Millipore) was added, and the mixtures were ro-
tated at 4°C for 30 min. The DNA—protein complexes were
eluted twice from the beads with 250 .l of buffer contain-
ing 0.1-M NaHCO3 and 1% SDS. After reversal of the
cross-links by incubation at 65°C overnight, proteinase K
and RNase (Roche) treatment, extraction with pheonol-
chloroform and ethanol precipitation, the recovered DNA
was re-suspended in 500 ul of Tris HCI (pH 8.5) prior to
quantitative real-time PCR analysis. For the 3C-ChIP as-
say, a combination of the 3C assay and the ChIP assay, the
formaldehyde-cross-linked nuclei were digested by the indi-
cated restriction enzymes and re-ligated under dilute condi-
tion as for the 3C assay prior to chromatin immunoprecipi-
tation as described above. Samples immunoprecipitated by
protein agarose beads only were used as negative controls.

qPCR assays

DNA samples recovered from ChIP assays or matrix-
association assays were used as templates in real-time PCR,
and samples from individual ChIP assays were analyzed
in triplicate. Each PCR mixture contains 0.6 wM of each
primer, 5-ul DNA templates in a final volume 40 .l of 1x
iQ™ SYBRGreen Supermix (Bio-Rad). The cycling pro-
gram was set as follows: denature at 95°C for 5 min, fol-
lowed by 40 cycles of 95°C for 30 s, 63°C for 30 s and 72°C
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Figure 2. Preferential matrix attachment of rDNA genes via the intergenic spacer (IGS) region. (A) Diagram showing the procedure used for isolation
of nucleolar halos and the preparation of nucleolar matrix and subsequent MAR and MAR-loop assays. (B) Preferential attachment of rDNA genes to
nuclear matrix via IGS sequences in growing TGR-1 cells. The relative association of different regions of the rDNA repeat to nucleolar matrix (M) after
digestion with BamH1 and Xhol as well as the levels of released non-matrix associated regions (Sup) are shown. (C) Fine mapping of nucleolar-matrix-
associated rDNA fragments after DNase I treatment of nucleolar matrix from growing TGR-1 cells. (D) Preferential attachment of rDNA genes to nuclear
matrix via sequences throughout the IGS region in growing HeLA cells. The supernatant fraction and pellet fraction are separated after restriction enzymes
(BamH1+Pstl) digestion. (E) Fine mapping of nucleolar-matrix-associated rDNA fragments after DNase I treatment of nucleolar matrix from growing
HeLa cells. The values plotted in (B-E) are the means and standard deviation of results from three independent experiments.

for 40 s, followed by a final extension period at 72°C for untreated/treated in matrix association assays, or the Ct of
5 min. The cycle threshold (Cr) was set within the linear amplification of DNAs precipitated from antibody against
range of all PCR reactions. For each primer pair, the fold en- Myc/UBF and IgG in ChIP assays.

richment was calculated relative to the Cr of amplification

between samples from endonuclease or restriction enzymes



Statistical analysis

P values associated with all comparisons were based on un-
paired two-tailed Student’s tests. For comparisons between
transcribed (amplicons R5 and RS in rat and amplicons
H1, H4, H8, H10 and H13 for human) and IGS regions
(amplicons R-2 and R16 in rat and amplicons H16, H20,
H24, H27, H30, H32, H35, H40 and H42 for human), data
from probes close to the inter-region borders (that detect
signals from both regions), like amplicons R0 and R13 in
rat and amplicon H43 for human, were omitted. P values <
0.05 were considered as significant. Results are presented as
mean values (n > = 3) & standard error of the mean.

RESULTS AND DISCUSSION

Within the nucleus at large, actively transcribed genes are
often in close proximity to each other in association with
the nuclear scaffold/matrix at S/MARs while the genomic
regions that separate such genes form loops more distant
from the matrix (25). We wondered whether the nuclear ma-
trix might be involved in the growth-regulated higher-order
chromatin structure of the rDNA (8,9,26). The MAR-Wiz
algorithm (27,28,29) predicts that the main potential for
matrix attachment within the rDNA is restricted to the non-
transcribed IGS in human (Figure 1A) and mouse rDNA
(Supplementary Figure S1). A consistent pattern is seen for
rat rDNA, although sequence information for most of the
IGS is not available (Figure 1B).

Next, we used a matrix association assay (30) to experi-
mentally identify regions of the rDNA repeat that are ma-
trix attached. Figure 2A summarizes the procedures used
to study the association of rDNA sequences with the nu-
cleolar matrix. To quantify the level of attachment of dif-
ferent rDNA regions to the nucleolar matrix in growing rat
fibroblasts (TGR-1), nucleolar matrix preparations were di-
gested with restriction enzymes (BamH1+Xhol) and MAR
assays were performed. Figure 2B shows a significantly (P
=0.03) higher level of matrix attachment for rDNA regions
outside the transcribed region (e.g. R-2 and R16) than for
transcribed regions (e.g. R5 and R8). Figure 2B also shows
that about a third of rDNA genes are tethered to the ma-
trix via IGS sequences under these conditions. An attrac-
tive possibility is that the matrix-associated genes may cor-
respond to the subset of rDNA genes that are actively tran-
scribed. The restriction enzymes used showed similar cut-
ting efficiency throughout the rDNA locus and thus the
level differences are not due to region-specific differences
in cutting efficiency (Supplementary Figure S2A). To more
precisely map the extent of the matrix-bound rDNA se-
quences, the nucleolar matrix from the same cells was di-
gested by DNase I and analyzed by MAR assays. Figure
2C shows clearly that the higher levels of observed rDNA
attachment are associated with sequences within the non-
transcribed rDNA region. Sequences corresponding to the
transcribed region and rDNA genes that are not matrix as-
sociated are generally digested by DNase I as expected. A
DNasel-resistant signal is detected for some regions in the
supernatant fraction, which could result from protection by
non-matrix components, but the biological significance of
this protection has not been investigated further. A signif-
icantly (P = 1.73E—05) higher tendency for matrix asso-
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ciation of IGS regions is also observed for growing HelLa
cells (Figure 2D). In this case, probes are available through-
out the IGS and the results show that matrix association is
elevated in regions spread over a 24-kb region (H16-H40),
with the highest association levels at H16, H27, H32 and
H35 (Figure 2E). Since HeLa cells are derived from cancer
cells with elevated Myc levels, we performed the MAR as-
say on HEK?293 cells. The results showed enhanced matrix-
mediated protection of IGS sequences but the level of pro-
tection was not as high as in HeLa cells (Supplementary
Figure S3A). The experimentally determined region of ma-
trix attachment corresponds in part with the computer pre-
diction in Figure 1, indicating that the MAR-Wiz algorithm
works well, as has been reported elsewhere (31,32). The
results also extend and confirm at least some of the ear-
lier studies showing interaction between rDNA and matrix
(17,18). Interestingly, matrix association is seen closer to the
regions of promoter and terminator in the IGS of rat rDNA
than is seen in human. This might result from the high de-
gree of sequence divergence in non-transcribed rDNA se-
quences (Supplementary Figure S4).

Emerging evidence suggests that changes in ribosome
biogenesis are associated with alterations of nucleolar archi-
tecture (5). Matrix attachment could be a way to organize
the higher-order structure of IDNA chromatin and growth-
state-dependent changes in matrix attachment could thus
account for the growth-dependent changes in higher-order
rDNA structure that we have reported previously (8). Fig-
ure 3A shows that matrix attachment of several regions
throughout the IGS region is strongly induced when serum-
starved HeLa cells are induced to grow and rDNA tran-
scription is induced by addition of serum. IGS attachment
to nucleolar matrix is very low for most regions of the IGS in
starved cells. The exception to this is in the H16, H27, H32
and H35 regions where relatively high matrix association is
observed compared to other regions within IGS even dur-
ing starvation. Likewise, both constitutive and facultative
matrix attachment sites that have been described in other
contexts (33), our results suggest the existence of sites that
show a constitutive level of matrix attachment but which
also exhibit a facultative-enhanced matrix associated upon
growth stimulation.

To determine whether serum-induced changes in rDNA
matrix attachment are dependent on on-going or in-
duced rDNA transcription or Myc activity, we used
Ratl fibroblast-derived cell lines that are appropriate for
studying Myc activity because they show a good serum
starvation/re-feeding response and derivative cell lines are
available that either lack Myc or allow its pharmacolog-
ical activation, via a Myc-Estrogen Receptor fusion pro-
tein (34). First, we investigated the level of matrix binding
of transcribed and non-transcribed regions of rat rDNA
in the absence or presence of serum (Figure 3B). All mea-
sured regions show increased matrix association after serum
addition to serum-starved cells but the induced matrix as-
sociation is significantly greater in the IGS region, com-
pared to the transcribed region (P = 0.003). To determine
whether rDNA transcription was required for the serum-
induced changes in matrix association, TGR-1 cells were
pre-treated with a low concentration of actinomycin D (0.1
ug/ml) prior to serum addition. Figure 3B shows that a
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significant increase in serum-induced matrix association of
rDNA is seen in both transcribed (P = 0.026) and IGS (P
= 1.60E—5) regions even in the presence of actinomycin D
and that the levels of serum-induced matrix association are
generally similar to those seen in the absence of actinomycin
D. Serum-induced matrix attachment does not therefore de-
pend on rDNA transcription, which was undetectable in the
actinomycin D-treated cells (right panel). Previously, it has
been shown that the c-Myc protein is a direct regulator of
rDNA transcription (21,22) and that nucleolar c-Myc plays
a key role in modulating growth-dependent changes in the
higher-order organization of rDNA chromatin (8,9). To de-
termine whether c-Myc is required for serum-induced at-
tachment of rDNA to nucleolar matrix, we compared ma-
trix attachment of rat rRINA gene repeats in cells pre-treated
with the small-molecule c-Myc inhibitor, 10058-F4, prior
to serum addition in relation to matrix attachment levels in
untreated serum-starved cells. Figure 3B shows that there is
no significant induction of matrix attachment in cells pre-
treated with 10058-F4 (P = 0.941) and that induction of
rRNA synthesis is strongly inhibited by 10058-F4. A simi-
lar result was seen for serum-stimulated HO15.19 rat cells
that lack the c-myc gene (P = 0.716) (Figure 3B). Thus Myc
activity is required for both enhanced matrix attachment
of the rDNA IGS and induced rDNA transcription during
serum-dependent growth stimulation of starved cells. Sim-
ilarly, the Myc inhibitor reduces serum induction of pre-
rRNA levels as well as the level of matrix attachment in
growing HeLa cells (Supplementary Figure S3B).

To verify and further characterize the involvement of c-
Myc in the regulation of growth-dependent matrix attach-
ment of the rDNA IGS, we used cell lines derived from Rat1
fibroblasts, which express an inducible Myc/Estrogen Re-
ceptor (Myc-ER) fusion protein. The Myc-ER can be acti-
vated by addition of 4-HT allowing activation of Myc in
starved cells in the absence of normal growth-related ac-
tivating signals. Figure 3C shows that activation of Myc-
ER in starved cells was sufficient to cause increased over-
all association of rDNA sequences with the matrix (P =
1.163E—4) as well as increased levels of rRNA synthesis,
even though the Myc-ER fusion protein does not exactly
reciprocate the pattern seen by endogenous c-Myc, which
could be due to the leakiness of the Myc-ER system (35),
a difference in the functionality of the Myc-ER protein, its
over-expression or a requirement for other factors in addi-
tion to Myc. The Myc-specificity of the Myc-ER effects is
further emphasized by the significant overall inhibition of
Myc-ER-induced matrix attachment and rRNA transcrip-
tion by prior treatment of the cells with the 10058-F4 Myc
inhibitor (P = 1.533E—5; Figure 3C). At R16, where pre-
treatment with 10058-F4 does not reduce Myc-ER stimu-
lates matrix attachment, we cannot exclude that Myc func-
tions in a fashion independent of Max and E-box binding.
Such mechanisms of Myc action have been reported (36).
Taken together our results are consistent with a dual role
of Myc in the nucleolus. The first, rRNA transcription in-
dependent, role of Myc in reorganizing matrix attachment
of rDNA genes in growth-stimulated cells is likely to over-
lap with the role of Myc in reorganizing higher-order rDNA
structure that was reported previously (8). This first role ap-
pears to be separable from and probably precedes a second
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role that is more directly coupled to the induction of rDNA
transcription. This second role is thought to involve Myc-
mediated recruitment of the SL1 transcription factor to the
RNA Poll promoter (22) perhaps through direct interac-
tion of Myc with the TATA-binding protein subunit of SL1,
which has been shown previously (37).

The population of rDNA genes can be divided into at
least two, and perhaps more, functionally significant cate-
gories (38). A large group of genes is epigenetically silenced
by mechanisms involving DNA methylation as well as his-
tone modification. Methylated rDNA genes are thought to
be refractory to transcriptional activation and recombina-
tion in part due to their dense compaction and peripheral
nucleolar localization (39,40). Non-silenced genes are avail-
able for transcriptional activation and are transcribed at a
level that is regulated in accordance with cellular growth
requirements (41). Since c-Myc is an important regulator
of growth-coupled rDNA transcription and matrix attach-
ment we might expect the matrix-attached rDNA genes in
growing cells to be enriched in non-methylated genes that
are competent for transcriptional activation. To test this, we
monitored the methylation status of a CpG site in the pro-
moter of rat rDNA (Figure 3D, top panel) in TGR-1 cells
using resistance to cleavage by Hpall as a measure of CpG
methylation level. Figure 3D (left panel) shows that around
45% of rDNA genes are resistant to Hpall cleavage while
over 80% can be cleaved by Mspl, an isoschizomer that is
not sensitive to DNA methylation. This is consistent with
previous reports (42). To test the distribution of silenced
and non-silenced genes in relation to their matrix attach-
ment, nucleolar halos were prepared from growing TGR-
1 cells and non-matrix-associated DNA was released by
cleavage with BamHI and Xhol restriction enzymes. Figure
3D (right panel) shows that the matrix-attached rDNA was
cleaved well (< 20% uncleaved genes) by both Hpall and
Mspl, while the non-matrix-attached rDNA showed higher
levels of resistance to cleavage by Hpall (> 60% uncleaved
genes). We conclude that that the non-matrix-associated
rDNA genes are more hypermethylated while genes associ-
ated with the matrix are enriched in hypomethylated, non-
silenced gene copies.

To determine whether changes in methylation status at
the CpG upstream of the rat rTDNA promoter could be
important for the increased levels of matrix association
seen in growing cells compared to starved cells, the Hpall
cleavage data described above were compared to analogous
data from serum-starved cells. As shown in Figure 3D, we
were not able to detect a significant difference in the levels
of methylated rDNA genes in the matrix-associated (right
panel) and non-matrix-associated (center panel) fractions
between starved and growing cells. Thus the data do not
support a role for rDNA gene methylation status in the
observed growth-dependent changes in matrix attachment
(Figure 3D). Our data are fully consistent with previously
reported results showing that growth-dependent changes
in the expression of rTDNA genes occur by activating new
rDNA genes within the subset of non-CpG methylated
genes (38).

Differential, matrix attachment could be the mechanism
for the growth- and Myc-dependent changes in higher-order
rDNA chromatin structure that we reported previously
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based on chromosome conformation capture (3C) studies
(8,9). Analogous to the 3C assay, the MAR-loop assay has
been used to detect DNA sequences that are held in close
proximity to each other as a result of interaction with the
nuclear matrix (30). Unlike the 3C assay, it is not necessary
to use formaldehyde cross-linking to maintain integrity of
the samples in the MAR-loop assay. Figure 4A (right panel)
shows that rat IDNA IGS sequences can be ligated together
even when they are separated from each other by 15 kb or
more of DNA sequence, consistent with attachment to the
matrix in close proximity to each other. Ligation of frag-
ment combinations involving sequences in the transcribed
region of the rDNA is much weaker or undetectable, con-
sistent with loss of transcribed sequences from the matrix
upon restriction enzyme cleavage. The position and orienta-
tion of primers as well as the primer combinations used are
illustrated schematically in Figure 4A (left panel). To study
whether the MAR-loop assay detects the same higher-order
structure relationships as the 3C assays performed previ-
ously, we performed a more extensive side-by-side analysis
across the human rDNA repeat unit using both assays in
parallel. Figure 4B (right panel) shows that the results of
the two assays are very similar such that sequences within
the IGS region are found in close proximity to each other
by both assays while neither assay detects proximity of se-
quences in the transcribed region to each other or to IGS
sequences. The position and orientation of primers as well
as the primer combinations used are illustrated schemati-
cally in Figure 4B (left panel). The similarity of the results
from these assays provides strong evidence that matrix at-
tachment is important for the higher-order chromatin struc-
tures found in the rDNA of growing cells.

To further verify the relationship between matrix associ-
ation of the IGS and the formation of higher-order struc-
tures in the TDNA, we performed the MAR-loop assay in
non-matrix-associated and matrix-associated fractions sep-
arately (Figure 4C). The results show that the novel liga-
tion products occur mainly in the matrix-associated frac-
tion, indicating IGS bound to matrix constitutes the base
of higher-order rDNA loops in growing cells. To inves-
tigate the role of matrix attachment in the formation of
growth-induced higher-order rDNA structure, we investi-
gated whether signals in the MAR-loop assay were regu-
lated by growth status and Myc. Figure 4D and E shows
that MAR-loop signals involving IGS sequences increase
when serum-starved HeLa and TGR-1 cells are stimulated
to grow by serum addition. Furthermore, serum induction
of the MAR-ligation signal requires Myc activity since the
induction is reduced when serum induction is performed in
the presence of the small molecule Myc inhibitor, 10058-F4
(Figure 4D and E). Finally, induction of Myc-ER by 4-HT
is sufficient to strongly induce a matrix-attached loop struc-
ture in starved RatIMycER cells (Figure 4F). We thus con-
clude that growth-associated attachment of different rDNA
IGS regions in close proximity to one another is involved in
mediating the changes in higher-order rDNA looping struc-
tures that accompany growth stimulation of cells.

The simplest mechanisms for Myc to induce matrix at-
tachment would involve physical interaction of Myc with
the matrix:IGS assembly. To test whether Myc can bind
to the IGS, we performed ChIP across the human rDNA

repeat. Figure SA shows that there is little or no binding
of Myc to the human rDNA repeat in starved HeLa cells.
However, serum-induced growth stimulation causes a sig-
nificantly higher increase in binding of Myc to the IGS
compared to the transcribed region (P = 1.07E—05) and
the IGS-enhanced binding is more strongly reduced, com-
pared to transcribed-region binding, in the presence of the
Myc inhibitor, 10058-F4 (P = 6.75E—05). Myc binding to
the rDNA also shows a significant tendency to be higher
in the IGS than in the transcribed region in HEK293 cells
(P = 0.012) (Supplementary Figure S5A). Our results con-
firm and extend previous results showing Myc binding to
the IGS (22), although we do not observe the higher relative
levels of Myc binding that were measured at the promoter
and terminator sites in that study. The differences between
our results and the previous study could result from the use
of different cell systems. However, serum-induced binding
of Myc to the IGS in this study is not seen in cells that were
serum-stimulated in the presence of the 10058-F4 Myc in-
hibitor. The inhibitor inhibits interaction of Myc with its
hetero-dimerization partner, Max, suggesting the possibil-
ity that Myc/Max could bind to E-box sites (43) that are
found throughout the IGS sequence (Figure 5A, top panel).
Since only a subset of IDNA genes associates with the ma-
trix upon growth stimulation it was necessary to determine
whether the observed Myc binding coincided with the set
of genes involved in the formation of higher-order rDNA
loops. Figure 5B shows that several fragments across the
IGS region that can be ligated to one another in a 3C assay
can be specifically precipitated by Myc antibodies (Myc) but
not by an irrelevant control antibody (N). Thus IGS-bound
Myc is bound to rDNA genes that form growth-associated
higher-order rDNA looping structures.

Figure 5C shows a schematic diagram summarizing the
major findings of this work. Namely, that (i) the rDNA
IGS is induced to interact with nuclear matrix upon growth
stimulation; (ii) Myc is required for matrix attachment; (iii)
Myc-dependent attachment of the IGS region to the matrix
is a likely mechanism for the growth-stimulated changes in
higher-order rDNA structure which have been reported pre-
viously (8,9). Myc binds to the rDNA IGS during growth
stimulation and is associated with the IGS of genes that
form growth-associated rDNA gene loop structures. The re-
sults suggest that Myc-associated rDNA gene loop struc-
tures form by association of the IGS sequences with nucle-
olar matrix but it should be noted that we do not yet have di-
rect evidence for ternary complexes containing Myc, rDNA
gene loop structures and nucleolar matrix. Our model also
suggests that the Myc-dependent changes in rDNA struc-
ture involve mainly rDNA genes that are not silenced by
methylation and which are therefore available for growth-
induced transcriptional activation. Together with previous
data (8), our results suggest that the mechanism described
may precede induction of rRNA transcription upon growth
stimulation and that it may be a part of the mechanism that
leads to transcriptional activation of rDNA genes.

Accumulating evidence suggests that nuclear matrix pro-
teins and matrix-attached DNA sequences reflect compo-
nents of nuclear architecture that are important for regu-
lation of nuclear functions in vivo. For example, recent re-
sults suggest that the MAR elements regulate epigenetic
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Figure 4. rDNA IGS matrix attachment can account for growth- and Myc-dependent changes in higher-order rDNA structure. (A) Distant regions within
IGS are bound to matrix in close proximity to each other. The left panel shows the combinations of primer sets used and their locations and orientations
along rat rDNA repeat (sequences of primer sets are shown in Supplementary Table S4). The right panels show results for different primer pairs from
an MAR-loop assay of growing TGR-1 cells, in which DNA fragments, which are held in close proximity to each other after cleavage with Xhol (X)
and BamHI (B) by matrix attachment, can be ligated (+ Lig) to create novel DNA fragments. The panels also show the migration of positive control (C)
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Lig). The last panel (R0) is a loading control (see Figure 1B). (B) The MAR-loop assay and 3C assay identify the involvement of an equivalent set of IDNA
IGS regions in the formation of rDNA gene loop structures in growing HeLa cells. Annotations are the same as for part (A) (sequences of primer pairs
are shown in Supplementary Table S6) except that the H40 region is amplified in all samples as a loading control. (C) Positive proximity results from the
MAR-loop assay are predominately associated with the matrix fraction when the assay is performed on isolated matrix-associated (M) and matrix-non-
associated (Sup) fractions. Other annotations are shown as (A) and (B). Growth stimulation of matrix-associated gene loop structures is dependent on the
activity of c-Myc in (D) HeLa cells and (E) TGR-1 cells. MAR-ligation assay results for starved HeLLa and TGR-1 cells before (—serum) or after (+serum)
addition of medium containing serum in the absence or presence of c-Myc inhibitor, 10058-F4. Other annotations are as for part (A) and part (B). The
filled ramps indicate that PCR amplifications were performed at increasing substrate concentrations, since product formation is easily saturated at higher
product concentrations. (F) Myc-ER activation is sufficient to induce matrix-associated gene looping in cells lacking endogenous c-Myc. MAR-ligation
assay results before (—4-HT) or after (+4-HT) treatment of RatlMycER cells. The cutting efficiencies of restriction enzymes on all the indicated samples
are shown in Supplementary Figure S2C-E.
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switching that is strongly correlated to gene expression (44).
Further, the nuclear matrix has been suggested to play a
significant role during tumorigenesis (45). Several genome-
wide studies have shown preferential localization of Myc at
promoter regions in mammalian cells (46), consistent with
Myc’s function as a transcription factor (47). However, our
results showing a role of Myc-regulated nuclear matrix at-
tachment in modulation of higher-order chromatin struc-
ture of clustered rDNA genes and their transcription are in
line with reports from other nuclear contexts. For example,
Yang et al. have observed association of Myc with insula-
tors at non-promoter regions in which Myc is thought to
mediate chromatin organization into higher-order topolog-
ical domains that contribute to the maintenance of chromo-
some architecture during the cell cycle (48). The purpose of
growth-regulated attachment of rDNA to the matrix may
be to create so-called chromatin hubs or transcription fac-
tories, with associated gene looping structures, like those
described for other nuclear contexts (49). Further studies
will be required to determine whether the mechanisms we
describe here are related to other mechanisms that have
been shown to modulate higher-order genomic organiza-
tion, such as those mediated by the CTCF protein (50).

The key role of the rDNA IGS in growth-induced ma-
trix attachment is interesting in relation to other obser-
vations implicating IGS sequences in maintaining the in-
tegrity of rDNA clusters and in regulating rDNA transcrip-
tion (51,52). Consistently, enrichment of active/repressive
histone modifications has been shown to be broadly dis-
tributed along the IGS of rDNA repeats (53). Furthermore,
recent work shows that non-coding RNAs transcribed from
the rDNA IGS influence the intra-nuclear distribution of
key proteins in response to stress (54). Since stress responses
are often associated with cell growth changes it will be inter-
esting to investigate possible linkage between IGS-encoded
transcripts, nuclear matrix attachment, stress and growth.
The linkage of the IGS region to stress and growth is par-
ticularly interesting in the context of the broader realization
that the nucleolus is an important sensor of cellular stress,
including oncogenic stress, in addition to its classical role in
protein synthesis (55). Together with conclusions from oth-
ers, an important conclusion of this work is that the rDNA
IGS is not just an unimportant spacer DNA that separates
rDNA genes from each other.

c-Myc has been shown to be a direct activator of rDNA
transcription and of associated changes in higher-order
structure (8,9,21,22). The growth-induced association of
Myc with the IGS, and its association with juxtaposed re-
gions of the IGS found specifically in growth-induced gene
looping structures, is consistent with a direct role of Myc in
tethering the IGS to matrix in growing cells. The inhibitory
effect of 10058-F4 that prevents conversion of Myc to its
DNA-binding form (heterodimer with Max) suggests that
Myc might bind to binding sites within the rDNA IGS (Fig-
ure 5A). It is tempting to speculate that IGS-bound Myc
could on principle tether the IGS to matrix by binding to
one or more matrix proteins in the nucleolus but further
studies will be required to test this.

Other proteins known to be involved in regulating the ac-
tivity of rDNA could in principle collaborate with c-Myc.
One candidate is UBF, which has been shown to be an im-
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portant factor that determines the active form of rDNA
genes (38). However, the level of UBF bound to the IGS is
relatively low and this level does not change when rDNA
transcription is activated (56). Consistently, we have also
seen significantly lower levels of UBF bound to the IGS
compared to the transcribed region (P = 0.003) (Supple-
mentary Figure S5B). Taken together with previous reports,
this suggests that UBF is not recruited to the IGS during
transcriptional activation in a way that parallels the changes
in c-Myc binding. During preparation of this manuscript,
Zillner et al. reported that Tip5 (TTF1-interacting protein
5), a subunit of nucleolar remodeling complex (NoRC),
functions in rRNA gene repression by re-organizing rDNA
chromatin and its association with nuclear matrix (57).
TTFI1 is a factor associated with both transcriptional re-
pression and activation of rRNA genes and has been re-
ported previously to play a role in organizing the higher-
order chromatin structure of rDNA genes in mouse cell
lines (26). Indeed c-Myc has been shown to be able to en-
hance association of TTF1 to rDNA (8). Given the dif-
ference in matrix association in the TTF1 binding regions
(promoter and R13/H13) of r DNA between rat and human
(Figure 2), there may be species differences in the mech-
anisms regulating the higher-order structure of the rDNA
and further studies will be required to elucidate the nature
of the interplay between c-Myc and TTF1 in the organiza-
tion of rRNA genes.
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