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UBF-binding site arrays form
pseudo-NORs and sequester the RNA
polymerase I transcription machinery
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Human ribosomal genes (rDNA) are located in nucleolar organizer regions (NORs) on the short arms

of acrocentric chromosomes. Metaphase NORs that were transcriptionally active in the previous cell

cycle appear as prominent chromosomal features termed secondary constrictions that are achromatic in
chromosome banding and positive in silver staining. The architectural RNA polymerase I (pol I) transcription
factor UBF binds extensively across rDNA throughout the cell cycle. To determine if UBF binding underpins
NOR structure, we integrated large arrays of heterologous UBF-binding sequences at ectopic sites on human
chromosomes. These arrays efficiently recruit UBF even to sites outside the nucleolus and, during metaphase,
form novel silver stainable secondary constrictions, termed pseudo-NORs, morphologically similar to NORs.
We demonstrate for the first time that in addition to UBF the other components of the pol I machinery are
found associated with sequences across the entire human rDNA repeat. Remarkably, a significant fraction of

these same pol I factors are sequestered by pseudo-NORs independent of both transcription and nucleoli.
Because of the heterologous nature of the sequence employed, we infer that sequestration is mediated
primarily by protein-protein interactions with UBF. These results suggest that extensive binding of UBF is
responsible for formation and maintenance of the secondary constriction at active NORs. Furthermore, we
propose that UBF mediates recruitment of the pol I machinery to nucleoli independently of promoter

elements.
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In all eukaryotic organisms, the genes encoding the large
ribosomal RNAs (rDNA) are transcribed by the dedicated
transcription machinery of RNA polymerase I (pol I) in a
specific nuclear location, the nucleolus. Determining
how the pol I transcription machinery is selectively re-
cruited by rDNA and how chromatin organization and
nuclear localization of rDNA influences this process
should provide more general insights into eukaryotic
gene expression.

Approximately 400 copies of the 43-kb human ribo-
somal gene repeat are distributed among the short arms
of the human acrocentric chromosomes (13, 14, 15, 21,
and 22) (Henderson et al. 1972), each of which consists of
three bands: pl1, p12, and pl3. Band pl2 contains the
ribosomal genes and is termed NOR (nucleolar organizer
region), while pl1 and p13 are comprised of satellite se-
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quences packaged as heterochromatin. During meta-
phase, NORs that were transcriptionally active in the
previous interphase form prominent chromosomal fea-
tures termed secondary constrictions, which appear as
achromatic gaps when stained with Giemsa or AT-spe-
cific fluorochromes such as DAPI (4',6-diamidino-2-phe-
nylindole) or quinacrine (Sumner 1982). Electron tomog-
raphy revealed that chromatin within secondary con-
strictions is 10-fold less condensed than the rest of the
chromosome (Heliot et al. 1997). Classically, secondary
constrictions are positive in silver staining and often
termed AgNORs (Goodpasture and Bloom 1975). Asso-
ciation of the pol I machinery with rDNA during mitosis
correlates with the presence of a secondary constriction
(Weisenberger and Scheer 1995; Roussel et al. 1996). It is
generally considered, but not proven, that some compo-
nent of the transcription machinery or indeed the act of
transcription itself is responsible for the undercondensa-
tion of NORs during metaphase.

Efficient transcription of rtDNA by pol I requires the
formation of a preinitiation complex (PIC) on the pro-
moter including upstream binding factor (UBF) and pro-
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moter selectivity factor (SL1) (Bell et al. 1988; Paule and
White 2000; Moss and Stefanovsky 2002; Grummt 2003 ).
SL1 is comprised of TATA-binding protein (TBP) and
TBP-associated factors; (TAF;110, TAF;63, and TAF,48)
(Comai et al. 1992). SL1 interacts with promoter DNA in
a highly sequence-specific manner as illustrated by the
species-specific nature of rDNA transcription (Heix and
Grummt 1995). PICs recruit an initiation competent
subfraction of pol I, defined by the presence of TIF-IA/
Rrn3 (Bodem et al. 2000; Miller et al. 2001). Although
clearly involved in promoter function, mediated through
its ability to interact with other components of the pol I
machinery, highly abundant UBF (~5 x 10° molecules
per cell) has additional roles. It is a so-called architec-
tural transcription factor and is a prime candidate for
maintaining the “open” chromatin state of secondary
constrictions. The remarkable ability of UBF to bend and
loop DNA is mediated through its multiple HMG1-box
motifs. Indeed, it can organize promoter DNA into a
360° loop (Bazett-Jones et al. 1994). UBF may also act to
prevent or reverse the assembly of transcriptionally in-
active chromatin structures catalyzed by linker histone
H1 binding (Kermekchiev et al. 1997). A role for HMG1-
box proteins in rDNA chromatin organization appears to
have been conserved throughout evolution. Hmolp, a
nucleolar protein with a single HMG1-box, has some
sequence similarity to UBF and strongly enhances iDNA
transcription in yeast (Gadal et al. 2002). Both UBF and
Hmol belong to the sequence nonspecific class of
HMG]1-box proteins (Thomas and Travers 2001). Consis-
tent with this, UBF binding is not restricted to regulatory
elements as it interacts in vivo with sequences across
the entire rDNA repeat (O’Sullivan et al. 2002). Despite
this diversity of binding sites, UBF binds selectively to
rDNA as it is exclusively localized to nucleoli during
interphase and at NORs during mitosis (Roussel et al.
1993). We have proposed a model in which rDNA repeats
contain specialized high-affinity binding sequences that
bind UBF in a cooperative manner and induce spreading
of UBF onto adjacent lower-affinity binding sites across
the rDNA repeat (O’Sullivan et al. 2002).

In order to determine if extensive binding of UBF is
responsible for the undercondensation of NORs during
metaphase, we have generated cell lines in which large
arrays of a heterologous UBF-binding sequence have
been integrated into ectopic sites on human chromo-
somes. These arrays bind UBF independent of nuclear
location and adopt a morphology characteristic of NORs.
Our results provide compelling support for a model in
which UBF underpins NOR morphology.

A second major finding of the work presented here
relates to the mechanism by which the pol I transcrip-
tion machinery is recruited to nucleoli. An extensive
chromatin immunoprecipitation (ChIP) analysis revealed
that pol I and SL1 can be found at high levels associated
with sequences throughout the 30-kb intergenic spacer
of human rDNA. The inference being that this is medi-
ated through protein—protein interactions with UBF.
Support for this model is provided by the observation
that ectopic UBF-binding site arrays sequester a signifi-

UBF-binding site arrays form pseudo-NORs

cant fraction of every component of the pol I transcrip-
tion machinery even to sites outside nucleoli and inde-
pendent of both promoter sequences and transcription.
These results force us to re-evaluate how the pol I ma-
chinery is recruited to nucleoli and rDNA.

Results

Generation and mapping of heterologous
UBF-binding site arrays

Blocks of 60/81-bp repeats in the intergenic spacer of
Xenopus ribosomal genes function as transcriptional en-
hancers (Labhart and Reeder 1984) and are among the
best characterized UBF-binding sites. UBF binds coopera-
tively to these Xenopus Enhancer (XEn) elements (Pi-
kaard et al. 1989; Putnam and Pikaard 1992) and is re-
quired for enhancer function (McStay et al. 1997). De-
spite the lack of sequence homology with human rDNA,
human UBF can bind to these elements (Bell et al. 1989;
MecStay et al. 1997). It should be stressed that due to the
species-specific nature of transcription by pol I, it is not
considered likely that the other components of the hu-
man pol I transcription machinery would interact di-
rectly with these Xenopus sequences. We reasoned that
by introducing large tandem arrays of these sequences
into human chromosomes, we could determine, first, if
UBF localization within the cell nucleus was solely a
reflection of DNA binding specificity and, second, if ex-
tensive UBF binding was responsible for the morphology
of NOREs, i.e., secondary constriction and silver staining.
To this end the plasmid pXEn8 was constructed, which
contains eight blocks of the enhancer element or eighty
60/81-bp repeats. The pXEn8 insert was transfected into
a human fibrosarcoma cell line, HT1080, together with a
blasticidin resistance marker in a 200:1 ratio using cal-
cium phosphate precipitation.

Eight stably transfected cell lines were chosen for fur-
ther analysis. The XEn content of these cell lines was
determined by Southern blotting and ranges from 105 kb
to 2.1 Mb (Table 1). It should be pointed out that this
represents an average cellular DNA content. Fluorescent
in situ hybridization (FISH) was performed on metaphase

Table 1. Size and location of XEn arrays

Array size
Clone (kb) Chromosomal location
4A 2100 13p (high frequency of duplication)
4E 250 21p or 22p
5A 250 13p
5D 250 13p
3D 1400 10q (close to telomere, rearrangements)
5B 175 10p (adjacent to centromere)
5C 105 7q (middle of arm)
5E 850 7q (adjacent to telomere)

The size of XEn arrays present in each clone was determined by
quantitative Southern blotting. Chromosomal location of XEn
arrays was demonstrated by FISH on metaphase spreads (Fig. 1).
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spreads from each clone using spectrum red-labeled XEn
DNA and a spectrum green-labeled human rDNA probe
or chromosome paint to establish the site of integration
of XEn sequences (Fig. 1). In four of the clones (4A, 4E,
5A, and 5D) XEn sequences have integrated into the p-
arms of acrocentric chromosomes, the sites of human
ribosomal gene clusters (Fig. 1A). In clones 5A and 5D,
the XEn sequences appear to have inserted into the NOR
present on 13p. In clone 4A XEn sequences again appear
to have inserted into 13p, but in this case integration is
associated with a high frequency of rearrangement such
that there are alternating blocks of human rDNA and
XEn present on this chromosome. The number of alter-
nating blocks varies from cell to cell. In the examples
shown there are one, two, or three blocks of each se-
quence type (see insets in Fig. 1A). We have observed as
many as six alternating blocks in some metaphase
spreads. Interestingly, a change in the size of the short
arm of acrocentric chromosomes associated with dupli-
cation of the NOR is a naturally occurring variant ob-
served in human chromosomes (Perez-Castillo et al.
1986). Human acrocentric chromosomes with as many
as four NORs have been observed. In clone 4E, XEn se-
quences have integrated adjacent to or within the NOR
present on acrocentric chromosome 21 or 22.

In clones 3D, 5B, 5C, and 5E XEn sequences have in-
serted into nonacrocentric chromosomes (i.e., chromo-
somes that do not bear NORs and that are not associated
with nucleoli) (Fig. 1B). In 3D, XEn sequences have in-
serted close to the telomere on the g-arm of chromosome
10. In a substantial number of cells in this clone, a rear-
rangement was observed in which additional chromo-
some 10 sequences have been added distal to the XEn

A

XEn

DAPI

Figure 1. Generation and mapping of UBF-binding site
arrays. (A) XEn arrays map to the short arms of acrocen-
tric chromosomes in clones 4A, 4E, 5A, and 5D. Human
NORs were visualized using a spectrum green-labeled

probe derived from the intergenic spacer of the human DAPI

ribosomal gene repeat. XEn sequences were visualized
with spectrum red-labeled insert of the plasmid pXEnS.
Chromosome identity was determined using enhanced
reverse DAPI banding (SmartCapture; data not shown).
Merges of both probes and DAPI staining are shown in
the top panels. Arrows indicate the XEn arrays. In the

bottom panels, only human rDNA and DAPI signals are XEn

shown. (B) XEn arrays map to submetacentric chromo-

somes in clones 3D, 5B, 5C, and 5E. Chromosomes were DAPI

initially identified using enhanced reverse DAPI banding
and then confirmed using chromosome paints labeled
with spectrum green. XEn arrays were visualized as
above. Merges of both probes and DAPI staining are

shown in the top panels. In the bottom panels, DAPI XEn

signal is omitted in order to more readily visualize the
chromosome paint. The identity of the chromosome
paint is shown in the top right corner of each panel.
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array (see insets in Fig. 1B). In some cases the banding
pattern suggests that the entire g-arm of 10 has been
duplicated. In 5C and 5E XEn sequences are located in
the middle of and adjacent to the telomere, respectively,
of the g-arm of chromosome 7. In 5B XEn sequences are
located close to the centromere on the p-arm of chromo-
some 10.

UBF binds to XEn arrays in vivo

To determine the UBF loading status of the XEn arrays,
we performed combined immuno-FISH on cells in which
the three-dimensional structure has been maintained us-
ing paraformaldehyde (PFA) fixation (Fig. 2). XEn DNA
was visualized as described above, and UBF was visual-
ized with a FITC-labeled affinity-purified hUBF anti-
body. In every case UBF colocalizes with XEn arrays,
whether associated with nucleoli or not. In clones 4A,
4E, 5A, and 5D, XEn arrays are associated with nucleoli
in the majority of cells, as would be expected given their
location on acrocentric chromosomes (Table 2). How-
ever, even when localized within nucleoli, UBF foci as-
sociated with XEn arrays can be clearly distinguished
from “nucleolar” UBF due to their large size and high
fluorescence intensity, especially apparent in clones 4A
and 5A (Fig. 2A). In order to confirm that UBF-associated
XEn arrays are distinct from nucleoli, we performed
combined immuno-FISH using antibodies against fibril-
larin, a nucleolar protein involved in processing of pre-
cursor ribosomal RNA. Whereas the overall nucleolar
staining observed with UBF and fibrillarin antibodies is
similar, no bright foci of fibrillarin staining are associ-
ated with XEn arrays. This point is more clearly illus-
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trated in cells where XEn arrays are not associated with
nucleoli (see below).

In clones 3D, 5B, 5C, and 5E, XEn arrays are present on
nonacrocentric chromosomes. As would be expected, ar-
rays present on these chromosomes are not associated
with nucleoli (Fig. 2B). In 81% of the cells analyzed, XEn
sequences are clearly distinct from the nucleolus (Table
2). Note that this figure is an underestimate since signals
that abut nucleoli are not included. However, immuno-
FISH clearly demonstrates that UBF still associates with
these arrays. Furthermore, the extranucleolar foci of UBF
staining are completely devoid of fibrillarin (Fig. 2B). The
dissociation of nucleolar markers and extranucleolar
UBF foci in these cell lines is further illustrated by com-
bined immuno-FISH experiments that demonstrate that
neither nucleolin or B23 (Nucleophosmin) is associated
with XEn arrays in interphase nuclei (Supplementary
Fig. 1).

Mammalian cells contain approximately equal amounts
of two UBF forms as a result of splice site variation. UBF
2 differs from UBF 1 in missing 37 residues from the
second HMG box (O’Mahony and Rothblum 1991). This
deletion renders UBF 2 nonfunctional at the promoter

1

XEn /| DAPI

XEn /| DAPI

HT1080
—

UBF-binding site arrays form pseudo-NORs

Figure 2. UBF binds to XEn arrays in
vivo. (A) Combined immuno-FISH on
clones 4A, 4E, 5A, and 5D containing XEn
arrays on the short arms of acrocentric
chromosomes. (Top four rows) UBF was
visualized using FITC-conjugated affinity-
purified antibodies. (Bottom two rows) Fi-
brillarin was visualized in clones 4A and
5A using monoclonal antibody 72B9 com-
bined with Cy2-labeled a-mouse second-
ary antibodies. XEn arrays were visualized
with a spectrum red-labeled probe. For
each clone, the row shows antibody stain-
ing (left), the XEn probe with DAPI coun-
terstain (center), and the merge of anti-
body and XEn signals with a DIC image of
the cell (right). Arrows indicate XEn ar-
rays. (B) Combined immuno-FISH on
clones 3D, 5B, 5C, and 5E containing XEn
arrays on submetacentric chromosomes.
Performed and illustrated as above. (C)
Chromatin immunoprecipitation demon-
strates that UBF is bound to XEn arrays.
ChIP was performed on soluble chromatin
fractions prepared from HT1080 parental
cells and clones 4A, 5A, 5B, and 5E using
control IgG (lanes labeled 1) or affinity-
purified «-UBF antibodies (lanes labeled
2). PCR reactions were performed using
primers specific for the human ribosomal
gene promoter (left) or the XEn array
(right). Serial dilutions of a cosmid com-

XEn prising the entire human ribosomal repeat
44 SA  sB 5E or genomic DNA isolated from clone 4A
— p— p— .
1212 1 2 1 2 were used as standard templates in PCRs
- e o) with promoter and XEn primers respec-

tively.

(Kuhn et al. 1994). Although the antibodies used here
cannot distinguish between UBF splice variants, we have
shown in transfection experiments that both UBF 1 and
2 associate with XEn arrays (Supplementary Fig. 3A).

The binding of UBF to XEn arrays was further con-
firmed by ChIP in four of the clones (4A, 5A, 5B, and 5E)
(Fig. 2C). In PCR with primers specific for the human
rDNA promoter, product was obtained from o-UBF
ChIPs in each cell line tested, including the parental
HT1080 cell line. Using XEn primers product was ob-
tained from each of the clones but not from HT1080
cells. Real-time PCR revealed that the XEn DNA con-
tent of a-UBF ChIPs was >100-fold higher than that of
control ChIPs (data not shown). Thus, colocalization of
UBF and XEn DNA reflects direct binding of UBF to the
array.

UBF binding to XEn arrays induces formation
of novel silver staining secondary constrictions

Human NORs contain on average 3 Mb of rDNA (Sakai
et al. 1995). Although none of the XEn arrays described
here are this large, we investigated the possibility that
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Table 2. Interphase location of XEn arrays

Clone (chromosomal

location) XEn nonnucleolar
4A (13p) 17% (n = 54)
4E (21p or 22p) 38% (n =37)
5A (13p) 5% (n = 63)
5D (13p) 4% (n = 48)
3D (10q) 83% (n = 35)
5B (10p) 71% (n = 34)
5C (7q) 84% (n = 44)
5E (7q) 83% (n = 54)

Combined immuno-FISH experiments were performed on XEn
array containing cell lines. The percentage of cells in which the
XEn array (visualized with a spectrum red probe) and nucleoli
(visualized with UBF, RPA43, or fibrillarin antibodies) were
clearly separable was calculated. The number of cells analyzed
(n) for each clone is also shown.

they would appear as secondary constrictions during
metaphase. In these experiments we focused on clones
3D and 5E that contain large XEn arrays present on sub-
metacentric chromosomes. DAPI staining of metaphase
spreads prepared from clones 3D and 5E clearly demon-
strated the presence of novel secondary constrictions
(achromatic regions) that colocalized with XEn arrays
visualized by FISH (Fig. 3A). Antibody staining of chro-
mosomes confirmed that UBF remains associated with
these novel secondary constrictions during mitosis (Fig.
3B). While achromatic regions coinciding with the pres-
ence of XEn DNA and UBF are particularly prominent in
clones 3D and 5E, the achromatic region is less apparent
in clones 5B and 5C, correlating with the smaller size of
the XEn array (data not shown).

A novel secondary constriction was also clearly visible
after quinacrine staining (Q-banding) of chromosomes
prepared from clone 3D (Fig. 3C). This locus was positive
in subsequent silver staining. Chromosomes from clones
3D and 5E were also stained with silver followed by
DAPI (Fig. 3D). Again silver deposits colocalized with
the large secondary constrictions generated by the XEn
array. We conclude from these experiments that recruit-
ment of UBF to XEn arrays results in formation of a
chromatin structure with all the primary characteristics
of NORs. Henceforth, we will refer to these structures as
pseudo-NORs since they do not organize formation of a
nucleolus.

UBEF does not associate with introduced LacO arrays

It is conceivable that association of UBF with XEn arrays
could be a consequence of their highly repeated structure
rather than the underlying DNA sequence. In order to
demonstrate specificity of UBF binding to XEn arrays, we
assessed the UBF loading status of extensive Lac operator
(LacO) arrays introduced into HT1080 cells (Chubb et al.
2002). Combined immuno-FISH was performed on
clones B49-12 and B49-5, which contain LacO arrays on
chromosome 1 and 5, respectively (Fig. 4A). UBF was
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visualized as above, and the LacO arrays were visualized
with a spectrum red-labeled probe. The results clearly
demonstrate that UBF does not associate with LacO ar-
rays, thus illustrating the specificity of UBF binding to
XEn arrays.

Lac repressor binding does not induce formation
of a secondary constriction over LacO arrays

It is possible that formation of pseudo-NORs is a conse-
quence of binding of any abundant sequence-specific fac-
tor to extensive arrays of its target site. To address this

A _XxEn/DAPI silver /| Giemsa

S5E

B UBF/DAPI

Figure 3. XEn arrays display characteristics of NORs. (A) XEn
arrays form secondary constrictions. Metaphase spreads pre-
pared from clones 3D and 5E were hybridized with a spectrum
red-labeled probe to visualize XEn arrays. Merges of probe and
DAPI staining are shown in left panels. Grayscale images of
DAPI staining are shown on the right. XEn arrays and secondary
constrictions are denoted by arrows. (B) UBF remains associated
with XEn arrays during metaphase. Chromosomes were stained
with rhodamine-conjugated affinity-purified «-UBF antibodies
and mounted in DAPI/Antifade (left). Grayscale images of DAPI
staining are shown on the right. XEn arrays and secondary con-
strictions are denoted by arrows. (C) XEn arrays are positive in
silver staining. (Left) Chromosomes prepared from clone 3D
were Q-banded, and images were captured. (Right) Subsequent-
ly, chromosomes were stained with silver and counterstained
with Giemsa, and images of the same fields were captured.
Pseudo-NORs are indicated by arrows, NORs by arrowheads.
(D) XEn arrays are positive in silver staining. Chromosomes
prepared from clones 3D and 5E were stained with DAPI (left)
and silver. The right panels show a merge of silver and reverse
DAPI images. Note the presence of an additional UBF and sil-
ver-positive smaller XEn array at the telomere of the rearranged
chromosome 10 in clone 3D. Pseudo-NORs are indicated by
arrows and NORs by arrowheads.
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issue, we have determined if expression of Lac repressor
can induce formation of a secondary constriction over
LacO arrays. In cell line B49-12-4 (derived from B49-12),
a Lac repressor GFP fusion protein (GFP-Lacl) is stably
expressed (Chubb et al. 2002). Binding of GFP-LaclI to the
LacO array present at 1q11 is demonstrated by a focus of
GFP signal in interphase nuclei (Fig. 4B). Metaphase
chromosomes were then prepared from this cell line, and
the LacO array was revealed using a spectrum red-la-
beled probe (Fig. 4C). Clearly, GFP-Lacl does not induce
formation of a novel secondary constriction associated
with the LacO array. This is particularly evident in the
reversed DAPI image shown in the right panels. In a
previous study (Strukov et al. 2003) with cell lines con-
taining larger LacO arrays (~2 Mb), binding of GFP-Lacl
was shown not to result in an altered metaphase chro-
mosome structure as determined both by DAPI staining
and scanning electron microscopy. These results high-
light the specialized role that UBF has in specifying NOR
structure.

reverse DAPV LacO

|

\
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Figure 4. HT1080 cells with arrays of lac
repressor-binding sites (LacO). (A) UBF is
not targeted to LacO arrays. Combined im-
muno-FISH was performed on HT1080 cells
containing arrays of lac operators on chro-
mosome 1 (clone B49-12) and 5 (clone B49-
5). UBF was detected using FITC-conjugated
affinity-purified antibodies (left); the LacO
arrays were visualized with a spectrum red-
labeled probe (center, merged with DAPI).
(Right) Merged fluorescence and DIC images
of the cells. Arrows depict LacO arrays. (B)
Clone B49-12-4 is a derivative of B49-12
(above, in A) in which GFP-Lacl is stably
expressed. Panels show GFP-Lacl visualized
in interphase cells. The left panel in each
case shows a merge of GFP and DAPI sig-
nals, the right shows a merge of GFP and
DIC images. (C) Binding of GFP-Lac repres-
sor fusion protein (GFP-Lacl) to LacO arrays
does not induce formation of a secondary
constriction. Metaphase spreads prepared
from B49-12-4 cells were stained with DAPI,
and LacO arrays were visualized with a
spectrum red-labeled probe. Panels on the
Ieft show DAPI staining alone and merged
with the spectrum red signal. Relevant sec-
tions of metaphase spreads are shown en-
larged in the right panels. DAPI staining has
been reversed to enhance chromosome
banding.

L
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The pol I transcription machinery interacts
with sequences across the entire human rDNA repeat.

To date it has been assumed that the pol I transcription
machinery is recruited directly to the rDNA promoter,
mediated by interactions between promoter-bound UBF
and other components of the pol I transcription machin-
ery (Beckmann et al. 1995; Hanada et al. 1996). Indeed,
nucleolar localization of the pol I machinery is consid-
ered to be entirely due to promoter interaction and en-
gagement in transcription (Dundr et al. 2002). Our recent
finding that UBF binds extensively across the rDNA re-
peat (O’Sullivan et al. 2002) already suggested an alter-
native model. Specifically, nonpromoter-bound UBF
could greatly enhance the ability of rDNA to recruit the
pol I machinery. A prediction of this model is that com-
ponents of the pol I machinery could be found associated
with sequences across the entire rDNA repeat. In our
previous work, a limited series of ChIP experiments with
pol I and SL1 antibodies suggested that this was not the
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case (O’Sullivan et al. 2002). Here we have reinvestigated
this question using improved antibodies and more quan-
titative methodologies. ChIP was performed on nucleo-
lar chromatin prepared from HT1080 cells with affinity-
purified UBF, RPA43, and TAF;110 antibodies. Initially,
we performed PCR using primers specific for the human
rDNA promoter (Fig. 5B). As expected, each of these fac-
tors is present at the promoter. Real-time PCR was then
performed using primer pairs specific to the promoter
and primer pairs specific for a further nine sites distrib-
uted across the 43-kb rDNA repeat (Fig. 5C). The amount
of target sequence present in UBF, RPA43 and TAF;110
ChIPs was calculated relative to that in a control ChIP.
From these data it is clear that each of these factors can
be found associated with sequences across the rDNA re-
peat. To obtain a more global and quantitative descrip-
tion of the distribution of these factors across the IDNA
repeat, we radiolabeled DNA recovered from UBF, RPA43,
TAF;110, and control ChIPs. Direct labeling was possible

Figure 5. RNA polI transcription machin- A
ery interacts with DNA sequences across
the entire tDNA repeat. (A) The 43-kb hu-
man rDNA repeat derived from GenBank
accession number U13369 is shown in car- L

EEA sl 25 |

L

since real-time PCR data indicated that we recovered
between 5 and 10 ng of rDNA from each ChIP. Labeled
DNA was then used as a probe against slot blots loaded
with a panel of cloned rDNA subfragments that covers
the entire rtDNA repeat (Fig. 5D). Radiolabeled cosmid
DNA from a clone comprising the entire rDNA repeat
was used as a hybridization control. Hybridization sig-
nals were quantified using a Phosphorlmager. Typically
the signal observed over a given rDNA subfragment with
labeled UBF, RPA43 and TAF;110 ChIPs was 20- to 40-
fold above that observed with the control ChIP. Ratios of
signals with radiolabeled cosmid closely reflected that
predicted on the basis of the size of the rDNA subclone
loaded in each slot. Consequently, we expressed the re-
sults as signal per kilobase over each subfragment of the
rDNA repeat (Fig. 5E). As previously shown, results pre-
sented here confirm that UBF is found associated with
sequences across the entire rDNA repeat. The pol I sub-
unit RPA43 is similarly distributed. Levels of both UBF
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and RPA43 vary by at most two- to threefold across the
repeat. In contrast TAF;110 is found associated with se-
quences across the intergenic spacer at levels that are 10-
to 15-fold above that observed over transcribed se-
quences. The somewhat surprising conclusion from
these experiments is that higher levels of pol I and SL1
are associated with the intergenic spacer than with the
promoter and transcribed sequences. Moreover, the ma-
jority of the pol I transcription machinery that is associ-
ated with rDNA is not actively engaged in the transcrip-
tion process.

Pseudo-NORs sequester the pol 1
transcription machinery

The most reasonable interpretation of the above data is
that the pol I machinery is distributed across the entire
rDNA repeat as a consequence of interactions with UBF
rather than directly with DNA. The pseudo-NORs de-
scribed here provide a unique opportunity to look at re-
cruitment of the pol I transcription machinery to UBF
loaded sequences uncoupled from promoters, transcrip-
tion, and the nucleolar environment. Initially we looked
at RPA43. Combined immuno-FISH clearly demonstrated
colocalization of a significant fraction of total RPA43
with XEn arrays (Fig. 6A). Pol I subunits, RPA195,
RPA135, and PAF53 are also associated with UBF on
these arrays (Supplementary Figs. 2, 3B). Thus, at least
four pol I subunits are sequestered by pseudo-NORs.

The presence of TIF-IA/Rrn3 at pseudo-NORs could
render the associated pol I competent for transcription
initiation. In each of the clones but not the parental
HT1080 cells, we observed a characteristic focus of TIF-
IA/Rrn3 staining that colocalizes with UBF but is not
associated with fibrillarin (Fig. 6B). Additionally, myc
epitope tagged TIF-IA/Rrn3, introduced into cells by
transient transfection, colocalizes with UBF at pseudo-
NORs.

Next, we examined the possibility that pseudo-NORs
could sequester SL1. By using TAF;110 antibodies, we
generally observed a weak overall nuclear staining in the
parental HT1080 cells, with a slight preference for the
nucleolus (Fig. 6C). Remarkably, in XEn containing
clones a large fraction of cellular TAF;110 colocalized
with UBF in the characteristic bright foci of pseudo-
NORs. Immuno-FISH confirmed association of TAF;110
with XEn sequences (Fig. 6C). We have also demon-
strated that TBP targets to pseudo-NORs (Supplemen-
tary Fig. 3C). These results show that at least two com-
ponents of SL1 are sequestered by pseudo-NORs.

It is most likely that pol I, TIF-IA/Rrn3, and SL1 are
associated with pseudo-NORs through contacts with
UBF rather than directly with XEn sequences. This close
association was confirmed by ChIP experiments. Affin-
ity-purified antibodies against RPA43, TIF-IA/Rrn3,
TAF;110, and control IgGs were used in ChIPs of chro-
matin prepared from clones 4A, 5A, 5B, 5E and the pa-
rental HT1080 cell line (Fig. 6D). As before, PCR was
performed on DNA recovered from ChIPs with primers
either specific for XEn sequences or the human ribo-

UBF-binding site arrays form pseudo-NORs

somal gene promoter. In PCR with primers specific for
the human rDNA promoter, product was obtained from
ChIPs with RPA43, TIF-IA/Rrn3, and TAF;110 antibod-
ies but not control IgGs in each cell line tested, including
the parental HT1080 cell line. Using XEn primers prod-
uct was obtained from each of the clones but not from
parental HT1080 cells. Thus, colocalization of RPA43,
TIF-IA/Rrn3, and TAF;110 with XEn arrays reflects inti-
mate association of these components of the pol I tran-
scription machinery with the XEn array in all likelihood
through UBF.

One might imagine that the open chromatin structure
of pseudo-NORs, specified by UBF, might provide a sink
not just for the pol I transcription machinery but for that
of pol II or III. We have demonstrated that pol II can be
ChIPed onto UlsnRNA genes (transcribed by pol II) but
not pseudo-NORs or rDNA. Conversely, pol I can be
ChIPed onto pseudo-NORs and rDNA but not UlsnRNA
genes (Supplementary Fig. 4). This result illustrates the
specificity with which the pol I transcription machinery
interacts with pseudo-NORs.

Pseudo-NORs are transcriptionally silent

Although pol I would not be expected to transcribe XEn
arrays due to the lack of promoter sequences, the pres-
ence of the entire pol I machinery prompted us to for-
mally address this issue. BrtUTP incorporation experi-
ments were performed in permeabilized cells in the pres-
ence of a-amanitin to suppress pol II and III transcription
(Fig. 7). Incorporated BrUTP was visualized with anti-
BrdUTP antibodies (Roche) combined with FITC-conju-
gated secondary antibodies. Nucleoli and pseudo-NORs
were visualized with UBF antibodies. Within nuclei,
BrUTP incorporation is restricted to nucleoli. No BrUTP
incorporation is detected at pseudo-NORs, whether as-
sociated with nucleoli (clones 5A and 4E) or independent
of nucleoli (clones 5B and 5E). Thus, despite the fact that
the entire pol I transcription machinery appears to be
associated with pseudo-NORs, it is not engaged in tran-
scription.

Finally, an RNA analysis revealed that the presence of
pseudo-NORs has no detectable effect on the levels of
pre-rRNA synthesis (Supplementary Fig. 5).

Discussion

One of the remarkable features of this work is that with-
out exception XEn arrays are bound by UBF in vivo. This
occurs independently of integration site and position
within the interphase nucleus. The first obvious impli-
cation of this result is that UBF localization within the
nucleus is entirely driven by rDNA binding specificity.
Moreover, the strictly nucleolar localization of UBF in
normal cells reflects the presence of rDNA. Nucleolar
targeting of UBF independently of its DNA binding ac-
tivity appears to have little or no contribution to its sub-
nuclear localization (Maeda et al. 1992). XEn sequences
were originally chosen for experimental reasons. These
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Figure 7. Pseudo-NORs are transcriptionally inactive. Ongo-
ing pol I-mediated transcription was visualized in clones 5A, 4E,
5B, and 5E by incorporation of BrUTP into nascent transcripts.
(Left panels) BrUTP was visualized with anti-BrdUTP antibod-
ies (Roche) combined with FITC-conjugated secondary antibod-
ies. (Center panels) UBF was detected using affinity-purified an-
tibodies conjugated to rhodamine. Right panels show merged
fluorescence and DIC images of the cells. Arrows depict pseudo-
NORs.

included their high affinity for UBF and lack of homol-
ogy with the human ribosomal gene repeat. An impor-
tant feature is their ability to bind UBF in a cooperative
manner (Putnam and Pikaard 1992), a fact we believe
was critical to the success of these experiments. We en-
visage that murine enhancer elements (Kuhn et al. 1990)
and as yet unidentified elements in the human ribo-
somal gene repeat bind UBF in a similar manner to XEn
sequences. A remaining issue is how UBF spreads from
high-affinity binding sites to lower-affinity sites across
the rDNA repeat. In the future it will be of interest to
include non-UBF-binding sequences in XEn arrays to
study this spreading process.

At the chromosomal level, the results presented here
provide compelling evidence for the involvement of UBF
in specifying the morphology of NORs. XEn arrays are
sufficient to induce formation of structures apparently
identical to true NORs as evidenced by positive silver
staining and the lack of DAPI staining or Q-banding.
During interphase the major AgNOR proteins are
nucleolin and B23/nucleophosmin, and during mitosis
the AgNOR proteins are the pol I large subunit RPA195

UBF-binding site arrays form pseudo-NORs

and 135, UBF, and a 50-kDa protein (Roussel and Her-
nandez-Verdun 1994). Nucleolin and B23/nucleophos-
min do not associate with pseudo-NORs during inter-
phase. Both pol I and UBF associate with mitotic pseudo-
NORs and presumably are responsible for silver staining.

The precise role of UBF in forming secondary constric-
tions is not yet clear to us, but we can now make a
number of conclusions. First, as pseudo-NORs are inac-
tive, transcription in the previous interphase is not a
prerequisite. Second, the ability to form secondary con-
strictions is intrinsic to rDNA. The de novo formation of
pseudo-NORs at ectopic sites demonstrates that se-
quences distal and proximal to NORs are not required.
Finally, as UBF-binding sites are sufficient to specify this
structure, binding sites for other pol I factors are not
required. A remaining issue is whether core histones are
associated with pseudo-NORs. Initial ChIP analysis has
revealed the presence of core histones on XEn sequences
(data not shown). However, in the absence of sequential
ChIP data, we cannot confirm precise colocalization of
UBF and nucleosomes. In this regard it is worth pointing
out that Pikaard and colleagues (Kermekchiev et al. 1997)
have demonstrated that UBF can bind to nucleosomes
with high affinity and displace linker histone H1. This
observation may be relevant to the undercondensation
observed at NORs and pseudo-NORs during metaphase.

At this point it is worth reviewing recent work con-
cerning the activation and repression of rDNA in a chro-
matin and chromosomal context. The presence of a bind-
ing site (T,) for the pol I transcription termination factor
TTF1 immediately upstream of the gene promoter ap-
pears to be a conserved feature of vertebrate rtDNA. Early
evidence suggested that in addition to its role in tran-
scription termination this element also functioned as a
promoter element (McStay and Reeder 1990). More re-
cently, it has been demonstrated that in vitro transcrip-
tion of plasmid templates, packaged as chromatin, is en-
tirely dependent on the presence of TTF1 and the Ty-
binding site (Langst et al. 1997). It was proposed that
TTF1 mediated the recruitment of an activating chroma-
tin remodeling complex to rDNA (Langst et al. 1998).
Curiously, the only TTF1-associated remodeling com-
plex described thus far functions in silencing of rDNA
through the action of histone deacetylases and DNA
methyltransferases (Santoro et al. 2002). The process of
reactivating a silent NOR may require TTF1 and activat-
ing remodeling complexes. However, our observation
that pseudo-NORs adopt the morphology of active
NORs, including recruitment of the pol I machinery, all
without the presence of TTF1-binding sites, argues
strongly that the presence of high-affinity UBF-binding
sites is sufficient for maintaining the open chromatin
state of NORs once activated.

UBF is only found in vertebrates, yet secondary con-
strictions occur in all eukaryotes. In yeast, Hmolp is
thought to be the functional homolog of UBF (Gadal
et al. 2002). It is tempting to speculate that other non-
vertebrate eukaryotic organisms will utilize an abun-
dant, nucleolar Hmol-like HMG protein to specify NOR
structure.
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We have previously demonstrated that human acro-
centric chromosomes with transcriptionally silent
NORs can nonetheless associate with nucleoli (Sullivan
et al. 2001). This occurred independently of their UBF
loading status. We interpreted this as evidence for the
presence of elements on human acrocentric chromo-
somes out with the NOR that are responsible for this
localization. Our observation that pseudo-NORs at ecto-
pic chromosomal locations seldom associate with
nucleoli supports this conclusion. However, it is also
conceivable that when located on nonacrocentric chro-
mosomes, pseudo-NORs come under the influence of
more dominant positional cues.

The other major finding of this work has profound im-
plications for our understanding of how the pol I tran-
scription machinery is recruited to rDNA. We have dem-
onstrated that a significant amount of the nucleolar pol
I transcription machinery is associated with sequences
present in the 30-kb intergenic spacer of the human
rDNA repeat. Polymerase associated with the tran-
scribed region of the repeat is presumably engaged in
transcription, whereas that associated with the inter-
genic spacer is not. This point is not formally proven
here, but our results with pseudo-NORs support this
conclusion. SL1 appears to be more restricted to the in-
tergenic spacer; possibly it is excluded from actively
transcribing polymerases. The most reasonable assump-
tion is that these factors are recruited to sites in the
intergenic spacer through protein—protein contacts with
UBF. Strong support for this contention comes from our
observation that pseudo-NORs, generated using a heter-
ologous sequence, sequester pol I, SL1, and TIF-IA/Rrn3
independent of promoters, transcription, and nucleoli.
SL1 subunits, TAF48, and TBP have been shown indi-
vidually to interact with UBF (Kwon and Green 1994;
Beckmann et al. 1995). The pol I subunit PAF53 has been
shown to contact UBF directly (Hanada et al. 1996). The
yeast homolog of PAF53, RPA49, interacts with the pre-
sumptive yeast homolog of UBF, hmolp (Gadal et al.
2002). Direct contacts between TIF-IA/Rrn3 and UBF
have not been described. Presumably TIF-IA/Rrn3 is re-
cruited to pseudo-NORs by interactions with pol I or SL1
(Miller et al. 2001; Yuan et al. 2002). Although promoters
may contribute to sequestration of the pol I machinery
by rDNA in nucleoli, the efficiency of targeting to
pseudo-NORs suggests that UBF bound to nonpromoter
sequences provides the major contributing factor. The
observation that the presence of pseudo-NORs does not
result in down-regulation of rDNA transcription pro-
vides further evidence for the excess of nucleolar pol I
transcription factors.

Until recently, it was generally considered that rDNA
transcription was mediated by stable PICs that sup-
ported multiple rounds of transcription initiation. The
appeal of this model was that it explained the rapid reini-
tiation rate on ribosomal gene promoters evidenced by
the high density of polymerase molecules observed on
active genes (Miller and Bakken 1972; Puvion-Dutilleul
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1983; Scheer and Benavente 1990). Recently, however,
this view of transcription has been challenged. In yeast,
there is now strong evidence that PICs are recycled after
each round of transcription (Aprikian et al. 2001). Mi-
croscopy of live mammalian cells expressing GFP-tagged
transcription factors and pol I subunits has revealed the
dynamic nature of the eukaryotic nucleus. Photobleach-
ing experiments have revealed that UBF and SL1 dwell
on ribosomal DNA only for a few seconds (Dundr et al.
2002). Consequently, it was calculated that PICs support
a single or at most a few rounds of initiation. Experi-
ments with GFP-tagged pol I subunits led to the more
startling conclusion that components of pol I itself are
brought to ribosomal genes as distinct subunits and as-
semble via metastable intermediates into a functional
polymerase that then breaks apart following transcrip-
tion. Inverse FRAP demonstrated that the majority of
each pol I subunit associated with ribosomal genes is not
engaged in transcription and rapidly dissociates from
rDNA. Only 10% of nucleolar pol I is engaged in tran-
scription elongation, as evidenced by its slower dissocia-
tion kinetics. Each ribosomal gene is transcribed by ~100
pol I molecules at any given time (Miller and Bakken
1972; Puvion-Dutilleul 1983; Scheer and Benavente
1990). Consequently, significantly >100 pol I complexes
must be associated with each repeat but not engaged in
transcription. Clearly this is more than can be accounted
for by interaction with the promoter. We believe that
this is the fraction of pol I we observe by ChIP to be
associated with the human intergenic spacer sequences.
Our results with pseudo-NORs support this model.

ChIP data with endogenous rDNA and observations
with pseudo-NORs similarly lead us to conclude that the
vast majority of SL1 although associated with rDNA is
not engaged in PICs. Live cell imaging experiments with
GFP-tagged SL1 components cannot specifically identify
the small fraction of SL1 engaged in PICs and conse-
quently cannot be used as evidence for PIC recycling.
Despite this re-evaluation of live cell imaging data, we
still favor a model in which PICs are recycled after each
round of transcription initiation, as it provides a role for
the high concentration of unengaged pol I transcription
factors associated with rDNA. The unique morphology
of NORs, mediated by UBF binding, creates a local en-
vironment rich in pol I transcription factors, which may
support rapid PIC formation and/or recycling.

Materials and methods

Antibodies

Antibodies against human UBF, RPA43, PAF53, and TIF-IA/Rrn3
were raised in sheep immunized with full-length recombinant
proteins produced using baculovirus or Escherichia coli expres-
sion systems. Antibodies against human TAF;110 were raised in
sheep immunized with peptides produced in E. coli that en-
coded the C-terminal 184 amino acids of TAF;110. All these
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antibodies were affinity purified against the appropriate antigen
coupled onto 1 mL HiTrap NHS-activated HP columns (Amer-
sham Biosciences). Antibody was bound and eluted using Im-
munoPure Gentle Binding and Elution buffers (Pierce). For im-
munolocalization, affinity-purified antibodies were conjugated
with FITC or Rhodamine (Sigma). Monoclonal antibody 72B9
(provided by Ulrich Scheer, Wiirzburg) combined with Cy2-la-
beled a-mouse secondary antibody (Jackson ImmunoResearch)
was used to detect fibrillarin. Human pol I subunit RPA195 was
visualized using autoimmune serum 57299 (generously pro-
vided by Ulrich Scheer, Wiirzburg) combined with a-human
Cy2-labeled secondary antibody (Jackson ImmunoResearch).
Myc epitope tags were detected using the monoclonal antibody
9E10 combined with Cy2- or rhodamine-labeled a-mouse sec-
ondary antibody.

Plasmids

The plasmid pXEn8 contains a tandem array of eight copies of
the 625-bp X. laevis enhancer cloned as a Sall-Xhol fragment in
a modified pGEM3 vector (Promega). For transfections and
probe preparation, the insert was released by double digestion
and purified from preparative agarose gels. pJRC41, a gift from
Jonathan Chubb (MRC Human Genetics Unit), contains a blas-
ticidin resistance marker driven by the SV40 early promoter
(Chubb et al. 2002). Open reading frames for human UBF1/2,
human pol I subunits (RPA195, RPA135, PAF53, and RPA43),
and human SL1 components (TBP and TAF;110) were intro-
duced into Gateway Entry vectors (Invitrogen) and subse-
quently recombined into Cyan Fluorescent Protein mammalian
expression vector pdECFP-amp (Simpson et al. 2000). CFP is
fused to the N terminus of open reading frames.

Cell culture

HT1080 cells were grown in Dulbecco’s MEM (+Glutamax, so-
dium pyruvate, and 4.5 g/L glucose; GIBCO) supplemented with
10% fetal bovine serum and antibiotics. Transfections were per-
formed using a standard calcium phosphate protocol. One hun-
dred-micrometer plates were transfected with 20 pg of pXEn8
insert DNA and 100 ng pJRC41. Selection was carried out in the
above medium containing 5 pg/mL blasticidin (GIBCO). Colo-
nies were picked after 10 d and maintained in blasticidin-con-
taining medium. LacO and GFP-Lacl containing HT1080 de-
rivatives were maintained as described previously (Chubb et al.
2002).

Immunofluorescent staining

Cells grown on coverslips were rinsed in PBS, fixed for 10 min
at room temperature in 2% PFA in PBS, rinsed again in PBS, and
subsequently permeabilized with 0.1% Triton X-100/PBS for
10 min at room temperature. All antibody incubations were
performed for 30-45 min at room temperature in a humidified
chamber, followed by rinsing in PBS. Hoechst 55328 stain for
visualization of DNA was added to the coverslips during the last
antibody incubation step at a concentration of 5 pg/mL for 10
min. In double-labeling experiments the antibodies were ap-
plied consecutively, starting with unconjugated primary, fol-
lowed by conjugated secondary and finally conjugated primary
antibodies. Coverslips were mounted in DABCO solution (0.2M
Tris-HCI at pH 8.5/glycerol, 1:9, containing 1.5% DABCO).

FISH and silver staining on metaphase spreads

FISH on metaphase spreads was performed essentially as de-
scribed previously (Sullivan et al. 2001). Cells were treated with
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colcemid (10 pg/mL) for 1 h prior to harvesting by mitotic shake
off. Cells were recovered by centrifugation, washed in PBS, re-
pelleted, and hypotonically shocked by resuspension in 75 mM
KCl. After fixation in methanol:acetic acid (3:1) at room tem-
perature, cells were dropped onto slides and air dried. To dena-
ture chromosomal DNA, slides were incubated in 70% for-
mamide/2x SSC (pH 7.0) for 1 min at 70°C and then dehydrated
through an ethanol series. Seven microliters of hybridization
buffer (Hybrisol VII, Qbiogene) containing probe(s) and competi-
tor herring sperm DNA were applied to the slide; a coverslip
was sealed with rubber cement. Slides were hybridized over-
night at 37°C in a humidified chamber and then washed in 0.4x
SSC, 0.3% NP-40 for 2 min at 74°C, followed by 2x SSC, 0.1%
NP-40 for 1 min at room temperature. Slides were mounted in
DAPI/Antifade (Qbiogene). Probes were labeled with spectrum
red or green by nick translation (Vysis). XEn sequences were
visualized with spectrum red-labeled pXEn8 insert DNA. Hu-
man NORs were visualized with an 11.9-kb EcoRI restriction
fragment that contains human intergenic spacer sequences im-
mediately upstream of the gene promoter, labeled with spec-
trum green. Spectrum green-labeled individual chromosome
paints were prepared by nick translation of DOP-PCR products
from flow-sorted chromosomes. For silver staining of NORs,
air-dried metaphase spreads were aged for 2-3 d at room tem-
perature. A drop of a 2% gelatine solution supplemented with
0.1% formic acid was added to the slide, followed by a drop of a
50% silver nitrate solution. After applying a coverslip, the slides
were incubated for 2-4 min at 60°C-65°C until the solution
turned golden brown. The slides were rinsed with water, air
dried, and mounted in DAPI/Antifade (Qbiogene). For Q-band-
ing of chromosomes, aged metaphase spreads were rehydrated
through a decreasing ethanol series followed by two 30-s incu-
bations in Macllvaine’s buffer (0.1 M citric acid, 0.2 M Na,HPO,
at pH 7.0). Staining was performed for 20 min at room tempera-
ture in Macllvaine’s buffer containing 50 pg/mL Quinacrine
mustard (Sigma). Slides were rinsed twice in Macllvaine’s buffer
and mounted in saturated sucrose solution. After image capture
the slides were subjected to silver staining as described and
remounted in saturated sucrose.

Combined immunofluorescence and FISH
on three-dimensionally preserved nuclei

Combined immunofluorescence and FISH was performed essen-
tially as described previously (Bridger and Lichter 1999). HT1080
cells and XEn-containing clones were grown on Superfrost Plus
microscope slides (Scientific Laboratory Supplies) and fixed for
FISH and indirect immunofluorescence by a 10-min incubation
in 4% PFA (w/v) in PBS, rinsed three times in PBS, and perme-
abilized by incubation for 10 min in 0.5% saponin (w/v) and
0.5% Triton-X (v/v) in PBS. After rinsing in PBS, cells were
incubated in 20% glycerol/PBS for 2 h, snap-frozen in liquid
nitrogen, and stored at -80°C. The hybridization probe used in
these experiments was spectrum red (Vysis)-labeled XEn. Im-
mediately prior to hybridization, slides were thawed, washed in
PBS, depurinated in 0.1 N HCl for 10 min at room temperature,
and washed twice in PBS. For denaturation, cells were placed in
70% formamide/2x SSC for 3 min at 73°C followed by 1 min in
50% formamide/2x SSC at 73°C. Denatured probe (50 ng/slide)
in 10 pL/slide Hybrisol VII (Qbiogene) was then added to the
cells and allowed to hybridize for at least 18 h at 37°C in a
humidified chamber. Post-hybridization washes were 3 x 5 min
in 50% formamide/2x SSC at 42°C and 3 x 5 min in 0.1x SSC at
60°C. Slides were washed in PBS and then subjected to antibody
staining. UBF and RPA43 were visualized using FITC-labeled
affinity-purified antibodies (see above). Fibrillarin and TAF;110
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were visualized prior to depurination and hybridization using
the primary and secondary antibodies described above. Bound
antibodies were cross-linked with 4% PFA in PBS. Slides were
mounted in DAPI/Antifade (Qbiogene).

Imaging

Fluorescent and DIC images were captured and merged using a
Photometric Coolsnap HQ camera and Digital Scientific Smart-
Capture extensions (supplied by Applied Imaging) with 100x
Plan Neofluar (metaphase spreads) and 63x Plan Apochromat
(cells) Zeiss objectives mounted on a Zeiss Axioplan2 imaging
microscope.

Nuclear ChIP

Cells (1 x 107 to 2 x 107) were cross-linked for 10 min by the
addition of formaldehyde directly to the tissue culture media to
a final concentration of 1%. Cross-linking was stopped by the
addition of glycine to a final concentration of 0.125 M and in-
cubation for 5 min. Cells were washed twice in PBS, harvested
by combined trypsinization and scraping, and washed in PBS,
and the cell pellet was finally resuspended in 2 mL ice-cold cell
lysis buffer (5 mM PIPES at pH 8.0, 85 mM KCl, 0.5% NP40 and
protease inhibitors). After incubation on ice for 15 min, nuclei
were recovered by centrifugation and resuspended in 1 mL
nuclear lysis buffer (50 mM Tris-HCl at pH 8.1, 10 mM EDTA,
1% SDS and protease inhibitors) at RT. Nuclear lysate was soni-
cated to generate chromatin fragments with an average length of
500 bp. The lysate was microfuged at 14,000 rpm for 5 min and
the supernatant then snap frozen in liquid nitrogen and stored at
-80°C. For immunoprecipitations, 5-uL aliquots of Protein G
Dynabeads (10 mg/mL, Dynal), were pre-equilibrated in 20 pL
PBS containing 0.1% IgG free BSA and 100 pg/mL E. coli RNA.
Beads were recovered magnetically and incubated with 6 pg of
the appropriate affinity-purified antibody or 10 pL of pre-im-
mune serum as an IgG control. IgG loaded Dynabeads were
incubated with 20 uL of the above chromatin fraction that had
been premixed with 130 pL of IP dilution buffer (14.5 mM Tris-
HCl at pH 7.6, 0.75% Triton X-100, 182.5 mM NaCl). Following
overnight incubation at 4°C with mixing, beads were recovered,
washed twice with 150 pL IP wash buffer 1 (20 mM Tris-HCI at
pH 8.0, 2 mM EDTA, 0.2% SDS, 0.5% Triton X-100, and 150
mM NaCl) and twice with 150 pL IP wash buffer 2 (20 mM
Tris-HCl at pH 8.0, 2 mM EDTA, 0.2% SDS, 0.5% Triton X-100,
and 500 mM NaCl). Immunoprecipitated material was eluted
from the beads, cross-links were reversed, and DNA was recov-
ered by ethanol precipitation as previously described (O’Sullivan
et al. 2002). DNA pellets were resuspended in 100 pL H,O.
Immunoprecipitated DNA was analyzed by PCR using either
primers specific for human ribosomal gene promoter or the
Xenopus enhancer sequences. Human promoter primers (5'-CG
CTGCTCCCGCGTGTGTCC-3' and 5'-CAGCGACAGGTCG
CCAGAGG-3') were used to amplify sequences from -198 to 33
of the ribosomal gene promoter. Xenopus enhancer primers (5'-
GACCGGGAGTTCCAGGAG-3' and 5'-CAGGGCAGGGGG
ACGAG-3') were used to amplify 54 bp present in each 60/81-bp
element of the Xenopus enhancer. PCR reactions were per-
formed using an iCycler IQ real-time PCR system (Bio-Rad).
Reactions (20 pL) contained 10 pL of a 2x hot-start mastermix
(Biogene), 5 pL of IP DNA, and a 1/28500 dilution of SYBR
Green (Biogene). Specificity of PCR products was determined
using a combination of melting curve profiles and gel electro-
phoresis. Standard curves for quantitation were generated using
serially diluted genomic DNA from clone 4A (XEn primers) or a
cosmid clone that contains the entire 43-kb human ribosomal
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gene repeat (promoter primers). Reactions included an initial
step of 10 min at 95°C followed by 27-40 cycles of 20 sec at
95°C, 20 sec at 57.8°C, 10 sec at 72°C, and 10 sec at 87°C for
XEn primers or 28-40 cycles of 20 sec at 95°C, 20 sec at 60°C,
and 10 sec at 72°C for promoter primers. For analysis by gel
electrophoresis, 27-30 cycles of amplification were performed.
Products were run on 8% polyacrylamide gels in TBE buffer.
Gels were stained with ethidium bromide and images obtained
using a Molecular Imager (Bio-Rad). For real-time quantitation,
40 cycles of amplification were performed. The amount of target
present in each IP was calculated relative to that in control IPs.

Nucleolar ChIP

Nucleolar chromatin was prepared as described previously
(O’Sullivan et al. 2002). Nucleolar chromatin (150 pL) was di-
luted 10-fold into 0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7mM Tris-HCI (pH 8.1), and 167 mM NaCl. Diluted
chromatin was precleared with Protein A/G Sepharose beads
(50 puL of a 50% slurry pre-equilibrated in E. coli RNA and BSA).
Following addition of affinity-purified antibodies (~5 pg) and
immunoprecipitation with Protein A/G Sepharose beads (50 pL
as above), immune complexes were washed successively with
low-salt wash (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI at pH 8.1, 150 mM NaCl), high salt wash (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, 500
mM NaCl, LiCl wash (0.25 M LiCl, 1% IGEPAL-CA630, 1%
deoxycholic acid [sodium salt]|, | mM EDTA, 10 mM Tris at pH
8.1) and TE buffer (10 mM Tris-Hecl at pH 8.0, | mM EDTA,).
Complexes were eluted in TE buffer plus 2% SDS. PCR was
performed on one-fortieth of the DNA recovered from each
ChlIP as described above. Sequences of primers and PCR condi-
tions are available on request. Radiolabeling of DNA from
ChIPs by random prime labeling, production of slot blots and
hybridization were as described previously (O’Sullivan et al.
2002). A full description of the subcloned rDNA subfragments is
available on request.

BrUTP incorporation in permeabilized cells

After permeabilization of cells with 0.05% Triton X-100 for 2
min at room temperature, run-on transcription was performed
for 15 min in transcription buffer (100 mM KCI, 50 mM Tris-
HCI at pH 7.4, 5 mM MgCl,, 0.5 mM EGTA, 5 U/mL RNasin
[Promega] supplemented with 0.5 mM ATP, GTP, CTP, 0.2 mM
BrUTP [Sigma], and a-amanitin [50 pg/mL]). After run-on tran-
scription, cells were fixed with 2% PFA and permeabilised with
0.1% Triton X-100. BrUTP was visualized with anti-BrdUTP
antibodies (Roche) combined with FITC-conjugated secondary
antibodies.
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