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Efficient ribosome biogenesis requires coordination of a highly complex series of events. Early events include
pre-RNA transcription, processing, and modification. Analysis in yeast has demonstrated that t-UTPs,
components of the U3 snoRNA-containing pre-rRNA processing complex, are required for efficient
transcription of ribosomal genes (rDNA) by RNA polymerase I (pol I). Here, we characterize human t-UTPs
and establish that their ability to link transcription and pre-rRNA processing is evolutionarily conserved. The
pol I transcription factor UBF binds extensively across rDNA throughout the cell cycle, resulting in a
specialized form of chromatin that is the hallmark of active nucleolar organizer regions (NORs).
Transcriptionally silent pseudo-NORs are ectopic, chromosomally integrated, artificial arrays that mimic this
specialized chromatin structure. Pseudo-NORs sequester t-UTPs and factors linking transcription with
pre-rRNA modification (Nopp140 and Treacle). Recruitment is independent of transcription, the underlying
DNA sequence, and location within the nucleolus. Previously, we have demonstrated that pseudo-NORs
sequester every component of the pol I transcription machinery. Taken together, these results highlight the
importance of the specialized chromatin structure at active NORs in coordinating early events in ribosome
biogenesis and nucleolar formation.
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The production of 18S, 5.8S, and 28S ribosomal RNAs
(rRNAs) is a highly elaborate and evolutionarily con-
served process that occurs in a discrete subnuclear com-
partment, the nucleolus. The human genome contains
300–400 copies of a 43-kb ribosomal gene (rDNA) repeat
distributed among five nucleolar organizer regions
(NORs). Transcription of rDNA by RNA polymerase I
(pol I) yields a 47S pre-rRNA that is matured by a com-
plex series of endonucleolytic and exonucleolytic cleav-
ages as well as rRNA methylations and pseudouridyla-
tions prior to assembly with ribosomal proteins to yield
ribosomal subunits. Ribosome synthesis is a major meta-
bolic undertaking in all cells and as such is a highly
coordinated exercise (Warner 1999). This is highlighted

by the finding that perturbations in ribosome biogenesis
provide a major cellular stress-sensing mechanism (Ol-
son 2004).

Although transcription is silenced during mitosis,
rDNA chromatin on competent NORs remains under-
condensed and forms a visible structure termed the sec-
ondary constriction. Many factors involved in ribosome
biogenesis remain associated with competent NORs dur-
ing mitosis (Jordan et al. 1996; Roussel et al. 1996), fa-
cilitating the rapid onset of rDNA transcription and
nucleolar reformation as cells exit mitosis. The nucleo-
lus can be divided into three morphological domains.
Current evidence suggests that the fibrillar center (FC)
represents pools of factors required for transcription and
pre-rRNA processing together with nontranscribed
rDNA (Raska et al. 2006). Transcription occurs either in
the dense fibrillar component (DFC) or at the FC/DFC
interface with early pre-rRNA processing occurring in
the DFC and ribosomal subunit assembly in the granular
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component. The colocalization of many factors involved
in transcription and pre-rRNA processing, observed by
light microscopy, and the close juxtaposition of these
processes, observed by electron microscopy, provide fur-
ther evidence of coordination or indeed coupling be-
tween these steps of ribosome biogenesis. But perhaps
the most convincing demonstration of this point comes
from electron micrographs of actively transcribing ribo-
somal genes that reveal the presence of highly condensed
terminal knobs at the 5� end of nascent pre-RNA tran-
scripts (Miller and Beatty 1969), now known to be an
assembly of pre-rRNA processing complexes (Mougey et
al. 1993).

While a number of the early events in rRNA produc-
tion have been studied in isolation, how these processes
are coordinated is less well understood. The pol I tran-
scription machinery has been characterized in detail
(Russell and Zomerdijk 2005). It is now well established
that one component of the pol I machinery, upstream
binding factor (UBF), binds extensively across the ribo-
somal gene repeat including both the intergenic spacer
(IGS) and 47S coding sequences, performing both a struc-
tural role (O’Sullivan et al. 2002; Mais et al. 2005) and a
role in transcriptional elongation (Stefanovsky et al.
2006). In human cells it appears that <10% of pol I is
engaged in elongation complexes at any given time
(Dundr et al. 2002). This excess appears to colocalize
with UBF and ribosomal genes within nucleoli. The form
of chromatin specified by extensive UBF binding can re-
cruit the pol I machinery independent of transcription
(Mais et al. 2005). This point was most convincingly
demonstrated by the finding that arrays of a heterologous
UBF binding site inserted at ectopic sites formed novel
secondary constrictions during metaphase. During inter-
phase these so-called pseudo-NORs sequester the pol I
machinery independent of both transcription and the
nucleolus. Presumably, UBF-mediated recruitment
maintains a localized high concentration of the pol I ma-
chinery to support the rates of transcription observed on
ribosomal genes. An extension of this logic is that com-
ponents of the pre-rRNA processing machinery could be
recruited to ribosomal gene chromatin prior to their en-
gagement in complexes on the pre-rRNA. This would
provide a means of coordinating these two key steps in
ribosome biogenesis.

Cleavages and modifications of rRNA are directed by
two classes of small nucleolar RNAs (snoRNAs) (De-
catur and Fournier 2003). Several box C/D snoRNAs, in-
cluding U3, U8, and U14, are essential for pre-rRNA
cleavage events. The remaining box C/D snoRNAs and
H/ACA snoRNAs direct methylation and pseudouridine
formation, respectively. Box C/D snoRNAs associate
with four core proteins, 15.5K, NOP56, NOP58, and the
methyltransferase fibrillarin. H/ACA snoRNAs associ-
ate with Gar1, Nhp2, Nop10, and the pseudouridylase
Nap57 (also known as dyskerin) (for review, see Meier
2005). U3 snoRNA is required for the cleavage events
that result in 18S rRNA production and base pairs with
sequences in the 5� ETS and 18S rRNA (Kass et al. 1990).
It is found in both a small 12S monoparticle as well as a

larger (80S–90S) complex. The 12S particle comprises the
four core box C/D snoRNP proteins and an additional
U3-specific protein, hU3–55K (Lubben et al. 1993). The
80S particle was known to comprise the components of
the 12S monoparticle and additional proteins including
MPP10, Imp3, and Imp4 (Granneman et al. 2003). Pro-
teomic analysis of this larger complex in yeast identified
previously known U3 snoRNA-associated proteins as
well as an array of proteins derived from open reading
frames whose function had not previously been charac-
terized, but many of which were conserved in humans
(Dragon et al. 2002). These proteins were collectively
termed UTPs (U Three Proteins), and the complex was
termed the SSU (small ribosomal subunit) processome.
Now it is generally agreed that the SSU processome/90S
pre-ribosome is the terminal knob. Depletion of SSU pro-
cessome components results in loss of terminal knobs on
the 5� end of nascent pre-rRNA. Grandi et al. (2002) pu-
rified a 90S complex similar in composition to the SSU
processome and showed that it contains pre-rRNA se-
quences including the 5� ETS. Depletion of a subset of
UTPs (transcriptional or t-UTPs) results in up to a four-
fold drop in the number of nascent transcripts on each
rDNA repeat (Gallagher et al. 2004). Further evidence
indicated that t-UTPs function as a distinct subcomplex
that is recruited to rDNA independently of the remain-
ing SSU components. A distinct t-UTP complex was also
purified by the Greenblatt laboratory and termed UTPA
(Krogan et al. 2004).

Here, we characterize the human orthologs of these
t-UTPs and demonstrate their involvement in both tran-
scription and U3 snoRNA-dependent pre-rRNA process-
ing. We show that t-UTPs but not other components of
the mature processome are recruited directly to the form
of ribosomal gene chromatin specified by extensive UBF
binding. Recruitment occurs independent of transcrip-
tion, the underlying DNA sequence, and nucleolar con-
text, but is strictly UBF-dependent. We also show that
TCOF1, a nucleolar protein that has links with both
transcription and methylation of rRNA (Hayano et al.
2003; Valdez et al. 2004; Gonzales et al. 2005), and
Nopp140, a chaperone for box H/ACA snoRNPs (Meier
2005), are both also recruited to ribosomal gene chroma-
tin independent of transcription. These results highlight
the importance of the specialized chromatin structure
associated with extensive UBF binding in coordinating
ribosome biogenesis.

Results

Identification of human t-UTPs

In yeast, t-UTPs link rDNA transcription and the pre-
rRNA processing steps mediated by U3 snoRNP (Galla-
gher et al. 2004). To investigate if such links occur in
human cells, we first sought to identify the human coun-
terparts of yeast t-UTPs. TBLASTN searches of cDNA
sequences with yeast peptide sequences identified open
reading frames that are probable human orthologs of
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yeast UTP4, UTP5, UTP10, UTP15, and UTP17. BLAST
searches failed to identify orthologs of yeast UTP8 and
UTP9. This is unsurprising as they are also absent in
fission yeast. Sequence conservation between yeast and
human (h) t-UTPs ranges between 16% identity in the
case of UTP17 and 30% identity for UTP15 (Fig. 1). Hu-
man UTP4, UTP5, UTP15, and UTP17 each contain
multiple WD repeats. UTP10 is devoid of recognizable
motifs except for the presence of a conserved Heat repeat
at its extreme C terminus. A further indication that
these open reading frames represent the true orthologs of
yeast t-UTPs is that peptides derived from each of them
have been identified in a proteomic analysis of human
nucleoli (Andersen et al. 2002). Coding sequences for
each human t-UTP were introduced into the Gateway
recombination-based cloning system (Invitrogen) to fa-
cilitate production of recombinant proteins and genera-
tion of expression constructs encoding epitope-tagged fu-
sion proteins (see Materials and Methods for the source
of full-length cDNA clones).

Endogenous human UTP10 and UTP4 are clearly en-
riched in nucleloli as revealed by staining of HeLa cells
with affinity-purified antibodies raised against recombi-
nant protein (Fig. 2A). Staining of nucleoli isolated from
HeLa cells with these antibodies further reveals that
UTP4 and UTP10 precisely colocalize with foci (FC/
DFC) of pol I and UBF within nucleoli, as would be ex-
pected for proteins that function in both transcription
and early pre-rRNA processing (Fig. 2B). To confirm this
result and address the localization of the remaining t-
UTPs, HeLa cells were transfected with plasmids encod-
ing V5 epitope–UTP fusion proteins. Staining of trans-
fected cells with antibodies against UBF to visualize
nucleoli and a mAb that recognizes the V5 epitope reveal
that in addition to UTP4 and UTP10, UTP5 and UTP17
also localize to nucleoli (Fig. 2C). For reasons that are not
clear to us, expression from UTP15 constructs is not
detectable in transfected cells. Nevertheless, we are con-
fident that it is the ortholog of the yeast protein due to
its presence in the nucleolar proteome (Andersen et al.
2002) and the effects observed on rRNA synthesis upon
depletion of its mRNA (see below).

Human t-UTPs are required for both efficient
transcription and pre-rRNA processing

To address their role in rRNA biogenesis, we undertook
siRNA-mediated depletion of individual t-UTPs. HeLa
cells were transfected with pools or individual siRNA
duplexes (Dharmacon) directed against t-UTPs, the pol I
subunit RPA43, the U3 snoRNP protein hU3–55K, or a
control duplex. SiRNA directed against RPA43 was ex-
pected to exhibit only transcriptional effects and U3–
55K only pre-rRNA processing defects. Due to the abun-
dance and stability of these targets, HeLa cells were ini-
tially transfected at low cell density. A second round of
transfection was performed after 48 h and cells analyzed
after a further 48 h. Where appropriate antibodies were
available, the effectiveness of depletion was monitored
by Western blotting (Fig. 3B). Both the pool and indi-
vidual duplexes directed against UTP10 result in its
depletion to undetectable levels. Whereas the standard
concentration of siRNA (20 nM) was partially effective
in RPA43 depletion, a higher concentration (50 nM) was
more effective. hU3–55K was efficiently depleted with
the standard concentration of duplex. As antibodies
against UTP4 do not work sufficiently well in Western
blotting, and antibodies against UTP5, UTP15, and
UTP17 are unavailable, the efficiency of depletion was
monitored by real-time RT-PCR (Fig. 3B; Supplemental
Fig. 1). This demonstrated that t-UTP mRNA levels were
reduced by between five- and 10-fold.

U3 snoRNP is required for cleavage at four sites within
the pre-rRNA. The initial cleavage site, A�, is at nucleo-
tide (nt) +414 of the pre-rRNA (Kass et al. 1987). Sites A1

and A2 border the 18S coding sequence, and site A3 is
located on the 5� side of the 5.8S coding sequence (Fig.
3A). To assess the impact of factor depletion on pre-
rRNA processing, Northern blots were performed on
RNA extracted from siRNA-treated cells. The probe uti-
lized (nt +1 to +339) is derived from sequences on the 5�
side of the primary cleavage site and recognizes only the
uncleaved 47S pre-rRNA in RNA from mock-transfected
and control duplex-transfected cells. Depletion of hU3–
55K severely compromises U3-dependent cleavage as

Figure 1. Yeast and human t-UTPs.
Alignments between yeast and human t-
UTPs were performed with ClustalW
(EMBL–EBI). Yeast and human t-UTPs are
drawn in cartoon form with percentage
amino acid sequence identity shown
above each pair. Numbers on the right in-
dicate the length of each open reading
frame. (Red blocks) WD repeats; (blue
blocks) Heat repeats.

Pre-rRNA transcription and processing
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evidenced by the accumulation of an aberrant processing
intermediate comprising 5� ETS, 18S, ITS1, and 5.8S se-
quences. The identity of this intermediate was con-
firmed using a number of other probes (Supplemental
Fig. 2). No processing defects are observed upon deple-
tion of RPA43, but as expected the level of 47S pre-rRNA
is markedly reduced due to decreased levels of transcrip-
tion. Depletion of each t-UTP clearly affects U3-depen-
dent cleavage as revealed by accumulation of the same
novel intermediate observed upon hU3–55k depletion,
thus confirming their role in U3-dependent processing.
As failure of U3-dependent cleavage results in stabiliza-
tion of RNA sequences detected by this probe, we cannot
assess transcriptional effects of t-UTP depletion using
this assay. In any case, Northern blotting is not a reliable
measure of ongoing transcription as nascent transcripts
are not readily visualized due to their undefined length.
Furthermore, due to the rapidity with which pre-rRNA is
processed, it is likely that the majority of RNA species
containing 5� ETS sequences are nascent transcripts
(Warner 2001). Nevertheless, it would appear that deple-
tion of individual t-UTPs has differing effects on RNA
levels. We reproducibly observe higher levels of the ab-
errant processing intermediate in UTP4-depleted cells
than cells depleted in the other t-UTPs.

The earliest U3-snoRNP-dependent cleavage event in
pre-rRNA processing is cleavage at the A� site. In order to
specifically address defects in this cleavage, we designed
a 60-nt probe for use in S1 nuclease protection assays
(Fig. 3D). Levels of full-length protected probe and trun-
cated probe provide a quantitative measure of uncleaved
and A� cleaved transcripts, respectively. The ratio of
these signals provides a measure of the efficiency of
cleavage, and the combined signals provide an improved
measure of the level of ongoing transcription. In mock
and control duplex-transfected cells, we observe that the
majority of transcripts detected have already been
cleaved at the A� site. Quantitation of this gel is shown
in Supplemental Figure 3. In RPA43-depleted cells, we
observe a similar ratio of cleaved to uncleaved but the
total signal is reduced, indicative of lower levels of tran-
scription. In cells treated with duplexes directed against
UTP10, we observe a shift toward the majority of tran-
scripts being uncleaved as well as a drop in total signal,
especially evident with duplex 3. S1 nuclease protection
assays, using short oligonucleotide probes, detect both
released and nascent transcripts, thus providing a more
quantitative measure of ongoing transcription than
Northern blots. It would appear that depletion of UTP10
results in lower levels of transcription and that those

Figure 2. T-UTPs localize to nucleoli in HeLa cells. (A) HeLa cells were stained with rhodamine-conjugated affinity-purified anti-
bodies against UTP10 (upper panels) and UTP4 (lower panels). Nuclei were visualized with DAPI, and nucleoli were identified by
co-staining with FITC-conjugated affinity-purified antibodies against UBF. (B) Nucleoli purified from HeLa cells were stained with
UTP10 or UTP4 antibodies as above. FC/DFC structures within nucleoli were identified by co-staining with FITC-conjugated anti-
bodies against either the pol I subunit RPA43 or UBF. Nucleoli were revealed using DIC optics. (C) HeLa cells were transfected with
plasmids encoding V5 epitope-tagged UTP4, UTP5, and UTP17. Tagged proteins were identified with a monoclonal antibody against
the V5 tag combined with a rhodamine-labeled secondary antibody. Nucleoli were visualized with UBF antibodies as above. Non-
transfected cells provided a control. Scale bars, 10 µm.
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transcripts that are produced are less likely to be cleaved
by the U3 snoRNP.

Nuclear run-on transcription assays provide a direct
measure of ongoing transcription and were utilized to
demonstrate that t-UTP-depleted cells exhibit reduced
levels of ribosomal gene transcription. Run-on reactions
were performed in the presence of �P32-GTP using equal
numbers of nuclei isolated from siRNA-treated cells. La-
beled RNA was then hybridized to slot blots of cloned
ribosomal DNA (Fig. 4A). Figure 4B shows the results of
nuclear run-on experiments comparing the effects of de-
pleting UTP10, RPA43, and hU3–55k. This experiment
clearly demonstrates that depletion of UTP10 and
RPA43 have similarly reduced levels of ongoing tran-

scription (fourfold drop) in comparison with controls.
Note that depletion of hU3–55K has little effect.

Using nuclei from cells treated with duplexes target-
ing each of the t-UTPs, run-on transcription reactions
were performed in triplicate to provide a statistically
more accurate measure of the transcriptional conse-
quences. The results from one of the triplicate experi-
ments are shown in Figure 4C and the quantitation from
all three experiments in Figure 4D. These results con-
firm roles for t-UTPs in transcription by pol I. Depletion
of UTP5, UTP10, UTP15, and UTP17 results in mark-
edly reduced levels of transcription. Depletion of UTP4
has no negative effect on transcription, consistent with
the results from Northern blotting (Fig. 3C). The differ-
ential effects of t-UTP depletion will be discussed below.

Human t-UTPs are recruited to ribosomal gene
chromatin independent of transcription

The observation that t-UTPs are required for efficient
transcription of ribosomal genes suggests that they are
recruited to rDNA prior to their inclusion into the ter-
minal knob structure at the 5� end of the pre-rRNA. Re-
cruitment could be mediated by direct interaction with
promoter DNA or indirectly through interactions with
the transcription machinery. Previously, we have dem-

Figure 3. SiRNA depletion of t-UTPs impairs pre-rRNA pro-
cessing. (A) A schematic of the alternative pre-rRNA processing
pathways that occur in HeLa cells (adapted with permission
from Hadjiolova et al. 1993); © 1993 Blackwell Publishing. The
position of U3 snoRNP-dependent cleavage sites (A�–A3) is
shown above the 47S pre-rRNA. (B) HeLa cells were transfected
with Smartpool or individual siRNA duplexes at a standard con-
centration of 20 nM. Duplexes targeting RPA43 were also used
at a higher concentration (50 nM). Western blots were per-
formed on equal amounts of total protein form mock, control,
and siRNA-transfected cells. The identity of the siRNA duplex
employed is shown above each sample, the antibody used is
indicated below each panel, molecular weight markers (kDa) are
on the left, and the position of the relevant antigen is shown
(arrow) on the right of each panel. To assess the efficiency of
siRNA-mediated knockdown of t-UTP mRNAs, quantitative
real-time PCR was performed on reverse-transcribed RNA.
(Table) mRNA level for each targeted UTP relative to the con-
trol (see Supplemental Fig. 1 for details). (C) A Northern blot
was performed on RNA extracted from cells transfected with
each of the t-UTPs, RPA43 (50 nM), and hU3–55K duplexes.
RNA from control duplex and mock-transfected cells provided
controls. (Arrows) Bands representing the intact 47S and the
aberrant processing intermediate resulting from failure of U3-
dependent cleavages. The location of the probe and sites of U3-
dependent cleavage on the 47S are indicated in the cartoon
above. (D) S1 nuclease protection assays were performed on
RNA extracted from cells transfected with control, UTP10
(three separate duplexes), and RPA43 duplexes (20 nM and 50
nM). RNA from mock-transfected cells provided an additional
control. E. coli RNA was used to demonstrate complete diges-
tion of nonhybridizing probe under the conditions used. The
positions of A� uncleaved (full-length protected probe) and A�

cleaved signals are indicated (arrows on the right) (see Supple-
mental Fig. 3 for quantitation of this gel). The location of the A�

cleavage site and the S1 probe is shown in cartoon form above.
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onstrated that the nonengaged fraction of the pol I tran-
scription machinery is associated with rDNA chroma-
tin, predominantly with the IGS (Mais et al. 2005). This

prompted us to look at the distribution of t-UTPs on the
rDNA repeat. Nucleolar chromatin was prepared from
HeLa cells fixed with 0.25% formaldehyde as previously
described (Mais et al. 2005). Chromatin immunoprecipi-
tation (ChIP) was then performed with affinity-purified
antibodies against UTP4, UTP10, and UBF. DNA recov-
ered from these and control ChIPs were analyzed by PCR
with primer pairs from across the 43-kb human ribo-
somal gene repeat (Fig. 5). As previously published, UBF
was found to interact with sequences across the rDNA
repeat (O’Sullivan et al. 2002). It is also abundantly clear
that both UTP4 and UTP10 bind to chromatin through-
out the rDNA repeat. The specificity of ChIP is revealed
by a number of controls. Firstly, rDNA sequences are not
detected in either control ChIP. Secondly, PCR with
primers against pericentromeric alpha-satellite DNA
and beta-satellite DNA, located on NOR-bearing chro-
mosome arms, reveals that these sequences are present
in nucleoli and are bound by histone H2B but not by
UBF, UTP4, or UTP10. As t-UTPs bind to sequences
across the IGS, we can surmise that they are recruited to
rDNA independent of transcription. Given the diversity
of DNA sequences across the rDNA repeat, we can also
infer that t-UTP recruitment is not specified by the un-
derlying DNA sequence; rather, it is the consequence of
protein–protein interactions arising from the specialized
nature of ribosomal gene chromatin.

Recently, we have established that extensive UBF
binding underlies the specialized form of chromatin as-
sociated with rDNA (Mais et al. 2005). Transcription by
pol I can be specifically inhibited in vivo by incubating
cells in a low concentration of Actinomycin D (Act D).
This results in segregation of the nucleolus and forma-
tion of associated cap-like structures that contain UBF.
In Supplemental Figure 4, we demonstrate that UTP10
precisely colocalizes with UBF in these structures in Act
D-treated HeLa cells. This provides further support for a
model in which t-UTPs are recruited to ribosomal gene
chromatin independent of transcription.

t-UTPs but not other components of the terminal
knob associate with pseudoNORs

Large arrays of a heterologous UBF binding sequence
(XEn, enhancer elements from Xenopus laevis rDNA)
integrated at ectopic sites on human chromosomes re-
sult in formation of structures we have termed pseudo-
NORs (Mais et al. 2005). During interphase, pseudo-
NORs sequester not only UBF, but also every component
of the pol I transcription machinery so far analyzed. Fur-
thermore, pseudo-NORs can sequester these factors even
when present on non-NOR-bearing chromosomes and
localized outside of nucleoli. Pseudo-NORs offer a
unique opportunity to study recruitment of proteins di-
rectly to rDNA chromatin. Furthermore, we can be more
certain that they are devoid of transcription compared
with nucleoli in Act D-treated cells. The pseudo-NOR-
containing cell line 3D-1 was derived from the human
cell line HT1080 and contains a 1.5-Mb array of XEn

Figure 4. SiRNA depletion of tUTPs impairs transcription of
pre-rRNA. (A) Labeled RNAs recovered from run-on transcrip-
tion reactions were used to probe slot blots loaded with plas-
mids containing subcloned rDNA fragments. (1) (5� IGS) An
11.9-kb EcoRI restriction fragment positioned immediately up-
stream of the promoter. (2 and 3) (5� ETS-18S and ITS-28S) 5.3-
kb and 7.1-kb EcoRI restriction fragments, respectively, both
from the transcribed region. (4) (3� ETS-IGS) A 5.7-kb EcoRI/
BamHI restriction fragment that includes the 3� ETS and 4.7 kb
of IGS. (B) Run-on transcription reactions were performed with
nuclei isolated from cells transfected with control, UTP10,
RPA43, and hU3–55K siRNA duplexes. Nuclei from mock-
transfected cells provided an additional control. Labeled RNAs
were used to probe slot blots loaded in duplicate as indicated.
(C) Run-on transcription reactions were performed in triplicate
with nuclei from cells transfected with the indicated duplexes.
Labeled RNAs were used to probe slot blots, loaded as indicated
in the upper left panel. One set of experiments is shown. (D)
Signals from the above triplicate sets of run-on transcription
reactions were quantified using a phosphorimager and ex-
pressed relative to signals obtained from mock-transfected cells.
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sequences on the long arm of chromosome 10. To con-
firm transcription independent recruitment of human t-
UTPs, 3D-1 cells were stained with antibodies recogniz-
ing endogenous t-UTPs. Staining of 3D-1 cells with af-
finity-purified antibodies reveals that UTP10 is highly
enriched within pseudo-NORs (Fig. 6A). To further dem-
onstrate colocalization of t-UTPs with pseudo-NORs,
we performed combined immuno-FISH (Fig. 6B). Stain-
ing of 3D-1 with antibodies against UBF, UTP10, or
UTP4 reveals that these proteins colocalize with pseudo-
NORs identified using a spectrum red-labeled XEn DNA
probe. Localization of the remaining t-UTPs to pseudo-
NORs was demonstrated by transfection of 3D-1 cells
with plasmids encoding epitope-tagged proteins (data not
shown). Targeting of UBF, pol I, and t-UTPs to pseudo-
NORs was also confirmed by ChIP (Fig. 6B). These ex-
periments clearly establish that t-UTPs target to pseudo-
NORs, providing the most convincing evidence for tran-
scription-independent recruitment.

Terminal knobs comprise many components includ-
ing t-UTPs (Dragon et al. 2002; Grandi et al. 2002; Gal-
lagher et al. 2004). Our finding that t-UTPs are recruited
to ribosomal gene chromatin independent of transcrip-
tion and consequently prior to terminal knob formation
prompts the obvious question: When are U3 snoRNA
and the remaining protein components of the terminal
knob recruited? Once again, pseudo-NORs provide an
opportunity to address this issue. In human cells, U3
snoRNA is found in two distinct ribonucleprotein (RNP)
complexes: the 12S monoparticle and the terminal knob
(Grandi et al. 2002; Granneman et al. 2003). The 12S
monoparticle also contains 15.5K, Nop56p, Nop58p, fi-
brillarin, and hU3–55K proteins. Previously, we have
demonstrated that fibrillarin does not associate with
pseudo-NORs (Mais et al. 2005). Fibrillarin is, however,
not a specific marker for the U3 snoRNP, as it is found
associated with all box C/D snoRNAs. To specifically
address the U3 snoRNP, we have determined if U3
snoRNA and the U3 snoRNP-specific protein hU3–55K
associate with pseudo-NORs (Fig. 6C). RNA FISH with a

U3 snoRNA-specific probe and staining with hU3–55K
antibodies clearly demonstrates that these components
do not associate with pseudo-NORs, implying a tran-
scriptional dependence on recruitment. These results
agree with a recent report that targeting of U3 snoRNP
components to transfected rDNA plasmids is dependent
on pol I transcription (Kopp et al. 2007). Staining of 3D-1
cells with an antibody against UTP12 (a member of the
b-UTP subcomplex) (Krogan et al. 2004) and transfection
of cells with GFP-tagged hImp4 and hMpp10 reveal that
these terminal knob components do not associate with
pseudo-NORs (data not shown). Thus, it would appear
that as terminal knob constituents, t-UTPs are probably
unique in being recruited to ribosomal gene chromatin
independent of transcription.

TCOF-1 and Nopp140 associate with pseudo-NORs

Pseudouridylation and 2�-O methylation of pre-rRNA
carried out by box H/ACA and box C/D snoRNPs, re-
spectively, occur cotranscriptionally (Warner 2001; De-
catur and Fournier 2003). Are transcription and estab-
lishment of these modifications linked? Intriguingly,
evidence for such links already exists. Nucleolar phos-
phoprotein Nopp140 associates with box H/ACA
snoRNPs (Meier and Blobel 1994) and pol I (Yang et al.
2000). A related nucleolar phosphoprotein, TCOF1/
Treacle, interacts with box C/D snoRNPs (Hayano et al.
2003) and binds to UBF (Valdez et al. 2004). If TCOF1 and
Nopp140 perform a similar role to t-UTPs, we might
predict that they would both be recruited to pseudo-
NORs whereas components of box C/D and box H/ACA
snoRNPs would not. Antibody staining and combined
immuno-FISH of 3D-1 cells reveals that TCOF1 is highly
enriched at pseudo-NORs. To reiterate, fibrillarin, a
component of all box C/D sno-RNPs, does not associate
with pseudo-NORs (Mais et al. 2005). We note also that
TCOF1 remains associated with both NORs and pseudo-
NORs through mitosis (Fig. 7A). Furthermore, TCOF1
colocalizes with UBF in Act D-treated HeLa cells

Figure 5. T-UTPs associate with chromatin
across the rDNA repeat. ChIP was performed
on nucleolar chromatin with affinity-purified
UBF, UTP10, and UTP4 (anti-peptide) anti-
bodies. Control ChIPs used either a control
antibody or no antibody. PCR was performed
with aliquots of each ChIP and the input
chromatin, using primer pairs that are distrib-
uted across the repeat (left). In order to posi-
tion the primer pairs utilized (left), a cartoon
drawing of the rDNA repeat is shown above.
As a control, PCR was performed on ChIPs
with antibodies against histone H2B, UBF,
UTP4, UTP10, and a control antibody using
beta-satellite- and alpha-satellite-specific
primer pairs (right).
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(Supplemental Fig. 3). These observations provide fur-
ther proof of its ability to interact with ribosomal gene
chromatin independent of transcription. Antibody stain-
ing of 3D-1 cells with Nopp140 antibodies reveals that it
also associates with pseudo-NORs, although apparently
not to the same degree as observed with TCOF1 (Fig. 7B).
Nap57 (dyskerin), a component of box H/ACA snoRNPs,
clearly does not target to pseudo-NORs (Fig. 7B). These
results are in full agreement with a role for t-UTPs,
TCOF1, and Nopp140 in linking transcription with pre-
rRNA processing and modification.

UBF is required for transcription-independent
recruitment of Pol I, t-UTPs, and TCOF1

The inference from this and previous work (Mais et al.
2005) is that UBF is required for transcription-indepen-
dent recruitment of the pol I machinery and factors link-
ing transcription with pre-rRNA processing. To test this
hypothesis, we depleted UBF in the pseudo-NOR-con-
taining cell line. 3D-1 cells were repeatedly transfected
with either control or UBF siRNA duplexes. The ability
of the siRNA duplexes to reduce cellular levels of UBF
was demonstrated by Western blotting (Fig. 8A). Com-
bined immuno-FISH shows that transient depletion of
UBF preferentially effect pseudo-NORs. In cells treated
with a control siRNA duplex, every pseudo-NOR shows
strong UBF antibody staining throughout the cell cycle.
Metaphase and interphase cells are shown in Figure 8, B
and C, respectively. In cells treated with UBF siRNA
duplexes, the majority of pseudo-NORs are negative for
UBF. During mitosis, pseudo-NORs lack UBF staining
whereas NORs are positive (Fig. 8B). In interphase cells,
pseudo-NORs also lack UBF staining but nucleoli are
positive (Fig. 8C).

Interphase nucleoli strongly stain with silver due to
the presence of many argyophilic proteins. Previously,
we have observed that pseudo-NORs are also strongly
positive for silver staining during interphase (Prieto and
McStay 2005). This presumably reflects the wide variety

of nucleolar proteins recruited to pseudo-NORs. To de-
termine if the ability of pseudo-NOR to recruit these
argyophilic nucleolar proteins is UBF-dependent, we first
visualized pseudo-NORs by FISH using a spectrum red-

Figure 6. T-UTPs but not components of the U3 snoRNP as-
sociate with pseudo-NORs. (A) HT1080 and pseudo-NOR con-
taining 3D-1 cells were co-stained with affinity-purified UTP10
(red) and UBF (green) antibodies. (B) Combined immuno-FISH
was performed on 3D-1 cells. Cells were stained with affinity-
purified UBF (green), UTP10 (green), and UTP4 (green) antibod-
ies. Pseudo-NORs were revealed by hybridization with XEn
DNA (red). ChIP was performed on nuclear chromatin with af-
finity-purified UBF, RPA43, UTP10, and UTP4 (anti-peptide)
antibodies. Control ChIPs used either a control antibody or no
antibody. PCR was performed with aliquots of each ChIP and
the input chromatin, using a XEn-specific primer pair. (C) (Up-
per panels) U3 snoRNA was detected in 3D-1 cells by FISH with
a Cy3.5-labeled oligonucleotide probe (red). Nucleoli and
pseudo-NORs were visualized by staining with affinity-purified
UBF (green) antibodies. (Lower panels) 3D-1 cells were co-
stained with affinity-purified UBF (green) antibodies and hU3–
55K antisera (red). (Arrowheads, A–C) Pseudo-NORs. Note that
pseudo-NORs are visible under DIC optics. Scale bars, 10 µm.
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labeled XEn DNA probe, then silver staining was per-
formed. Strikingly, we observe complete loss of silver
staining at pseudo-NORs in cells transfected with UBF,
but not control siRNA duplexes (Fig. 8D), confirming a
role for UBF. To address the recruitment of specific fac-
tors, we co-stained both control and UBF siRNA-trans-
fected cells with UBF and either pol I, UTP10, or TCOF1
antibodies (Fig. 8E). These experiments reveal a strict
UBF requirement for recruitment of the pol I transcrip-
tion machinery and factors linking transcription with
pre-rRNA processing.

Discussion

Gallagher et al. (2004) identified seven so-called
t-UTPs—UTP4, UTP5, UTP8, UTP9, UTP10, UTP15,
and UTP17—that link transcription and pre-rRNA pro-
cessing in yeast. A number of lines of evidence suggest
that t-UTPs function as a complex. Firstly, Krogan et al.
(2004) identified the same t-UTPs in a complex termed
UTPA. Secondly, t-UTPs form a complex in the absence
of U3 snoRNA (Gallagher et al. 2004). Finally, ChIP dem-
onstrated that at least six of the seven t-UTPs associate
with rDNA chromatin (Gallagher et al. 2004). At least
two of these t-UTPs, UTP8 and 9, apparently associate
with chromatin independent of transcription. Although,
the finding in the same experiment that Nop1, the yeast
homolog of fibrillarin and a core component of box C/D
snoRNPs, also associated with chromatin suggests that
transcription may not have been fully repressed in this
experiment.

Here, we have identified and characterized the human
orthologs of t-UTPs. Antibodies against two of them
(UTP4 and UTP10) demonstrate that the endogenous
proteins colocalize within the FC/DFC, and tagged ver-
sions of these and remaining t-UTPs localize to nucleoli.
Northern blots clearly demonstrate that depletion of
each t-UTP results in accumulation of an aberrant pro-
cessing intermediate, consistent with failure of U3
snoRNA-dependent cleavage events. This result was fur-
ther confirmed by analyzing cleavage at the A� site in the
5� ETS by S1 nuclease protection. A transcriptional role
was unequivocally demonstrated by nuclear run-on
analysis. We conclude that a function for t-UTPs in link-
ing transcription and pre-rRNA processing has been con-
served throughout evolution.

For the t-UTP complex to link transcription with pro-
cessing, one could imagine that it must make protein–
protein contacts with both machineries. Since depletion
of UTP4 has consequences only on processing, we can
infer that, unlike yeast, its primary role in human cells is
to link the t-UTP complex with the remaining compo-
nents of the terminal knob.

Yeast UTP8 and UTP9 lack common protein–protein
interaction motifs such as WD and Heat repeats. They
also appear to be the most divergent components of the
t-UTP complex. Homologs of these proteins are present
in related yeast strains such as Candida albicans but are
missing in the more distantly related fission yeast and in
all higher eukaryotes. We presume that as yet unidenti-
fied components of the human t-UTP/UTPA complex
perform the role of yUTP8 and 9. In addition to the seven

Figure 7. TCOF1 and Nopp140 associate with pseudo-NORs. (A) 3D-1 cells stained with affinity-purified UBF (green) antibodies and
TCOF1 antibodies (red). (Upper panels) An interphase cell; (middle panels) a mitotic cell; (lower panels) combined immuno-FISH
performed on 3D-1 cells, with TCOF1 antibodies (green) and pseudo-NORs revealed by hybridization with XEn DNA (red). (B) 3D-1
cells stained with affinity-purified UBF (green) antibodies and Nopp140 antibodies (red). (Upper panels) An interphase cell; (middle
panels) a mitotic cell; (lower panels) 3D-1 cells stained with affinity-purified UBF (green) antibodies and Nap57 antibodies (red).
(Arrowhead, A,B) Pseudo-NORs. Scale bars, 10 µm.
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t-UTPs, the UTPA complex contains the protein Pol5, so
named because it bears sequence similarity with DNA
polymerases (Krogan et al. 2004). Apparently, this pro-
tein is also required for optimum transcription and binds
to rDNA chromatin (Gallagher et al. 2004). Interestingly,
a highly related human protein (>15% identity) termed
p160 or Myb-binding protein 1A is localized predomi-
nantly in the nucleolus (Tavner et al. 1998; Andersen et
al. 2002).

Having established that the human t-UTP complex is
required for optimal rDNA transcription in human cells,
we next sought to determine if it associated with rDNA
chromatin. In previous work, we had made the some-
what surprising finding that a significant fraction of the
pol I machinery associates with IGS chromatin (Mais et
al. 2005). Our interpretation was that this represents the
pools of unengaged transcription machinery known to be
present within nucleoli (Dundr et al. 2002). Here, we
demonstrate that t-UTPs likewise associate with the
IGS. As there is no evidence for transcription in the hu-
man IGS, we can reasonably assume that t-UTPs can be
recruited to rDNA independent of transcription. Further
support comes from the colocalization of UBF and
UTP10 observed in Act D-treated cells. However, the
demonstration that pseudo-NORs sequester t-UTPs pro-
vides incontrovertible proof of transcription-indepen-
dent recruitment to rDNA chromatin. Furthermore, the
location of pseudo-NORs outside of nucleoli allows us to
clearly separate recruitment of t-UTPs from recruitment
of other terminal knob components including U3
snoRNA, hU3–55K, and fibrillarin. At the moment, we
do not know precisely how the human t-UTP complex is
recruited to rDNA chromatin, but we can say with cer-
tainty that it is UBF-dependent.

We believe that t-UTPs directly influence transcrip-
tion, rather than inducing a feedback mechanism that
inhibits pol I activity. Firstly, depletion of hU3–55K has
a profound effect on U3 snoRNA-dependent processing
but no appreciable effect on transcription. Secondly, the
recruitment of t-UTPs to chromatin positions them in
the right place at the right time to directly influence
transcription. Finally, the rapidity with which depletion
of t-UTPs in yeast results in inhibition of pre-rRNA syn-
thesis also indicates a direct role in transcription (Galla-
gher et al. 2004). In the longer term, however, one would
clearly expect that disruption of processing by targeting
non-tUTP components of the processome (such as hU3–
55k) would induce nucleolar stress and result in tran-
scription inhibition. There is now ample evidence that
disruption of ribosome biogenesis induces a p53-depen-
dent nucleolar stress pathway (Olson 2004). Note that
HeLa cells are functionally negative for p53. If the same
experiments were performed in cells that support a p53
response, we may have observed more pronounced ef-
fects on transcription upon depletion of hU3–55K. In
fact, we chose to work on HeLa cells so we could dis-
criminate between direct and indirect effects of factor
depletion. Next, we have to discriminate between effects
on transcriptional initiation and elongation. While our
data do not speak directly to this issue, the work in yeast

clearly favors a model in which t-UTPs influence rates of
transcription initiation or the early phase of transcrip-
tional elongation. This is the simplest interpretation of
the chromosomal spread data in which the number of
nascent transcripts over each repeat drops fivefold upon
t-UTP depletion (Gallagher et al. 2004).

A protein here described as UTP4 has also been iden-
tified as cirhin, the product of the CIRH1A gene. North
American Indian childhood cirrhosis (NAIC), a recessive
genetic disorder, arises as a consequence of a missense
mutation (R565W) in CIRH1A (Chagnon et al. 2002).
More recently, it was demonstrated that cirhin is local-
ized principally in the nucleolus, although the similarity
to yeast UTP4 was not commented on (Yu et al. 2005). It
remains to be seen if defects in ribosome biogenesis are
responsible for NAIC pathology.

Human UTP10 had previously been identified as an
uncharacterized protein termed BAP28. Zebrafish em-
bryos homozygous for a mutant bap28 allele display ex-
cess apoptosis primarily in the central nervous system
(Azuma et al. 2006). As predicted, rRNA synthesis is
impaired in this mutant. This increased apoptotic cell
death appears to be mediated by p53, as inhibition of p53
expression with an antisense morpholino leads to a sig-
nificant reduction of cell death. These results are in
keeping with the role of the nucleolus as a major cellular
stress sensor (Olson 2004).

Modification of rRNA by 2�-O-methylation and pseu-
douridylation are thought to occur cotranscriptionally
(Warner 2001; Decatur and Fournier 2003). Thus, snoR-
NAs are likely to associate with nascent transcripts. As
t-UTPs apparently facilitate loading of the U3 snoRNA
onto nascent pre-rRNA, we might expect therefore that
factors that are not core components of box C/D and
H/ACA snoRNAs would facilitate their recruitment. By
analogy with t-UTPs, we might also expect that such
factors would be recruited to rDNA chromatin indepen-
dent of transcription. Two such candidate proteins have
been described: TCOF1/Treacle and Nopp140. Treacher
Collins syndrome (TCS) is an autosomal dominant dis-
order of craniofacial development. Treacle, the protein
product of TCOF1, the gene mutated in TCS, is a nucleo-
lar phosphoprotein that interacts directly with both UBF
(Valdez et al. 2004) and Nopp56/58 present in box C/D
snoRNPs (Hayano et al. 2003). Furthermore, it has been
reported that knockdown of TCOF1 expression results in
reduction of both rDNA transcription (Valdez et al. 2004)
and pre-rRNA methylation (Gonzales et al. 2005). A re-
lated nucleolar phosphoprotein, Nopp140, associates
with NAP57 (dyskerin), the pseudouridylation catalytic
activity of box H/ACA snoRNPs (Meier and Blobel
1994), and is not required for pseudouridylation in vitro
(Wang et al. 2002) but may link this process with tran-
scription in vivo. Nopp140 is found associated with pol I
(Chen et al. 1999) and mutant derivatives can act as
dominant inhibitors of transcription by pol I in vivo
(Yang et al. 2000).

Here, we have demonstrated that like t-UTPs, TCOF1
and Nopp140 are recruited to ribosomal gene chromatin
independent of both their partner snoRNPs and tran-
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scription. It is likely that TCOF1 is recruited through
direct interaction with UBF. Nopp140 may be recruited
through interaction with pol I. Interestingly, the major-
ity of pol I dissociates from mitotic NORs during meta-
phase, as does Nopp140 (Leung et al. 2004). In contrast,
both UBF and TCOF1 remain associated with NORs
through mitosis.

In summary, electron microscopy has told us that
rDNA transcription and pre-rRNA processing are inti-
mately linked both in space and time. The multiple lev-
els at which these processes are now thought to be
linked illustrates the fundamental importance of coordi-
nating steps in ribosome biogenesis. Recently, transcrip-
tion elongation by pol I has been linked to both process-
ing and ribosome assembly in yeast (Schneider et al.
2007). It is unclear at the moment if the yeast t-UTP
complex appears forms part of this mechanism (Galla-
gher et al. 2004). Our identification and characterization
of human t-UTPs illustrates that links between tran-
scription and processing are conserved throughout evo-
lution. Importantly, we have shown that the context in
which transcribed sequences are located is likely to be a
major contributing factor in vivo. Extensive UBF binding
on human NORs specifies a distinct form of chromatin
that facilitates recruitment of the pol I transcription ma-
chinery, t-UTPs, TCOF1, and Nopp140. These results
highlight the importance of NOR structure in recruiting
factors required for coordinating early steps in ribosome
biogenesis.

Materials and methods

Plasmids

Image clones encoding UTP4 (Accession number: BC009348),
UTP10 (Accession number: CD643675), UTP15 (Accession
number: CX784161), and UTP17 (Accession number:
BC040567) were obtained from www.geneservice.co.uk. A
cDNA clone encoding UTP5, KIAA0007 (Accession number:
D26488), was obtained from www.kazusa.or.jp/huge/. UTP4,
10, and 17 ORFs were amplified by PCR and introduced into
pENTR/D-TOPO (Invitrogen). An NcoI/NotI fragment encod-
ing the full-length UTP5 open reading frame was subcloned
from KIAA0007 into pENTR4 (Invitrogen). Note that sequences
surrounding the initiation codon were converted to an NcoI
restriction site prior to subcloning. Sequence alignment of
KIAA with putative UTP5 clones from other mammalian spe-
cies indicates that the open reading frame in KIAA0007 most
likely initiates at nucleotide position 30. All Gateway entry
clones were fully sequenced prior to transfer into destination
vectors. An open reading frame encoding UTP15 was also in-
troduced into pENTR4, but we were unable to detect expression
from this construct using a number of destination vectors.
UTP4, UTP5, and UTP17 were transferred into the destination
vector pcDNA6.2/nLumio-DEST (Invitrogen) in order to gener-
ate mammalian expression constructs that introduce an N-ter-
minal V5 tag.

Cell culture

HT1080 and HeLa cells were grown in Dulbeco’s MEM (+Glu-
tamax, sodium pyruvate, and 4.5 g/L glucose; GIBCO) supple-
mented with 10% fetal bovine serum and 50 U/mL of penicil-
lin/streptomycin. To maintain the clone 3D-1, the medium was

supplemented with 5 µg/mL blasticidin (GIBCO). HeLa cells
were transfected using TransIT reagent (Mirus Bio Corp.) fol-
lowing the manufacturer’s protocol. HT1080 and 3D-1 were
transfected using a standard calcium phosphate protocol.

Antibodies

A PCR product encoding the N-terminal 120 amino acids of
human UTP10 including a novel stop codon was introduced
into the Gateway entry vector pENTR/D-TOPO. A KpnI/XhoI
restriction fragment encoding the C-terminal 184 amino acids
of UTP4 isolated from its image clone (see above) was subcloned
into the Gateway entry vector pENTR3C (Invitrogen). Each in-
sert was then transferred into the Gateway destination vector
pDEST17 (Invitrogen) for production of N-terminal 6-His-
tagged fusion proteins in Escherichia coli. Purified fusion pro-
teins were used to immunize sheep. Antibodies were affinity
purified as described previously (Mais et al. 2005). Anti-peptide
antibodies were raised by immunizing rabbits with a peptide
encoding amino acids 133–147 inclusive of UTP4. This anti-
body was raised and affinity purified by Eurogentec. Rabbit an-
tibodies against TCOF1/Treacle were provided by Michael
Dixon (University of Manchester). Rabbit antibodies against
Nopp140 (serum RS8) and NAP57 (serum RU8) were provided
by Tom Meier (Albert Einstein College of Medicine, NY). Rab-
bit antibodies against hU3–55K were provided by Nicholas Wat-
kins (University of Newcastle upon Tyne). Mouse monoclonal
antibodies against the V5 tag were from Serotec. Affinity-puri-
fied UBF and RPA43 antibodies have been previously described
(Mais et al. 2005). Anti-sheep and rabbit horseradish peroxidase-
conjugated secondary antibodies were purchased from Sigma
and New England Biolabs, respectively. Dye-conjugated second-
ary antibodies used in immunofluorescent staining were pur-
chased from Jackson ImmunoResearch. The histone H2B poly-
clonal antibody used in ChIP was purchased from Upstate.

Cell staining and image capture

Immunofluorescent staining, silver staining, and combined im-
muno-FISH were performed as described previously (Mais et al.
2005) except that after staining, slides were mounted in Vecta-
shield plus DAPI (Vector Laboratories). DIC and Z-stacks of
fluorescent images were captured using a Photometric Coolsnap
HQ camera and Volocity 4 imaging software (Improvision) with
a 63× Plan Apochromat Zeiss objective mounted on a Zeiss
Axioplan2 imaging microscope. Flattened images of decon-
volved Z-stacks (iterative restoration) are used. In the experi-
ments shown in Figure 8B–D, where we demonstrate lack of
staining at pseudo-NORs, special care was taken to include the
entire nuclear volume in the Z-stack series.

Nucleoli were isolated from HeLa cells as previously de-
scribed (Muramatsu et al. 1963; see http://www.lamondlab.
com/f7nucleolarprotocol.htm). Purified nucleoli were spread
onto polylysine-coated slides, air dried, and fixed in PBS con-
taining 1.0% formaldehyde. Antibody staining was performed
as above.

SiRNA

SiRNA duplexes were purchased as Smartpools from Dharma-
con. In some cases, individual duplexes from the Smartpool
were used in transfections. The control duplex has been de-
scribed previously (Valdez et al. 2004). 5 × 105 HeLa cells were
seeded per 6-cm-diameter dish. The initial transfection with 80
µmol (20 nM final concentration) of Smartpool duplex oligos
using 2 µL of Dharmafect 1 transfection reagent was performed
24 h later. A second round of transfection was performed after a
further 48 h, and cells were harvested 48 h after that. The effi-
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ciency of depletion was monitored by Western blotting. When
antibodies were unavailable, the efficiency of mRNA knock-
down was monitored by RT-PCR using an Opticon 2 (MJ Re-
search) real-time PCR machine (see Supplemental Fig. 1 for de-
tails).

For UBF depletion in 3D-1 cells, four rounds of transfection
with UBF Smartpool duplexes were performed at 24-h intervals.
Twelve hours after the second round of transfection, cells were
split and seeded onto fresh plates. Twelve hours after the final
transfection, cells were trypsinized and seeded onto polylysine-
coated slides. After a further 12 h, cells were fixed in 4% para-
formaldehyde and prepared for combined immuno-FISH as de-
scribed previously (Mais et al. 2005).

Northern blots

RNA was isolated from cells using TRI reagent (Ambion) and
following the protocol provided by the manufacturer. Northern
blots were performed by electrophoresis of 10-µg samples of
RNA in standard formaldehyde–agarose gels followed by trans-
fer in 10× SSC buffer to Hybond-N+ membranes (Amersham
Biosciences) and UV cross-linking (UV-Stratalinker 2400,
Stratagene). To probe Northern blots, a PCR product encoding
nt 1–339 of the 47S pre-rRNA was labeled using random-prime
labeling with �-32PdCTP. Membranes were probed and washed
as described previously (O’Sullivan et al. 2002).

S1 nuclease protection assays

The probe used in S1 nuclease protection assays was a HYPUR
gel-purified 60-mer oligonucleotide (5�-CGGACCCGGCCCGG
GAGAGCACGACGTCACCACATCGATCACGAAGAGCCCC
CCGGGAGC-3�) supplied by MWG. The probe oligonucleotide
(200 ng) was 5� end-labeled with �-32P ATP and T4 polynucleo-
tide kinase. Due to secondary structure within the probe, it was
denatured in a boiling water bath prior to labeling. For each S1
nuclease protection assay, a 10-µg sample of RNA is resus-
pended in 26 µL of H2O together with 3 µL of 10× Hybridization
buffer (3 M NaCl, 0.1 M Tris pH 7.9, 10 mM EDTA) and 1 µL
(2 ng) of labeled probe. Hybridizations were incubated for 3 h at
65°C and then placed on ice. Two hundred seventy microliters
of chilled S1 nuclease buffer (1 mM ZnSO4, 30 mM Na acetate
pH 5.4, 50 mM NaCl) containing 50 units of S1 nuclease (AP
Biotech) was added and the reaction incubated for 30 min at
37°C. Nuclease digestion was stopped by the addition of 50 µL
of 5 M ammonium acetate, 5 µL of 0.5 M EDTA, and 10 µL of
10% SDS. Following ethanol precipitation and washing with
70% ethanol, pellets were resuspended in 6 µL of loading buffer
(80% deionized formamide, 0.01% xylene cyanol and bromo-
phenol blue dyes in 1× TBE). Denatured samples were electro-
phoresed on 9% denaturing (7 M urea) polyacrylamide gels run
in 1× TBE, and signals were visualized and quantified using a
Molecular Imager (BioRad).

Nuclear run-on transcription reactions

Nuclei were prepared from control and siRNA-transfected HeLa
cells grown on 6-cm plates as follows. Cells were rinsed twice
with ice cold PBS, scraped into 1-mL ice-cold PBS, and trans-
ferred to a chilled Eppendorf tube. Cells were pelleted by cen-
trifugation at 500g for 5 min in a refrigerated microcentrifuge.
The cell pellet was resuspended in 500 µL of ice-cold NP40 lysis
buffer A (10 mM Tris pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.5%
NP40) and incubated on ice for 5 min. Cell lysis was monitored
by microscopy. Nuclei were pelleted by centrifugation at 500g
for 5 min. The pellet was resuspended in a further 500 µL of
ice-cold NP40 lysis buffer A and repelleted. The nuclear pellet
was then resuspended in 50 µL of ice-cold glycerol storage buffer

(50 mM Tris pH 8.3, 40% glycerol, 5 mM MgCl2, 0.1 mM
EDTA), flash frozen, and stored at −80°C.

Nuclear run-on reactions were performed as follows. Normal-
ized numbers of nuclei in 50 µL of glycerol storage buffer were
combined with 50 µL of 2× reaction mix (10 mM Tris pH 8.0, 5
mM MgCl2, 150 mM KCl, 5 mM dithiothreitol, and 0.1 mM
CTP, UTP, and ATP) and 2 µL of �-32P GTP, then incubated for
15 min at 30°C with shaking. RNA was isolated from run-on
reactions using TRI reagent (Ambion) and was then used to
probe slot blots of rDNA subclones (see Fig. 4A for details).
Hybridization and washes were performed as described previ-
ously (O’Sullivan et al. 2002).

ChIP

Nucleolar ChIP was performed as described previously (Mais et
al. 2005) except that complexes were eluted from beads by boil-
ing in a total volume of 200 µL of a 10% slurry of Chelex 100
(BioRad) in water (Nelson et al. 2006). PCR reactions were per-
formed using 5 µL of the eluted material in 25-µL reactions, and
products were visualized on 1% agarose gels run in 1× TBE
buffer. Nuclear ChIP was utilized to examine pseudo-NORs and
was performed as described previously (Mais et al. 2005). Precise
PCR conditions and sequence of primer pairs are available upon
request.
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