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ABSTRACT

The 59 external transcribed spacer (59ETS) is critical for 18S rRNA formation and is the longest noncoding region in a ribosomal
RNA transcript. Here we show that processing in mouse 59ETS involves two cleavage events. Processing at site A9 corresponds to
the previously described ‘‘primary cleavage,’’ which precedes other processing steps. Processing at the novel site A0 occurs 1 kb
downstream from A9 yielding two new rRNA precursors: 43S and 29S. The excised 59-A9 and A9-A0 fragments are rapidly
degraded under normal conditions. Depletion of the exosome component EXOSC10/PM-Scl100 (ortholog of yeast Rrp6p)
results in a strong accumulation of the A9-A0 spacer fragment in mouse cells. We discuss the finding of a second processing site
in mammalian 59ETS in relation to the involvement of the U3 snoRNA in pre-rRNA processing and present a revised map of the
mouse 18S rRNA processing pathway.
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INTRODUCTION

Mammalian ribosomal RNA (rRNA) is transcribed by RNA
polymerase I as a large precursor molecule of z14 kb in
size. The primary transcript (47S pre-rRNA) is processed
into mature 18S, 5.8S, and 28S rRNAs by endonucleolytic
cleavages, exonucleolytic trimming, and covalent nucleo-
tide modifications. About half of the primary rRNA
transcript is comprised of the regions termed external
transcribed spacers (59ETS and 39ETS) and internal tran-
scribed spacers (ITS1 and ITS2) that are removed during
rRNA maturation (Eichler and Craig 1994).

The 59ETS, the first part of pre-rRNA transcribed by
RNA polymerase I, is the longest noncoding region in the
transcript, z4 kb in mouse and z3.7 kb in human.
Although the length and nucleotide sequence of 59ETS
can vary significantly between species, phylogenetically
conserved regions of complementarity exist between 59ETS
and the essential box C/D small nucleolar (sno)RNA U3
(Borovjagin and Gerbi 2000). U3 snoRNA is an integral

component of the early 90S preribosomal particles that
contain a large number of protein factors involved in 40S
subunit assembly (Dragon et al. 2002; Grandi et al. 2002).
Mutational analysis suggests that U3 is required for
processing within 59ETS, at the 59ETS/18S boundary
and within ITS1 (Hughes and Ares 1991; Beltrame and
Tollervey 1992). In Saccharomyces cerevisiae, cleavage at site
A0 located in 59ETS 90 nucleotides (nt) upstream of the 59

end of 18S rRNA requires U3 snoRNA (Hughes 1996). In
Xenopus laevis and Trypanosoma brucei, two distinct cleav-
ages in 59ETS, A9 and A0 are dependent on U3 snoRNA
(Hartshorne and Toyofuku 1999; Borovjagin and Gerbi
2001). Only one 59ETS cleavage was identified in the early
studies of mammalian rRNA processing. This cleavage,
termed the ‘‘primary processing event,’’ rapidly occurs in
the pre-rRNA transcript around nucleotide 650 in mouse
and 414 in human (Kass et al. 1987), and is U3-dependent
(Kass et al. 1990). A recent study, however, suggested that a
second cleavage in 59ETS may also occur in human cells
(Rouquette et al. 2005).

Processing of pre-rRNA requires a large number of
auxiliary protein factors (reviewed in Henras et al. 2008).
A conserved complex of 39 to 59 exonucleases termed the
exosome is involved in multiple steps in pre-rRNA matura-
tion (Mitchell et al. 1997; Raijmakers et al. 2004; Houseley
et al. 2006). The mammalian RNase D component of the
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exosome EXOSC10 (also known as PM-Scl100) is an
ortholog of the S. cerevisiae Rrp6p (Allmang et al. 1999).
In our studies of EXOSC10 we observed accumulation of a
novel 59ETS-derived fragment after the depletion of this
protein from mouse cells. This finding led us to reexamine
the pre-rRNA processing steps occurring in mouse cells.
Here we show that mouse 59ETS contains a previously
undescribed processing site that corresponds to the A0 site
observed in other organisms including Xenopus and yeast.
Our results also demonstrate a conserved role for the Rrp6-
like enzymes in pre-rRNA spacer degradation, and suggest
that 59ETS processing, dependent on U3 snoRNA binding,
is similar for all eukaryotes.

RESULTS

Accumulation of a 59ETS fragment in the absence
of EXOSC10

To explore the role of EXOSC10 in rRNA processing, we
used siRNA to deplete this protein from NIH 3T3 cells,
followed by Northern analysis of cellular RNA with probes
complementary to different regions of the pre-rRNA tran-
script (Fig. 1A). Efficient down-regulation of the EXOSC10
protein was verified by immunoblotting (Fig. 1B). After
EXOSC10 depletion, changes in the levels of several pre-

rRNAs were observed, the most striking of which was
accumulation of a 1-kb pre-rRNA fragment detected with
probe 59ETS-3 (Fig. 1C, lane 6). This fragment was not
apparent in cells with normal EXOSC10 levels (Fig. 1C, lane
5). Other changes included the appearance of aberrant
products of cleavage in ITS1 (a band visible above 34S in
Fig. 1C, lanes 6,8) and accumulation of 12S to 5.8S inter-
mediates (data not shown).

Hybridization analysis of processing within 59ETS

To understand the origin of the novel 1-kb fragment
observed after EXOSC10 depletion, we examined pre-
rRNAs that contained 59ETS-derived regions in a series of
hybridizations. The 1-kb fragment was not detected with
probe 59ETS-1 hybridizing upstream of the primary cleav-
age site (Fig. 1C, lanes 3–4). We therefore asked whether a
second cleavage may exist in 59ETS downstream from the
primary site (Fig. 1A, shown by the arrow). This cleavage
would also be expected to generate shorter forms of the
known 45S, 34S, and 24S pre-rRNAs (Fig. 1A). Indeed,
close analysis of hybridizations revealed three precursors
that were not detected in previous studies. A shorter form
of 34S pre-rRNA, which we designated as 29S, was found to
migrate in the wake of 28S rRNA in hybridizations with
probe 59ETS-4 (Fig. 1C, lanes 7–8). 29S pre-rRNA did not

FIGURE 1. Depletion of EXOSC10 unmasks a second processing site in the 59ETS of mouse pre-rRNA. (A) Structure of the mouse 47S pre-rRNA
transcript showing major cleavage sites and relative position of hybridization probes. Novel pre-rRNAs generated by cleavage at the second site
described here (indicated by an arrow) are shown in italics. (B) EXOSC10 protein level is reduced after transfection with specific siRNA, but not
after transfections with a heterologous siRNA as compared with mock-transfected cells. Immunoblotting of cell lysates was perfomed with
antibodies against PM-Scl100; beta-tubulin was used as a loading control. (C) Hybridization analysis of pre-rRNA. Total RNA was isolated from
siControl-transfected (lanes 1,3,5,7,9,10) or siEXOSC10-transfected cells (lanes 2,4,6,8), separated by formaldehyde-agarose gel electrophoresis,
blotted on a membrane, stained with methylene blue to reveal 28S, 18S rRNAs, and marker bands, and hybridized with the indicated
oligonucleotide probes. Arrow points to the spacer fragment accumulating in EXOSC10-depleted cells. Lanes 9 and 10 show a close-up view of
hybridizations in which the gel was run for a longer time to improve separation between 43S and 47/45S pre-rRNAs.

A0 cleavage in mouse pre-rRNA
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hybridize with probe 59ETS-3 (Fig. 1C, lanes 5–6), while
both 59ETS-3 and 59ETS-4 detected 34S pre-rRNA on the
same blots (Fig. 1C, lanes 5–8). This hybridization pattern
suggests that 29S differs from 34S pre-rRNA by the lack of a
59-proximal segment. The size of 29S pre-rRNA (z5 kb)
makes it partially obscured on blots by the highly abundant
28S rRNA (4.7 kb). However, 29S pre-rRNA was reproducibly
detected with several other probes including 18S-1 that hybrid-
izes with all 18S precursors (Fig. 1C, lane 10; data not shown).

The second predicted pre-rRNA, 43S (see Fig. 1A), was
detected in hybridizations with probe 18S-1 as a distinct
band migrating slightly ahead of the abundant 45S pre-
rRNA (Fig. 1C, lane 10). The 43S pre-rRNA was detectable
with a number of other ITS1- and ITS2-specific probes
(data not shown), but not with probe 59ETS-3 (Fig. 1C,
lane 9). The lack of a region hybridizing with 59ETS-3 is
consistent with the notion that 43S is a product of 45S pre-
rRNA derived by a second cleavage in 59ETS.

Finally, hybridization with probe 59ETS-4 revealed a
prominent band migrating above 18S rRNA that we refer
to as 19S (Fig. 1C, lanes 7–8). A large 59ETS fragment
formerly described as 24S rRNA was proposed to extend
from the primary cleavage site to the 59 end of 18S rRNA
(Eichler and Craig 1994). However, the size of the 19S RNA
detected by 59ETS-4 hybridizations is 2.4 kb, which is 1 kb
shorter than the distance between the primary cleavage site
(nucleotide 650) and site 1 (nucleotide 4007). We conclude
that the spacer fragment detected by hybridizations with
probe 59ETS-4 is generated by a second cleavage in 59ETS
located z1 kb downstream from the primary cleavage site.

Collectively, these data indicate that two cleavages, sepa-
rated by z1 kb, take place within the mouse 59ETS. Process-
ing of 45S and 34S pre-rRNAs at the novel site generates 43S
and 29S pre-rRNAs, respectively. The latter pre-rRNAs are
subsequently cleaved at site 1, releasing the 19S spacer
fragment (Fig. 1A). The 43S and 29S pre-rRNAs migrate close
to abundant rRNA species during gel electrophoresis, which
may have hindered their identification in the past.

Mapping of the 59ETS cleavage sites

To map the second cleavage site within 59ETS more pre-
cisely, we performed primer extensions on pre-rRNA using
oligonucleotide primer A0prEx4 (see Table 1 for primer
description). This assay revealed two strong reverse tran-
scriptase stops at nucleotide 1673/1674 (Fig. 2A, lane 1). The
identical stop positions were detected with primer A0prEx3
(data not shown). To reexamine the position of the primary
cleavage site, we performed primer extensions with primer
A9prEx2. Several stops were detected, the strongest of which
corresponded to a cleavage at nucleotide 650 (Fig. 2A, lane
2), consistent with previous studies (Kass et al. 1987). Based
on these results, the distance between the newly identified
site and the primary processing site is z1025 nt, in good
agreement with the hybridization results shown above.

To corroborate the primer extension data, we examined
the 39 ends of the RNA fragments accumulated in
EXOSC10-depleted cells. We ligated an anchor oligonucle-
otide to the 39 end of RNA isolated from these cells using T4
RNA ligase, followed by RT-PCR with primers designed to
amplify sequences between nucleotide 1441 in 59ETS and the
attached anchor. Sequencing of several cloned PCR products
showed that their 39 ends terminated 980–1025 base pairs
downstream from the primary cleavage site (Fig. 2B). The 39

end of the longest clone (E23) was found to abut the second
major primer extension stop detected at nucleotide 1673
(Fig. 2A, lane 1). The observed variability in the 39 ends may
result from cleavage at nucleotide 1673/1674 followed by
partial 39 to 59 exonucleolytic degradation. Although none of
our sequenced clones contained oligo(A) tails which are
characteristic for many yeast exosome substrates (Houseley
et al. 2006), some sequences contained nontemplated nucle-
otides at their 39 ends. The precise mechanism of degrada-
tion of the mammalian 59ETS spacer in the absence of
EXOSC10 remains to be determined.

A revised map of mammalian pre-rRNA processing

The sequence of the mouse 59ETS contains two elements
that are complementary to the single-stranded regions of
the U3 snoRNA called 39 hinge and 59 hinge (Fig. 3). The 39

hinge in the mouse is complementary to a region 16 nt
downstream from the primary cleavage site. The comple-
mentarity between 59ETS and the U3 39 hinge is a conserved
feature in metazoans and is required for 18S formation, as
suggested by mutation analysis in X. laevis (Borovjagin and
Gerbi 2000). The 59 hinge of mouse U3 can base-pair with
59ETS 118 nt upstream of the second cleavage site we
describe here. In other organisms studied in this respect,
the A0 cleavage in 59ETS was observed 50–230 nt down-
stream from the 59-hinge binding site (see Discussion). Base-
pairing between pre-rRNA and the hinge regions is thought
to mediate docking of U3-containing complexes on pre-
rRNA (Borovjagin and Gerbi 2005). For consistency with the
nomenclature used in Xenopus and T. brucei (Hartshorne
et al. 2001; Borovjagin and Gerbi 2005), we propose to
designate the newly identified site at nucleotide 1673/1674 as
A0 and rename the primary cleavage site at nucleotide 650
(formerly site 0) as A9. Taken together, our findings suggest
a new picture of the processing pathway that leads to the
synthesis of mouse 18S rRNA (Fig. 4).

DISCUSSION

In this study, we identified a novel processing site within
mouse pre-rRNA. The existence of this site in the 59ETS
is supported by hybridizations, primer extensions, and
sequencing analysis of 59ETS-derived precursors. These
results provide a corrected picture of pre-rRNA processing
in the mouse and support the view that U3-dependent
processing steps that involve the molecular interaction
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between this snoRNA and 59ETS have been conserved
throughout eukaryotes.

Mammalian A0 site

In all studied organisms, the conserved elements within the
59 domain of U3 can base-pair with 18S sequences within
pre-rRNA, and this interaction is critical for 18S rRNA

formation (Hughes 1996; Sharma and Tollervey 1999). In
addition, phylogenetic and mutational studies suggest that
the 59 hinge and 39 hinge of U3 snoRNA base-pair with
59ETS and help to correctly position U3 on pre-rRNA
(Borovjagin and Gerbi 2000; Borovjagin and Gerbi 2005).
In X. laevis, the 59 hinge interaction site has been located
46 nt upstream of the A0 cleavage (Borovjagin and Gerbi

FIGURE 2. Analysis of the 59 and 39 ends formed by the novel cleavage in mouse 59ETS. (A) Primer extension analysis with primer A0prEx4 to
map the novel cleavage site (lane 1) and A9prEx2 to map the primary cleavage site (lane 2) are shown next to the matching sequencing reactions.
The nucleotide sequence shown with the 59 end at the top is colinear with pre-rRNA; major and minor polymerase stops are indicated by the large
and small arrowheads, respectively. (B) 39 ends of RNA fragments derived by processing at nucleotide 1673/1674 in EXOSC10-depleted cells. See
Materials and Methods for details. Nontemplated bases are shown in italics. Numbering in pre-rRNA corresponds to the GenBank sequence X82564.

TABLE 1. Oligonucleotides used in this study

Name Sequence (59 to 39) Remarksa

59ETS-1 AGAGAAAAGAGCGGAGGTTCGGGACTCCAA 59ETS probe, 59 to A9 (nucleotides 346–375)
59ETS-3 AGCTCCCCACGGGAAAGCAATGAGTCTCTC 59ETS probe, A9 to A0 (nucleotides 1294–1323)
59ETS-4 ACAATGACCACTGCTAGCCTCTTTCCCTT 59ETS probe, A0 to 1 (nucleotides 2809–2837)
18S-1 CCACAGTTATCCAAGTAGGAGAGGAGCGAG 18S probe (nucleotides 4134-4163)
A9prEx2 GACGGATGGGGTGGAGAGAC 39 from A9 (nucleotides 770–789)
A0prEx3 CAGGAGGGGAGGAAAGTAC 39 from A0 (nucleotides 1824–1842)
A0prEx4 GAGCCCACCGTCGCCTAC 39 from A0 (nucleotides 1869–1886)
Lig1_1 TGTAATGTTCGTCCGCAGCCCAG/3InvdT/ Adapter oligonucleotide
Lig1com2 CTGGGCTGCGGACGAACATTACA Complementary to Lig1_1
A0st2 GCGTGTTGGTCTTCTGGTTTCCC Colinear with 59ETS (nucleotides 1441–1463)

aNumbering for the mouse pre-rRNA corresponds to the GenBank sequence X82564.

A0 cleavage in mouse pre-rRNA
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2001). The corresponding region in T. brucei (termed site
3) lies 162 nt upstream of A0 (Hartshorne and Toyofuku
1999). The 59 hinge region in S. cerevisiae U3 can be
crosslinked to the 59ETS sequence z140 nt upstream of the
A0 cleavage (Beltrame and Tollervey 1992).

Our data provide experimental evidence in support of
the model that predicts that processing of the 59ETS in all
eukaryotic pre-rRNA involves common mechanisms. The
mouse U3 39 hinge elements can base-pair to a short
sequence adjacent to site A9, while the newly discovered
processing site at position 1673/1674 is located z120 nt
downstream from the region that can base-pair with the
mouse U3 59 hinge sequence (Fig. 3).
The arrangement of processing sites in
the mouse 59ETS is thus similar to that
in X. laevis and T. brucei. These data
also extend the results of a recent study
that showed accumulation of a precur-
sor analogous to 29S pre-rRNA after
treatment of human HeLa cells with
leptomycin B (Rouquette et al. 2005).
In this study, the putative human A0
site was mapped at position G1643,
which is located z230 nt downstream
from the region that exhibits comple-
mentarity to the 59 hinge of U3 snoRNA
according to the phylogenetic analysis
of Borovjagin and Gerbi (2000). Thus,
both human and mouse cells appear to
possess the A0 processing site within
59ETS located a short distance down-
stream from the region capable of base-
pairing with the 59 hinge of U3.

Role of Rrp6 homologs in
degradation of 59ETS spacers

EXOSC10 is a member of the RNase D
family of exonucleases, and is associated

with the exosome complex (Raijmakers et al. 2004). We
found that depletion of mouse EXOSC10 leads to a
dramatic accumulation of the excised A9–A0 fragment in
mouse cells (Fig. 1C, lane 6). Previous studies in S.
cerevisiae demonstrated that depletion of exosome compo-
nents leads to accumulation of a 59–A0 spacer fragment
(de la Cruz et al. 1998; Allmang et al. 1999). Recently, it was
shown that a 450-nt fragment derived from 59ETS accu-
mulates upon knockdown of RRP6L2, one of RRP6
homologs in Arabidopsis thaliana (Lange et al. 2008). Thus,
degradation of 59-proximal fragments generated by A0
cleavage is a conserved function of the Rrp6-like exonu-
cleases. Notably, the exosome-associated helicase Mtr4p
(Dob1p) is also required for the efficient spacer degradation
(de la Cruz et al. 1998). What is a possible reason for these
observations? Computer analysis of the 59 regions preceding
A0 shows no apparent secondary structure that could
explain the requirement for the exosome in spacer degrada-
tion. Recently, several proteins have been shown to associate
directly with nascent pre-rRNA transcripts (Gallagher et al.
2004; Segerstolpe et al. 2008). These proteins might facilitate
interactions between ETS and U3 snoRNA or participate in
cleavage reactions, but could also impede degradation of the
excised fragments when exosome function is compromised.
We speculate that the exosome and an associated helicase
may be required to displace such proteins that bind to pre-
rRNA upstream of the A0 site.

FIGURE 4. A revised map of pre-rRNA processing leading to 18S rRNA formation in mouse
cells. The major parts on the primary transcript (47S) and cleavage sites are indicated at the
top. The 47S pre-rRNA is normally short-lived in cells due to the rapidly occurring processing
at sites A9 in 59ETS and 6 in 39ETS that generate 45S pre-rRNA. Subsequent cleavages may first
occur either in ITS1 (probably at site 2c) or in 59ETS (site A0). The end result of both
pathways is the removal of the remaining portion of 59ETS yielding 20S pre-rRNA, which is
converted to 18S-E and finally processed to the mature 18S rRNA in the cytoplasm.
Conventional names for the precursors are based on the nomenclature of Bowman et al.
(1981) and Eichler and Craig (1994).

FIGURE 3. A summary of the proposed interactions between mouse
U3 snoRNA and pre-rRNA. Two regions (59 hinge and 39 hinge) in
U3 snoRNA can base-pair with two sequences in the 59ETS. Box A
and A9 in U3 exhibit conserved complementarity to the 59 region in
18S rRNA. According to the model of Borovjagin and Gerbi (2005),
base-pairing between the U3 hinges and 59ETS may be required for
the spatial reorganization of the complex allowing binding of boxes A
and A9 to the 18S sequences in pre-rRNA.
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Variability in processing events

Although pre-rRNA processing is often depicted as a linear
pathway, many cleavages in mammalian rRNA do not follow
a strict temporal order (Bowman et al. 1981). The observed
steady-state levels of ‘‘major’’ and ‘‘minor’’ precursors likely
reflect the different kinetics of their synthesis and conversion
to daughter species. Our analysis of mouse rRNA precursors
shows that cleavage at the newly identified site A0 can occur
either before or after processing in ITS1 that separates 18S
from the 5.8S/28S rRNA (Fig. 4). One notable observation,
however, is that the 59ETS fragment with the 39 end gener-
ated by cleavage at site 1 (19S RNA) appears to have its 59

end derived by cleavage A0, whereas 24S RNA extending
from site A9 to site 1 (see Fig. 1A) was not readily detectable
in our assays. This result suggests that processing at sites 1
and A0 may be coupled to some extent, possibly reflecting
the requirement for the binding of U3 snoRNA to both
59ETS and 18S sequences. The exact mechanism of these
cleavages and the enzymes that catalyze these processing
events require further investigation.

MATERIALS AND METHODS

Cell culture, protein, and RNA analyses

NIH 3T3 cells were maintained in DMEM (Gibco) supplemented
with 10% calf serum and penicillin/streptomycin. EXOSC10
knockdowns were carried out by calcium phosphate-mediated
transfections with an siRNA Smartpool (Dharmacon). Protein
levels were monitored by immunoblotting using antibodies
against PM-Scl100 (Sigma P4124) and beta-tubulin (Sigma
T4026). RNA was isolated using Trizol (Invitrogen). Hybridiza-
tion analysis of rRNA was performed as described (Pestov et al.
2008) using probes listed in Table 1.

Analysis of the 59 ends of RNA

A total of 4 pmol of primers A0prEx4 or A9prEx2 were [32P]-
labeled with T4 polynucleotide kinase, mixed with 1 mg RNA,
incubated at 90°C for 5 min, and annealed at 60°C for 5 min.
Primer extensions were performed in a 20 mL reaction mixture
containing 50 U MonsterScript reverse transcriptase (Epicentre),
13first strand buffer supplied with the enzyme and 4.5%
formamide for 1 h at 60°C. Reactions were stopped by the
addition of 0.3 M sodium acetate, 2 mM EDTA, and 0.1% SDS.
Reaction products were precipitated with ethanol, dried, and
dissolved in 3 mL of loading buffer (95% formamide, 10 mM
EDTA, 0.1% xylene cyanol, and 0.1% bromophenol blue, at final
pH 11). Mouse cDNA clones obtained from ATCC (GenBank IDs:
CF899888 and AA546819) were used as reference templates for
sequencing with SequiTherm EXCEL II (Epicentre). Sequencing
reactions were diluted 10 times and resolved next to primer
extension products on a 6% polyacrylamide/urea gel.

Analysis of the 39 ends of RNA

Total RNA was isolated from cells transfected with EXOSC10
siRNA, dephosphorylated with alkaline phosphatase, purified by

ethanol precipitation, and ligated with 59-phosphorylated oligo-
nucleotide Lig1_1 that has a blocked 39 end (Table 1) using T4
RNA ligase (NEB). Reaction products were precipitated, dissolved
in 10 mM Tris–HCl at pH 8, annealed with primer Lig1com2 at
90°C for 5 min, followed by 5 min at 60°C, and used for cDNA
synthesis with MonsterScript reverse transcriptase. PCR amplifi-
cation of 59ETS-derived sequences was performed using primers
A0st2 and Lig1com2 with the Taq Master Mix (NEB) supple-
mented with 5% DMSO. PCR products were purified from an
agarose gel and cloned into the pGEM-T vector (Promega).
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