Published online 4 December 2014

Nucleic Acids Research, 2015, Vol. 43, No. 1 553-564
doi: 10.1093/narlgkul291 Fnorthern

The association of late-acting snoRNPs with human
pre-ribosomal complexes requires the RNA helicase

DDX21

Katherine E. Sloan''", Matthias S. Leisegang'?f, Carmen Doebele!f, Ana S. Ramirez!?,
Stefan Simm?, Charlotta Safferthal?, Jens Kretschmer?, Tobias Schorge?,

Stavroula Markoutsa®, Sara Haag!, Michael Karas?, Ingo Ebersberger?, Enrico Schleiff?:°,
Nicholas J. Watkins® and Markus T. Bohnsack?!:?:57""

nstitute for Molecular Biology, Gottingen University Medical Department, 37073 Gottingen, Germany, ?Institute for
Molecular Biosciences, Goethe University, 60438 Frankfurt, Germany, 3Institute of Pharmaceutical Chemistry,
Goethe University, 60438 Frankfurt, Germany, *Institute for Cell Biology and Neuroscience, Goethe University, 60438
Frankfurt, Germany, °Cluster of Excellence Macromolecular Complexes, Goethe University, 60438 Frankfurt,
Germany, ®Institute for Cell and Molecular Biosciences, Newcastle University, Newcastle upon Tyne NE2 4HH, UK
and “Gottingen Centre for Molecular Biosciences, Georg-August-University, 37073 Gottingen, Germany

Received October 08, 2014; Revised November 24, 2014; Accepted November 26, 2014

ABSTRACT

Translation fidelity and efficiency require multiple ri-
bosomal ()RNA modifications that are mostly me-
diated by small nucleolar (sno)RNPs during ribo-
some production. Overlapping basepairing of snoR-
NAs with pre-rRNAs often necessitates sequential
and efficient association and dissociation of the
snoRNPs, however, how such hierarchy is estab-
lished has remained unknown so far. Here, we iden-
tify several late-acting snoRNAs that bind pre-40S
particles in human cells and show that their asso-
ciation and function in pre-40S complexes is regu-
lated by the RNA helicase DDX21. We map DDX21
crosslinking sites on pre-rRNAs and show their over-
lap with the basepairing sites of the affected snoR-
NAs. While DDX21 activity is required for recruitment
of the late-acting snoRNAs SNORD56 and SNORDG68,
earlier snoRNAs are not affected by DDX21 depletion.
Together, these observations provide an understand-
ing of the timing and ordered hierarchy of snoRNP ac-
tion in pre-40S maturation and reveal a novel mode
of regulation of snoRNP function by an RNA helicase
in human cells.

INTRODUCTION

The modification of multiple types of eukaryotic RNAs is
key for their biogenesis, structure and function. Ribosomal
(r)RNAs represent one of the most highly modified classes
of RNA and the numerous modifications introduced dur-
ing ribosome production cluster in functionally important
regions of the ribosome, such as the decoding centre, inter-
subunit bridge and peptidyl transferase centre (1). Here, the
modifications have been proposed to be necessary for the ef-
ficiency and fidelity of translation.

The biogenesis of ribosomes is initiated by nucleolar
transcription of a primary transcript (47S pre-rRNA in
humans; 35S pre-rRNA in yeast), which contains the se-
quences of the 18S, 5.8S and 28S (human) or 25S (yeast)
rRNAs (reviewed in (2,3)). Ribosome assembly starts co-
transcriptionally and is closely coordinated with pre-rRNA
processing, modification and folding by a multitude of
cofactors. Many of the more than 200 protein cofac-
tors required for ribosome assembly are recruited as pre-
assembled subcomplexes that have hardly been studied in
human cells. In yeast, the small subunit processome, which
mediates the initial maturation and pre-rRNA processing
steps on the nascent transcript, is assembled from individual
proteins and several subcomplexes, such as the U3 snoRNP,
tUTP/UTP-A, bUTP/UTP-B and UTP-C complexes (re-
viewed in (4)). The initial processing steps of the pre-rRNAs
lead to the separation of the biogenesis pathways of the
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small (SSU, 40S) and large ribosomal subunits (LSU, 60S),
followed by their further assembly in the nucleus, nuclear
export and final maturation steps in the cytoplasm (2,3).

Almost all rRNA modifications are mediated by small
nucleolar RNA-protein complexes (snoRNPs; reviewed in
(5)). These contain a snoRNA component that basepairs
with the pre-rRNA and thereby guides modification of the
target residue by the enzymatic subunit of the snoRNP.
While box C/D snoRNPs introduce 2’-O-methylations of
the ribose, box H/ACA snoRNPs mediate the conversion of
uridine to pseudouridine (6,7). The snoRNAs, in particular
those of the box C/D class, possess significant complemen-
tarity to their target pre-rRNA and form extensive basepair-
ing interactions (8). Coupled with the high density of rRNA
modifications, this results in overlapping pre-rRNA inter-
action sites for many snoRNAs, indicating that they act se-
quentially. However, it has been shown in yeast that almost
all rRNA modifications are introduced co-transcriptionally
(9), implying rapid action and exchange of snoRNPs that
modify neighbouring sites. It is not yet known, whether such
snoRNPs act stochastically or in a defined sequence and
how a ‘snoRNA hierarchy’ might be established. Insight
into how the timing of snoRNA association and snoRNP
action may be regulated is currently lacking.

Besides their modification functions, basepairing interac-
tions between snoRNAs and the nascent pre-rRNA tran-
script are likely to help maintain the open conformation
of early pre-ribosomal complexes, allowing access of ribo-
somal proteins and numerous ribosome biogenesis cofac-
tors. The sequential removal of snoRNAs from the pre-
rRNA might further regulate the folding and structural
compaction of pre-ribosomal complexes. Interestingly, sev-
eral RNA helicases have been shown in yeast to be required
for the release of specific snoRNAs from pre-ribosomes
(10-13). In mammalian cells, however, only the RNA he-
licase DDX51 has, so far, been implicated in the release of a
snoRNA, U8/SNORD118 (14), while the roles of multiple
other helicases proposed to function in ribosome synthe-
sis have remained elusive (reviewed in (15,16)). It has also
been suggested that RNA helicases structurally remodel
pre-ribosomal complexes during their biogenesis, but this
has yet to be demonstrated.

Here, we identify the RNA helicase DDX21 as a novel
component of the human UTP-B complex and show that
DDX21 is found in early and late pre-ribosomal inter-
mediates. Using UV crosslinking and analysis of cDNA
(CRAC), we reveal several binding sites of DDX21 on pre-
rRNAs. Intriguingly, DDX21 is required for specific recruit-
ment and function of several late-acting box C/D snoRNPs,
which basepair at the DDX21 crosslinking sites in pre-40S
complexes and mediate post-transcriptional methylation of
18S rRNA precursors. We further identify snoRNAs with
different timing in ribosome biogenesis including several
that are only recruited to pre-40S complexes, providing ev-
idence that snoRNP modifications can occur at various
stages during ribosome biogenesis.

MATERIALS AND METHODS
Cell culture and RNAi

Stable HEK293 cell lines enabling tetracycline-inducible
expression of fusions of PWP2, DDX21 or NOP2 with
C-terminal His-PreScission protease site-2xFlag (Flag) tags
were generated using the Flp-In T-REx 293 Expression
System (Invitrogen). For the expression of RNAi-resistant
DDX21 five silent mutations were introduced into the
siRNA target site. For expression of the DDX2lgar
mutant, point mutations were introduced to convert
S375 to L and A376 to E. 30 nM of siRNA duplexes
(DDX21, GGGAAAUCACCCUGAAAGGTT; PWP2,
GGAAGUUUGUUGGCAACCUTT, UGACAGAGU-
UUGGCAACCUTT, GGAGCUGGACAAGAUUA-
CATT) were transfected using Lipofectamine RNAiMax
(Invitrogen) according to the manufacturer’s recommen-
dations and cells were harvested after 72 h. Note, the
three siRNAs targeting PWP2 were used in combination
to produce data presented after verification that each
individual siRNA gave the same phenotype.

Pulldown experiments and complex analysis

HEK?293 stable cell lines were treated with 1 pg/ml
doxycycline to induce expression of DDX2I1-Flag,
NOP2-Flag and PWP2-Flag for 24 h before cells were
harvested in lysis buffer (20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 8, 150 mM
KCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 0.1
mM dithiothreitol (DTT), 1 pg/ml Leupeptin/Pepstatin,
1 wpg/ml Aprotinin, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), Complete Mini protease inhibitor cocktail
(Roche)) and lysed by sonication before addition of 0.2%
Triton X-100, 10% glycerol and 1.5 mM MgCl,. The re-
sultant lysate was cleared by centrifugation and incubated
with anti-FLAG M2 magnetic beads (Sigma-Aldrich).
After washing, Flag-tagged proteins were eluted using 250
pg/ml Flag peptide (Sigma-Aldrich) in 10 mM HEPES pH
8, 300 mM KCI and 1.5 mM MgCl,, 0.05% nonidet P-40
supplemented with 0.5 mM PMSF and Complete Mini
protease inhibitor cocktail by shaking at 12°C for 30 min.
Co-immunoprecipitated proteins were detected by mass
spectrometry. In addition, co-immunoprecipitated proteins
were precipitated using methanol:chloroform and analysed
alongside non-concentrated samples of the cleared lysate,
by Western blotting using specific antibodies as described
in the Supplementary Materials and Methods. Association
of DDX21 with pre-ribosomal complexes was determined
by glycerol gradient (10-40%) separation (17) of whole cell
extracts prepared from control cells or those depleted of
PWP2 by RNAI followed by Western blot analysis using an
antibody against the endogenous DDX21 protein.

UV crosslinking and mapping of binding sites

The UV Crosslinking and Analysis of cDNA (CRAC)
method used previously (11,18) was adapted for use on
human cells. Expression of His-PreScission protease site-
2xFlag (Flag) tagged proteins was induced in HEK293 cell
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lines by addition of 1 wg/ml doxycycline for 24 h. Cell cul-
ture medium was removed, cells were washed in phosphate-
buffered saline (PBS) and ultraviolet (UV) crosslinking was
performed with cells in petri dishes in a Stratalinker (Ag-
ilent). Cells were lysed by sonication and complexes were
first isolated using anti-Flag magnetic beads under native
conditions and eluted using PreScission protease, before
RNase trimming using RNace-IT. A second denaturing pu-
rification step on Ni-NTA was performed in the presence
of 6 M guanidium-HCI. 5" and 3’ linkers were ligated and
the libraries generated by reverse transcriptase-polymerase
chain reaction (RT-PCR) were sent for Illumina deep se-
quencing. Reads were mapped on the human transcriptome
using a 23 nucleotide cut-off as previously described (11,18).
High peaks observed in control samples are likely due to
over-represention of non-specific sequences after PCR am-
plification. For mapping of peaks on the 2D structures of
the rRNAs (19) and the 3D structure of the human ribo-
some (20), the highest peak was set to 100% and peaks above
20% were mapped in a colour gradient from yellow (20%) to
red (100%) using Python scripts (Version 2.7). 3D ribosome
structure analysis was performed using Pymol.

Pre-rRNA analysis

RNA extracted from siRNA treated cells using Tri-
zol (Qiagen) was separated on a 1.2% agarose-glyoxal
gel and transferred to nitrocellulose membrane.
Northern blotting was performed using 3?P-labelled
oligonucleotide probes hybridizing to the 5 end of
internal transcribed spacer (ITS) 1 and to ITS2 (5'-
CCTCGCCCTCCGGGCTCCGTTAATGATC-¥ and
5-CTGCGAGGGAACCCCCAGCCGCGCA-3/, respec-
tively). Pre-rRNA levels were quantified using ImageQuant
software and normalized to the amount of actin mRNA
(probe  Y-AGGGATAGCACAGCCTGGATAGCAAC-
3.

Sucrose gradient density centrifugation and snoRNA detec-
tion

Extracts from cells either treated with non-target siRNAs or
those targeting DDX21 or PWP2 were separated on 12 ml
10-45% sucrose density gradients (50 mM Tris-HCI pH 7.5,
100 mM NacCl, 5mM MgCl,, | mM DTT, 10/45% sucrose)
by centrifugation for 16 h at 23,500 rpm in an Sw40Ti rotor.
Gradients were then fractionated and RNA extracted from
each fraction was analysed by separation on a 10% denatur-
ing polyacrylamide gel followed by Northern blotting using
probes hybridizing to specific snoRNAs ((10); see Supple-
mentary Materials and Methods for details of the probes
used). The intensity of signals for each snoRNA was quan-
tified in all fractions, added and set as 100% (total) snoRNA
signal and the distribution of each snoRNA in the fractions
was calculated as percentage of total signal.

rRNA modification analysis

SNORDG68-directed methylation of U428 of the 18S
rRNA sequence was assessed using site-specific RNase
H cleavage directed by a chimeric, modified RNA/DNA
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oligonucleotide (5- mCmGmGdAdAdTdCmGmAmMAmC
mCmCmUmUmAmMmUmU-3'; dN, DNA base; mN, 2'-O-
methylated RNA) as previously described (8,21). High con-
centrations of oligonucleotides or RNase H can lead to
non-specific interactions cleavages in long RNAs. While un-
specific cleavage persisted in the case of C517 modifica-
tion (SNORDS56) analysis, the assays could be optimized
for U428 (SNORDG68) and were therefore performed using
conditions that ensured site-specific cleavage but which re-
sulted in incomplete cleavage of pre-rRNAs. In brief, the
oligonucleotide was annealed to 4pug total RNA and sam-
ples were incubated with RNase H for 30 min at 37°C. Reac-
tions were stopped by addition of EDTA to a concentration
of 0.2 mM and phenol:chloroform:isoamylalcohol extrac-
tion of the RNA. RNA was separated on a 1.2% agarose—
glyoxal gel and transferred for Northern blotting using a
probe hybridizing to the 5’ end of ITSI.

Additional methods can be found in the Supplementary
Data online.

RESULTS

DDX21 and NOP2 are components of the human UTP-B
complex

An interesting feature of ribosome biogenesis in yeast is the
hierarchical association of pre-assembled subcomplexes to
form both the early small subunit (SSU) processome and
later intermediates. To shed light on the mode of cofac-
tor recruitment in human cells, we performed pulldown ex-
periments using extracts prepared from HEK?293 cell lines
stably expressing a Flag-tagged version of the human or-
thologue of yeast Periodic tryptophan protein 2 (Pwp2), a
component of the UTP-B complex (22,23), and a control
cell line expressing only the Flag-tag. Co-precipitated pro-
teins were identified by mass spectrometry (MS) and West-
ern blotting (Figure 1A and Supplementary Table S1). Us-
ing these two methods, comparison to the Flag-tag con-
trol revealed that PWP2-Flag specifically enriched the hu-
man orthologues of all the yeast UTP-B proteins, Utp21
(WDR36), Dip2/Utpl3 (TBL3), Utpl2 (UTP12), Utpl8§
(UTP18) and Utp6 (UTP6). Our MS analysis indicates
that under these conditions, the UTP-B subcomplex, rather
than pre-ribosomal complexes, is precipitated. The role of
these orthologues of the yeast UTP-B components in ri-
bosome biogenesis in human cells is supported by their re-
cruitment to pre-ribosomal particles (17) and RNAi experi-
ments, which reveal defects in pre-rRNA processing (24,25).

Interestingly, in addition to the orthologues of the yeast
UTP-B components, the nucleolar RNA helicase DDX21
and the putative methyltransferase NOP2 were also identi-
fied by these analyses (Figure 1A and Supplementary Ta-
ble S1). Yeast Nop2 has recently been shown to mediate
m°C methylation of position 2870 of the 25S rRNA (26),
while the human protein has, so far, been shown to be re-
quired for biogenesis of the large ribosomal subunit (27).
DDX21, which does not have a yeast orthologue (Supple-
mentary Figure S1), is overexpressed in various cancers and
is implicated in viral infection (see, e.g. (28,29)). DDX21
functions in ribosome biogenesis and was suggested to link
c-Jun-activated transcription to ribosome assembly in hu-
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Figure 1. DDX21 and NOP2 are novel components of the UTP-B complex in human cells. (A) Extracts from HEK?293 cells expressing Flag-tagged PWP2
or only the Flag-tag were incubated with anti-Flag magnetic beads, eluates were precipitated and analysed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blotting using antibodies against human orthologues of the yeast UTP-B proteins, DDX21, NOP2 and controls.
Note, proteins in eluate fractions often migrate more slowly than those in the input samples due to different protein precipitation methods. (B) Eluates
of pulldowns using DDX21-Flag, NOP2-Flag or Flag tag alone were analysed as in (A). Note, WDR36 was found to co-precipitate with Nop2-Flag in
other experiments performed and identified by mass spectrometry. (C) Extracts from cells treated with non-target siRNAs (siNT) or those targeting PWP2
(siPWP2) were separated by glycerol gradient centrifugation and the distribution of DDX21 was determined by Western blotting using an antibody against

the endogenous protein.

man cells (30), but its molecular function has remained un-
clear so far. The highly abundant nucleolar proteins Fibril-
larin (FBL) and Nucleophosmin (NPM1) were also identi-
fied by MS analysis, but along with a control, Tubulin, were
not significantly or repeatedly detectable by Western blot-
ting (Figure 1A).

To determine whether DDX21 and NOP2 interact with
PWP2 individually or rather associate with a human UTP-
B complex, we performed reverse pulldowns using DDX21-
Flag or NOP2-Flag. Both proteins co-precipitated each
other as well as the conserved core UTP-B factors (Figure
1B), indicating that DDX21 and NOP2 are UTP-B compo-
nents in human cells.

The identification of DDX21 as an additional UTP-B
component in human cells raised the question of which
pre-ribosomal complexes DDX21 is associated with. Den-
sity gradient centrifugation followed by Western blotting
revealed that DDX21 co-migrates with early 90S pre-
ribosomal complexes as well as later pre-60S and pre-40S

particles (Figure 1C). Interestingly, we found that in cells
depleted of the core UTP-B component PWP2, the amount
of DDX21 co-sedimenting with early, 90S pre-ribosomal
complexes significantly decreased while its accumulation in
complexes co-migrating with 40S or 60S subunits was un-
affected. This may suggest that DDX21 is recruited to early
complexes together with the UTP-B complex but that it
could also associate independently of UTP-B later during
ribosome synthesis.

DDX21 interacts with both ribosomal subunits

The UV Crosslinking and Analysis of cDNA (CRAC) ap-
proach (18,31) has been used very successfully to deter-
mine binding sites of several proteins, among them the
yeast RNA helicases Prp43 and Rokl1, on cellular RNAs
(11,32). To identify interaction sites of the novel UTP-B
components on pre-rRNAs, we adapted the CRAC pro-
tocol for use in human cells (see ‘Materials and Methods’
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Figure 2. DDX21 crosslinks to ribosomal RNAs. (A) HEK293 cells expressing either the Flag-tag (control) or Flag-tagged DDX21 (DDX21) were UV
crosslinked in vivo, covalently linked RNAs were purified via the tagged protein, trimmed and ligated to linkers, followed by RT-PCR and Illumina deep
sequencing. Sequence reads were aligned with the human transcriptome and the number of reads per nucleotide is plotted for the control (grey) and for
DDX21 (red) on the 47S rDNA sequence. The positions of the mature 18S, 5.8S and 28S rRNAs is shown below. Helices (H) to which DDX21 peaks were
mapped are indicated. (B) DDX21 crosslinking sites from (A) were mapped on to the 2D structure of the 5 domain of the 18S rRNA. Colours indicate
peak height in a gradient from yellow (20%) to red (100% of highest peak). Boxed Ms-2'-O-methylations. (C) DDX21 crosslinking sites were mapped on the
18S rRNA in the 3D structure of the SSU with a magnified view shown on the right; colouring is as in (B). The modification sites targeted by SNORDG68,
SNORDS56, SNORD100, SNORD14 are marked in green. Note that helix 21 lies in front of the DDX21 crosslinking site in the mature ribosome.

section) and employed it on the DDX21-Flag and NOP2-
Flag cell lines together with the control cell line expressing
only the Flag-tag. Under these conditions stable interac-
tions between RNA and NOP2-Flag could not be detected,
however, DDX21-Flag crosslinked to RNA in the CRAC
experiments and mapping of the reads obtained by Illu-
mina deep sequencing on the human transcriptome iden-
tified specific crosslinking sites in rRNAs from both riboso-
mal subunits (Figure 2A). DDX21 crosslinked to two major
sites within the 18S rRNA sequence that correspond to he-
lices (H)12/13 and H15 (Figure 2A and B; (19)) and to H67
of the 28S rRNA secondary structure. We then mapped the
specific crosslinking sites on the 3D structure of the human
ribosome (20) and found that the sites in the 18S rRNA se-
quence cluster together in 3D (Figure 2C), suggesting that
the two major peaks in the 18S rRNA might be derived from

a single DDX21 binding site. Interestingly, the identified
DDX21 crosslinking site in the 18S rRNA sequence over-
laps with the binding site of the ribosomal protein RPS9,
with which DDX21 has previously been shown to interact
(33).

Consistent with the crosslinking of DDX21 to the SSU
and LSU rRNAs, RNAI against DDX21 affected the bio-
genesis of both ribosomal subunits. Analysis of pre-rRNA
levels by Northern blotting following depletion of DDX21
revealed accumulation of the early 47/45S pre-rRNAs and
decreased levels of the late SSU and LSU pre-rRNAs
21S/18SE and 128, respectively (Figure 3A-C). RNAi-
mediated depletion of PWP2 affected production of the late
SSU precursors to a similar extent as DDX21 depletion.
However, while DDX21 depletion lead to accumulation of
the 30S pre-rRNA, decreasing the levels of PWP2 caused
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Figure 3. The activity of DDX21 is required for 18S rRNA production. (A) Schematic outline of pre-ribosomal (r)RNA processing in human cells. The
478 primary transcript containing the 18S, 5.8S and 28S mature rRNAs (thick lines) and external (ETS) and internal (ITS) transcribed spacers (thin lines)
is shown with the positions of cleavage sites and probes (asterisk) used in Northern blotting indicated. The aberrant pre-rRNA 30SL5’, which accumulates
when A’ cleavage is inhibited, is shown in grey. (B) HEK293 cells were transfected with non-target siRNAs (siNT) or those targeting DDX21 (siDDX21) or
PWP2 (siPWP2). After 72 h cells were harvested, RNA was extracted, separated by agarose—glyoxal gel electrophoresis and analysed by Northern blotting
using probes hybridizing in ITS1 and ITS2 of the pre-rRNA transcript and to the actin mRNA. RNA was visualized using a phosphorimager and mature
rRNAs were detected by methylene blue staining (MB). (C) The levels of pre-rRNA intermediates were quantified, normalized to actin mRNA levels and
are given relative to the non-target siRNA control. Data are represented as a mean of three independent experiments + SEM. (D) HEK 293 cells expressing
the Flag-tag (Flag) or Flag-tagged, RNAi-resistant wild-type (DDX21) or a helicase-inactive form of DDX21 (DDX21gat), were transfected with either
non-target siRNAs (siNT) or siRNAs targeting the endogenous DDX21 mRNA (siDDX21) as indicated. The levels of tagged and endogenous DDX21
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were determined by Western blotting and pre-rRNA levels were analysed by Northern blotting using a probe hybridizing to the 5" end of ITSI.
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accumulation of the aberrant 30SL5" pre-rRNA, indicat-
ing an additional defect in the initial pre-rRNA cleavage at
the A’ site (Figure 3A-C). Furthermore, co-expression of a
Flag-tagged, RNAi-resistant version of wild-type DDX21
rescued the SSU pre-rRNA processing defects caused by
depletion of the endogenous protein (Figure 3D). To deter-
mine if the activity of DDX21, or merely the presence of the
protein, is required for SSU maturation an RNAi-resistant,
inactive form of DDX21 was used. S375L and A376E mu-
tations within motif III (DDX21gat) have previously been
shown to reduce the ATPase activity DDX21 (34). Interest-
ingly, expression of this protein in cells depleted of endoge-
nous DDX21 did not restore normal pre-rRNA process-
ing (Figure 3D). Together, these data suggest that, although
DDX21 is not required alongside other UTP-B complex
components for A’ cleavage, its activity is required for down-
stream steps in SSU biogenesis.

DDX21 is required for the association of snoRNAs with pre-
ribosomal complexes

A key function of RNA helicases in ribosome biogene-
sis is the release of snoRNAs from pre-ribosomes. Since
several snoRNP modification sites are found within, or
close to, the DDX21 pre-rRNA crosslinking sites, we in-
vestigated whether depletion of DDX21 affected the lev-
els of such snoRNAs in pre-ribosomal complexes. For the
SSU, we selected several box C/D snoRNAs, SNORD100
(HBII-439), SNORD68 (HBII-202), SNORDS56 (U56),
SNORD14 (U14) that guide modifications at, or close to,
the DDX21 crosslinking sites in the 18S rRNA sequence
(Figure 2B; (35)). In addition, for the LSU we analysed
SNORDSS8, which directs a modification in H67 within
the DDX21 crosslinking site in the 28S rRNA sequence
(Supplementary Figure S2A). Soluble extracts from con-
trol cells or cells depleted of DDX21 by RNAIi were sep-
arated by sucrose-gradient density centrifugation and the
distribution of the selected snoRNAs in free snoRNPs
and in pre-ribosomal complexes was analysed by Northern
blotting. The SSU snoRNAs SNORD14 and SNORD100
and the LSU snoRNA SNORDS8 were detected with free
snoRNPs and co-migrated with early, 90S complexes. De-
pletion of DDX21 did not affect the distribution or total
levels of these snoRNAs (Figure 4A, Supplementary Figure
S2B-D). In control cells, both SNORDS56 and SNORDG68
were detected with free snoRNPs and, interestingly, in pre-
40S complexes. However, while RNAI against the 40S bio-
genesis factor PWP2 only resulted in a minor reduction
in pre-40S associated SNORD68 and SNORDS56 (~35%),
depletion of DDX21 led to a significant reduction of
SNORDG68 and SNORDS56 (approximately 85%) in pre-40S
complexes (Figure 4B-D). This suggests a specific reduction
in SNORD68 and SNORDS56 recruitment to pre-40S par-
ticles upon knockdown of DDX21 and demonstrates that
this effect does not arise due to a general defect in SSU bio-
genesis. Furthermore, expression of Flag-tagged, wild-type
DDX21 in cells depleted of endogenous DDX21 rescued
the SNORDG68 and SNORDS56 recruitment defects, while
expression of inactive DDX21ga1 did not (Figure 4B-D).
Together, these data reveal that DDX21 is actively required
for pre-ribosomal access of SNORD68 and SNORDS6,
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which basepair with 18S rRNA sequences that overlap with
the DDX21 crosslinking sites.

The activity of DDX21 is required for rRNA modification

The function of SNORDG68S is to guide the 2'-O-methylation
of residue U428 of the 18S rRNA sequence. The de-
creased association of SNORD68 with pre-ribosomes ob-
served upon depletion on DDX21 would be expected to
be mirrored by a decrease in the extent of modification
of its target residue. We therefore used site-specific RNase
H cleavage directed by chimeric 2’-O-methyl RNA/DNA
oligonucleotides spanning U428 to monitor the extent of
SNORDG68-guided rRNA modification in pre-rRNAs (Fig-
ure 5A; see ‘Materials and Methods’ section). Incubation of
control RNA with RNase H resulted in a mild accumula-
tion of a cleaved fragment of the late 18SE pre-rRNA, im-
plying that this site is incompletely modified in vivo (Sup-
plementary Figure S3). Consistent with our gradient analy-
sis, depletion of DDX21, or expression of only the inactive
DDX21gat (Figure 3C; (34)), led to a significant increase
in the relative accumulation of this cleavage fragment com-
pared to the 18SE pre-rRNA, indicating decreased modifi-
cation of the SNORDG68 target residue upon depletion of
DDX21 (Figure 5B and Supplementary Figure S3).

snoRNAs associate with both early and late pre-ribosomal
complexes

Based on work performed in the yeast Saccharomyces cere-
visiae, snoRNPs have generally been assumed to be re-
cruited very early in the ribosome biogenesis pathway and
to mediate pre-rRNA modification in a co-transcriptional
manner ((9); and references therein). Consistent with this
model, we found that human SNORD100 and SNORD14
were associated with early 90S complexes (Figure 4A and
Supplementary Figure S2C). Intriguingly, however, other
snoRNAs tested were found in later pre-40S complexes im-
plying that they function at later stages of ribosome bio-
genesis. To investigate this further, we used Northern blot-
ting and analysed the pre-ribosomal association of addi-
tional human snoRNAs that basepair within the DDX21
crosslinking site and at various, spatially distinct regions
of the 18S rRNA sequence (Supplementary Figure S4).
Our data show that most snoRNAs (including SNORD 100,
SNORD14 and SNORD70 (HBII-234), which basepair
close to the DDX21 crosslinking site, as well as SNORD20
(U20) that basepairs with the distant H44 of the 18S rRNA
sequence) were distributed between the free snoRNP pool
(gradients fractions 1-5) and early, 90S complexes (frac-
tions 17-21, Figure 6A and B). Interestingly, two addi-
tional snoRNAs, SNORD27 and SNORD25, were found
in these fractions, but they also accumulated in later, pre-
40S complexes (fractions 9-12), suggesting that they re-
main associated with pre-ribosomes after pre-rRNA cleav-
ages that separate the pre-SSU and pre-LSU complexes.
This is in contrast to SNORD68 and SNORDS56, which
were not detected in early, 90S complexes, but instead were
only recruited to late pre-40S complexes (Figures 4B and
C and 6A and B). Additionally, we examined SNORD13
(U13), which has previously been suggested to be involved
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Figure 4. DDX21 is required for access of the late-acting SNORDS56 and SNORDG68 to pre-40S intermediates. (A-C) Extracts from cells transfected
with siRNAs targeting DDX21 (siDDX21), with or without expression of RNAi-resistant wild-type DDX21 or inactive DDX21 (DDX21gaT), as well as
extracts from cells treated with non-target siRNAs (siNT) or those targeting PWP2 (siPWP2), were separated by sucrose gradient density centrifugation.
RNA was isolated from gradient fractions and analysed by denaturing polyacrylamide gel electrophoresis followed by Northern blotting for the snoRNAs
SNORD100 (A), SNORD68 (B) and SNORDS56 (C). Quantifications of three independent experiments are shown above the Northern blots for each
fraction as percentage of the total snoRNA signal (data are presented as mean == SEM); fractions containing free snoRNPs and ribosomal complexes are
indicated below. (D) The ratio of SNORD68 and SNORDS56 signals in pre-40S-containing fractions to those containing free snoRNPs in (B) and (C) was
calculated, normalized to the ratio in the corresponding sample transfected with non-target siRNAs and plotted as mean + SEM.

in the final maturation of the 3’ end of 18S rRNA (36),
and found that this snoRNA was primarily detected co-
migrating with pre-40S complexes (Figure 6A and B). As
SNORD?27, SNORD25 and SNORD13 were found in later
pre-40S complexes we investigated whether their associa-
tion with these complexes was regulated by DDX21. This is
particularly relevant for SNORD27, which guides a mod-
ification close to the DDX21 crosslinking site. However,

for all three snoRNAs, no changes in their gradient pro-
files were detected upon depletion of DDX21 (Supplemen-
tary Figure S5). Together, our data therefore identify three
distinct sets of snoRNAs based on the timing of their pre-
ribosome association: (i) those that function in early ribo-
some biogenesis and dissociate before separation of the sub-
units (SNORD14, SNORD100, SNORD20, SNORD70),
(i1) snoRNAs that associate with early pre-ribosomes but
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Figure 5. DDX21 is a non-snoRNP protein required for rRNA modifica-
tion. (A) Schematic representation of the site-specific RNase H cleavage
assay used, where unmodified (siDDX21, lower panel) 18SE pre-rRNA
can be cleaved by RNase H while modified (siNT; upper panel) 18SE pre-
rRNA is not. Asterisk marks the position of the probe used in Northern
blotting. (B) Cells stably expressing RNAi-resistant, Flag-tagged DDX21,
DDX2l1gat or only the FLAG-tag were transfected with non-target siR-
NAs (siNT) or those targeting DDX21 (siDDX21) as indicated. RNA
was extracted and analysed by site-directed RNase H cleavage to moni-
tor rRNA methylation of U428 in the 18S rRNA. The ratio of RNase H
cleaved fragment (U428-E):18SE pre-rRNA in three independent experi-
ments was calculated (data are presented as mean + SEM).

maintain interactions until later stages of ribosome matu-
ration (SNORD?27, SNORD?25) and 3) those that are only
recruited to later pre-ribosomal complexes (SNORDG6S,
SNORDS56, SNORDI13; Figures 6A and B and 7). Fur-
thermore, DDX21 is specifically required for the pre-40S
association of late-acting snoRNAs that basepair close
to its pre-ribosomal crosslinking site in the small subunit
(SNORD68, SNORDS6).

DISCUSSION

Early ribosome synthesis in yeast is characterized by the
modular assembly of the pre-ribosomal intermediates from
pre-existing subcomplexes. While the inventory of human
cofactors has recently begun to be explored (22,24,37,38),
the mode and timing of cofactor recruitment has largely re-
mained unknown. Here, we show that the UTP-B complex,
a subcomplex of the SSU processome in yeast, is conserved
but contains additional components in human cells, includ-
ing the RNA helicase DDX21. Our findings support the
model of modular assembly also for human pre-ribosomal
intermediates, where it is likely that this aids the coordi-
nated and efficient recruitment of the numerous cofactors
involved in ribosome assembly, pre-rRNA processing and
modification.

The modification of rRNAs is a key step in their mat-
uration and is largely mediated by a host of snoRNPs that
are guided to their target sites by snoRNA-pre-rRNA base-
pairing. Given the high density of modifications, particu-
larly in human rRNAs, the question of how the numerous
snoRNA-pre-rRNA interactions are coordinated is highly
pertinent. In yeast, most snoRNA-guided rRNA modifica-
tions in the 18S and 25S rRNA sequences are introduced co-
transcriptionally and snoRNPs are thought to act very early
in the pathway (9). In contrast, lone-standing RNA methyl-
transferases, such as Dim1 and Emg]l mostly act later in ri-
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Figure 6. snoRNAs associate with pre-ribosomal complexes at different
stages during ribosome maturation. (A) Cell lysates were separated by
sucrose-gradient density centrifugation and RNA isolated from each frac-
tion was analysed by Northern blotting using probes hybridizing to the
snoRNAs indicated. Fractions containing free snoRNPs and ribosomal
complexes are indicated above. snoRNAs can be grouped into 90S snoR-
NAs (group 1, see right), those present in both 90S and pre-40S particles
(group 2) and pre-40S snoRNAs (group 3). (B) Quantification of the rela-
tive amounts of each snoRNA in fractions containing free snoRNPs (frac-
tions 1-5), pre-40S (fractions 9-12) and 90S (fractions 17-21) complexes
expressed as a percentage of the total amount of each snoRNA.

bosome biogenesis and, in the case of Emgl, even require
prior modification of the modification site by a snoRNP
(39-41). The close proximity of modified nucleotides, es-
pecially in human cells, and the extensive base-pairing in-
teractions that box C/D snoRNAs form with their pre-
rRNA targets means that multiple snoRNAs have overlap-
ping binding sites, necessitating their sequential action. It is
not yet clear how the temporal action of snoRNPs is reg-
ulated but, based on the observation that most snoRNPs
modify co-transcriptionally, it is possible to imagine that
one snoRNA outcompetes or rapidly displaces another
snoRNA. Interestingly, we find here that in human cells
snoRNAs associate with both 90S and also pre-40S com-
plexes, suggesting that rRNA modifications occur over a
much broader timeframe than previously anticipated. Our
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analysis of a number of snoRNAs that guide modification
in SSU intermediates allows their classification into early
snoRNAs only present in 90S complexes, snoRNAs found
in both 90S and pre-40S intermediates and late snoRNAs,
which specifically bind pre-40S complexes (Figures 6 and
7). This clearly indicates that several human snoRNPs anal-
ysed here follow a defined hierarchy in their pre-ribosomal
association.

Our analyses of DDX21 have revealed that this RNA
helicase actively regulates the pre-ribosomal access of the
late-acting snoRNAs SNORDS56 and SNORD68, which
basepair at the DDX21 crosslinking sites in pre-40S com-
plexes. This is in contrast to several yeast RNA helicases,
and the only other mammalian RNA helicase for which a
pre-ribosomal function is described, as these enzymes are
implicated in the release of snoRNAs from pre-ribosomes.
However, in yeast the recruitment of the snoRNAs snR64
and snR67 was previously shown to be affected by de-
pletion of Prp43 (11,42). Since RNA annealing functions
have recently been described for helicases, DDX21 might
actively participate in establishing snoRNA-pre-rRNA in-
teractions. However, in this case, since direct interactions
between DDX21 and any snoRNAs that guide modifica-
tions in the SSU were not detected in our CRAC anal-
ysis, DDX21 might rather function by remodelling pre-
rRNA secondary structures or by inducing the release
of protein cofactors from the snoRNA basepairing sites
to allow the late snoRNAs to gain access to their tar-
get sites. In these scenarios, DDX21 would likely not, or
only transiently, contact the snoRNAs directly. Consis-
tent with this model, depletion of DDX21 did not affect
the distribution of snoRNAs that associate with early pre-

ribosomal complexes, such as SNORD100, SNORD14 and
SNORD?27, but only influenced snoRNAs that are recruited
later. Interestingly, the basepairing site of the late-acting
SNORDG68 overlaps with the pre-rRNA interaction sites
of the early-acting SNORD100 (Figure 6 and Supplemen-
tary Figure S4), which functions independently of DDX21.
Instead, DDX21 likely enables the access of SNORDG68
after SNORDI100 has already been released from pre-
ribosomal intermediates. Furthermore, both SNORDG68
and SNORDI100 (as well as SNORDS56 and SNORDI13)
form extended basepairing interactions with the pre-rRNA
(Supplementary Figures S4, S5 and S8). However, since de-
pletion of DDX21 only affects association of SNORD68
(and SNORDS56) with pre-ribosomes it is unlikely that
DDX21 generally functions in helping establish these ad-
ditional snoRNA-pre-rRNA contacts.

It is likely that late-acting snoR NPs represent exceptions
as they will almost certainly require the co-ordinated ac-
tion of an RNA helicase to enable them to gain access to
their basepairing sites after the pre-ribosome has under-
gone significant folding during the early phases of ribo-
some synthesis. Our results therefore suggest that, together
with DDX21, SNORDS56 and SNORD68 might constitute
a late modification module in human SSU biogenesis. This
notion is supported by the fact that both modification by
SNORDS56 and SNORDG68, as well as the DDX21 helicase
(see Supplementary Figure S1), seem conserved in most eu-
karyotes while neither the rRINA modifications, nor the he-
licase, are found in yeast. It is tempting to speculate, there-
fore, that DDX21, at least for its function in SSU biogenesis,
might have co-evolved with its late snoRNA targets to fa-
cilitate their recruitment onto pre-ribosomal intermediates.

STOZ ‘0E Yoe N UO Yey101|qIgSIelSIBAILN pun -1peisS uondes ‘Al AlsieAiun unpiuel 1 /BIo's[euinolpioxo feuy/:dny wolj pepeojumoq


http://nar.oxfordjournals.org/

It will be interesting to see whether future analyses will re-
veal additional late-acting snoRNPs and partner helicases,
especially in the dense clusters of modification sites of the
large ribosomal subunit.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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