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The nucleolus is the site of rRNA synthe
sis, processing, and assembly into ribosomes 
(J). In vertebrate cells, rRNA is transcribed 
as a 40 to 47S precursor that is subsequently 
cleaved at multiple sites to yield the mature 
18S, 28S, and 5.8S rRNAs. The nucleolus 
also contains small nucleolar ribonucleopro-
teins (snoRNPs), each composed of a short 
RNA, known as snoRNA, and at least one 
protein (2). On the basis of their mode of 
synthesis, vertebrate snoRNAs of the U se
ries fall into two classes. U3, U8, and U13 
RNAs are transcribed as independent units 
by RNA polymerase II and carry 5'-trimeth-
ylguanosine caps (3). In contrast, snoRNAs 
U14 through U21 are all encoded within 
introns of genes for abundantly expressed 
proteins- They mature by intron processing 
mechanisms, as yet poorly defined, and pos
sess monophosphates at their 5' ends (2). 
Most snoRNAs are associated with a con
served nucleolar antigen, fibrillarin (2, 3). 

Several snoRNPs have been shown to 
function in rRNA processing (2). The most 
abundant, U3, is essential for cleavage with
in the 5' external transcribed spacer (ETS) 
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of both vertebrate (4, 5) and yeast (6) pre
cursor rRNAs (pre-rRNAs) and may con
tribute to 18S and 5.8S rRNA formation as 
well (6, 7). Yeast U14, which is not intron-
encoded, and snR30 (small nuclear RNA 
30) are required for cell viability and accu
mulation of 18S rRNA (8), whereas yeast 
ribonuclease (RNase) MRP is essential for 
5.8S rRNA maturation (9) and snRlO en
hances growth and processing of the 35S 
pre-rRNA (JO). Xenopus U8 is the only 
snoRNA found to function in vertebrate 28S 
and 5.8S rRNA processing (J J). 

Human RNA Y (3), now renamed U22, 
is a fibrillarin-associated snoRNA that con
tains a 5'-monophosphate and has the po
tential to form a terminal stem-loop-stem 
motif with conserved boxes C and D (12). 
We completed sequence analysis of human 
U22 RNA and also determined the nucle
otide sequence of two (A and B) Xenopus 
U22 genes that differ only at positions 28 
and 41 (Fig. 1A). Human and Xenopus U22 
RNAs are —75% identical, with the identi
ties confined mostly to the termini and a 
middle section of the molecule. Neither 
shows significant homology to other known 
RNAs. 

Southern (DNA) blot analysis of genom
ic DNA detected a single locus for human 
U22 (J3), another feature that distinguishes 

Requirement for Intron-Encoded U22 Small 
Nucleolar RNA in 18S Ribosomal RNA Maturation 

Kazimierz T. Tycowski, Mei-Di Shu, Joan A. Steitz* 

The nucleoli of vertebrate cells contain a number of small RNAs that are generated by 
the processing of intron fragments of protein-coding gene transcripts. The host gene 
(UHG) for intron-encoded human U22 is unusual in that it specifies a polyadenylated 
but apparently noncoding RNA. Depletion of U22 from Xenopus oocytes by oligonu-
cleotide-directed ribonuclease H targeting prevented the processing of 18S ribosomal 
RNA (rRNA) at both ends. The appearance of 18S rRNA was restored by injection of 
in vitro-synthesized U22 RNA. These results identify a cellular function for an intron-
encoded small RNA. 



intron-encoded snoRNAs from indepen- 
dently transcribed small nuclear RNAs, 
which usually arise from multiple genes (14). 
To investigate the U22 host gene (UHG), 
we isolated a Charon 4A clone containing a 
human genomic DNA fragment (15) that 
was more than 10 kb long; sequence analysis 
of 2 kb of this clone revealed a 125-nucle- 
otide (nt) region colinear with U22 RNA 
(Fig. 1B). A potential polyadenylation sig- 
nal, composed of an AATAAA hexamer 
followed by a C A  cleavage site and GT-rich 
sequences, was found -0.9 kb downstream 
from the U22-coding region. Two hgt l l  
clones, UHG.3 and UHG.8, whose 1.36- 
and 1 . 1-kb complementary DNA (cDNA) 
inserts both possess polyadenylate tails at 
their 3' ends, were isolated and sequenced 
(Fig. 1C) (15). 

Comparison of the genomic sequence 
with that of the cDNA clones revealed that 
the U22 RNA gene is located within the 
penultimate intron of an uncharacterized 
human gene that specifies a polyadenylated 
RNA (Fig. 1B). Northern (RNA) blot anal- 

ysis of HeLa cell polyadenylated RNA with 
the UHG.3 cDNA probe revealed a single 
RNA species of - 1400 n t  whose abundance 
was comparable to that of y-actin mRNA 
(13). The agreement in size between this 
cellular RNA and the UHG.3 cDNA indi- 
cated that a nearly full-length cDNA had 
been isolated. 

Unexpectedly, the longest open reading 
frame (ORF), at nucleotides 239 to 433 of 
the UHG.3 cDNA, encoded only 65 amino 
acids (Fig. 1C). If this 65-amino acid 
polypeptide is a product of the UHG gene in 
vivo, the UHG mRNA would be unusual in 
three respects. (i) Its 5' untranslated region 
(UTR) would contain at least six AUGs. 
AUG codons in 5' UTRs block translation 
from downstream ORFs and require special 
regulatory mechanisms to overcome inhibi- 
tion (16). (ii) The coding sequence for the 
3' UTR would be interrupted by at least five 
introns, a situation unprecedented in verte- 
brates (1 7). (iii) The putative initiator AUG 
for the 65-amino acid ORF would lie within 
an  unfavorable context for translation initi- 
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Fig. 1. (A) Comparison of the human and Xenopus U22 snoRNA sequences. For the enzymatic 
sequencing of the last 35 nucleotides of human U22, HeLa cell RNAs were immunoprecipitated with the 
7269 monoclonal antibody to fibrillarin and labeled on the 3' end as described (3). After fractionation on 
8% denaturing polyacrylamide gels, U22 RNAwas sequenced as described (12). About 90 5' nucleotides 
of human or partial sequences ofxenopus U22 RNAs were determined by primer extension (27) with the 
use of the U22-3' primer and total HeLa orxenopus epithelial tissue culture (XTC) cell RNA as a template, 
respectively. By inverted or standard PCR amplification (28), respectively, we cloned and sequenced 
flanking or coding regions of two (A and 6) Xenopus U22 RNA genes. Identical or missing nucleotides 
are represented by dashes or asterisks, respectively. Solid and dashed arrows indicate complementary 
nucleotides that form two stems. Conserved boxes C and D as well as regions complementary to 
U22(37-53), U22(53-67), and U22-3' deoxyoligonucleotides are marked, (B) Schematic representation 
of the 3' portion of the human U22 host gene. (C) ORFs in three reading frames in UHG.3 cDNA. Short 
and long vertical bars within each frame indicate possible translation start and stop codons, respectively. 
The longest (65-amino acid) ORF is designated by a horizontal bar. Nucleotides are numbered below. 
The UHG.8 cDNA begins at nucleotide 267. The GenBank accession numbers forxenopus U22 RNA and 
human UHG genomic DNA and UHG.3 cDNA are L36586, L36588, and L36587, respectively. 

ation (GACCUAAUGU versus the GC- 
CPuCCAUGG consensus, where Pu is pu- 
rine) (16). We  therefore speculate that 
UHG RNA, although polyadenylated, does 
not serve as a mRNA but is instead the final 
product of the UHG gene. 

Several apparently noncoding polyade- 
nylated RNAs have been previously identi- 
fied. Vertebrate H19 and Xist RNAs, as well 
as Drosophila hsr-omega-n and hsr-omega-c 
RNAs, have each been suggested to perform 
regulatory functions in the cell (1 8). Unlike 
these RNAs, whose expression is either tis- 
sue-, developmental stage-, or sex-specific, 
UHG RNA is presumably expressed in all 
cells to ensure the production of U22 RNA. 
We  cannot rule out the possibility that a 
longer ORF in UHG RNA is generated ei- 
ther by frameshift translation or by RNA 
editing (1 9). 

To  investigate whether U22 RNA func- 
tions in rRNA processing, we targeted this 
RNA for destruction by injecting antisense 
deoxyoligonucleotides into Xenopus oocytes 
(1 1, 20). A single injection into the cyto- 
plasm of an  oligonucleotide complementary 
to either positions 37 to 53 or 53 to 67 of 
U22 RNA (Fig. 2A, lanes 2 and 3), but not 
of a control oligonucleotide (lane 4), caused 
efficient degradation of U22 RNA as assayed 
by primer extension. The amount of another 
snoRNA, U 15, remained unchanged. Six 
hours later, we injected [c~-~~P]uridine 
triphosphate (UTP) into U22-depleted 00- 
cytes, incubated them overnight, and then 
manually dissected them into germinal ves- 
icles (GVs) and cytoplasms. Total RNAs 
from each compartment were analyzed on 
agarose and polyacrylamide gels (Fig. 2, B 
and C) .  The cytoplasm accumulates labeled 
mature rRNAs that are synthesized and ex- 
ported from the nucleus over the course of 
the labeling, whereas the GV contains ma- 
ture 18s and 28s rRNAs that have not yet 
been exported plus rRNA precursors. In con- 
trast to control oocytes, oocytes injected 
with U22(37-53) or U22(53-67) oligonu- 
cleotide contained no  labeled 18s rRNA 
(Fig. 2B). Instead, the 20s precursor to 18s 
rRNA accumulated in the nucleus. Be- 
cause Xenopus 20s possesses spacer regions 
at both ends (Fig. 2D) (7) ,  we conclude 
that U22 depletion prevents cleavage 
events at both the 5' and 3'  termini of 18s 
rRNA. Inhibition of cleavage at the 3'  
end of 18s  also resulted in the disappear- 
ance of the 36s precursor to 28s and 5.8s 
rRNA, as expected. 

Normal rRNA processing in U22-deplet- 
ed oocytes was restored by subsequent injec- 
tion of in vitrc-transcribed U22 RNA (Fig. 
3, lanes 3 and 8), but not by the vector 
polylinker (lanes 4 and 9) or antisense U22 
transcripts (lanes 5 and 10). The "rescue 
transcript," which contained 26 and 20 n t  at 
the 5' and 3' ends, respectively, of U22- 
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Fig. 2. HlDoSomal HNA processing ~uclear Cytoplasmic 
in U22-depleted oocytes. Oocytes Fig. 3. Rescue of rRNA processing defects in 
were cytoplasmically injected with U22-depleted oocytes by in vitro-transcribed 
U22(37-53). U22(53-67). or a con- , 

10.3 5 . 8 ~  U22 RNA. Oocytes were cytoplasmically injected 
trol deoxyoligonucleotide (5'-ATCT- p q 2  U22deplet1 with U22(53-67) oligonucleotide (lanes 2 to 5 and 
GGAATCTACCTGCC-3') (29). Six A B 7 to 10) (29); then U22 (lanes 3 and 8), polylinker 
hours later, the oocytes were inject- -- 0- 4 (lanes 4 and 9), or antisense U22 (lanes 5 and 10) ed with [CX-~*P]UTP; after an 18- 32s 18s 36s transcripts were injected into germinal vesicles 
hour incubation, they were dissect- 

y 2 . 5  ? t (29). After overnight labeling, RNAs from both nu- 
ed and RNA was isolated from both clear and cytoplasmic compartments (29) were . 
nuclear and cytoplasmic cornpart- o [)--0 

18s 12s 28s 
resolved on horizontal 1 % agarose-formaldehyde 

ments (29). In (A). the RNA was gels and transferred to Zeta-Probe membranes 
probed for U15 and U22 snoRNAs n o u  

18s 5.8s 28s 20s 5.8s 28s (Bio-Rad) (26). Membranes were baked at 80°C by primer extension (27) with the for 1 hour and subjected to autoradiography. Note 
use of a mixture of U15-3' (5'-CTT W T G  CC-3') and X-u22-3' (5'-CCCTCAGACAGTTC- that production of 28s (lanes 3 and 8) and 12s 
CAG-3') primers. In (B), RNAs were resolvea on horizontal 1 % agarose-formaldehyde gels and transferred rRNAs was also increased by the U22 rescue 
to Zeta-Probe membranes (Bio-Rad) (26). Membranes were baked at 80°C for 1 hour and subjected to transcript. 
autoradiography. In (C), RNAs were separated on 8% denaturing polyacrylamide gels, which were dried 
and subjected to autoradiography directly. In (A) and (C), lane M contains DNA size markers. Note that 
oocytes injected with U22-specific oligonucleotides also produce less 285 [(B), lanes 3 and 61 and 12s [(C), 
lane 31 rRNA. The decrease in 28S rRNA is usually apparent in the cytoplasm [Fig. 3, lanes 7, 9, and 10 [Fig. 4B7 lanes 7 9  lo and l1 (13)l suggests 
(13)]. (D) Alternative pathways for rRNA processing in Xenopus oocytes. The 405 precursor includes 5' that the 5' end of 5.8s rRNA is created by 
ETS (71 2 nt), 18s rRNA (1 825 nt), ITS1 (557 nt), 5.85 rRNA (1 62 nt), TTS2 (262 nt), and 28S rRNA (41 10 an initial cleavage within ITS1 (between 
nt). In pathways A and B, the cleavages occur in a different temporal order. Shown are the long-lived probes ITS13A and ITS1-3B) followed by 
precursorsand the mature rRNAs. Also shown is the pathway in oocytes depleted of U22 snoRNA. Arrows rapid exonucleolytic trimming, which is 
indicate processing sites that occur at or in the proximity of the termini of the mature rRNAs; E stands for slowed by ~ 2 2  depletion. n i s  is reminiscent 
the early processing site. of the situation in yeast, where processing at 

site A3, which requires RNase MRP, is fol- 
flanking sequences as well as short vector- rRNAs from normal as well as U22-depleted lowed by rapid 5' to 3' exonucleolytic activ- 
related sequences, was processed in oocytes oocytes (Fig. 4A), which is consistent with ity to generate the 5' end of 5.8s rRNA (9). 
to U22 RNA (13). This rescue experiment the finding (5) that early processing at resi- In mouse, cleavage at site 3 was deduced to 
confirms that the 18s processing defect can due 105 of the 5' ETS is very inefficient in occur either directly at or only 6 to 7 nt 
be ascribed specifically to U22 depletion. Xenopus oocytes. The ITS13A probe hy- upstream of the 5' end of 5.8s rRNA (21); 

With the use of Northern blot analyses of bridized to 20s RNA in both normal and but in rat, the 5' ends of 32s and 12s pre- 
nuclear RNAs, we established that the 20s U22-depleted oocytes (Fig. 4B, left panel), rRNAs have been mapped -160 nt up- 
RNA that accumulates in U22-depleted 00- whereas neither ITS13B nor ITS1-4 did. stream of 5.8s rRNA (22). 
cytes contains the same termini as the nor- We conclude that both 20s RNAs contain A distinguishing feature of 18s rRNA 
ma1 20s precursor to 18s. The probes were the entire 5' ETS, 18s RNA, and ITSl processing in Xenopw oocytes is that cleav- 
an oligonucleotide complementary to posi- lacking only the last - 100 nt. These results age at site 1 occurs later than it does in other 
tions 31 to 48 of the 5' ETS and three refine the earlier 3' end assignment for Xe- vertebrates (1). As a result, oocyte 20s RNA 
oligonucleotides, ITS13A, ITS1-3B, and nopus 20s (1 1 ). retains the 5' ETS, which is not present on 
ITS1-4, complementary to the 3' portion of The last -100 nt of ITSl are also missing the 20s precursors to 18s rRNA from other 
the internal transcribed spacer 1 (ITS1) at from the normal 32s pre-rRNA because the species; and 38s pre-rRNA, a direct product 
positions 421 to 436,492 to 510, and 521 to ITS1-3B and ITS1-4 probes likewise failed of cleavage of the 40s precursor at site 1, is 
557, respectively. The last probe directly to hybridize to this precursor in control oo- not visible in oocytes after overnight label- 
abuts the 5' end of 5.8s rRNA. The ETS cytes. Their weak but reproducible hybrid- ing of the RNA (7, 11). The lack of accu- 
probe hybridized to both 40s and 20s pre- ization to 32s RNA in U22-depleted oocytes mulation in U22-depleted oocytes of either 
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Fig. 4. Mapping the ends of the 
20s  precursor. Sixteen hours after 
injection with the indicated deoxyo- 
ligonucleotides, oocytes were dis- 
sected and nuclear RNA was isolat- 
ed (29). RNAs were resolved on 1 % 
agarose-formaldehyde gels and 
transferred to  Zeta-Probe mem- 
branes (26). The membranes were 
baked for 1 hour at 70°C and hy- 
bridized with the 5' ETS (A) or one 
of the ITS1 (B) probes (30) as indi- 
cated. Hybridizations with the 5' 
ETS, ITS1 -3A, and ITS1 -38 probes 
were carried out in 1 M NaCI, 10% 
dextran sulfate, 1 % SDS, and son- 
icated salmon sperm DNA (200 pg/ 
ml) at 37°C. Hybridizations with the 
ITS1-4 probe were carried out in 
6x saline sodium citrate (SSC), 
50% formamide, 0.5% SDS, 5 x  

A 
5' ETS probe 

B 
lTS19A  robe TTS1-3B ~ r 0 b e  IE1-4 Drobe 
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Hurt, ibid. 12, 2549 (1 993). 
J. Sambrook, E. F. Fritsch, T. Maniatis, Molecular 
Cloning: A Laboratory Manual (Coid Spring Harbor 
Laboratory, Coid Spring Harbor, NY, ed. 2, 1989). 
K. A. Parker and J. A. Steitz, Mol. Cell. Biol. 7. 2899 
(1 987). 
For inverted polymerase chain reaction (PCR), total 
Xenopus red blood cell DNA (2 kg) was digested with 
Msp I, extracted with PCA [phenol:chloroform:iso- 
amyl alcohol (25: 25 :I)], and ethanol-precipitated, 
and the DNA was made circular as described (12). 
The DNA was subsequently phenol-extracted, etha- 
nol-precipitated, and used for PCR amplification with 
primers 5'-ATGTGAAGGTTTCATCATTGG-3', and 
5'-GCGAGAGCCTGAAAAGGTGAAC-3'. For PCR 
amplification of the U22A or U22B coding regions, 
5'-CCAAGTCTGTTGCTAATGACG-3' and 5'-CT- 
TCATTACAATGAGGTTCATC-3' or 5'-GTACAAT- 
GTGTTCTTGTTAATG-3' and 5'-CACAAAATCATA- 
AATATAAGCC-3' primers, respectively, and undi- 
gested DNA were used. The amplification reactions 
were as described (12). The PCR products were 
cloned into the Sma I site of the pGEM3Zvector. DNA 
sequencing was performed with a Sequenase kit 
(US. Biochemicals) according to the manufacturer's 
protocol. 
Thirty nanoliters of U22(37-53), U22(53-67), or con- 
trol deoxyoligonucleotide at a concentration of 3 mg/ 
ml, 1 mg/ml, or 3 mg/ml, respectively, was injected 
into the cytoplasm of stage 5 and early stage 6 oo- 
cytes. After incubation in modified Barth's saline for 
the indicated time at 18°C oocytes were reinjected 
with 150 nCi of [a-32P]UTP at a concentration of 5 
mCiml(3000 Cimmol) and incubated ovemight. For 
RNA isolation, the oocytes were manually dissected 
into GVs and cytoplasms in buffer containing 3.25 
mM N%HP04, 1.75 mM KH2P0,, 17 mM NaCI, 83 
mM KCI, and 10 mM MgCI,, collected into Eppendorf 
tubes, and stored on dry ice. Each sample receive 20 
pl of homogenization buffer [50 mM NaCI, 50 mM 
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