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Abstract—Small nucleolar RNAs (snoRNAs) are one of the most numerous and well-studied groups of non-
protein-coding RNAs. In complex with proteins, snoRNAs perform the two most common nucleotide modifi-
cations in rRNA: 2'-OH-methylation of ribose and pseudouridylation. Although the modification mechanisms
and snoRNP structures are highly conserved, the snoRNA genes are surprisingly diverse in organization. In
addition to genes transcribed independently, there are genes that are in introns of other genes, form clusters tran-
scribed from a common promoter, or clusters in introns. Interestingly, one type of gene organization usually
prevails in different taxa. Vertebrate snoRNAs mostly originate from introns of protein-coding genes; a small
group of snoRNAs are encoded by introns of genes for noncoding RNAs.
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INTRODUCTION

A substantial part of transcribed genome sequences
do not code for proteins. Interest in such sequences
greatly increased over the past several years, as new
classes of noncoding RNAs were revealed. These
RNAs proved to perform a surprisingly wide range of
functions in the cell, utilizing mechanisms unknown
before. In particular, RNAs are involved in the regula-
tion of transcription and translation, suppression of
mobile genetic elements, and other regulatory path-
ways: all these processes were attributed exclusively to
proteins earlier. According to different estimates, non-
coding RNAs identified to date are only the tip of the
iceberg (e.g., see [1, 2]).

Small nucleolar RNAs (snoRNAs) are a particular
class of noncoding RNAs. Several snoRNAs are neces-
sary for pre-rRNA cleavage, while most snoRNAs
serve to determine the rRNA, small nuclear RNA, and
mRNA nucleotides that are subject to one of the two
modifications, methylation of the ribose moiety at the
2'-OH group or conversion of uridine to pseudouridine
[3]. These modifications are most common: more than
one hundred nucleotides are modified only in rRNA.
According to the type of modification and the con-
served elements present in the nucleotide sequence,
snoRNAs are divided into two families: C/D (box C/D
snoRNAs) and H/ACA (box H/ACA snoRNAs). Some
C/D snoRNAs are involved in pre-rRNA cleavage,
while others guide 2'-O-methylation. The nucleotide
sequences of all C/D snoRNAs harbor conserved ele-
ments C (UGAUGA) and D (CUGA) and their copies
C' and D', which are often degenerate. In addition, C/D
snoRNA has a so-called antisense element of 10—20 nt,
which is fully complementary to the corresponding
region of the target RNA and interacts with it. 2'-O-
methylation affects the nucleotide that is contained in
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the resulting RNA/RNA helix and is 4 nt away from
element D and/or D' [4]. Methylation is catalyzed by
proteins of C/D snoRNP.

Almost all snoRNAs of the H/ACA family deter-
mine the RNA nucleotide subject to pseudouridylation,
and only a few members of the family are involved in
pre-rRNA cleavage. All H/ACA snoRNAs contain con-
served sequences H (ANANNA) and ACA (ACA) and,
like C/D snoRNAs, one or, in rare cases, two antisense
elements. As in the case with C/D snoRNAs, the uridyl
residue subject to modification is determined via com-
plementary interactions of the antisense element with
the nucleotide sequence of the target RNA; pseudou-
ridylation is catalyzed by one of the proteins associated
with H/ACA snoRNA [5].

In addition, the snoRNA group includes the RNA
component of RNase MRP and, sometimes, the similar
RNA component of RNase P. RNase MRP cleaves pre-
rRNA at the A3 site of the first internal transcribed
spacer to yield the mature 5.8 S rRNA [6]; yet its func-
tions are not restricted to this reaction. RNase P is
involved in removing the 5'-terminal leader sequence
from pre-tRNA [6].

The structure and functions of snoRNA are consid-
ered in more detail elsewhere [7]. Here we focus on the
variants of snoRNA gene organization in several taxo-
nomic groups.

1. GENES OF snoRNAs

The snoRNA genes are extremely diverse in organi-
zation: some are individual transcription units, while
some others occur in introns of protein-coding genes
and are processed during splicing. In addition, snoRNA
genes can form clusters, which are transcribed to yield
a polycistronic transcript. Such a cluster can be located
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Fig. 1. Variants of gene organization and snoRNA processing in different taxonomic groups. Small arrows indicate the cleavage
sites for endoribonuclease Rntlp (see Section 4). Modified from [8, 9].

in an intron of another gene. Even more intricate vari-
ants are known. Interestingly, only one type of gene
organization prevails in a particular taxon. For instance,
almost all vertebrate snoRNAs are encoded by single-
copy genes located in introns; most snoRNA genes
have independent locations in yeasts and cluster in
plants and protozoa (Fig. 1).

1.1. Vertebrate snoRNA Genes

Almost all vertebrate snoRNAs are unusually
encoded: their genes are in introns of protein coding
genes, each intron harboring only one snoRNA gene
(Fig. 1). Only the genes for U3, U8, and U13 and for the
RNA components of RNases P and MRP are tran-
scribed from their own promoters by RNA polymerases 11
and III, respectively [10]. Two other genes transcribed
from their own promoters by RNA polymerase II code
for unusual C/D snoRNAs with additional copies of
elements C and D [11]. Most snoRNA genes occur in
single copies. A few exceptions include the multicopy
vital U3 RNA gene [10].

1.2. Yeast snoRNA Genes

As in animals, almost all snoRNA genes occur in
single copies in yeasts. However, unlike in animals, the
majority of yeast snoRNA genes occur as independent
transcription units; only seven genes located in introns
and five polycistronic clusters (two dicistronic, two tri-
cistronic, and one heptacistronic) are known [12]. An
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interesting case is presented by the U86 RNA, which is
encoded within an open reading frame [13]. The U86
RNA and mRNA are produced from this reading frame
via alternative processes. The vertebrate U86 RNA is
encoded in an intron.

1.3. Plant snoRNA Genes

In plants, most genes for C/D and H/ACA snoRNAs
are clustered (Fig. 1). Some clusters are homogeneous,
consisting of two to four copies of one snoRNA gene;
some others are heterogenous, containing genes for
several different snoRNAs. One or more genes can
occur in several copies in a heterogeneous cluster. Clus-
ters mostly harbor two to five genes and are scattered
through all chromosomes [14]; some clusters occur in
several (two to five) copies [15]. In dicotyledonous
plants, almost all snoRNA gene clusters are in inter-
genic spacers and are transcribed from their own pro-
moters to yield polycistronic RNAs. For instance, 133
of 175 known Arabidopsis thaliana snoRNA genes are
organized in 49 clusters (including a few clusters each
occurring in two or three copies), of which only four are
in introns of protein-coding genes. A cluster organiza-
tion of snoRNA genes is similarly predominant in
monocotyledonous plants, but the distribution pattern is
different: more than half of the clusters are within
introns of protein-coding genes [15]. This unique type
of gene organization is absent from vertebrates and
yeasts (Fig. 1). Plants of both classes have a relatively
Vol. 43
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few independent snoRNA genes, which reside in introns,
as is the case with most vertebrate snoRNA genes [8].

Several snoRNA genes (about ten [4]) are tran-
scribed from their own promoters. For instance the U3
RNA and RNase MRP genes occur as independent tran-
scription units in all eukaryotes. However, the U3 RNA
gene is transcribed by RNA polymerase III in plants,
rather than by RNA polymerase II as in animals and
yeasts. The promoter is similar to the promoters of plant
small nuclear RNA genes in having the so-called upstream
sequence element (USE) and the TATA box. Note, how-
ever, that promoters for RNA polymerase II and III are
structurally similar to a certain extent in plants [16].

Another unusual variant of snoRNA genes was
found in plants. Both dicotyledonous (Arabidopsis
thaliana) and monocotyledonous (Oryza sativa) plants
have several dicistronic genes consisting of tRNA and
snoRNA genes (the tRNA gene is upstream of the
snoRNA gene). These genes are transcribed from the
tRNA gene promoter [17].

Unlike in vertebrates and yeasts, about half of plant
snoRNAs are each encoded by several genes. For
instance, approximately 65% of all snoRNA genes
occur in more than one copy in A. thaliana [18]. This
can be explained in part by numerous duplications of
genome fragments: genes coding for one snoRNA often
belong to duplicated clusters. In addition, a snoRNA
gene can undergo tandem duplication within one clus-
ter. Similarity between such duplicated genes greatly
varies and, probably, is inversely proportional to the age
of duplication. In many cases, copies differ from each
other only by a few substitutions and/or inserts/dele-
tions. The changes are usually beyond the conserved
sequences (elements C, D, C', and D' and the antisense
element) and, in rare cases, occur within such
sequences. Most substitutions are insignificant and can
hardly cause a loss of function by the snoRNA gene. Yet
such minor changes result in new rRNA modification
sites in rare cases. For instance, the differences between
two copies of the A. thaliana snoR20 gene include a
single-nucleotide insert between box D and the anti-
sense element. The insert results in a new site of rRNA
modification; i.e., the two variants of snoR20 guide
modification of two different (adjacent) nucleotides in
rRNA [14]. Dramatic differences between two copies
of a snoRNA gene are also possible; e.g., one copy can
actually represent a pseudogene fragment [14].

Some snoRNA genes have orthologs in vertebrates,
yeasts, and plants. Similarity is usually restricted to the
conserved sequences and the antisense element; i.e., the
term orthologs is rather conventional in such cases. The
situation is even more intricate in some cases where a
genome has not only an ortholog, but also another gene
with an extra antisense element differing from that of
the ortholog. For instance, the U33 RNA occurs both in
vertebrates and in plants. However, plants have another
RNA, snoR34, which contains the antisense element of
the U33 RNA together with a different one [14]. In
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some cases, two gene copies share one antisense ele-
ment and differ in another within one species. For
instance, snoR16.1 and snoR16.2 both guide U48
methylation in the 25S rRNA, but the former addition-
ally guides U2445 methylation and the latter, U36
methylation in the same rRNA [14].

Consider another interesting example. Chromosome 2
of A. thaliana harbors a cluster of four snoRNA genes,
including the genes for US55 and U16 RNAs (Fig. 2).
The U55 and U16 RNAs each contain one antisense
element. Chromosome 1 has a cluster of two genes; one
of these codes for snoR15, which contains the antisense
elements of both U55 and U16 RNAs. It is clear that the
clusters are related, because they have one gene
(snoR14) in common. The authors who have identified
the clusters believe that the U55 and U16 RNAs result
from duplication of the snoR15 gene located on chro-
mosome 1 [8, 14]. An alternative explanation suggests
that chromosome 1 cluster initially contained both U55
and U16 RNA genes. The U55 RNA gene acquired the
antisense element characteristic of the U16 RNA: this
required only three substitutions. The U16 RNA gene
was then lost [14].

Thus, the plant snoRNA genes provide a wide area
for speculations about possible ways of gene evolution.

1.4. Protozoan snoRNA Genes

As in plants, the snoRNA genes of Trypanosoma
brucei (class Mastigophora, subclass Zoomastigina,
order Kinetoplastidae) form clusters, which contain
snoRNA genes of both families and are usually
repeated several times in the genome [19] (Fig. 1). All
clusters are in intergenic spacers; their full-length tran-
scripts are synthesized by RNA polymerase II. A simi-
lar organization of the snoRNA genes is characteristic
of Euglena gracilis, which belongs to the same class
but to a different subclass, Phytomastigina [20]. How-
ever, another organization was observed for the order
Diplomonadida, which is closer to Trypanosoma and
belongs to the same subclass Zoomastigina. In Giardia
lamblia, a representative of this order, the genes for 20
known snoRNAs are independent, occur in single copies,
reside in spacers between protein-coding genes, and are
transcribed from their own promoters by RNA poly-
merase II [21]. This observation is of interest because all
earlier data suggested that the closer the taxa, the
greater their similarity in the predominant variant of
snoRNA gene organization.

1.5. Drosophila snoRNA Genes

It becomes evident now that the organization of
snoRNA genes in animals is more diverse than believed
earlier. In addition to snoRNA genes residing in introns
(one gene in one intron) [22] as characteristic of ani-
mals and a few independent genes, snoRNA gene clus-
ters were recently found in Drosophila melanogaster
[23] (Fig. 1). A cluster includes up to nine genes. Usu-
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Fig. 2. Structure of two snoRNA gene clusters of A. thaliana. The antisense elements are crosshatched. Modified from [8, 14].

ally, these are two or three genes occurring in several
copies. Such an organization was earlier known only
for plants, mostly monocotyledonous. Another unusual
variant of snoRNA genes was observed in Drosophila:
at least five genes reside in exons of protein-coding
genes; i.e., SNHoRNA and mRNA are produced via alter-
native processes. The only example of such an organi-
zation of snoRNA genes in eukaryotes was previously
known only for yeasts (see Section 1.2). In addition,
this type of organization is utilized by archaebacteria.
Several other snoRNA genes reside in exons subject to
alternative splicing: snoRNA is incorporated in an exon
in some cases and in an intron in some others. One
snoRNA was found at the exon—intron boundary [24].

1.6. Archaebacterial snoRNA Genes

While completely absent from bacteria, snoRNAs
were found in archaebacteria, far as they are from
eukaryotes. Archaebacterial snoRNA genes occur in
single copies and are mostly independent; a few exam-
ples are known where several genes are close together
and are probably transcribed to yield a common precur-
sor. All snoRNA genes reside in spacers between pro-
tein-coding genes and seem to have their own promot-
ers. An unusual location was observed for 10-20% of
snoRNA genes: their 5'-terminal region overlaps the 3'
end of an open reading frame. Thus, the sequence cod-
ing for several C-terminal amino acid residues simulta-
neously codes for the 5' region of snoRNA. Finally, a
case is known where a snoRNA gene is in a tRNA
intron [25].

1.7. Diverse Organization of snoRNA Genes

Large taxa, such as vertebrates and plants, usually
differ in the organization of genes coding for the same
snoRNAs. However, one organization variant is mostly
used for the same snoRNA within a taxon. For instance,
the U23 snoRNA is encoded by intron 12 of the nucle-
olin gene in vertebrates of all classes. Yet it is not infre-
quent that snoRNA changes the host gene. The U15
snoRNA is encoded by introns of the ribosomal protein
S3 gene in human and the ribosomal protein S1 gene in
Xenopus laevis. Moreover, snoRNA can have different
host genes even in one species, as is the case with the
X. laevis U14 snoRNA [10]. Such findings suggest that
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snoRNA originate from mobile elements. However,
snoRNA genes lack terminal repeats implied by such a
scenario [10].

Another question is why different snoRNA genes
are organized in different ways in one organism. The
answer is obvious only for snoRNA genes expressed
independently. For instance, all vertebrate independent
genes code for snoRNAs that are involved in rRNA
cleavage and, consequently, are essential. There are
some questions even in this case. Two C/D snoRNAs
recently found in vertebrates are encoded by indepen-
dent genes but guide 2'-O-methylation of small nuclear
RNAs [11]; in yeasts, the majority of snoORNA genes
are independent. Another problem is a biological sig-
nificance, if any, of the fact that many orthologous
snoRNAs are differently encoded in different large
taxa. The simplest assumption is that the variant of
snoRNA gene organization is selected at random. How-
ever, this assumption disagrees with the observation
that most host genes of vertebrate snoRNAs are some-
how involved in translation (see Section 2). Finally, it is
unclear why the organization of snoRNA genes is so
diverse: nothing of the kind is known for other gene
groups.

It is commonly accepted that the polycistronic orga-
nization of genes allows a coordinated regulation of
their expression. Plant snoRNA genes are clustered,
and vertebrate genes reside in introns of the genes that
mostly code for translation proteins. Thus, such genes
each code for more than one product and can be consid-
ered polycistronic. It seems that the two taxa differently
solve the problem of coordinated expression of func-
tionally related genes. Note that successful processing
of almost all snoRNA genes requires splicing in verte-
brates. In plants, snoRNA processing is splicing-inde-
pendent, allowing a diverse organization of snoRNA
genes. Plant snoRNAs are produced even when splicing
is suppressed (e.g., in heat shock [26]). A greater toler-
ance of snoRNA production in plants compared with
vertebrates is possibly related to the fact that plants are
to a greater extent exposed to extreme factors.

2. HOST GENES OF VERTEBRATE snoRNAs

Most genes whose introns give origin to snoRNAs
code for translation proteins (initiation and elongation
factors, ribosomal proteins, etc.) or proteins involved in
Vol. 43
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the function of the nucleolus. Such a location is hardly
occasional and probably serves to coordinate the
expression of transcripts synthesized by RNA poly-
merases I and II: the intensity of rRNA production and,
eventually, generation of ribosomes is thereby associated
with the level of mRNAs for translation proteins [10].

Almost all host genes of vertebrate snoRNAs belong
to the so-called 5'-TOP (5'-terminal oligopyrimidine)
family of housekeeping genes [27]. The family includes
the genes for ribosomal proteins and translation factors
together with some other genes. The first nucleotide of
their mRNAs is cytosine, which is followed by a short
(4-13 nt) pyrimidine tract. This structure, in combina-
tion with specific sequences of the 5'-untranslated
region of mRNA, allows coordinated expression of 5'-
TOP family genes in response to external stimuli (e.g.,
growth factors). As a result, the intensity of translation
is increased [28].

Interestingly, some snoRNA host genes (UHG,
U17HG, U19H, gas5, USOHG, and U887HG) of the 5'-
TOP family have exons with multiple stop codons scat-
tered throughout their lengths and, consequently, are
incapable of coding for a protein [27, 29-33]. Upon
transcription, the introns give origin to snoRNAs, while
the noncoding host gene transcript is polyadenylated
and is either retained in the nucleus (U19H RNA) or
exported into the cytoplasm. Three transcripts (UHG,
gas5, and US7HG) are associated with ribosomes, and
the UHG and gas5 “mRNAs” undergo rapid degrada-
tion, which depends on the activity of translation
machinery. The US7HG RNA is also associated with
ribosomes, but is far more stable [34]. Note that the
transcripts of noncoding host genes display a very low
conservation, comparable with that of neutral
sequences [31]. This prompted the idea that the only
role of such genes is generation of snoRNA, while their
exons have no functional significance [27, 29, 30, 32].
The only exception is the US7HG gene transcript: the
extent of its conservation is higher than that of the other
noncoding host genes and corresponds to that of
untranslated mRNA regions (sequence similarity
among mammals is meant in all cases). This suggests
an independent function for the US7HG gene transcript
[34], especially as a similar extent of conservation is
characteristic of several noncoding RNAs with well-
known functions [35, 36]. As for the other noncoding
host genes, the following should be noted. Recent stud-
ies demonstrate that noncoding RNAs can be functional
even in the absence of conservation, and the number of
such RNAs is continuously increasing [35]. Such
RNAs were not identified until recently mostly because
nonconserved sequences were not searched for genes.
A rapid growth in the number of such RNAs can be
expected for the nearest future. Hence, the accepted
view that exons of noncoding host genes lack func-
tional significance is at least tentative.

There are several other cases where snoRNA genes
reside in introns of noncoding genes, but none of these
RUSSIAN JOURNAL OF GENETICS
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belongs to the 5'-TOP family. For instance, the rat
RBII-36 snoRNA, which is expressed exclusively in the
brain and lacks regions complementary to rRNA or
small nuclear RNA, is encoded by an intron of the gene
for the noncoding Bsr RNA, which is expressed only in
the nervous system [37]. The genes for three other C/D
snoRNAs found recently reside in introns of the Irm
noncoding gene, which is subject to imprinting. Inter-
estingly, homologs of these snoRNAs were not found in
human cells [38]. Another example is provided by the
SNURF-SNURPN imprinted gene, which is expressed
from the paternal allele in all tissues [39]. The gene is
approximately 450 kb in size and contains more than
150 exons. Its dicistronic mRNA codes consecutively for
the SNUREF protein (SNRPN upstream reading frame;
exons 1-3) and the SmN spliceosomal protein (exons
4-10). All other exons are noncoding, and their introns
harbor snoRNA genes at one gene per intron: introns
21-52 contain 27 copies of the HBII-85 snoRNA gene,
introns 63—-142 contain 47 copies of the HBII-52
snoRNA gene, and the remaining introns contain the
genes coding for five other snoRNAs and occurring in
fewer copies. These snoRNAs are devoid of sequences
complementary to rRNA or small nuclear RNA and are
expressed predominantly or exclusively in the brain.
The 3'-terminal noncoding region of the giant transcript
serves as an antisense RNA for the UBE3A protein-cod-
ing gene, which is transcribed in the opposite direction
[40]. Deletion of the SNURF-SNURPN gene together
with all noncoding exons and snoRNA genes is respon-
sible for the majority of cases of the Prader—Willi syn-
drome (PWS) [41], a severe hereditary disease charac-
terized by mental retardation, obesity, muscular hypoto-
nia, and several other signs. Recent data demonstrate that
deletion of snoRNA sequences, in particular, HBII-85,
plays an important, if not critical, role in the pathogen-
esis of this disease (e.g., see [42, 43]).

Another snoRNA encoded by this gene, HBII-
52/MBII-52 (human/mouse) contains an extended (18-nt)
region fully complementary to the mRNA for the sero-
tonin 5-HT2C receptor, which is expressed exclusively
in the brain [44]. Interestingly, the genes for MBII-52
and the 5-HT2C receptor are both expressed in the
brain, but their coexpression is restricted to certain sec-
tions. The potential target of 2'-O-methylation poten-
tially guided by the HBII-52/MBII-52 snoRNA is an
adenine residue, which is usually subject to editing and
is converted to inosine (I). Recent studies with mice
provided convincing evidence that MBII-52 does guide
methylation of this adenine, which is accompanied by a
substantial decrease in the efficiency of its deamination
(A-I) [45]. In other words, 2'-O-methylation decreases
the efficiency of editing. During translation, inosine is
decoded as guanosine. Possibly, this mechanism is
responsible for the fine regulation of the interaction
between the serotonin receptor with the G-protein.
Interestinly, mice knocked-out in the 5-HT2C receptor
gene have defects similar to PWS signs.
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Fig. 3. Complementary interactions are possible between the HBII-52 snoRNA and the serotonin 5-HT2C receptor mRNA. (a) Frag-
ment of the human 5-HT2C receptor mRNA. Exons (bars) are indicated. The proximal and distal splicing sites are shown with an
asterisk and an arrow, respectively. (b) Complementary interactions between the HBII-52 snoRNA and the 5-HT2C receptor mRNA.
The five nucleotides subject to editing (deamination of A to produce I) are framed. The proximal splicing site is indicated with an
asterisk and underlined. In snoRNA, box D is framed. Modified from [46].

Recent studies yielded the following data. It is
known that alternative splicing results in two isoforms
of the 5-HT2C receptor mRNA, which differ in the size
of exon 5. The functional receptor is synthesized only
from the longer isoform. The downstream region of
exon 5 (5b, Fig. 3) contains a sequence (silencer) that
prevents 5b incorporation in mRNA and thereby deter-
mines production of the shorter isoform of the 5-HT2C
receptor mRNA. Five nucleotides of region 5b are sub-
ject to editing. Editing ensures incorporation of region
5b in mRNA, and the full-length isoform is produced.
However, editing reduces the sensitivity of the 5-HT2C
receptor to serotonin by one or two orders of magnitude.
The HBII-52/MBII-52 snoRNA, whose antisense ele-
ment is complementary to fragment 5b, ensures incorpo-
ration of region 5b in mRNA and, consequently, editing-
independent production of the long isoform [46]. The
protein synthesized from the resulting unedited isoform
is highly sensitive to serotonin. The cell pool of 5-HT2C
receptor mRNAs normally includes both edited and
unedited forms, which is apparently necessary for regu-
lating the serotonin sensitivity of nerve cells. Thus, not
only do PWS patients lack the HBII-52 snoRNA, but
they also have a dramatically reduced fraction of the 5-
HT?2C receptor mRNA with the unedited sequence of
region 5b [46]. The latter circumstance certainly con-
tributes to the pathogenesis of PWS. Recent studies
offer new lines for developing a therapeutic strategy
in PWS.

3. TRANSCRIPTION OF snoRNA GENES

Individual snoRNA genes are transcribed by RNA
polymerases II (e.g., U3, U8, and U13 RNAs) and III
(RNA component of RNase MRP, plant U3 RNA). The
5' ends of the transcripts carry a 2,2,7-trimethylgua-
nosine cap or y-monomethyl phosphate, respectively. In
contrast, the 5' end is nonmodified in snoRNAs
encoded by introns or synthesized within a polycis-
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tronic transcript. Such snoRNAs are excised from a
precursor; then, their ends are formed by exonucleases.

The 3' end is not modified in all known snoRNAs [10].

4. MATURATION AND TRANSPORT OF snoRNAs

Several pathways are known for snoRNA matura-
tion. This is explained, first and foremost, by the
diverse organization of snoRNA genes, which are tran-
scribed independently to yield mono- and polycistronic
transcripts or reside in introns. Whichever the case, free
5' and 3' ends are generated in a snoRNA precursor
when it is processed by specific nucleases or cleaved at
the branching point. The free ends are attacked by 5'-3'
and 3'-5' exonucleases, which eventually form the ends
of mature snoRNA. Complete exonucleolytic degrada-
tion of snoRNAs is prevented by their binding with core
proteins.

Endonucleases are responsible for initial processing
in the case of independently transcribed genes. In
yeasts, most snoRNA are transcribed from such inde-
pendent genes and included in mono- and polycistronic
transcripts. Most of these transcripts contain recogni-
tion sites for endoribonuclease Rntlp [47] (Fig. 1).
Rntlp is active towards double-stranded RNA and,
according to this feature, is assigned to a family of pro-
teins collectively known as RNases III [48]. RNases of
this family occur in all living organisms, playing a role
in the processing of rRNA, tRNA, mRNA, and
microRNA and initiating mRNA degradation [49].
Apart from snoRNA, Rntlp processes rRNA and some
small nuclear RNAs (U5 and U2) [50, 51]. During
snoRNA processing, Rntlp cleaves both polycistronic
[51] and monocistronic [52] transcripts (Fig. 1). The
snoRNA products have immature free ends, which are
truncated by exonucleases: the 5' region is attacked by
5'-3" exonucleases Ratlp and Xrnlp [53], while the 3'
region is processed by the exosome and, in particular,
Vol. 43
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its component Rrp6p [54]. Exosomes are complexes of
many (at least ten) cell 3'-5' exonucleases and occur
both in the nucleus and in the cytoplasm [55] to form
the 3' ends of many cell RNAs and to degrade cytoplas-
mic mRNA and the between-cistron sequences of pre-
rRNA [56].

Some yeast snoRNAs lack sequences recognized by
Rntlp. The free 5" and 3' ends are formed in the precur-
sors of such snoRNAs by proteins that introduce a
break during mRNA cleavage/polyadenylation [9].

Intron-encoded snoRNAs are processed via two
strategies. Maturation of most snoRNAs requires splic-
ing and subsequent hydrolysis of the 2'-5' phosphodi-
ester bond in the branching point. The resulting product
(snoRNA with the flanking sequences) is attacked by
exonucleases, which produce mature snoRNA [57]
(Fig. 1). The processing of a few intron-encoded
snoRNAs in various organisms, including vertebrates
[58], does not depend on splicing: exonucleases sites
result from endonucleolytic cleavage of nonspliced pre-
mRNA (Fig. 1). In yeasts, this process involves Rntlp,
which cleaves a short double-stranded stem formed by
snoRNA-flanking intron sequences, while exonucle-
olytic degradation is performed by Rat1, Xrn1 [53], and
the exosome [54], as is the case with independent
snoRNA genes. The processes yielding snoRNA and
mRNA are alternative. The question arises as to how
the cell chooses between them. Almost all few intronic
snoRNAs are processed following this scenario in
yeasts. It was found that five out of six genes for these
snoRNAs are flanked by sequences that cannot form a
double-stranded region providing a substrate for Rnt1p.
These sequences are still capable of complementary
interaction, but their interaction yields a noncanonical
substrate, which can be recognized by Rntlp only in the
presence of Noplp, a core protein of snoRNP. Thus,
snoRNA processing occurs only in the presence of
snoRNP proteins; otherwise, splicing yields the host
gene mRNA [59]. Other experimental data support the
involvement of snoRNP core proteins actively partici-
pate in processing [60].

Maturation of intron snoRNAs takes place in the
vicinity of their genes [61], while polycistronic tran-
scripts are processed in so-called Cajal bodies (CBs)
and in the nucleolus [62]. CBs are often associated with
the nucleolus, are 0.3-0.5 um in diameter, and consist
of helical fibrillar chains formed mostly by p80 coilin
[63]. The available data suggest that CBs is the scene of
maturation and assembly of small nuclear RNPs and
transcription complexes, which then function in other
regions of the nucleus [63]. Assembly and maturation
of some snoRNPs continue in CBs, as is the case with
U3 [64] and several plant snoRNAs [60]. In addition,
CBs retain defective snoRNPs [65]. After assembly,
snoRNPs are transported into the nucleolus, although
some maturation steps can proceed there as well [60].

To conclude, C/D and H/ACA snoRNAs occur in all
eukaryotes, are associated with the same set of homol-
RUSSIAN JOURNAL OF GENETICS
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ogous proteins, and can fold into similar secondary
structures. Thus, the snoRNP structure and the mecha-
nisms of snoRNP-guided modification of cell RNAs are
highly conserved. The extent of their conservation is in
striking contrast with diversity of the organization of
snoRNA genes. Further studies will elucidate this inter-
esting phenomenon.
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