
Studies on RNAs that do not code proteins

(ncRNAs) are among the most intensively developing and

interesting trends in modern biology. Since the late 1990s,

when functions of small nucleolar RNAs (snoRNAs) and

the phenomenon of RNA interference were described,

the number of newly detected ncRNAs is steadily increas-

ing and becomes even higher than the number of known

proteins [1-3]. Recently introduced sequencing tech-

nologies have given new stimulus for progress in this field

[4, 5]. The cell was found to contain previously unknown

families of ncRNAs, and the well-studied ncRNAs were

shown to have new, earlier unknown functions [6]. Thus,

snoRNAs, which represent a well-studied group of

ncRNAs, occur to be involved not only in processing of

rRNAs and small nuclear RNAs (snRNAs) [7]. snoRNAs

also direct alternative splicing and are involved in the cell

response to stress, and dysregulation of their expression

can be associated with the appearance of some diseases.

Moreover, snoRNAs can give origin to shorter miRNA-

like RNAs capable of regulating translation due to com-

plementary interactions with mRNA. These functions of

snoRNAs, as well as others known by now, are discussed

in the present review. It should be noted that new func-

tions and types of processing are also found in other cel-

lular ncRNAs, namely in RNA component of RNPs

involved in development of drug resistance (so-called

vault particles) [8], Y RNA [9], 7SL RNA [10], and even

in tRNA whose functions have long been well known

[11]. Thus, it has been shown that under stress condi-

tions, tRNAs produce shorter fragments responsible for

repression of translation [11]. Thus, the transcriptome

structure is more complicated and interesting than it was

thought only recently.

snoRNAs ARE INVOLVED

IN PROCESSING OF rRNA

At present, the best-studied function of snoRNAs is

their involvement in processing of rRNA. 18S, 5.8S, and

25/28S rRNAs are transcribed within a common precur-

sor (pre-rRNA), which is cleaved yielding mature rRNA

molecules. rRNA modifications occur cotranscriptional-
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ly, most frequently ribose being methylated at the 2′-O-

position and uridine being converted to pseudouridine

[12]. rRNA of vertebrates contains about 100 modifica-

tions of each type [13].

snoRNAs are involved in the cleavage of pre-rRNA

and determine the modification sites. Based on the pres-

ence of characteristic elements of the nucleotide

sequence, snoRNAs are divided into two families, C/D

and H/ACA. Nearly all C/D RNAs direct 2′-O-methyla-

tion [14, 15], whereas the majority of H/ACA RNAs

direct pseudouridylation of rRNA nucleotides [16].

snoRNAs of the C/D family are of ~70-90

nucleotides (nt) in length and contain conservative ele-

ments: boxes C (UGAUGA) and D (CUGA) located on

the ends of the molecule and drawn in close proximity

due to complementary interactions of its terminal regions

(Fig. 1a). This results in formation of a so-called C/D

motif, which includes the C and D boxes and the termi-

nal double-stranded region. The C/D-motif acts as a

scaffold for binding proteins that form C/D RNP: 15.5

kDa protein, NOP56, NOP58, and fibrillarin. This motif

determines the stability and nucleolar localization of

snoRNAs [17]. In the central region of a snoRNA mole-

cule, there are C′ and D′ boxes that are copies of the C

and D boxes (often imperfect) [18]. Towards the 5′-end

from boxes D and/or D′, a so-called antisense element is

located that is a sequence of 9-15 nt in length comple-

mentary to the rRNA region and capable of interacting

with it. The rRNA nucleotide separated from box D/D′
by four nucleotides (Fig. 1a) is subjected to 2′-O-methy-

lation. This modification is catalyzed by the protein fib-

rillarin [19]. Several C/D RNAs (SNORD3, SNORD14,

SNORD22, SNORD118, and, probably SNORD13) are

required for pre-rRNA cleavage [20-24]. They contain

regions complementary to pre-rRNA and act as RNA-

chaperones.

snoRNAs of the H/ACA family have length of about

150 nt. They are associated with four proteins (GAR1,

NOP10, NHP2, and dyskerin), and contain conservative

elements H (ANANNA) and ACA (ACA) located in the

basement of two hairpins (Fig. 1b). In the middle part of

the hairpins, antisense elements are located that capable

of complementary interacting with rRNA fragments, as

occurs in the case of C/D RNA. The rRNA nucleotide

exposed in the produced one-stranded “window” is pseu-

do-uridinylated (Fig. 1b). The protein dyskerin is respon-

sible for this modification [25]. The H/ACA RNA

SNORA73, similarly to some C/D RNAs, does not direct

modifications and is necessary for the cleavage of pre-

rRNA [26]. The structure and functions of snoRNPs are

discussed in reviews [19, 27, 28].

The role of rRNA modifications is a very interesting

problem that is still far from its solution. The modifica-

tions are necessary for normal functioning of the ribo-

some and seem to be responsible for the correct packing

of rRNA, stabilization of its structure, and for the correct

interaction of rRNA with other participants of translation

[29-32]. However, the corresponding mechanisms and

functional role of each modification are still poorly stud-

ied.

Interestingly, the 3′-terminal part of the telomerase

RNA forms a motif specific for H/ACA RNAs: two hair-

pins separated by single-stranded stretches containing the

H and ACA boxes [33]. In humans this motif is formed by

240 of 451 nt of the telomerase RNA, and all four proteins

of the H/ACA RNP are associated with it, but it does not

Fig. 1. snoRNAs of the C/D (a) and H/ACA (b) families. 2′-O-methylated nucleotides are indicated by asterisks; the pseudouridinylated

nucleotide is shown with the sign Ψ.

a                                                                b
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direct pseudouridylation. This motif seems to be neces-

sary for the stability, correct localization, and functioning

of the telomerase [25].

In addition to rRNA, snoRNAs have other targets.

Thus, some snoRNAs are involved in modification of the

snRNA U6, which contains 2′-O-methylated ribose and

pseudouridine [34]. Modifications of the snRNA U6

occur in the nucleolus. Other snRNAs are also modified

by C/D and H/ACA RNPs, but these modifications

occur not in the nucleolus but in so-called Cajal bodies,

which are spherical formations inside the nucleus [35]

(Fig. 2). The main function of these bodies is likely the

assemblage of snRNP complexes, which later are trans-

ported into other compartments of the nucleus. C/D and

H/ACA RNAs from the Cajal bodies were called

scaRNAs (small Cajal body-specific RNAs) [36]. Targets

of about 20 snoRNAs are unknown [37]. These

snoRNAs are especially interesting because their func-

tions are still unknown, and their elucidation would shed

new light on the involvement of snoRNAs in cellular

processes.

snoRNAs of vertebrates are encoded unusually:

nearly all their genes are located within introns of other

genes, one gene per intron, and snoRNAs are processed

on splicing of the “host-gene” mRNA (Fig. 2). Many of

host genes encode proteins involved in translation and its

regulation, including translation factors, ribosomal pro-

teins, and nucleolar proteins. In addition, more than

dozen host genes are known whose exons do not encode

any polypeptide [38-40].

Retroposons Alu located in introns were recently

shown to encode H/ACA RNAs. RNAs produced upon

splicing of Alu are associated with all four proteins of the

H/ACA RNP, but they are located not in the nucleolus or

Cajal bodies but in the nucleoplasm. Several hundreds of

such AluACA RNAs are already described, and they seem

to form a large new group of H/ACA RNAs with yet

unknown functions [41].

A polyribonucleotide component of RNase MRP

(265 nt in humans) is also assigned to nucleolar RNAs.

This endonuclease found in all eukaryotes is located in

the nucleolus and mitochondria. During replication of

DNA, the RNase MRP forms in mitochondria the 3′-end

of the RNA-primer, and this has determined its name

(mitochondrial RNA processing) [42]. However, the

major part of the RNase MRP is located in the nucleolus,

where it cleaves pre-rRNA in site A3 of the first internal

transcribed spacer (ITS1) releasing 5.8S rRNA.

Fig. 2. Involvement of snoRNAs in various cellular processes.
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The RNase MRP also has other substrates, in partic-

ular, mRNA of cyclin B2, and thus it is involved in the

control of the cell cycle [43, 44].

snoRNAs CAN SERVE AS PRECURSORS

OF miRNAs

During deep sequencing of small RNAs (19-40 nt), it

was revealed in 2008 that snoRNAs as well as other small

RNAs can yield shorter products [7]. Similar data were

obtained later by other researchers [45-48]. Bioinfor-

matic analysis of more than twenty libraries of small

RNAs from various organisms has shown that more than

half of the snoRNAs from vertebrates, arabidopsis, and

yeast give rise to short fragments called sno-derived RNAs

(sdRNAs) [49]. sdRNAs were also found in the parasitic

protozoon Giardia lamblia [50]. Many sdRNAs originat-

ing from the same snoRNA were found to have identical

nucleotide sequences. In some cases, these sdRNAs sim-

ilarly to miRNAs [51] differ in several terminal

nucleotides. In a number of cases a particular sdRNA was

found in several organisms [45]. These data suggest that

many of sdRNAs could be produced due to specific pro-

cessing and not to degradation of snoRNAs [48, 52].

sdRNAs from different families of snoRNAs have

some specific features. In humans, the majority of

sdRNAs originating from C/D snoRNAs form two class-

es, with 17-19 nt and about 30 nt size, and the shorter

RNAs are mainly produced from the 5′-terminal part of

the molecule, whereas the longer RNAs are produced

from the middle part [49]. Human H/ACA sdRNAs are

usually produced from the 3′-terminal hairpin of

snoRNAs, and the size of the majority of them is 20-

24 nt, which corresponds to the size of miRNAs [45, 49].

In fact, similarly to miRNAs, H/ACA sdRNAs bound

with immunoprecipitated proteins Ago (Ago1-4) were

found in human cells [45, 46]. These proteins are the

main components of the RNA-induced silencing com-

plex (RISC), which is responsible for gene silencing:

miRNA is associated with the protein Ago and the com-

plementary interaction of miRNA with an mRNA-target

results in suppression of translation [53].

Using reporter constructions that contain sequences

complementary to sdRNA in the 3′-UTR of the luciferase

gene, both H/ACA and C/D sdRNAs were shown to sup-

press the expression of the gene [45, 47]. However, it is

still unclear whether sdRNAs have targets among cellular

RNAs. Up to now, such a target has been found only for

one sdRNA produced from SCARNA15 [45].

Nevertheless, it is reasonable to expect that cellular tar-

gets will be detected and that sdRNAs are really capable

of functioning as miRNAs, because a region of miRNA

complementary to mRNA is usually very short and,

therefore, has to occur in various cellular mRNAs.

Moreover, some miRNAs found in independent studies

correspond to fragments of snoRNAs (table). Genome

browsers allow to clearly demonstrate these findings (Fig.

3).

sdRNAs are mainly located in the nucleus, and only

some H/ACA sdRNAs are found in the cytoplasm [54].

Mechanisms of formation of sdRNAs are not yet clear,

old name

HBII-99b

HBII-239

–

ACA34

ACA36b

HBI-61

ACA45

identification
number

JA682540

NR_003059

JA682622

NR_031623

NR_031705

NR_031650

–

Human snoRNAs fragments of which are annotated as miRNAs

name

hsa-miR-1259

has-miR-768

hsa-miR-1201

hsa-miR-1291

hsa-miR-664

hsa-miR-1248

ACA45 sRNA2

identification
number

NR_003695

NR_003059

NR_003693

NR_002968

NR_002994

NR_002989

NR_003011

family

C/D

C/D

C/D

H/ACA

H/ACA

H/ACA

H/ACA

new name1

SNORD12B

SNORD71

SNORD126

SNORA34

SNORA36b

SNORA81

SCARNA15

miRNA

1 According to the new nomenclature adopted in 2006 by the International HUGO Gene Nomenclature Committee, names of snoRNAs of the C/D

family are represented as SNORDn, where “n” is the snoRNA number, names of the H/ACA family are presented as SNORAn, and names of

scaRNAs – as SCARNAn. Nevertheless, names of snoRNAs given by their first discoverers before introduction of the new nomenclature are still

widely used.
2 The ability of ACA45 sRNA to silence the cellular CDC2L6 mRNA has been demonstrated in [45]. In mice, the ACA45 sRNA homolog is anno-

tated as miR-1839-5p miRNA (NR_035501).

snoRNA
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although involvement of some proteins of the RNA-

silencing system in their processing has been shown [49].

It seems that some other yet unidentified proteins can

also contribute to this processing because knockout of the

main proteins of the RNA-silencing pathway only slight-

ly decreases the number of sdRNAs [49]. The processing

pathways seem to be different for different families of

snoRNAs and even for different snoRNAs.

The nuclear endonuclease Drosha and the RNA-

binding protein DGCR8 are not involved in formation of

the majority of H/ACA sdRNAs [45]. These two proteins

involved in RNA silencing are the main components of a

complex named “microprocessor”. The “microproces-

sor” processes primary transcripts of miRNA genes: it

recognizes within them a hairpin with length of about

70 nt (i.e. a pre-miRNA), which contains the miRNA

sequence and cuts this hairpin from the primary tran-

script [55]. H/ACA snoRNAs are similar to pre-miRNA

in size and secondary structure, but the “microprocessor”

role in this case is played by a spliceosome, which cuts the

snoRNAs from the primary transcript and exonucleases,

which destroy intronic sequences flanking the snoRNAs.

Note that in addition to miRNAs produced from

snoRNAs, other miRNAs are also detected that mature in

a noncanonical pathway, i.e. without processing by

Drosha/DGCR8. These are, for example, miRNAs

processed from the so-called mirtrons – short introns

that upon slicing produce secondary structures similar to

secondary structures of pre-miRNAs [56]. As in the case

of H/ACA RNAs, a spliceosome and in some cases

exonucleases act as “microprocessor” [57, 58].

Endonuclease Dicer, which is one of the main enzymes of

the RNA-silencing pathway, is involved in the production

of H/ACA sdRNAs [45]. During processing of “canonic”

miRNAs, Dicer in a complex with the RNA-binding pro-

tein TRBP cuts from pre-miRNA a double-stranded frag-

ment with length of about 22 nt. Then one of the strands

degrades, whereas the mature miRNA becomes a RISC

component [55]. H/ACA snoRNAs contain two hairpins

reminiscent of the usual substrate of Dicer. This seems to

explain the ability of Dicer to processes H/ACA

snoRNAs with generation of sdRNAs with 20-24 nt in

length, which later associate with Ago proteins and can be

involved in RNA silencing.

Endogenous substrates of Dicer are very diverse. In

addition to snoRNAs, many other ncRNAs can serve as

such substrates: tRNAs [11], vRNAs [8], 7SL RNA [10],

and even transcripts of the Alu retroposon [59]. This can

be explained by the small size and pronounced secondary

structures of all these ncRNAs that makes them similar to

pre-miRNAs. Note that according to numerous observa-

tions, Dicer is located in the cytoplasm of mammalian

cells [55, 60], whereas C/D sdRNAs and the majority of

H/ACA sdRNAs are located in the nucleus [54, 61].

Therefore, the sdRNA processing by Dicer still needs fur-

ther studies. Note that in addition to other components of

Fig. 3. An example of a snoRNA gene independently annotated as the gene of miRNA. The gene of the human SNORA36B snoRNA is simul-

taneously annotated as the gene of miR-664 miRNA. The mature miRNA (miR-664-3p), its precursor (miR-664), and SNORA36B snoRNA

are shown. Below small RNAs are shown detected during deep sequencing and corresponding to fragments of SNORA36B snoRNA. The

image was obtained using the genome browser of the University of California at Santa Cruz (UCSC, http://genome.ucsc.edu).
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the RNA-silencing system, Dicer has been recently found

in the nucleus of mammalian cells [62-65], and its knock-

down leads to defects in rRNA processing and changes in

nucleolus structure [63].

Processing of C/D sdRNAs is much less studied. The

predicted secondary structures of C/D RNAs are much

more diverse than those of H/ACA RNAs, and C/D

sdRNAs are located in the hairpin rather seldom.

Processing of the majority of C/D sdRNAs seems not to

depend on Drosha/DGCR8 and on Dicer [49]. Note that

in many cases sequences of C/D sdRNAs include the box

C or C′. It seems that their processing can occur due to

recognizing the conservative elements of the nucleotide

sequence rather than the characteristic secondary struc-

tures [47].

sdRNAs apparently represent a heterogeneous popu-

lation that includes products of both degradation and spe-

cific processing. Several processing pathways are likely to

exist, resulting in production of sdRNAs with different

length and functions. So far, a pathway resulting in pro-

duction of miRNA-like sdRNAs involved in the gene

silencing is best studied. However, these data do not

exhaust the diversity and functions of sdRNAs. Thus, the

protein DGCR8, which is a component of the “micro-

processor”, is able to associate with full-size snoRNAs

and destabilize them, probably due to activity of a yet

unknown endonuclease that associates with DGCR8.

This results in generation of sdRNAs that are different

from those involved in the silencing [66]. Their functions

still need elucidation.

snoRNAs DIRECT ALTERNATIVE SPLICING

In 2006, snoRNAs were shown to direct alternative

splicing [67] (Fig. 2). The SNORD115 snoRNA whose

target was unknown earlier was found to have a long

(18 nt) anti-sense element complementary to the exon Vb

region of the serotonin receptor 5-HT2C mRNA (Fig. 4).

The exon Vb contains a silencer of splicing that prevents

the inclusion of Vb into the mRNA that results in forma-

tion of a short mRNA form encoding a shortened non-

functional protein (Fig. 4, mRNA1) [68]. The

SNORD115 snoRNA inhibits the action of the silencer

and provides the inclusion of exon Vb into the mRNA.

This results in a normal receptor with high sensitivity to

serotonin (Fig. 4, mRNA2) [67, 69]. There is also anoth-

er pathway of inhibiting the silencer: the exon Vb contains

five nucleotides that undergo editing – adenosine is

deaminated producing inosine. The silencer stops func-

tioning, and exon Vb is incorporated into the mRNA.

However, during translation inosine is read as guanosine;

therefore, the receptor contains some amino acid substi-

tutions that results in its decreased sensitivity to serotonin

(Fig. 4, mRNA3) [70]. Normally, the cell contains both

the edited and non-edited forms of the receptor. This

seems to be a putative pathway for the fine regulation of

brain cell receptivity for serotonin. At present, there is

more evidence of involvement of snoRNAs in the regula-

tion of alternative splicing [48, 71].

The alternative splicing mechanisms with involve-

ment of snoRNAs are still unclear. By now, two putative

Fig. 4. Regulation of alternative splicing of the serotonin receptor mRNA. Exons are shown as rectangles and numerated with Roman numer-

als. Black arrows show sites of editing; the silencer sequence is indicated by the letter “s”.

mRNA3

mRNA2

mRNA1

mRNA1

mRNA2,3

¯¯¯¯¯
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schemes have been proposed. According to the first,

snoRNAs direct 2′-O-methylation of the branchpoint

adenosine. This inhibits splicing, and the exon flanking

the intron from the 3′-end is excluded from the mature

mRNA. Although up to now such a mechanism has not

been described for cellular snoRNAs, artificial snoRNAs

are shown to direct 2′-O-methylation of the branchpoint

adenosine of cellular and viral pre-mRNAs. This leads to

generation of shortened mRNAs [72-75]. According to

the other scheme, splicing is regulated not by full-size

snoRNAs but by sdRNAs produced as a result of their

processing. The available data are contradictory [71, 76,

77], but some of these sdRNAs are shown to be associat-

ed with nuclear hnRNPs involved in the splice site selec-

tion [71]. It seems that similarly to antisense oligonu-

cleotides, sdRNAs complementarily interact with pre-

mRNA and prevent it from interaction with splicing fac-

tors, or, in other cases, they may associate with splicing

factors and bring them to mRNA. And just such a mode

of regulation has been proposed for the SNORD115

snoRNA [71]. Note that snoRNAs not only regulate

alternative splicing, but they can also decrease the level of

mRNA targets and proteins encoded by them, and the

stretch complementary to mRNA can be removed from

D/D′ boxes, and thus the observed effect is not associat-

ed with 2′-O-methylation of the RNA target [78]. This

knockdown is likely performed by sdRNAs generated as a

result of snoRNA processing and located not only in the

nucleolus, but also in the nucleoplasm [48, 79].

Targets are unknown for more than 20 of snoRNAs

[37]. Probably these targets will be identified as mRNAs,

and snoRNAs will function as regulators of their splicing,

stability, and translation. Note in this connection that

pseudouridylation of mRNA stop codons promotes their

specific recognition by tRNA, and instead of terminating

the translation an amino acid is incorporated and the pro-

tein synthesis is continued. Thus, pseudouridylation of

the codon UGA (ΨGA) resulted in incorporation of tyro-

sine or phenylalanine [80].

Unfortunately, the search for targets for such

snoRNAs is difficult because every snoRNA, due to small

size of the antisense element, has hundreds of potential

targets. However, on searching for targets for the

SNORD116 snoRNA the majority of targets were found

inside genes subjected to alternative splicing [81]. In gen-

eral, it is very interesting to know how many targets every

snoRNA can have. It is especially interesting now when

nucleolar RNAs have been shown to reach pre-mRNAs

generally believed to be located in the nucleoplasm. It has

also been found that one to three mismatches in the anti-

sense element/RNA-target duplex do not prevent the reg-

ulation of splicing through snoRNAs [71]. It seems that

the traditional view that the number of targets should be

equal to the number of antisense elements needs to be

changed. Thus, the search for additional targets for the

SNORD115 snoRNA revealed that it could regulate the

splicing of at least five mRNAs and provide both inclu-

sion and exclusion of exons [71]. Probably, the situation

will be similar to that observed for the U1 snRNA that is

involved in splicing and usually is imperfectly comple-

mentary to its numerous targets and also to miRNAs,

each of which can also have several targets and be imper-

fectly complementary to them.

snoRNAs ARE INVOLVED

IN CELL RESPONSE TO STRESS

The nucleolus is one of the key participants of the

cell response to stress. Various stress conditions can cause

changes in the nucleolus and even its destruction. Many

nucleolar proteins are moved to other compartments of

the cell and contribute to the cell response. Thus, under

stress conditions some ribosomal proteins of mammalian

cells are moved into the cytoplasm and interact there with

ubiquitin ligase MDM2. Under normal conditions,

MDM2 ubiquitinates the transcriptional factor p53 that

leads to its degradation. Interaction with the ribosomal

proteins inhibits MDM2 that stabilizes p53. As a result,

the cell stops dividing or enters apoptosis [82].

In 2011, the RNA component of the nucleolus, a

snoRNA, was shown to also contribute to response to

stress. Under conditions of hypoxia, expression of the

SNORD14A and SNORD83B snoRNAs significantly

increased in neuronal stem cells [83]. SNORD14A is

required for normal translation because it is involved in

the pre-rRNA cleavage, whereas the target of

SNORD83B is unknown. In the same year, expression of

three snoRNAs (SNORD32A, SNORD33, and

SNORD35A) was shown to significantly increase under

conditions of oxidative stress and on treatment of cells

with excess fatty acids (palmitate) [84]. All these

snoRNAs are encoded by introns of the ribosomal protein

RPL13A gene, and rRNA nucleotides serve as their tar-

gets, although involvement of these snoRNAs in rRNA

methylation was not shown directly [85]. The loss of these

snoRNAs causes cell resistance to metabolic stress, i.e.

they are key participants of the stress response pathways,

including induction of cell death. Under stress condi-

tions, full-length forms of these snoRNAs are accumulat-

ed not in the nucleus but in the cytoplasm. This is not

accompanied by an increase in the extent of methylation

of rRNA; therefore, their effect seems to be not associat-

ed with the modification of rRNA [84]. The presence of

snoRNAs in the cytoplasm, and only during the stage of

processing, was found earlier only for independently tran-

scribing snoRNAs (SNORD3, SNORD13, and

SNORD118) [19], whereas the presence of intronic

snoRNAs was shown for the first time. Probably, in addi-

tion to rRNA, these snoRNAs also have additional targets

among mRNAs and, after entering the cytoplasm under

conditions of metabolic stress complementarily interact
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with them and regulate their translation. The pathways of

snoRNA involvement in the regulation of cellular

processes can be even more diverse. Thus, there are some

indications that the H/ACA snoRNA ACA11 inhibits the

cell response under conditions of oxidative stress [86].

CHANGES IN EXPRESSION OF snoRNAs

AND ASSOCIATED PROTEINS CAN CONTRIBUTE

TO THE DEVELOPMENT OF SOME DISEASES

Recent data indicates that changes in expression of

individual snoRNAs can be significant not only for intra-

cellular processes, but also for the whole organism. This

can be exemplified by the results of medical studies pre-

sented below. For example, changes in expression of some

snoRNAs can lead to severe diseases. Besides, expression

of some snoRNAs is changed during various infections,

acute exercise, and in some other situations.

It was thought for a long time that the loss of indi-

vidual snoRNAs and of the corresponding modifications

of rRNAs, with some exceptions, have no serious conse-

quences for the cell [87-91]. Later studies with more sen-

sitive methods have shown that changes in the level of

modifications of the majority of rRNA sites does really

influence translation, and the absence of modifications in

certain sites is more pronounced phenotypically than in

some other sites [92-97]. However, the majority of such

works were performed on yeast or on prokaryotic systems

and not on multicellular organisms. Recent studies

described below demonstrate that changes in the general

level of modifications of rRNA nucleotides in vertebrates

as well as changes in the modification degree of individ-

ual rRNA nucleotides (associated with changes in the

expression of individual snoRNAs) are significant for

functioning of the organism. Changes in expression of

snoRNAs with unknown targets are also shown to induce

pronounced phenotypical manifestations. Note that

sometimes it is difficult to interpret the data because the

observed effects can be caused by other, “non-canonical”

functions of snoRNAs that have been discussed above and

elucidation of which is only at the beginning.

snoRNAs are involved in pathogenesis of some hered-

itary and autoimmune diseases. For some hereditary dis-

eases, snoRNAs and proteins of snoRNPs are found that

contribute to their pathogenesis. Thus, the absence in

human cells of the C/D snoRNA SNORD116 and, prob-

ably, of the SNORD115 causes development of

Prader–Willi syndrome (PWS), which is a severe heredi-

tary disease associated with obesity, mental retardation,

and some other symptoms [98]. SNORD115 and

SNORD116 are rather unusual human snoRNAs because

they are encoded not by individual genes, but by two clus-

ters containing, respectively, 48 and 29 genes [37] and are

mainly expressed in the brain [99]. Moreover, these clus-

ters are located within introns of the gene of the giant

(~460,000 nt) dicistron SNURF-SNRPN-UBE3A AS

RNA (one intron – one gene) and undergo imprinting:

these snoRNAs are expressed from the paternal allele

[100, 101]. A putative involvement of these genes in the

development of PWS has been under discussion for about

ten years, up to the finding in 2008 of a patient with a

microdeletion resulting in complete loss only of the

SNORD116 snoRNA genes [102]. The patient had all the

main diagnostic manifestations of PWS. This was the first

direct evidence that the loss of a snoRNA can be the

cause of a human disease. The SNORD116 target is

unknown. Its discovery seems to elucidate not only

mechanisms leading to PWS, but seems promising for dis-

covery of new pathways of snoRNA involvement in the

regulation of cellular processes.

The above-mentioned patient had some unusual

phenotypic features [102]. Therefore, other genes are

likely to contribute also, although to lesser degree, to

development of the PWS-characteristic phenotype [102].

Such genes can be SNORD115 snoRNA genes located

adjacent to SNORD116 genes and the serotonin receptor

5-HT2C gene regulated by SNORD115 (see above).

Although the data are somewhat contradictory, changes

in the processing of 5-HT2C mRNA associated with the

absence of SNORD115 have been shown to cause the

PWS-specific phenotypic features [67, 103-106]. Thus,

dysregulated snoRNAs expression definitely contributes

to the development of PWS.

Mutations in the genes encoding the H/ACA RNP

proteins, dyskerin, and significantly less frequently

NOP10 and NHP2 cause dyskeratosis congenita – a

hereditary disease associated with bone marrow failure,

dystrophic changes in the skin, and other manifestations.

Tissues with a high level of proliferative activity are dam-

aged first. Patients with this disease have shortened

telomeres and display a tendency for malignancies [107-

109]. Dyskeratosis can also be caused by mutations in the

H/ACA RNA-like domain of the telomerase RNA [110].

And it is unclear whether the disease is caused by defects

in the synthesis of telomeres, disorders in rRNA process-

ing, or is due to both mechanisms. Mutations in the gene

of dyskerin are found to cause a decrease in the amount of

telomerase RNA. And cells with a decreased level of

telomerase RNA seem to be incapable of maintaining

telomere length [108]. On the other hand, a decrease in

pseudouridylation of rRNA in mice with a hypomorphic

mutation of the dyskerin gene is observed in the first gen-

eration, concurrently with the first dyskeratosis manifes-

tations, whereas the shortening of telomeres is observed

only beginning from the fourth generation simultaneous-

ly with an increase in the number of diskeratosis symp-

toms [111]. Deregulation of ribosome biogenesis probably

initiates the appearance of dyskeratosis, and defects in

synthesis of telomeres can determine the subsequent

development of the disease [111]. Similar data were

obtained for Danio rerio: a decrease in the expression of
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two other H/ACA RNP proteins, NOP10 [112] and

Gar1p [113], induces defects in the synthesis of ribo-

somes that results in stabilization of p53, p53-dependent

death of hematopoietic stem cells [112], and in a decrease

in the blood cell counts specific for dyskeratosis [113].

Thus, the pathogenesis of this disease is contributed to by

both defects in the processing of ribosomes and defects in

synthesis of telomeres, and both effects are caused by

impaired functioning of H/ACA snoRNPs.

Mutations in the gene encoding another snoRNA,

MRP, lead to some diseases, in particular, to the carti-

lage-hair hypoplasia and some others. Patients with these

diseases also have an increased tendency to malignancies

[114].

Antibodies to snoRNPs are found in various autoim-

mune diseases. Thus, antibodies to the MRP RNase

(anti-Th/T0 antibodies) and fibrillarin (a C/D snoRNP

component) have been found in patients with systemic

sclerosis, systemic lupus erythematosus, and some other

diseases [43, 115, 116]. Interestingly, salts of mercury, and

also of silver and gold, induce production of antibodies to

fibrillarin [117, 118]. Antibodies to H/ACA RNPs can be

found very seldom [116]. Pathogenic effect of antibodies

to snoRNPs is unknown, but they are very useful for diag-

nosis of autoimmune diseases and prediction of their

development [43, 119, 120].

snoRNAs are involved in oncogenesis. During recent

years, data have been published about disturbances in the

expression of some snoRNAs in various kinds of cancer,

and the amount of such data is steadily increasing [121,

122]. Such data indicate that snoRNAs can contribute to

oncogenesis. Thus, genes encoding some snoRNAs have

been found within loci that are often amplified in non-

small cell lung cancer, and expression of the encoded

snoRNAs is increased in the tumors [123]. An increased

expression of one of these snoRNAs (H/ACA RNA

SNORA42) in tissues correlates with unfavorable outcome

of the disease and can be used for predicting the disease

course. A putative mechanism of the SNORA42 oncogenic

action can be realized through suppression by its hyperex-

pression of p53-dependent apoptosis [124]. Increased lev-

els of the C/D snoRNAs SNORD33, SNORD66, and

SNORD76 are detected not only in tumors, but also in the

plasma, and this can be used for the early and non-invasive

diagnosis of non-small cell lung cancer [123].

Hyperexpression of four other snoRNAs (C/D RNA

SNORD25, SNORD27, SNORD30, and SNORD31)

correlates with a rapid transition of smoldering multiple

myeloma to active multiple myeloma [125]. Remarkably,

all these snoRNAs are encoded by introns of the same

host gene. This host gene contains in its introns four other

snoRNAs, and its own product is ncRNA (UHG) [40].

snoRNAs can act not only as oncogenes, but also as

oncosuppressors. Thus, the C/D snoRNAs SNORD43,

SNORD44, and SNORD48 seem to be putative suppres-

sors of breast cancer: low level of their expression is asso-

ciated with low survival [126]. The SNORD44 snoRNA is

encoded by an intron of the non-protein-coding gas5

gene. This gene was initially discovered in a screen for

potential tumor suppressor genes [127], and later its

introns were shown to encode ten different snoRNAs

[128]. ncRNA gas5 induces apoptosis, and its expression

is decreased in breast cancer [129]. Interestingly, some

isoforms of gas5 regulating apoptosis contain unspliced

introns with sequences of snoRNAs [129]. Moreover, a

case of B-cellular lymphoma has been described with a

translocation resulting in joining of the gas5 gene with the

gene BCL6, the expression of which is often disturbed in

this disease: the chimerical gene contained the gas5 pro-

moter and its first three exons, two genes of snoRNAs

located within introns of gas5, and also a full-size gene of

BCL6 [130]. Together these data suggest that not only

transcripts of the gas5 but also snoRNAs from its introns

are involved in oncogenesis.

Another snoRNA, C/D RNA SNORD50, encoded

by introns of the noncoding host gene (U50HG) seems to

be a suppressor of breast and prostate cancer [131, 132].

U50HG is localized at the break point of chromosomal

translocation observed in B-cellular lymphoma [133].

Mechanisms of the involvement of SNORD50 in oncoge-

nesis are still unclear, but its expression is often decreased

in prostate and breast cancer [131, 132]. In some cases,

SNORD50 contains a two-nucleotide deletion, which

does not affect the antisense element. However, in the

homozygous state this deletion has a statistically signifi-

cant correlation with prostate cancer [132].

Recent data indicates that in tumor tissues dozens of

snoRNA genes have aberrant expression. Thus, in the cell

lines K562 and HL60 isolated from patients with

leukemia there were multiple changes in the expression of

snoRNA genes in comparison with normal lymphocytes

[134]. Studies on genes differentially expressed in tumors

sensitive and resistant to tamoxifen used for treatment of

breast cancer revealed among them genes encoding

snoRNAs [135]. Expression of dozens of snoRNA genes

is deregulated in leukemias, peripheral T-cellular lym-

phomas, and prostate cancer [136-138], and in many

cases their expression level was decreased [136, 137]. In

contrast, in testicular germ cell tumor the expression level

of some snoRNAs was increased [139]. A change in the

methylation status of host gene promoters is one of the

possible mechanisms for changing the expression level of

snoRNAs [139, 140].

Protein components of snoRNPs are also involved in

oncogenesis. Thus, in prostate cancer the level of

dyskerin expression is increased, and this correlates with

tumor progression [141], and in hepatocellular carcino-

ma hyperexpression of dyskerin is an unfavorable prog-

nostic factor [142].

Mechanisms of involvement of snoRNAs and

snoRNP proteins in oncogenesis are now under intensive

study. In particular, deregulation of snoRNA expression
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changes the pattern of rRNA modification, and this leads

to the impairment of translation. Thus, in aggressive

forms of breast cancer rRNA methylation is increased

and the synthesis of ribosomes becomes more intensive

[143], whereas in dyskeratosis (i.e. with decreased

pseudouridylation of rRNA) the translation of IRES-

containing mRNAs is impaired, including the translation

of mRNA of the tumor suppressor protein p27 [144]. This

seems to be an explanation of the increased tendency for

cancer in patients with dyskeratosis. The translation of

IRES-containing mRNAs, in particular those of p53 and

p27, is also deregulated because of a decrease in the 2′-O-

methylation degree of rRNA [32]. Expression of the

majority of snoRNAs and, possibly, the modification

degree of the corresponding rRNA sites are decreased in

the studied tumors [136, 137]. Other mechanisms of

involvement of snoRNA in oncogenesis can be based on

their ability to direct alternative splicing and give rise to

miRNA-like small RNAs. Simultaneously with studies on

molecular mechanisms of the involvement of snoRNAs in

oncogenesis, the possibility is actively studied of using

data on the expression level of snoRNAs for early diagno-

sis of cancer, prediction of disease outcome, and for

choice of therapy.

Expression level of snoRNAs changes in different sta-

tus of the organism. The expression level of snoRNAs can

change during embryogenesis. Corresponding changes

are revealed in mice during differentiation of the embry-

onic stem cells into neurons [145, 146] and also on com-

paring myocardial tissues from infants and fetus [147].

Suppressed expression of three C/D snoRNAs

(SNORD26, SNORD44, and SNORD78) in Danio rerio

leads to a decrease in the methylation level of the corre-

sponding rRNA sites and to developmental disorders

[148]. But it is still unclear whether these disorders are

associated with changes in the pattern of rRNA modifica-

tion or with the loss of miRNAs possibly produced from

two of the studied snoRNAs (SNORD44 and SNORD78)

[47].

The expression level of snoRNAs is different in dif-

ferent tissues. Moreover, different snoRNAs are present-

ed differently in the same tissue [149, 150]. This finding

was rather unexpected because the majority of snoRNAs

is involved in rRNA modification, and it was reasonable

to expect that they all should be expressed to a similar

extent.

Expression of several dozens of snoRNAs is

increased in athletes during vigorous exercises, and these

changes arise as early as 15 min after the beginning of the

exercise. snoRNAs are probably involved in the organ-

ism’s adaptation to stress. Interestingly, expression of the

majority of correspondent host gene does not change

[151].

Expression of many snoRNAs changes during viral

infections [152, 153] and also during surgical interven-

tions [154]. Changes in the expression profile of some

snoRNAs have been detected in the myocardium of

infants with congenital heart defect (Tetralogy of Fallot)

[147] and in leukocytes of American soldiers with cranio-

cerebral injury obtained during recent military operations

[155]. In both cases, expression of the majority of

snoRNAs was lower than in healthy humans.

The physiological significance and molecular mech-

anisms of these changes still require elucidation.

In conclusion, within recent years numerous and

unexpected data were obtained on the role of snoRNAs in

the organism. On one hand, new molecular mechanisms

of the involvement of snoRNAs in cellular processes are

described and, on the other hand, changes in the expres-

sion level of snoRNAs are shown to be significant for clin-

ical practice. At present, there is a new splash of interest

in this field; the data at hand seem to be only the top of an

iceberg, whereas the world of snoRNAs still conceals

many enigmas.
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