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Abstract

Non-coding RNAs (ncRNAs) are important regulatory molecules involving in various
physiological cellular processes. Alterations of ncRNAs, particularly microRNAs, play crucial
roles in tumorigenesis. Accumulating evidence indicates that small nucleolar RNAs (SnoRNAS),
another large class of ncRNAs, are gaining prominence and more actively involved in
carcinogenesis than previously thought. Some snoRNAs exhibit differential expression patterns in
a variety of human cancers and demonstrate capability to affect cell transformation, tumorigenesis,
and metastasis. We are beginning to comprehend the functional repercussions of sSnoRNAs in the
development and progression of malignancy. In this review, we will describe current studies that
have shed new light on the functions of snoRNAs in carcinogenesis and the potential applications
for cancer diagnosis and diagnosis.
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1. Introduction

Cancer is the second most common cause of death in the US, exceeded only by heart disease
[1]. Fundamental understanding of the mechanisms underlying tumorigenesis will help
develop effective approaches for its early detection and treatments, and hence reduce the
mortality. Cancer results from the disrupted regulating cell growth and death, which are
maintained by the coordinated function of protein-coding genes [2]. Therefore, protein
coding genes have long been considered as important regulatory molecules in tumor
initiation and progression.

The human genome encodes approximately 25,000 protein-coding genes, representing only
<2% of the total genome sequence [3-5]. However, out of more than 98% of non-protein-
coding DNA, at least 90% of the genome is actively transcribed. The transcriptome, which
essentially comprises small non-coding (nc) RNAs and long ncRNAs as well, is more
complex than a collection of protein-coding genes [5-7]. The small ncRNAS represent a
loosely grouped RNA species, including microRNAs (miRNAS), small nucleolar RNAs
(snoRNAS), short interfering RNASs (SiRNAS), piwi-associated RNAs, small Cajal body-
specific RNAs (scaRNAs), snRNAs (small nuclear RNAs). Although ranging in length from
18 to 300 nucleotides (nt), the small ncRNAs have big functions and are of crucial
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importance in a spectrum of regulatory processes, such as cell development, physiology, and
pathogenesis [8,9]. Furthermore, small ncRNAs are emerging as new players in the cancer
paradigm and become increasingly important in tumorigenesis. In addition, miRNA-
expression profiling of human tumors has identified the signatures that could potentially be
used for cancer diagnosis, prognosis, and response to treatments [10-17]. In addition, given
their primarily function as post-transcriptional regulators [18, 19], some miRNAS can act as
tumor suppressors or oncogenes depending on their target genes [20].

However, other types of small ncRNAs may also plays critical roles in regulating diverse
cellular processes, and their dysfunction could consequently contribute to tumorigenesis in
previously unanticipated means [21]. Therefore, investigation of dysregulation of other
classes of ncRNAs in cancer, and their diagnostic and therapeutic values is of great
significance. Especially, small nucleolar RNAs (snoRNAS) or snoRNA dysregulation has
recently exhibited important function in tumorigenesis. For instance, several indications of
unexpected roles of sSnoRNAs as cancer genes have emerged from recent studies [22]. The
growing knowledge of the role of snoRNAs in tumorigenesis would point towards the
potential as novel biomarkers and therapeutic targets for cancer. Therefore, in this review
article, we will mainly focus our discussion on the novel functions of SnoRNASs in
carcinogenesis and the possible applications for cancer diagnosis and treatment in the future.

2. Biogenesis, action mechanisms, and cellular functions of snoRNAs

2.1. Biogenesis

SnoRNAs range in size from 60-300 nt [23]. At least 200 snoRNAs have been identified in
mammals, but many more remain to be found [24]. There are two types of SnoRNAs: Box
C/D or Box H/ACA snoRNAs (Fig. 1A and B). [25-27]. Most of snoRNAs are located
within introns of genes transcribed via RNA polyermase Il (Fig. 2). However, SnoRNAS can
also be processed from introns of long non-protein-coding RNAs (IncRNAs) [28, 29]. For
example, GASS, an IncRNA, encodes 9 C/D box snoRNAs (snoRNDs74-81) [30]. After
liberation from introns, SnoRNAS are processed to remove excess nucleotides from either
end via exonuclease activity. Signal sequences within the snoRNAs centered at boxes C and
D or H and ACA directs binding of protein interacting partners that represent the functional
SnoRNP complex.

2. 2. Action mechanisms

The snoRNAs have two basic action mechanisms: 2'-O-methylation and pseudouridylation.
2'-O-methylation is carried out by the box C/D snoRNA family, which contains two short
sequence motifs, C and D (Fig. 1A). The 4-5 nucleotides at both termini of the snoRNA
form a terminal stem-box required for snoRNA biogenesis and nucleolar localization [31].
The conserved C, C’, D and D’ box elements are in the central portion of the snoRNA,
where RNA-protein interactions occur to direct the proper assembly of the functional
ribonucleoprotein complexes [32]. Upstream of the box D or D’ elements are either one or
two antisense elements, which are complementary to a specific site of rRNA, allowing for
proper alignment and methylation of the appropriate nucleotide. The snoRNA component
directs the snoRNP complex to the appropriate rRNA location, where the methyltransferase,
fibrillarin, catalyzes the methylation reaction [31-33]. Pseudouridylation is accomplished by
the H/ACA box snoRNAs family that is composed of two hairpins, which form a hairpin-
hinge-hairpin-tail secondary structure (Fig. 1B and Fig 2) [32-34]. The H box is in the hinge
region, while the ACA motif is in the tail region. Guide sequences that direct the SnoORNAs
to the appropriate rRNA sequence are in one or both of the hairpin loop domains. After
targeting the snoRNP complex to the appropriate site, the substrate rRNA uridine locates at
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the base of the upper stem [35]. There is 14-16 nt distance between the box motifs, and this
site is modified by the pseudouridine synthase, dyskerin, [32].

2.3. Cellular functions

The central functions of snoRNAs have long been believed to modify, mature, and stable
rRNAS. These post-transcriptional modifications are important for the production of
efficient and accurate ribosomes [36]. However, snoRNAs’ cellular functions continue to
expand. For example, snoRNAs can modify small nuclear or snRNAs that mediate mMRNA
splicing. A brain specific box C/D snoRNA (HBII-52) that contains a 18 nt conserved target
recognition element is 100% complimentary to the serotonin receptor 5-HT (2C) mRNA
[37]. The snoRNA HBII-52 controls the processing of mRNA expression of the serotonin
receptor 2C by regulating the alternative splicing, and hence contributes to the Prader-Willi
syndrome [37,38]. Furthermore, sSnoRNA transcripts serve as the precursors of miRNA-like
small RNAs and the regulators of alternative splicing [39, 40]. In addition, the processed
RNAs could hold the key to some of the newly found effects of snoRNAs [22]. For
example, Ender et al. [39] found that the processing of H/ACA box snoRNA ACA45
produced 20-25 nt-long RNAs that associated with Argonaut proteins and targeted specific
MRNAs, including CDK11. Ono et al. [41] found that a subset of miRNAs shares functional
H/ACA box snoRNA characteristics, and thus suggested that these miRNAs might have
evolved from snoRNAs. Moreover, some snoRNAs could be processed to produce small
RNAs, of which, some functioned like miRNAs. Such processing could be of crucial
importance, because miRNAs have essential roles in a spectrum of regulatory processes,
such as the control of cell survival and proliferation. Recently, Brameier et al. [42] denote
the small RNAs that are produced from snoRNAs as sno-miRNAs. The sno-miRNAs could
have dual functions: the same transcript could produce both to a snoRNA and through
subsequent nucleolytic processing steps to a miRNA [43]. Therefore, sSnoRNAs, which arose
early in evolution, may have given rise to the first miRNASs in early metazoan cells [22].
Additionally, vertebrate telomerase RNAs contain a typical H/ACA domain that function as
the template for telomere DNA synthesis. Because the box H/ACA motif of the human
telomerase reverse transcriptase (hnTER) is required for its association with four proteins
(dyskerin, NHP2, NOP10, and GARZ1) that are common in SnoRNAS, snoRNAs might
involve in function of telomere [44-46].

With new discoveries for cellular RNA functions increasing, the novel roles for snoRNA-
mediated nucleotide modifications will continually be discovered. Importantly, several
independent lines of evidence have strongly indicated that alterations of snoRNAs play
important functions in cancer development and progression [47-53]. Therefore, further
indetifying new functions of snoRNAs and in-deep understanding the roles of their
dysregulations in malignancy will help comprehend tumorigenesis, and hence provides
potential biomarkers and therapeutic targets for the disease.

3. Evidence for snoRNA aberrations involved in tumorigenesis

The first report linking snoRNA molecules to cancer was demonstrated by Chang et al. who
found that h5sn2, a box H/ACA snoRNA, was significantly downregulated in human
meningiomas compared with normal brain tissues [50] (Table 1.) Subsequently, Donsante et
al. [51] observed that normal mice and mice with mucopolysaccharidosis V11 could develop
hepatocellular carcinoma (HCC) after neonatal injection of an adeno-associated viral (AAV)
vector expressing B-glucuronidase. The vector was isolated from tumor tissue specimens and
located within a 6-kilobase region of chromosome 12. Interestingly, this locus encodes
several imprinted transcripts, including snoRNAs. Furthermore, the locus includes Rian
gene, which also encodes nine snoRNAs and microRNAs. The findings implicate that these
snoRNAs could play an important role in the development of HCC. Furthermore, to identify
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prostate-associated genes in chromosome 6q14-q22, whose deletion is common in multiple
human cancers, Dong et al. narrowed the common region of deletion to a 2.5 Mb interval at
6g14-15. Of the 11 genes located in this minimal deletion region, only snoRNA U50 was
discovered to be mutated in prostate cancer cells [52]. Furthermore, a homozygous 2 bp
(TT) deletion in the snoRNA U50 was found in two of 30 prostate cancer cell lines/
xenografts and nine of 89 prostate cancers. In addition, the heterozygous genotype of the
same deletion also occurred in 8 of 31 (26%) breast cancer cell lines tested [53].
Coincidently, chromosome 6q14-15 where snoRNA U50 located at is a breakpoint of
chromosomal translocation t(3;6)(g27;915) for human-B cell lymphoma [54]. Altogether,
the studies imply that the snoRNA gene could involve in tumorigenesis of a variety of
cancers. Mourtada-Maarabouni et al. found that growth arrest-specific transcript 5 (GAS5)
transcript levels were substantially reduced in breast tumors relative to adjacent normal
breast epithelial tissues [55]. GAS5 can control mammalian apoptosis and cell population
growth. Intriguingly, GASS5 has no significant protein-coding potential, but encodes nine
box C/D snoRNAs in its introns. The observations suggest that the snoRNAs form a novel
family of genes that could control oncogenesis and sensitivity to therapy in breast cancer.
Moreover, Nakamura et al. found that GAS5 could be a novel partner of the BCL6 in a
patient with diffuse large B-cell lymphoma, who had chromosomal translocation t(1;3)
(925;927) [56]. In this case, the chromosome 1 breakpoint (1g25) was located within the
intronic snoRNA sequence of GAS5 and the chromosome 3 breakpoint (3g27) at 4 kb
upstream of BCL6 exon 1a. As the result of the chromosomal translocation, the GAS5-
BCLS6 chimeric transcripts were expressed, in which the 5'-terminal oligopyrimidine
(5'TOP) sequence of GAS5 was fused to the whole coding sequence of BCL6. Therefore,
the snoRNAs enclosed in GASS5 also contribute to human lymphoma due to chromosomal
translations or breakages. By profiling ncRNA signatures in 22 NSCLC tissues and matched
noncancerous lung tissues, we identified six snoRNAs that displayed higher expressions in
lung tumor tissues compared with their normal counterparts (Table 1) [57]. The data imply
the close association of the snoRNA alterations with tumorigenesis of lung cancer.
Furthermore, like miRNAs, some snoRNAs are located at chromosomal amplified regions
that frequently involve in human carcinogenesis [58-62]. Notably, five of the six SnoRNAs
displaying dysregulations in lung tumor specimens were located in commonly frequent
genomic amplified regions in human solid cancers [57, 58]. For instance, SNORD33 is
located in chromosome 19qg13.3 that contain potential oncogenes in malignancies, including
lung cancer [57, 58], while SNORD66 and SNORD76 are situated in chromosomal regions
3027.1 and 1g25.1, respectively. 3927.1 and 1g25.1 are two of the most frequently amplified
chromosomal segments in human solid tumors [58-62]. Recently, Gee et al. used four
snoRNAs, RNU44, RNU48, RNU43 and RNUGB, as internal control genes to analyze
cancer-related miRNAs in two patient series: 219 breast cancer and 46 head and neck
squamous cell carcinomas [63]. Surprisingly, low expressions of RNU43, RNU44, and
RNUA48 in the tumors were significantly associated with a poor prognosis of the cancer
patients. Taken together, differential sSnoRNA aberrations found in a variety of cancer types
suggest that snoRNA dysfunctions are truly involved in important functions in regulating
cellular homeostasis and tumor biology. Therefore, investigating new functions of SnoRNAS
in carcinogenesis is imperative in the cancer research field.

4. Emerging role of snoRNAs in tumorigenesis

4.1. Imprinting snoRNAs in cancers

The loss of the imprinting genes and their associated aberrant gene expressions are key
features of cancer [64,65]. Imprinting snoRNAs have been reported to be associated with
certain cancers [51, 66]. For instance, integration of an AAV vector containing a
cytomegalovirus enhancer and human B-glucuronidase gene into normal newborn mouse
genome could produce HCC. The AAV-HCC locus on chromosome 12 harbors multiple
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imprinted genes, including R/an [67-69]. The Rianencodes at least nine imprinting
snoRNAs. Interestingly, the imprinted snoRNAs encoded in R/an were overexpressed by 9-
to 539-fold in tumor tissues as compared with normal tissues. Therefore, the oncogenic
effect of the vector integration might be due to the overexpressions of the snoRNAs [51].
Another example is MEG3, a maternally expressed imprinted gene. It possesses tumor
suppressor activities and its down-regulation inhibits cancer cell proliferation by both p53-
dependent and p53-independent pathways [66]. Interestingly, MEG3 harbors a couple of
snoRNAs, including SNORD112, SNORD113, and SNORD114 and tumor suppressor
miRNAs [66,70,71]. Furthermore, MEGS is another imprinting gene, which is an INcRNA
and locates in chromosome 14q32 region. Dysfunction of MEGS is implicated in several
diseases including Prader-Willi/Angelman syndromes [72]. Interestingly, the chromosomal
locus 14932 has been proposed to have tumor suppressor function [73]. Like MEG3, MEG8
RNA contains repeats of two intronic sSnoRNAs: SNORD113 (9 copies) and SNORD114 (31
copies) (73). Altogether, the imprinting snoRNAs could have important functions in
carcinogenesis. Nevertheless, research toward a better understanding of the precise
biological role of the enclosed imprinting snoRNAs and determination of whether the
snoRNAs have independent function from the host genes in cancer initiation and
progression is required [22].

4.2. Human telomerase RNA (hTR)-associated H/ACA snoRNAs in cancer

hTR shares H/ACA box characteristics with snoRNAs, which localizes to Cajal body in
nucleus of cells. Telomerase is a reverse transcriptase that carries its own RNA molecule
[74-77]. hTR contains 11 nucleotides (5'-CUAACCCUAAC), which are complementary to
the telomere sequence (TTAGGG) repeats [74-77]. The telomere sequence repeats act as a
template for DNA synthesis by adding telomeres to the ends of chromosomes [74-77].
Therefore, hTR contributes to protection of chromosomes against a variety of challenges.
The deregulation of telomerase RNA involves in tumorigenesis (78-82). Interestingly, hTR
H/ACA domain is responsible for pre-RNP formation and nucleolar localization of the
telomerase RNP itself. Importantly, the H/ACA snoRNP has been implicated in the X-linked
genetic disorder dyskeratosis congenita (DKC) due to its affiliation with human telomerase
[83]. Patients with DKC are predisposed to a variety of cancers, including hematological
malignancies, melanomas, prostate cancer, and breast cancer [84-86]. Therefore,
dysfunction of hTR-associated H/ACA snoRNAs may also play a crucial role in the
development and progression of cancer [86]. However, the detailed biological functional of
the hTR-associated H/ACA snoRNAs in carcinogenesis remains to be investigated.

4.3. SnoRNA-associated ribosomopathies in cancer

The snoRNA components of snoRNPs are essential in the modifying, processing, and
dynamic folding rRNAs for the creation of efficient and accurate ribosomes [87].
Dysregulations of ribosome biogenesis and associated ribosomopathies have been frequently
documented in a variety of cancers [88-90]. For instance, abnormal ribosome biogenesis
results in chromosomal instability, a common feature in human tumors [91]. Furthermore,
ribosome biogenesis requires numerous proteins, which are linked to DNA replication [92].
Therefore, deregulation of one or more of these proteins will promote cancer intiaition and
progression through an aberrant protein synthesis and altered chromosomal segregation [90].
For example, H/ACA box snoRNAs guide specific rRNA sites for the modification and
assist dyskerin to catalyze pseouridylation. Dyskerin is involved in all basic cellular events
such as protein translation, cell growth, and proliferation. Dyskerin is also responsible for
stabilization of telomerase RNA component and proper function of telomerase enzymatic
complex. Mutations in dyskerin cause ribosomopathies that lead to dyskeratosis congenita.
Interestingly, dyskeratosis congenita is characterized by increased susceptibility to cancers,
such as skin, breast, and prostate tumors [84-86]. Furthermore, the gene associated with
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retinoid-interferon-induced mortality-1 (GRIM-1) can inhibit rRNA maturation by
suppressing H/ACA box snoRNA expressions and rRNA processing [93]. GRIM-1 inhibits
cell growth by sequestering NAF1, which in turn causes a loss of box H/ACA RNAs and
mature rRNA levels [93]. Interestingly, GRIM-1 expression was suppressed in human
prostate cancer, indicating gain of ribosome function can result in high synthetic capacities.
Moreover, elevated expression of a nucleolar Nop5/Sik, which is a snoRNA binding protein,
is actively involved in ribosome biogenesis through augmenting the activities of nucleolus in
metastatic melanoma cells [94]. It has also been shown that reduced ribosome biogenesis is
correlated with malignant transformation in zebrafish [95]. Recently, Michel et al. [96]
identified the 60S ribosomal protein rpL13a gene as a critical factor for palmitate-induced
metabolic stress and cell death. Promoter trap mutation could disturb expression of rpL13-
encoded box C/D snoRNAs U32a, U33, and U35a [96]. Knockdown of U32a, U33, and
U35a would protect cells from palmitate induced oxidative stress including ER stress, and
subsequent cell death [96]. This protective effect was independent of 2'-O-ribose
methylation of rRNA targets, which is the primary function that is associated with box C/D
snoRNAs. Therefore, such alteration of snoRNAs could induce ribosomal stress, which in
turn may act as oncogenic stress [22, 96]. Altogether, the snoRNA-associated
ribosomopaties could contribute to carcinogenesis.

4.4. SnoRNAs have oncogenic and tumor suppressor roles in tumorigenesis

Similar to protein-coding oncogenes, some snoRNAS have exhibited evidence in promoting
cellular pathways that lead to tumorigenesis. One example of such an oncogenic SnoRNA is
SnoRNA42, an H/ACA snoRNA. We have found that snoRA42 is one of the most
commonly overexpressed snoRNAs in lung tumors [97]. Gene amplification is a major
mechanism allowing for increased expression of oncogenes that contribute to cancer
development and progression [98]. Interestingly, snoRA42 is located in 1922, a frequent
genomic amplified region observed in a variety of solid tumors, including non-small cell
lung cancer (NSCLC) [60, 61. 99]. Furthermore, SNORA42 resides in intron 10 of
KIAA0907. Therefore, both SNORAA42 and its host gene (K/AA0907) might be targets for
the genomic amplicon. Interestingly, SNORA42 rather than its host gene displayed a pattern
of high expression similar to that of its increased genomic dosage in all cancer cell lines.
However, although exhibiting high genomic dosage in the cancer cell lines tested,
KIAA0907 was overexpressed in only three cancer cell lines. SNORA42 overexpression is,
therefore, activated by its genomic amplification. Furthermore, SNORA42 knockdown in
NSCLC cells inhibited the in vitro and in vivo tumorigenicity, whereas enforced SNORA42
expression in normal bronchial epitheliums increased cell growth and colony formation. In
addition, down-regulation of SNORAA42 could initiate caspase-3-dependent apoptosis.
Intriguingly, upon suppression of SNORAA42, the cancer cell lines displaying apoptosis were
p53 wild-type cells. However, the cell lines that did not exhibit apoptosis are either p53 null
cells or cells with mutated p53. Moreover, the p53 wild type cancer cell lines after p53 was
knockdown did not exhibit apoptosis when SNORA42 was reduced. Finally, p53 was down-
regulated in the cells with enforced SNORA42 expression, whereas p53 was up-regulated in
the cells with SNORA42 knockdown. P53 is a tumor suppressor and has functions to
mediate cell growth, apoptosis, and tumorigenesis. Importantly, p53 is the most frequent
target of genetic inactivation in human cancer and regulation of p53 is central to normal cell
growth and tumor suppression [100,101]. Our findings indicate that the pleiotropy of
SNORAA42 suppression is achieved through increased apoptosis of NSCLC cells in a p53-
dependent manner. Furthermore, activation of SNORA42 in cancer cells could be due to its
genomic amplification. Therefore, down-regulation of SNORA42 can inhibit cancer cell
growth and proliferation, providing evidence that the snoRNA has oncognic function in lung
tumorigenesis. Nevertheless, the mechanism of regulation of p53 by SNORA42 remains to
be investigated.
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Recently, Xiao et al. found that an H/ACA box snoRNA-derived miRNA50, miR-605 (a
sno-miRNA), could play a crucial role in stress-induced stabilization of the p53 [102].
Because p53 transcriptionally activates its negative regulator, MDMZ2, in addition to
miR-605, the sno-miRNA could respond MDM2 through post-transcriptional repression.
This sno-miRNA might offset the MDMZ2 negative-feedback loop, thus generating a
positive-feedback loop to enable the rapid accumulation of p53. However, study towards
determination of whether this regulation of p53 by the sno-miRNAs is relevant to cancer
biology should be carried out. Taken together, these independent studies from diffident
groups points to the possibility of ‘oncogenic snoRNA’ that upon dysfunction could silence
p53 and induce the expression of oncogenes priming the cell for transformation.

Several recent studies have illuminated several examples of ‘tumor-suppressor SnoORNA’.
The first one is snoRNA U50. Using a deletion mapping approach to analyze 30 prostate
tumors, Dong et al. [52] localized the tumor suppressor candidates to 2.5 Mb at 6q14-15.
Examining the expression of all the candidates in this minimal region of deletion, they
defined four genes for further consideration. The genes include three protein-encoding genes
(LOC441164, NT5E, and SYNCRIP) and one snoRNA, U50. Comprehensively studying the
candidates in the prostate cancer samples for cancer-specific mutations identified the
snoRNA U50, rather than the protein-coding genes, as a tumor suppressor, because a
homozygous 2-bp deletion was detected in the multiple samples. Importantly, tumor
suppressor role of the snoRNA U50 was confirmed by a functional assay, in which wild-
type but not mutant U50 inhibited cell proliferation or survival in the colony formation assay
[52].

Consistent with the findings in prostate cancer, the U50 snoRNA gene displayed frequent
copy number loss and transcriptional downregulation in primary breast tumors [53].
Furthermore, a 2-bp deletion occurred both somatically and in germline, leading to increased
incidence of homozygosity for the deletion in the breast cancer cells. In addition,
heterozygous genotype of the deletion was more frequent in blood specimens of women
with breast cancer than those without cancer. Importantly, re-expressing the U50 snoRNA in
breast cancer cell lines could dramatically decrease colony formation. Taken together, the
snoRNA U50 could be a tumor suppressor gene, because it had mutations, was down-
regulated, and reduced colony numbers in prostate and breast cancers. However, it is
remains to determine the mechanism by which the snoRNA down-regulations inhibit cell
survival and cell proliferation, and prevent oncogenesis.

5. Use of snoRNAs as potential biomarkers for diagnosis and prognosis of

cancer

Given their vital role in diverse cellular processes, defining differential expression patterns
of cancer type-specific sSnoRNAs should exploit for the development of novel cancer
biomarkers. Indeed, we and others have demonstrated that SnoRNAS are present in a stable
form and consistently measurable in blood plasma, sputum, and urine samples [206-210].
Therefore, SnoRNAS possess the potential as fluid-based biomarkers for cancers. We have
recently identified a panel of three plasma snoRNAs (SNORD33, SNORD66 and
SNORD?76) that produce 81.1% sensitivity and 95.8% specificity in distinguishing NSCLC
patients from both normal individuals and patients with chronic obstructive pulmonary
disease. Therefore, measuring plasma snoRNAs would serve as a potential noninvasive
approach to improve diagnosis of NSCLC [57]. Furthermore, we investigated clinical
significance of SNORAA42 dysregulation on frozen surgically resected lung tumor tissues of
64 patients with stage | NSCLC. High SNORAA42 expression in tumor tissues was a
predictive of shorter survival time versus low SNORA42 expression (P<0.01) [97]. The
potential for the development of sSnoRNAs as biomarkers is also supported by a recent report
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from Gee et al [63]. They find that expression levels of C/D box SnoRNAs RNU44 and
RNUA43 are associated with poor prognosis in head and neck squamous cell carcinomas and
breast cancers [63]. Taken together, snoRNAs may provide possible biomarkers for both
diagnosis and prognosis of malignancies. Futures use of comprehensive and high-throughput
techniques (e.g., second generation sequencing techniques) would identify more informative
snoRNA-biomarkers that can be used in conjunction with miRNAs and protein-coding genes
for cancer diagnosis and prognosis with higher accuracy.

6. The potential use of snoRNASs in cancer therapies

Although our understanding of the molecular mechanisms of snoRNA function in
tumorigenesis is still limited, some features of snoRNAs would make them ideal candidates
for therapeutic intervention. For instance, snoRNAs that mediate transcriptional gene
silencing pathways could be of high therapeutic benefit. Furthermore, the progress in the use
of RNAi-mediated gene silencing for cancer treatment is encouraging and could be applied
to selectively silence oncogenic snoRNAs. In addition, some snoRNAs appear to have
protein-binding or functional potential that is dependent on secondary structure, providing a
means of therapeutic intervention. For example, snoRNAA42 is strongly expressed in lung
tumor tissue specimens. As such, we developed siRNAs-based system to exploit the tumor-
specific expression of snoRNA42, primarily tested in treating lung cancer cell lines [97].
Cancer cells transfected with snoRA42-siRNA exhibited a substantial loss of snoRA42
expression [97]. Importantly, snoRA42 knockdown had significant anti-proliferation and
viability activities in NSCLC cells. Furthermore, cancer cells with snoRA42 downregulation
displayed much smaller number and size of colonies compared to cancer cells with
scrambled siRNA and mock control. Therefore, suppression of snoRA42 diminished in vitro
tumorigenicity of NSCLC cells. Moreover, inhibition of the in vivo tumorigenicity by
snoRA42 knockdown was found in both ectopic and orthotopic xenograft mouse models.
Collectively, the findings provide strong evidence to indicate the potential in developing
snoRNA-mediated therapies. However, many technical challenges need to be overcome for
use of therapeutic sSiRNAs to knockdown the oncogenic snoRNA. These include the
development of reliable delivery systems, dosage regimes, and techniques to improve
SiRNA off target effects. When the technical limitations are overcome, snoRNAs could be
potential targets for therapy due to their high turnover rate as well as their direct and specific
regulatory functions.

7. Conclusion and future directions

SnoRNAs represent critical regulators of cellular processes, including proliferation,
differentiation and survival. SnoRNA dysfunctions are critically associated with the
development and progression of cancer. However, the functional role in carcinogenesis for
the vast majority of these unique genes is still in question. Research for comprehensively
understanding mechanisms by which aberrant snoRNAs contribute to the development and
progression of cancer is required. With expanded understanding of snoORNAS’ new
functions, the snoRNA-based studies may change the landscape of cancer biology and
genetics and uncover new pathways that drive tumorigenesis. Furthermore, profiling
snoRNA expression patterns specific to different type of cancers will offer not only novel
diagnostic and prognostic biomarkers, but also effective therapeutic strategies to eventually
cure cancer.
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Figure 1.
Schematic structures of the C/D-box and H/ACA-box snoRNAs

Page 15

A. The 2'-O-methylated nucleotides located five nucleotides upstream of the D or D’ box
sequences are indicated as red. B. Positions and consensus sequences of the conserved C, C’

box (UGAUGA), and D, D’ boxes (CUGA). The uridine residues selected for
pseudouridylation are shown as W.
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Figure 2.

Biogenesis of sSnoRNA

The great majority of mammalian box C/D and H/ACA snoRNAs are processed from pre-
MRNA introns. snoRNA families are not independently transcribed but processed from the
pre-mRNA introns, in most cases by exonucleolytic digestion of the debranched lariat. Box
C/D snoRNAs contain four evolutionarily conserved, essential proteins, fibrillarin
(methyltransferase), Nop56, Nop58, and 15.5kDa. Proteins common to H/ACA snoRNAs
include dyskerin (pseudouridine synthase), Garl, Nhp2, and Nop10p.
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Representative snoRNAs involved in cancer and their proposed roles in tumorigenesis.

Table 1

SnoRNAs Class Changes  Proposed role  Cancer type References
U50 C/D box Decreased TS Breast & Prostate cancer  [53, 54]
h5sn2 H/ACA Decreased TS Meningioma [51]
RNU43 C/D box Decreased TS Breast cancer & HNSCC  [64]
RNU44 C/D box Decreased TS Breast cancer & HNSCC  [64]
snoRD33  C/D hox Increased  OG NSCLC [58]
snoRD66  C/D box Increased  OG NSCLC [58]
snoRD76  C/D box Increased  OG NSCLC [58]
snoRA42  H/ACAbox Increased OG NSCLC [58,104]
snoRD44  C/D box Increased  OG Breast cancer [110]

TS, tumor suppressor; OG, oncogene
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