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Small RNAs with big implications: New insights into H/ACA
snoRNA function and their role in human disease

Mary McMahon?!, Adrian Contreras?, and Davide Ruggerol
1School of Medicine and Department of Urology, Helen Diller Comprehensive Cancer Center,
University of California San Francisco, San Francisco, California

Abstract

A myriad of structurally and functionally diverse non-coding RNAs (hcRNAs) have recently been
implicated in numerous human diseases including cancer. Small nucleolar RNAs (snoRNAs), the
most abundant group of intron-encoded ncRNAs, are classified into two families (box C/D
snoRNAs and box H/ACA snoRNAS) and are required for post-transcriptional modifications of
ribosomal RNA (rRNA). There is now a growing appreciation that nucleotide modifications on
rRNA may impart regulatory potential to the ribosome, however the functional consequence of
site-specific snoRNA-guided modifications remains poorly defined. Discovered almost 20 years
ago, H/ACA snoRNAs are required for the conversion of specific uridine residues to
pseudouridine on rRNA. Interestingly, recent reports indicate that the levels of subsets of H/ACA
snoRNAs required for pseudouridine modifications at specific sites on rRNA are altered in several
diseases, particularly cancer. In this review, we describe recent advances in understanding the
downstream consequences of H/ACA snoRNA-guided modifications on ribosome function,
discuss the possible mechanism by which H/ACA snoRNAs may be regulated, and explore
prospective expanding functions of H/ACA snoRNAs. Furthermore, we will discuss the potential
biological implication of alterations in H/ACA snoRNA expression in several human diseases.
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The RNA component of the ribosome, ribosomal RNA (rRNA), undergoes numerous site-
specific post-transcriptional nucleotide modifications, several of which are located within
functionally important regions of the ribosome (1, 2). Two predominant types of rRNA
modifications involve the addition of a methyl group to the 2’-hydroxyl group of a ribose
residue (2’-O-methylation) and the isomerization of uridine to pseudouridine (¥), a process
known as pseudouridylation. In eukaryotes, both types of modifications occur in the
nucleolus and require hundreds of small nucleolar RNAs (snoRNAS) (3), ranging in length
from 60-300 nucleotides, as well as multicomponent protein complexes, collectively
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referred to as small nucleolar ribonucleoprotein (snoRNP) complexes (4, 5). Importantly,
snoRNP-guided nucleotide modifications are extremely conserved and present in two
domains of life, archaea and eukaryotes (6). The highly conserved box C/D snoRNAs, first
described in the late 1980’s (7), guide 2’-O-methylation at specific sites on rRNA (8)
together with the methyltransferase fibrillarin (9-11). A different highly conserved snoRNP
complex consisting of the pseudouridine synthase dyskerin, additional core proteins
including NOP10, NHP2 and GAR1, and small ncRNAs known as box H/ACA snoRNAs,
guide pseudouridine modifications at specific sites on rRNA (12-15). Although the precise
function of distinct types of rRNA modifications is not fully understood, there is now a
growing realization that the machinery required for site-specific rRNA modifications is
necessary for normal development and is altered in numerous human diseases, particularly
cancer (16—22). Together, these findings suggest an important yet perhaps unappreciated
functional role of snoRNAs in cellular physiology that, when deregulated, may directly
contribute to disease. For the purpose of this review, we will focus exclusively on H/ACA
snoRNAs that guide pseudouridine modifications on rRNA. Although rRNA pseudouridine
modifications were identified in the mid 1960’s, it was not until studies by the Kiss and
Fournier laboratories that H/ACA snoRNAs were implicated in guiding pseudouridine
modifications on rRNA (14, 15). These important findings have revolutionized our current
understanding of the mechanism by which site-specific rRNA pseudouridylation occurs and
have raised several questions as to why such a sophisticated mechanism underlying these
modifications exists to modify distinct regions of rRNA. In the following sections, we will
provide new insights into H/ACA snoRNA biology and their emerging role in human
disease.

Architecture of H/ACA snoRNAs and their function in guiding rRNA

pseudouridine modifications

H/ACA snoRNAs are distinctly classified from the other major class of snoRNAs, C/D
snoRNAs, according to both sequence and structural features (4). These evolutionarily
conserved sequences include box H and box ACA motifs and structural elements such as
hairpin structures and pseudouridylation pockets (4, 14, 23) (Figure 1). The secondary
structure of H/ACA snoRNAs typically consists of 60 to 75 nucleotide-long hairpins that
contain a region referred to as a pseudouridylation pocket, where isomerization of the target
uridine residue on the substrate RNA occurs (24). As implied by the name, H/ACA
snoRNAs are comprised of two conserved box motifs, the box H motif and the ACA triplet
(Figure 1). Recently, it has been demonstrated in human cells that the pseudouridine
synthase dyskerin, the enzyme responsible for converting uridine to pseudouridine within
the H/ACA snoRNP, has a strong preferential association to the H box sequence of H/ACA
snoRNAs (25). Indeed, these findings support the notion that the H box motif represents a
protein recognition signal for H/ACA snoRNP-associated proteins and is required for
H/ACA snoRNA stability as well as biogenesis of a functionally active H/ACA snoRNP
complex (23). In addition, the ACA triplet, located approximately three nucleotides from the
3’ end of the RNA, also appears to be necessary for H/ACA snoRNA stability (4, 23). The
selection of a uridine residue for modification on substrate RNA is achieved by base pairing
of the H/ACA snoRNA with 3-10 nucleotides on either side of the target uridine, with the
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exception of one nucleotide adjacent to the target uridine (Figure 1). Several questions arise
as to why such distinct secondary structures are required for the function of H/ACA
snoRNAs in RNA-guided modifications. One possibility is that the unique spatial and
structural arrangement between the guide H/ACA snoRNA and the substrate RNA is
required for isomerization of target uridines.

The H/ACA snoRNP protein components, together with H/ACA snoRNAs, are responsible
for guiding up to 100 pseudouridine modifications on mammalian rRNAS; rRNA is thus
often referred to as the canonical substrate of H/ACA snoRNAs. In eukaryotes, the base-
pairing interaction between H/ACA snoRNAs and rRNAs allows the H/ACA snoRNP
complex to isomerize distinct uridine residues to pseudouridine (15, 26). Each H/ACA
snoRNP consists of a single guide H/ACA snoRNA, a protein complex comprised of the
pseudouridine synthase dyskerin and other core snoRNP components NOP10, NHP2, and
GARL1. The association of dyskerin, NOP10, and NHP2 with H/ACA snoRNAs appears to
be essential for the biogenesis and formation of a catalytically active H/ACA snoRNP
complex. For a comprehensive account of the structural and functional organization of
H/ACA snoRNPs, please refer to (27-32). Interestingly, the same snoRNP protein complex,
along with another class of H/ACA small RNAs, termed H/ACA small cajal body RNAs
(scaRNAs), modify uridine residues on small nuclear RNAs (snRNA) that are required for
RNA splicing (33, 34). In addition to a role in RNA-guided modifications, it has also been
demonstrated that one H/ACA snoRNA, U17/E1, is required for the cleavage and processing
of pre-rRNA with no detectable role in guiding rRNA pseudouridylation (35, 36). Although
it has not been formally proven, it is also possible that additional H/ACA snoRNAs may be
involved in nucleolytic processing of rRNA, or alternatively, that H/ACA snoRNA U17 may
function in nucleolytic processing of additional classes of RNAs. Therefore, it is evident that
while one specific H/ACA snoRNA is directly involved in the nucleolytic processing of
rRNA, the most well characterized role for the overwhelming majority of H/ACA snoRNAs
is in guiding pseudouridine modifications within the ribosome.

Does pseudouridine confer unique properties to rRNA that may modulate its structure and
function? Interestingly, it has been proposed that the presence of an additional hydrogen
bond donor site on pseudouridine (Figure 2a) confers unique properties to the RNA
backbone, such as enhanced rigidity (37-39). Consistent with the hypothesis that
pseudouridine residues on tRNA restrict the mobility of the RNA backbone, thus stabilizing
the RNA (40), recent findings in human cells suggest that pseudouridine residues within 28S
rRNA may play a conserved role in stabilizing rRNA (41). For example, pseudouridine
residues within helix 69 (H69) of human 28S rRNA (Figure 2b) appear to affect RNA
stability and structure within this functionally important region of the ribosome (41).
Overall, it seems likely that specific conformational changes in the tertiary structure of
rRNA, imposed by pseudouridine modifications, may stabilize rRNA, thereby potentially
impacting the structure, protein composition, and function of the ribosome. Broadening our
knowledge of the mechanisms governing H/ACA snoRNA expression and H/ACA snoRNP
biogenesis will undoubtedly prove invaluable in understanding the role of pseudouridine
modifications within the ribosome. Furthermore, understanding whether H/ACA snoRNA
expression and function may be modulated in a cell and tissue specific manner will provide
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significant insights into the role of this abundant rRNA modification in maintaining normal
cellular physiology—an area of research that, to date, remains very poorly explored.

Biogenesis and regulation of H/ACA snoRNPs involved in rRNA

pseudouridine modifications

The biogenesis of catalytically active H/ACA snoRNPs is a complex process that requires
the orchestrated expression, assembly, and nuclear transport of H/ACA snoRNP
components, in addition to a number of chaperone proteins (32, 42). One of the first steps
required for H/ACA snoRNP biogenesis is the coordinated expression and association of
H/ACA snoRNAs with H/ACA snoRNP proteins, namely dyskerin, NHP2, and NOP10.
Intriguingly, the majority of H/ACA snoRNA genes appears to lack detectable
transcriptional regulatory elements and are located within intronic regions of protein coding
genes that are often referred to as H/ACA snoRNA ‘host’ genes (43, 44). The apparent lack
of a detectable, independent promoter element in the majority of H/ACA snoRNAs implies
that their expression may inevitably be regulated by the transcription of their host gene.
Indeed, human H/ACA snoRNAs are processed from the excised and debranched host gene
intron by exonucleases (45), and the association of core H/ACA snoRNP proteins such as
dyskerin with H/ACA snoRNA motifs define the termini of mature H/ACA snoRNAs (23).
The binding of H/ACA snoRNP proteins to H/ACA snoRNAs also appears to be critical for
their processing, stability, and nucleolar localization. One striking observation is that in
contrast to C/D snoRNAs, processing of human H/ACA snoRNAs does not appear to be
coupled with host gene splicing (46). Instead, the recognition of intronic H/ACA snoRNAs
and assembly of pre-snoRNPs appears to occur during transcription elongation and, in the
case of one H/ACA snoRNA (U64), correct processing and nuclear localization are
dependent on RNA polymerase Il transcription of the snoRNA precursor (46). Thus, it
seems likely that the processing and assembly of H/ACA snoRNPs may be regulated by
some components of the RNA polymerase Il machinery. In addition to coupling the
expression of H/ACA snoRNAs with their binding to protein components of H/ACA
snoRNPs, several chaperone proteins (for example, NAF1 and SHQ1) are also implicated in
modulating the stepwise assembly and nuclear targeting of mature H/ACA snoRNPs (47—
49). Indeed, it appears that a hierarchy of component assembly must occur in order to
achieve a functionally active H/ACA snoRNP complex in the nucleolus. A detailed account
of H/ACA snoRNA processing and the stepwise assembly and biogenesis of H/ACA
snoRNPs can be found in (32, 42).

An important and poorly understood question is whether the formation of a catalytically
active H/ACA snoRNP is regulated in response to cellular cues, for instance upon increased
demands for cell growth. Evidence suggesting that some steps in the biogenesis of H/ACA
snoRNPs may indeed be regulated is supported by the observation that, in most cases,
H/ACA snoRNA host genes encode proteins implicated in ribosome biogenesis and function
(50). These findings suggest that H/ACA snoRNA expression and H/ACA snoRNP
biogenesis may be innately regulated in response to increased demands for protein synthesis.
In support of this hypothesis, it is interesting to note that several H/ACA snoRNA host
genes including DKC1, encoding the pseudouridine synthase dyskerin, are direct targets of
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the well-characterized oncogene and transcription factor Myc (51, 52). As Myc plays an
essential role in controlling cell growth and protein synthesis (52), it is reasonable to
speculate that modulation of Myc transcriptional activity may also regulate H/ACA snoRNP
biogenesis in order to accommodate increased demands for protein synthesis. Additionally,
it remains poorly understood whether the biogenesis of catalytically active H/ACA
snoRNPs, comprised of H/ACA snoRNAs that guide modifications at specific sites on
rRNA, are differentially regulated for example, during development or upon oncogenic
activation. Some evidence suggesting that H/ACA snoRNPs, comprised of distinct H/ACA
snoRNAs, may be differentially modulated is supported by findings that H/ACA snoRNAs
display a tissue-specific expression pattern and/or are variably expressed amongst different
human tissues (53, 54). Additional findings that the expression of subsets of H/ACA
snoRNAs may be modulated by components of the RNA polymerase Il machinery also
suggest that the biogenesis of distinct H/ACA snoRNPs targeting different sites on rRNA
may be tightly regulated. For instance, a post-translational modification in the carboxy-
terminal domain (CTD) of RNA polymerase 11 (RNAPII) in mammal cells facilitates the
expression of distinct RNAs, including subsets of H/ACA snoRNAs known to guide
pseudouridine modifications on 18S rRNA (e.g., HHACA SNORAS55 and SNORA74) (55).
This fascinating observation opens up the exciting and intriguing possibility that H/ACA
snoRNPs comprised of distinct H/ACA snoRNAs may differentially guide pseudouridine
modifications on rRNA in mammalian cells. In light of recent findings that altered
expression of specific subsets of H/ACA snoRNAs manifest in several hematological
diseases and malignancies, it is of particular interest to understand whether the
corresponding pseudouridine sites on rRNA, guided by these subsets of H/ACA snoRNAs,
are also deregulated in human disease. In the next section, we will discuss recent advances
in understanding the downstream functional outcomes of H/ACA snoRNA-guided
pseudouridine modifications within the ribosome.

Role for H/ACA snoRNA-guided rRNA pseudouridine modifications in

translational control

Ribosomes from organisms in all domains of life contain pseudouridine modifications, and
in most cases, pseudouridine residues are located within conserved and functionally
important regions of rRNA (56). Notably, the number of uridine residues converted to
pseudouridine has increased throughout evolution (57), as has the complexity of the
machinery necessary for performing pseudouridine modifications. These findings indicate
that perhaps in higher organisms an increase in pseudouridine modifications provides an
additional regulatory layer in modulating post-transcriptional gene expression mediated by
the ribosome. Support for this hypothesis is evident from findings that an apparent lack of
pseudouridine modifications within bacterial ribosomes does not adversely affect growth or
the overall rate of protein synthesis (58), while in eukaryotes lack of rRNA pseudouridine
modifications is not compatible with life (17, 59). Remarkably, approximately 8-10% of
total uridine residues in human 28S and 18S rRNA are converted to pseudouridine (50),
indicating that this process is highly selective for specific uridine residues. An outstanding
question that arises is why are specific uridine residues selectively modified within rRNA?
One clue as to the functional importance of pseudouridine modifications on rRNA is that
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pseudouridine residues tend to cluster within regions of rRNA critical for modulating
ribosome activity, namely the decoding center and peptidyl transferase center (PTC). In fact,
a role for rRNA pseudouridine modifications in affecting specific aspects of ribosome
function is evident from findings in yeast, mouse, and human cells demonstrating that rRNA
pseudouridine modifications influence translational fidelity, stop codon recognition, and
ribosome-ligand interactions (60-63). Therefore, alterations in rRNA pseudouridylation
levels may have profound effects on the ribosome’s ability to accurately and efficiently
translate MRNA. These observations add to and support a growing body of evidence that
structural components of the ribosome modulate specific aspects of protein synthesis.

In line with the observations that rRNA pseudouridylation plays a conserved role in
regulating specific aspects of ribosome function, it is not surprising that a global decrease in
rRNA pseudouridine modifications has no apparent overall effect on ribosome biogenesis or
the global rate of protein synthesis (64). Indeed, deregulation of the pseudouridine synthase
dyskerin, for instance, leads to defects in the translation of specific mMRNAs (64—66).
Importantly, mMRNAs found to be sensitive to changes in rRNA pseudouridylation harbor
cis-regulatory elements in their 5 untranslated regions, such as internal ribosome entry site
(IRES) elements. IRES elements are structured RNAs of variable length, originally
identified in picornavirus RNAs, that directly engage with the 40S ribosomal subunit during
translation initiation (67-69). Intriguingly, rRNA pseudouridine modifications play an
evolutionarily conserved role in modulating the ability of ribosomes to bind to RNAs
harboring IRES elements (60). IRES-dependent translation is an important RNA-based
mode of translation initiation that effectively modulates gene expression during specific
cellular events, for instance, mitosis, quiescence, hypoxia, nutrient deprivation, and
apoptosis (69-71). Therefore, it is tempting to speculate that rRNA pseudouridine
modifications may be particularly important for the temporal translation of distinct subsets
of mRNAs. In line with this hypothesis, impairments in the translation of distinct MRNAs
known to harbor IRES elements, including the tumor suppressor p53, have been identified
upon dyskerin deregulation during oncogenic activation (66). Thus, pseudouridine
modifications may impart a dynamic regulatory role to the ribosome, critical for control of
gene expression at the translation level.

An interesting question arises as to whether distinct pseudouridine residues located at
specific sites on rRNA guided by H/ACA snoRNAs may also modulate the translation of
selective mRNASs in mammalian cells. For example, it is possible that modulating the pattern
of rRNA pseudouridylation may provide an adaptive mechanism to control cell fate by
regulating translation of specific mMRNAs. This is a particularly important question to
address in light of recent observations demonstrating that subsets of H/ACA snoRNAs are
deregulated in several human diseases and is an avenue of H/ACA snoRNA biology that
requires further investigation. Overall, although historically thought to exert a housekeeping
function in the cytoplasm, emerging evidence suggests that ribosomes exhibit tremendous
regulatory potential in modulating gene expression post-transcriptionally (72), and rRNA
pseudouridylation appears to play an important role in this process.
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Expanding cellular roles of HHACA snoRNAs

Pseudouridine modifications on rRNA mediated by H/ACA snoRNAs are emerging as
evolutionarily conserved and important regulators of ribosome function. Intriguingly, the
continuous identification of mammalian H/ACA snoRNA genes from both computational
and experimental approaches (25, 73, 74) raise the exciting possibility that the number of
novel rRNA target sites are rapidly expanding, and that non-canonical RNA substrates may
also likely exist. Furthermore, tremendous advancements in small RNA deep sequencing
have aided the identification of seemingly abundant and conserved small ncRNAs derived
from H/ACA snoRNAs in eukaryotes (75, 76). Is it possible that H/ACA snoRNAs may
have evolved additional regulatory roles in eukaryotes that may provide a new layer of
complexity in gene expression control? Exploring the functional diversity of H/ACA
snoRNAs in eukaryotes will undoubtedly ignite several new avenues of research and
identify perhaps previously uncharacterized functions of H/ACA snoRNAs. In this section,
we will discuss the likelihood that novel RNA substrates of H/ACA snoRNAs exist, and
explore the potential significance of H/ACA snoRNA derivatives and ncRNAs with H/ACA
snoRNA-like features in predominantly RNA-based cellular processes at the nexus of gene
regulation (Figure 3 and 4).

New RNA substrates for pseudouridine modifications

Since its discovery in 1957 (77), pseudouridine has, to date, only been identified on non-
coding regulatory RNAs, namely tRNA, rRNA, and snRNA. However, increasing evidence
indicates that uridine residues on non-canonical RNA substrates, which may include
mRNAs and IncRNAs, may also be subject to isomerization. For example, emerging
evidence is revealing that human H/ACA snoRNAs, known to guide pseudouridine
modifications on rRNA, are predicted to guide modifications at specific uridine residues on
distinct MRNAs. These predictions raise several interesting questions regarding the putative
role of pseudouridine modifications on mMRNA. Importantly, a study by Karijolich and
colleagues has uncovered that targeted pseudouridylation of UAA, UAG, or UGA stop
codons by a synthetic H/ACA snoRNA leads to highly specific recognition of
pseudouridylated stop codons by aminoacyl-tRNAs in yeast (78). This unexpected role for
pseudouridine in nonsense codon suppression imparts an enormous capacity of
pseudouridine to alter the coding potential of mMRNASs (78, 79). Although not yet identified
on cellular mRNAs, it is clear that mRNA pseudouridylation may have the ability to post-
transcriptionally alter the genetic code and greatly diversify the human proteome (Figure 3).
In addition to hypotheses that H/ACA snoRNAs with defined rRNA targets may guide
modifications on novel RNA substrates, it is also possible that orphan H/ACA snoRNAs, so-
called because their putative RNA targets are not known (80), may also guide isomerization
of select uridine residues on rRNA and non-canonical RNA substrates, some of which may
include mRNAs. Likewise, it is also conceivable that a recently identified class of H/ACA
small RNAs termed AIUACA RNASs (81) may participate in pseudouridylation of novel
RNA substrates.
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Potential role for H/ACA snoRNAs in chromatin remodeling

In addition to the well-characterized role of H/ACA snoRNAS in rRNA pseudouridine
modifications from archaea to eukaryotes (82), recent evidence opens up the possibility that
H/ACA snoRNAs may also play a role in chromatin biology in eukaryotes. Findings that
C/D and H/ACA snoRNAs are enriched in chromatin-associated RNAs (caRNAs) from
human and drosophila cells (83), independent of snoRNP proteins suggest a conserved and
previously uncharacterized role for H/ACA snoRNAs in chromatin remodeling (Figure 4a).
For example, in human fibroblasts several H/ACA snoRNAs (U64, U23, and ACA44) that
guide modifications on rRNA, were found to be associated with chromatin. Although the
precise function of H/ACA snoRNAs on chromatin was not assessed, the association of C/D
snoRNAs with a drosophila chromatin binding protein (Df31) was shown to play a role in
maintaining open chromatin structure (83). Whether this unanticipated function occurs in
human cells and whether H/ACA snoRNAs can directly modulate chromatin structure
remains to be investigated.

H/ACA snoRNA-derived RNAs (sdRNAs) and snoRNA-like miRNAs

Recently, a number of small RNAs containing snoRNA features have been identified in
eukaryotes. One class of small RNAs ranging in length from 20-24 nucleotides, supposedly
derived from H/ACA snoRNAs, has been designated H/ACA snoRNA-derived RNAs
(sdRNAs) and snoRNA-like miRNAs (75, 76, 84). Interestingly, computational analyses
indicate that these RNAs are located within and may be processed from H/ACA snoRNA
and orphan H/ACA snoRNA genomic regions (84). These findings suggest that H/ACA
snoRNAs, involved in rRNA modifications, may serve as precursors of novel small RNAs.
Surprisingly, H/ACA sdRNAs and snoRNA-like miRNAs appear to be regulated by or
associated with components of the RNAI pathway, such as DICER1 (75), AGO1 and AGO2
(76) (Figure 4b). Although the function of H/ACA snoRNA-derived small RNAs has not
been assessed, one snoRNA-like miRNA derived from an H/ACA scaRNA (and designated
ACAA45 sRNA), was found to play a role in post-transcriptional gene silencing in a similar
manner to miRNASs (76). Together these findings provide a previously uncharacterized
connection between H/ACA snoRNAs, components of the RNA silencing machinery, and
miRNAs. It remains to be addressed whether H/ACA sdRNAs and/or snoRNA-like miRNAs
merely represent non-functional degradation products of H/ACA snoRNAs or whether they
hold novel regulatory potential in vivo.

snoRNA-related INncCRNAs (sno-IncRNAS)

In addition to the H/ACA snoRNA-derived small RNAs described above, human IncRNAs
whose ends correspond to sequences of C/D snoRNAs or H/ACA snoRNAs have been
identified and termed snoRNA-related IncRNAs (sno-IncRNAS) (85). Interestingly, it
appears that sno-IncRNAs are synthesized from introns imbedded between two snoRNAs
(for example, H/ACA snoRNAs ACA5 and ACA5C) and are comprised of 5 and 3’
sequences that correspond to the flanking snoRNAs. Although the potential function of
H/ACA sno-IncRNA remains unknown, analysis of C/D sno-IncRNAs indicated that they
bind to fox family splicing regulators, thereby possibly modulating some aspects of RNA
splicing (85). Whether H/ACA sno-IncRNAs function similarly to IncRNAs (86), associate
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with H/ACA snoRNP proteins to modify RNA, or possess novel functions remains to be
addressed (Figure 4c).

In summary, although the function of H/ACA snoRNA derivatives and ncRNAs with
H/ACA snoRNA features remains completely unknown, based on the recent discoveries
described above, it is reasonable to envision that these ncRNAs may hold novel regulatory
potential in modulating chromatin state or controlling gene expression in a manner similar to
that described for miRNAs and IncRNAs (Figure 4). Is it possible that H/ACA snoRNA
derivatives and ncRNAs with H/ACA snoRNA features may have evolved to provide an
additional regulatory step in decoding the genetic template in higher eukaryotes? As these
hypothetical regulatory ncRNAs have not yet been identified in eubacteria or archaea, it is
possible that they may provide an additional step in controlling gene expression in
multicellular organisms such as mammals, where temporal and spatial gene regulation is
critical during development and, when deregulated, may lead to human disease.

Deregulation of H/ACA snoRNAs in human disease

ncRNAs control critical cellular processes and are emerging as key players in human disease
(87, 88). Increasing studies suggest that H/ACA snoRNAs that guide pseudouridine
modifications at distinct sites on rRNA are frequently altered in hematological disorders and
solid tumors (Table 1). Although their contribution to disease remains largely unexplored,
one of the most intriguing and puzzling aspects of H/ACA snoRNA deregulation in disease
is that only specific subsets of H/ACA snoRNAs appear to be altered. Moreover, the
observation that deregulation of H/ACA snoRNA expression in several malignancies is
often independent of host gene transcription (89-91) reinforces the notion that this in not
simply a global phenomenon and, rather, indicates that H/ACA snoRNA deregulation may
be directly implicated in disease. Furthermore, findings that mutations in several genes
encoding protein components of H/ACA snoRNPs have been identified in cancer and
congenital bone marrow failure syndromes (19, 92-100) suggest that functional
perturbations of H/ACA snoRNAs may, in fact, contribute to disease. In this section, we will
discuss and provide our perspective on the potential functional consequences of alterations
in H/ACA snoRNA expression in human disease.

Hematological disorders

Alterations in specific subsets of H/ACA snoRNAs have been reported predominantly in
hematological disorders, in particular acute myeloblastic and lymphoblastic leukemia,
chronic lymphocytic leukemia, T-cell lymphoma, multiple myeloma and the cancer
susceptibility and bone marrow failure syndrome X-linked dyskeratosis congenita (X-DC)
(20, 21, 89, 91, 101, 102). Intriguingly, as opposed to a global perturbation in H/ACA
snoRNA expression in these diseases, only specific subsets of H/ACA snoRNAs appear to
be altered. Importantly, the levels of most H/ACA snoRNAs found altered in hematological
disorders, as well as many other diseases, appear to be decreased compared to control cells.
For instance H/ACA SNORA15 and SNORAZ24 are two examples of H/ACA snoRNAs that
are commonly downregulated in disease (Table 1). In some cases, changes in H/ACA
snoRNA expression do not correlate with host gene levels, suggesting that host gene
transcriptional changes (89, 91) are uncoupled from and cannot account for alterations in
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H/ACA snoRNA expression. Therefore, it seems likely that alterations in specific subsets of
H/ACA snoRNAs may occur post-transcriptionally and may directly affect H/ACA snoRNP
biogenesis and function. Intriguingly, nucleotide deletions or substitutions reported in
H/ACA snoRNAs (103, 104) are located within structurally and functionally important
regions of H/ACA snoRNAs that may in fact significantly alter the predicted structure of
H/ACA snoRNAs (Figure 5) and may hinder their association with H/ACA snoRNP
proteins as well as their ability to guide modifications on substrate RNAs. It is also
interesting to note that epigenetic alterations involving deletion and hypermethylation of
distinct H/ACA snoRNA loci have also been reported in cancer cells, including those of
hematological origin (105). Collectively, these findings strongly indicate that deregulated
expression of distinct subsets of H/ACA snoRNASs is emerging as a common feature of
disease, particularly in those originating from hematopoietic tissue.

One evolutionarily conserved functional outcome of deregulated H/ACA snoRNA
expression and biogenesis is impairment in rRNA pseudouridine modifications. Consistent
with these findings, alterations in H/ACA snoRNA expression also lead to a functional
perturbation in H/ACA snoRNA-guided pseudouridylation at specific sites on rRNA in
hematological diseases (102). For example, decreased expression of HHACA SNORA15
results in a corresponding reduction in pseudouridine modifications at nucleotide U1367 on
18S rRNA in X-DC patient cells. X-DC, a congenital disorder characterized by a wide range
of defects, some of which include bone marrow failure, skin abnormalities, hematopoietic
malignancies, and pulmonary fibrosis (106) is caused by mutations in DKCL1, the gene
encoding the evolutionarily conserved pseudouridine synthase dyskerin. DKC1 mutations
appear to affect the expression and function of unique subsets of H/ACA snoRNAs in
modifying rRNA in X-DC (102) and are consistent with an evolutionarily conserved role of
dyskerin and additional H/ACA snoRNP components in modulating H/ACA snoRNA
expression and function (12, 107, 108). Although the downstream functional contribution of
perturbations in H/ACA snoRNAs and site-specific rRNA pseudouridylation in disease
remains relatively unexplored, it is likely that defects in the expression of specific subsets of
H/ACA snoRNAs may lead to heterogeneous pools of ribosomes harboring unique
differences in rRNA pseudouridine modifications. As mentioned previously, such
heterogeneity in ribosome nucleotide modifications may have profound functional
implications for translational regulation. Although not formally proven, it is tempting to
speculate that a decrease in pseudouridine modifications at distinct sites on rRNA in cells of
hematopoietic origin may impinge on the translation of specific MRNAS, such as those
encoding important mediators of cell fate, including tumor suppressors and regulators of
stem cell differentiation. Importantly, the enzymatic activity of dyskerin in catalyzing
pseudouridine modifications on RNA was shown to rescue, to a large extent, hematopoietic
stem cell differentiation defects in primary CD34+ hematopoietic progenitor cells from a
patient harboring a DKC1 promoter mutation (102). These findings illuminate an important
requirement for H/ACA snoRNA-guided RNA pseudouridine modifications in stem cell
differentiation and may provide one explanation for why H/ACA snoRNA deregulation is
frequently reported in hematological disorders. Given that alterations in H/ACA scaRNAs
involved in spliceosomal SnRNA modifications are also perturbed in some hematological
disorders, it cannot be excluded that defective pseudouridine modifications on additional
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RNA substrates may also contribute to disease. Similarly, it is also possible that, although
functionally uncharacterized, emerging and potential non-canonical functions of H/ACA
snoRNAs, H/ACA snoRNA derivatives, and ncRNAs with H/ACA snoRNA features
(Figure 4) may also be deregulated in diseases where alterations in H/ACA snoRNAs have
been reported.

Solid tumors

It is also emerging that specific subsets of H/ACA snoRNAs are altered in solid tumors of
distinct histological origin including prostate (109) and lung (110) (Table 1). Several
mechanisms have been identified that may lead to dysfunction of H/ACA snoRNAs in solid
tumors, including H/ACA snoRNA nucleotide deletions and substitutions (103).
Importantly, the position of these nucleotide deletions and substitutions may have a dramatic
impact on the structure, stability, and function of H/ACA snoRNAs as predicted for a
nucleotide substitution of one H/ACA snoRNA found in head and neck cancer (Figure 5).
Furthermore, CpG island hypermethylation associated with transcriptional silencing of
H/ACA snoRNAs in cancer cell lines from colon and renal tumors (105) have also been
reported. Intriguingly, although the overwhelming majority of H/ACA snoRNAs altered in
disease appear to be decreased, a small subset of H/ACA snoRNAs appear to be increased,
most noticeably H/ACA snoRNA42. H/ACA snoRNA42 guides a pseudouridine
modification on 18S rRNA and is commonly increased in a number of solid tumors as well
as in X-DC patient cells. Interestingly, X-DC patients have a high incidence of solid tumors,
particularly head and neck cancer (111). Therefore, it is possible that, although uncommon,
increased expression of unique H/ACA snoRNAs may also contribute to disease. For
instance, H/ACA snoRNAA42 is found significantly upregulated in Non-Small Cell Lung
Cancer (NSCLC), amongst other cancers (Table 1). SNORAA42 is encoded within a
chromosomal region commonly amplified in NSCLC, and high SNORA42 expression in
NSCLC patients correlates with poor survival (90). Importantly, gain and loss of function
studies suggest that increased H/ACA snoRNA42 expression may be pro-tumorigenic in the
lung (90). However, whether the function of H/ACA snoRNA42 in modifying rRNA is
increased and may directly contribute to NSCLC in vivo remains to be determined.
Likewise, elucidating whether the observed deregulation of additional H/ACA snoRNAs in
solid tumors can directly promote tumorigenesis or is merely a secondary effect due to
changes in proliferation or host gene transcription requires further investigation. As
mentioned earlier, it seems likely that direct perturbations of distinct subsets of H/ACA
snoRNAs in solid tumors may lead to the production of ribosomes harboring unique patterns
of rRNA pseudouridine modifications. Is it possible that alterations in the pattern of rRNA
pseudouridine modifications may contribute to tumorigenesis by modulating specific aspects
of ribosome functions? An emerging role for rRNA post-transcriptional modifications in
modulating translational specificity and accuracy in cancer is supported by findings that
rRNA ribose methylation plays a key role in regulating ribosome activity in breast cancer
cells (18, 112). Collectively, these studies illuminate a functionally important role of H/ACA
snoRNA-guided rRNA maodifications in cellular physiology that, when deregulated, may
directly contribute to human disease.
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Conclusion

The contribution of the non-coding genome to human disease is a rapidly expanding and
important avenue of research, particularly in light of findings that the expression and
function of several classes of ncRNAs are frequently altered in diseases such as cancer and
developmental and neurological disorders (87). There is now an emerging realization that
snoRNAs, whose origins lie in archaea (82), do not simply exhibit housekeeping roles in the
production of ribosomes, but instead have evolved to regulate accurate and efficient
translation by modulating post-transcriptional rRNA modifications (63). Thus, the function
of H/ACA snoRNAs may be similar to primordial RNA-based mechanisms of gene
expression regulation present in an ‘RNA world’. Furthermore, it seems likely that H/ACA
snoRNA-mediated translational regulation may play a particularly important role in cellular
physiology and cell fate decisions. For example, in multicellular organisms it is possible that
increased numbers of rRNA pseudouridine modifications guided by H/ACA snoRNAs may
constitute an additional layer of complexity in post-transcriptional gene regulation that may
occur in a cell and/or tissue specific manner. Broadening our understanding of the
mechanisms by which site-specific H/ACA snoRNA-guided rRNA modifications modulate
ribosome activity in the context of normal cellular physiology will undoubtedly advance our
knowledge of the contribution of deregulated H/ACA snoRNA expression towards
hematological disorders and solid tumors. Such advances may allow for the development of
novel therapeutic interventions for diseases associated with H/ACA snoRNA dysfunction.
Furthermore, recent findings that H/ACA snoRNA expression signatures distinguish specific
subtypes of T-cell lymphoma (21) raises the exciting prospects that H/ACA snoRNAs may
represent important diagnostic and/or prognostic markers for human disease. Clearly, this is
just the tip of the iceberg in understanding how alterations of specific H/ACA snoRNAs
may contribute to human disease. An exciting avenue for future studies lies in dissecting the
precise downstream functional consequences of deregulated H/ACA snoRNA expression
towards human disease and developing therapeutic strategies to counteract perturbations of
H/ACA snoRNAs.
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Figure 1. Schematic secondary structure of a box H/ACA snoRNA
Schematic representation of a box H/ACA snoRNA (blue) containing several evolutionarily

conserved structural elements, including a box H (ANANNA) and box ACA motif and two
pseudouridylation pockets. Pseudouridylation pockets are shown base pairing to the
complementary sequence on substrate RNA (grey). The position of the target uridine
modified to pseudouridine (¥) on substrate RNA is highlighted in red.
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1
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Pseudouridine synthase
OH OH OH OH
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(b) O

domain IV
28S rRNA

Large Ribosomal Subunit

Figure 2. Pseudouridine, an isomer of uridine, isimplicated in stabilizing rRNA
Pseudouridine () is an isomer of uridine (U) and is the only nucleotide to possess a carbon-

carbon (C-C) glycosidic bond (C5, highlighted with a red arrowhead). Isomerization of
uridine to pseudouridine involves the detachment of the uracil base at position N1 (red
arrowhead) and rotation (180°) through the N3-C6 axis. The newly synthesized
pseudouridine possesses an additional hydrogen bond donor site, highlighted in orange. (b)
3D model of human 28S (light grey) and 5S rRNA (dark grey) (57) with the position of
pseudouridine residues (red) within H69 of 28S rRNA highlighted (in box). Pseudouridine
residues within H69 appear to play a conserved role in stabilizing rRNA (41).
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Figure 3. Evolutionarily conserved and emerging novel substrates of H/ACA snoRNAs
Schematic representation of the evolutionarily conserved and well-characterized role of

H/ACA snoRNAs in rRNA modifications and potential novel substrates. rRNA
pseudouridine modifications (red) guided by evolutionarily conserved H/ACA snoRNPs on
human 18S and 28S rRNA (grey) (57) are shown. rRNA pseudouridine modifications play
an important role in modulating specific aspects of ribosome function, particularly
translation fidelity and specificity. Emerging evidence also suggests that additional RNA
substrates (MRNAs, IncRNAs, and miRNAs) may be targeted for pseudouridine
modifications by H/ACA snoRNPs.
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(b) H/ACA snoRNA derivatives
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Figure 4. Potential novel and emerging roles of H/ACA snoRNAs
Schematic representation of the expanding functions of (a) H/ACA snoRNAs, and emerging

roles of (b) H/ACA snoRNA derivatives, and (c) ncRNAs with H/ACA snoRNA features.
(a) Evidence that subsets of H/ACA snoRNAs are associated with chromatin, independent of
H/ACA snoRNP proteins, indicates that H/ACA snoRNAs may play a role in chromatin
remodeling. (b) The identification of H/ACA snoRNA derivatives, namely H/ACA
snoRNA-like miRNA and H/ACA snoRNA-derived RNAs (sdRNA) suggests a potential
role for H/ACA snoRNA derivatives in post-transcriptional gene regulation. (c) H/ACA
snoRNA-related IncRNAs may play a role in transcriptional and post-transcriptional gene
expression regulation.

Transcriptional regulation?
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Figure5. Predicted effect of a single nucleotide substitution on H/ACA snoRNA secondary
structure

Sequence and predicted secondary structure of SNORA71C (a) and a SNORA71C variant
found in head and neck cancer, SNORA71 60A>G (103) (b). The position of the substituted
nucleotide is indicated with an arrowhead. The nucleotide substitution appears to alter the
predicted structure of the pseudouridylation pocket within SNORA71C (highlighted in
green) and may likely inhibit base pairing to human 18S rRNA (blue, with position of
pseudouridine highlighted in red). The box H and box ACA elements are boxed and shown
in orange. Secondary structure predictions were obtained using RNAfold (113) and visual
inspection.
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