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Abstract 
 
Throughout the late 20th century, small nucleolar RNAs (snoRNAs) were identified as a 

novel class of non-coding RNA. SnoRNAs comprise three main classes based on conserved 

sequence motifs: C/D box, H/ACA box and Cajal body-associated snoRNAs. Their 

canonical function is to provide specificity to discrete ribonucleoprotein complexes, 

which post-transcriptionally modify ribosomal RNAs and spliceosomal small nuclear 

RNAs. It has become increasingly clear that snoRNAs can adopt unexpected cellular 

functions, ranging from the regulation of chromatin states to cell-cell communication. In 

addition, snoRNAs are intimately involved in cellular programs critical to development, 

as revealed by studies from model organisms. In this writing assignment, the ever-

expanding repertoire of snoRNA biology will be reviewed with an ultimate focus on 

developmental disease.  

 
Layman’s summary 
 
According to the now old-fashioned central dogma of biology, DNA is transcribed into 

messenger RNA which is then translated into protein by ribosomes. However, it has been 

discovered that a wide range of RNA species do not code for proteins, but which are still 

able to exert cellular functions. One type of these so-called non-coding RNAs (ncRNAs) are 

the small nucleolar RNAs (snoRNAs), which function together with protein complexes to 

modify RNAs associated with ribosomes. In addition to these functions, a growing body of 

literature has revealed unexpected cellular roles for snoRNAs, for example in regulating 

the accessibility of DNA to facilitate gene transcription, or by acting as messengers 

between cells. Importantly, studies implicating snoRNAs in cell division and cellular 

specialization suggest that they may have roles in development. Here, this expanding 

repertoire of snoRNA biology will be discussed with an ultimate emphasis on 

developmental diseases. 
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Scope 

The aim of this writing assignment is to describe the roles of small nucleolar RNAs 

(snoRNAs) in human development and childhood disease, ultimately discussing their 

putative roles in childhood cancers. First, a broad introduction to snoRNAs will be 

provided– what are their origins, and what are their (non-canonical) functions? Following 

this, their roles in cellular processes related to development and cancer will be discussed, 

which will – for the first time – include insights from model organisms. Finally, the 

possible roles of snoRNAs in developmental diseases will be discussed.  

1. What are snoRNAs? 

1.1 History of small nucleolar RNAs – from U-RNA to directors of post-transcriptional 
modifications 

The discovery of the non-coding RNA (ncRNA) world has been transformative to how we 

approach biological problems. Dating back to the late 1950’s, the low-molecular weight 

ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs) were the first ncRNAs to be 

identified, later to be dubbed ‘housekeeping ncRNAs’1–4. By the late 1960’s, sedimentation 

and electrophoretic analyses of nuclear preparations had made it clear that in addition to 

rRNAs and tRNAs, the nucleus harbors a variety of other low-molecular weight RNAs that 

were potentially functional as well5–12. These pioneering studies, primarily led by Harris 

Busch, revealed several interesting properties: the low-molecular weight RNAs were 

found to be associated with rRNAs (1), their uracil content was relatively high (2), they 

contained – like rRNA – methylated bases (3), and lastly, some were localized to the 

nucleolus (4). Because of their high uracil content, these low-molecular weight RNAs were 

coined U-RNAs, and initial electrophoretic mobility and base composition experiments 

were able to resolve six distinct U-RNAs (U1-U6)12. But it was only one U-RNA in 

particular – the nucleolar U3 RNA – that would lay the groundwork for research into the 

ncRNAs that became known as the snoRNAs. 

In the early 1970’s, U3 was hypothesized to contribute to ribosome biogenesis through 

transient binding to the 28S rRNA, as it was found associated with mature 28S rRNA in 

the nucleolus but not with 28S rRNA bound to preribosomal particles13–15. In the same 

decade, immunoprecipitation experiments demonstrated that small nuclear RNAs 
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(snRNAs) reside within discrete ribonucleoprotein particles (RNPs) – complexes formed 

between RNA and RNA-binding proteins). However, whether this was the case for the U3 

snoRNA remained elusive until the discovery of anti-U3 RNP antibodies in 198516,17. In 

the 1990’s, studies in yeast, mouse and Xenopus finally elucidated that the U3 small 

nucleolar RNP (snoRNP) assists in multiple pre-rRNA cleavage events, contributing to 18S 

rRNA maturation18–24. Interestingly, it also became apparent that this is not the sole 

function of snoRNPs. Hints for additional functions of snoRNPs had in fact emerged as 

early as 1985 when immunoprecipitation studies found a 34 kDa protein in the U3 

snoRNP, identified as fibrillarin (FBL) shortly after16,25. FBL was also found within two 

novel human snoRNPs, U8 and U13, and it was later suggested that two conserved box 

sequences, C (GAUGA) and D (UCUGA), are important for FBL binding26–28. Accordingly, 

these snoRNAs were now classified as C/D box snoRNAs. In 1991 it was demonstrated 

that impairment of the yeast FBL homolog Nop1p results in decreased 2′-O-methylation 

of rRNA, which strongly suggested a role for snoRNAs/snoRNPs in this process29. Yet, it 

was not until 1996 that C/D box snoRNAs were ascribed the additional function of guiding 

2′-O-Methylation of pre-rRNA through direct base-pairing interactions30. In the following 

year a new class of snoRNA/snoRNP was defined, the H/ACA box snoRNAs, which harbor 

the conserved H (ANANNA) and ACA box sequences31. Their function was quickly 

elucidated to be that of guiding pseudouridylation of rRNAs (conversion of the uracil 

nucleoside into a pseudouridine)32,33. The growing number of snoRNAs with identified 

rRNA targets quickly revealed that guiding the post-transcriptional modification of rRNAs 

is the canonical function of snoRNAs rather than assisting in pre-rRNA cleavage30,34,35. And 

thus, by the end of the 1990’s, snoRNAs had established themselves as multi-class guiders 

of post-transcriptional rRNA modifications. Over the course of the last two decades, 

snoRNAs have become a well-characterized species of ncRNA whose associated protein 

factors, functions and potential involvement in disease have been widely studied36–38. 

Before expanding on the functions of C/D and H/ACA box snoRNAs, their characteristics 

and biogenesis will be considered briefly.  
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1.2 Composing the functional snoRNP unit 

1.2.1 Characteristics of snoRNAs/snoRNPs 

SnoRNAs are an intermediately sized ncRNA species varying in length from 50 to 200 

nucleotides37,39. As was alluded to in the previous chapter, two main classes of snoRNA 

exist based on conserved sequence motifs: C/D and H/ACA box snoRNAs (SNORDs and 

SNORAs, respectively). A third less represented class are the Cajal body-associated 

snoRNAs (scaRNAs), which may possess C/D, H/ACA or both box motifs in addition to a 

Cajal-body retention motif (CAB box, UGAG)37. So far, about 380 C/D box and 180 H/ACA 

box snoRNAs have been identified, although less stringent bioinformatics approaches 

have suggested that the human genome hosts over 2,000 snoRNAs37,40. More recently, 

non-canonical snoRNAs have been identified as well, including snoRNA-derived piwi-

interacting RNAs (piRNAs) and micro-RNAs (miRNAs). These are collectively known as 

snoRNA-derived RNAs (sdRNAs)41–43. 

C/D box snoRNAs typically adopt a stem-loop-stem structure. In addition to C/D box 

motifs, C/D box snoRNAs may possess C’ and D’ box motifs (Fig. 1). The C/D box motifs 

are highly conserved, and by being brought in proximity of each other by the terminal 

stem, they form a functionally important K-turn structure through imperfect base pairing. 

In contrast, the loosely conserved C’ and D’ boxes often do not form such structure44. The 

regions between the C/D’ and C’/D boxes offer between 7 to 21 nucleotides of 

complementarity to target RNAs, and methylation of ribose moieties takes place exactly 5 

nucleotides upstream of the D and/or D’ boxes (Fig. 1)37. Additional base-pairing of the 

C/D box snoRNA with sequences outside of the complementary target region may 

enhance 2′-O-Methylation, as has been shown for rRNAs45. H/ACA box snoRNAs form a 

hairpin-hinge-hairpin-tail secondary structure (Fig. 1). The H box is located in the hinge 

region while the ACA box is located in the tail, 3 nucleotides upstream of the 3′ terminus46. 

Within each hairpin, a 9 to 13 nucleotide internal loop forms a complementary binding 

site for target RNAs, also termed the ‘pseudouridylation pocket’44. 

The core protein components of the human C/D and H/ACA box snoRNPs have been 

completely mapped, but structural and functional information has been largely derived 

from studies on Archaeal snoRNPs47. C/D box snoRNPs comprise NOP58, NOP56, SNU13 

and the methyltransferase FBL. It is currently thought that C/D box snoRNPs have a 
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pseudo-dimeric structure with two FBL and SNU13 moieties46. The NOP proteins interact 

with FBL to provide RNA-binding specificity, while SNU13 is an important factor in C/D 

snoRNP biogenesis. H/ACA snoRNPs comprise NOP10, GAR1, NHP2 and the 

pseudouridine synthase Dyskerin (DKC1). H/ACA snoRNPs are thought to exist as a 

dimeric structure with one set of proteins covering each of the two H/ACA snoRNA 

hairpins. Although GAR1 is not required for H/ACA snoRNP stability, all core proteins are 

essential for enzymatic activity of the H/ACA RNP44. 

 

1.2.2 SnoRNA/snoRNP biogenesis 

SnoRNP biogenesis is a complex, multi-step process in which over 25 assembly, 

localization and RNA processing factors are involved, as reviewed in46,48. The genomic 

organization of snoRNAs is an important factor for which snoRNA processing and snoRNP 

assembly steps take place48,49. Human snoRNAs have a relatively uniform genomic 

organization, with 90% of snoRNAs being encoded as individual units that are co-

Figure 1 Structure of C/D and H/ACA box snoRNAs. The red nucleotide in the C/D box snoRNA 
indicates the fifth nucleotide upstream of the D/D’ boxes where target 2′-O-Methylation is catalyzed 
by FBL. The Ψ symbol depicts pseudouridylation. Note that scaRNAs, while not shown here, may 
adopt hybrid C/D-H/ACA box structures. Drawing is not to scale. Figure was generated using 
BioRender.  
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transcribed by RNA polymerase II from so-called host-genes (HGs)50. Consequently, 

snoRNP biogenesis follows the same general principles for nearly all human snoRNAs. 

Still, snoRNP biogenesis differs slightly between C/D and H/ACA box snoRNAs. HG 

transcription yields a pre-mRNA that acts as a snoRNA precursor and forms a pre-snoRNP 

that protects the snoRNA precursor from excessive exonucleolytic degradation46. The 

formation of pre-snoRNPs is coupled to splicing for C/D box snoRNAs, and to RNA 

polymerase II transcription for H/ACA box snoRNAs46. In both cases pre-snoRNP 

formation is mediated by the R2TP chaperone complex46. Following intronic debranching, 

snoRNA precursors are exonucleolytically trimmed before being transported to the Cajal 

body46,51. During this transport the stripping of pre-snoRNPs of assembly factors results 

in mature C/D box snoRNPs, whereas H/ACA box snoRNPs require the final addition of 

GAR1 in the Cajal body46. Finally, with the exception of scaRNAs, the mature snoRNPs are 

shuttled from the Cajal body to the nucleolus by NOP14046. 

2. Functions of snoRNAs  

2.1 Why modify? 

Currently, the canonical function of snoRNAs is to guide the post-transcriptional 

modification of rRNAs. Most of the post-transcriptional rRNA modifications guided by 

snoRNAs are highly conserved and concentrated in functionally relevant regions of the 

ribosome, including the tRNA binding sites and the interaction surfaces of the ribosomal 

subunits52,53. This suggests an importance for proper post-transcriptional rRNA 

modification for normal ribosomal functioning in healthy cells. Indeed, loss of global 

pseudouridylation by inactivating DKC1 is lethal in yeast, fruit flies and mice54–56. 

Alternatively, loss of individual C/D box snoRNAs in yeast leads to growth defects upon 

adaptive stress compared to wild-type cells57. Of note, humans have more snoRNA-related 

rRNA modification sites than yeast and Escherichia coli52. Thus, the complexity of the post-

transcriptional rRNA landscape scales with increasing organismal complexity, which may 

reflect an adaptive mechanism for translational fine tuning required to support the wide 

variety of cell identities in the human body. Interestingly, this translational fine tuning is 

one of the underlying ideas of the specialized ribosome hypothesis, which states that 

alterations in the post-transcriptional rRNA modification landscape or in the 

stoichiometry between ribosomal proteins contributes to a heterogeneous ribosome 
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pool58. This may ultimately contribute to disease states. For example, the rRNA 

modification landscape may be skewed in such a way so that one ribosomal species favors 

translation of oncogenic transcripts, while another ribosomal species disfavors 

translation of tumor suppressive transcripts. Although dysregulation of single rRNA 

modification sites has not yet been linked to a role in disease, multiple reports have 

demonstrated that global alterations to 2′-O-Methylation and pseudouridylation can 

impair translational fidelity and induce changes in the preference for IRES-mediated 

translation, potentially contributing to oncogenesis (reviewed in)59.  

In addition to guiding rRNA modifications, sca/snoRNAs guide the post-transcriptional 

modification of spliceosomal snRNAs60. Currently, there are 35 snoRNAs – primarily 

scaRNAs – with sequences complementary to snRNAs, although experimental validation 

is required for some of these targets60. As with rRNAs, the post-transcriptional 

modifications cluster in functionally relevant regions, and are likely to contribute to 

spliceosomal function by mediating snRNA secondary structure formation and stability, 

spliceosome assembly and pre-mRNA base pairing60,61. 

Finally, a select set of snoRNAs – often transcribed from independent promoters – are 

involved in rRNA maturation by guiding cleavage events and assisting in rRNA folding36,47. 

Importantly, snoRNA-guided modification at specific rRNA sites is thought to be required 

to facilitate these cleavage and folding events36,47.  

Thus, depending on the affected snoRNAs, deregulation of individual or multiple snoRNAs 

can have negative consequences for cellular functioning by affecting rRNA biogenesis, 

translation or splicing.  

2.2 Venturing beyond the nucleolus 

Many snoRNAs have yet unknown targets or functions and are termed ‘orphan’ 

snoRNAs62. Nonetheless, research over the last two decades has increasingly shown that 

snoRNAs have novel functions and targets spanning beyond those mentioned so far. For 

example, in addition to rRNAs, tRNAs have been found to be subject to snoRNA-guided 

modifications as well, and it has been suggested that mRNAs undergo the same process63–

65. Alternatively, two C/D box snoRNAs in yeast have been shown to guide 18S rRNA 

acetylation by the cytidine acetyltransferase Kre3366. This suggests the existence of non-
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canonical snoRNPs, since C/D and H/ACA box snoRNAs respectively associate with FBL 

and DKC1, neither of which have known acetyltransferase functions62.  

Many of the proposed non-canonical snoRNA functions are of a regulatory kind, although 

the precise mechanisms are sometimes unclear. For instance, snoRNAs can function as a 

pool for the generation of snoRNA-derived miRNAs, and this has been shown to provide 

a level of indirect regulation for Sortin-Nexin 27 expression in the case of the human U3 

snoRNA41. SNORD50A has been shown to regulate mRNA 3’ processing by modulating 

FIP1 interactions within the 3′ polyadenylation complex67. SNORD27 has been 

demonstrated to regulate alternative splicing of several genes, including the E2F7 

transcription factor, likely by competing with spliceosomal snRNAs68. In addition, 

SNORD115 has been shown to mediate alternative splicing of serotonin receptor 5-HT2c 

(HTR2C) pre-mRNA69–71. Interestingly, one study suggested that this may regulate the 

expression of miRNAs hosted by the HTR2C gene72. Experiments in yeast have shown that 

snoRNAs can modulate ribosomal activity in a stress-dependent manner through direct 

binding to ribosome-associated RNAs73. In vitro analyses of Drosophila melanogaster 

(fruit fly) chromatin extracts and cultured cells have demonstrated that snoRNAs, 

together with Decondensation factor 31 (Df31), contribute to an open chromatin state74. 

Studies of murine snoRNAs encoded by the Rpl13a gene have demonstrated regulatory 

roles for snoRNAs in metabolic pathways through yet unknown cytoplasmic mechanisms. 

These snoRNAs have been shown to regulate lipotoxic and oxidative stress and glucose 

metabolism in a manner that is independent of rRNA modification75–77. Furthermore, two 

other snoRNAs, snoRNA U60 and U17, have been shown to regulate intracellular 

cholesterol trafficking; for U60 the mechanism was only shown to be independent of rRNA 

methylation, while U17 was shown to regulate intracellular cholesterol trafficking by 

affecting HUMMR mRNA stability through direct binding78,79. Recently, snoRNAs have 

been proposed to indirectly self-regulate their expression through active export of 

snoRNAs in the form of lariats to the cytosol80. Indirect self-regulation has also been 

proposed to occur through yet unknown compensatory mechanisms between the C/D and 

H/ACA box snoRNAs, exemplified by the finding that decreased H/ACA snoRNA 

expression upon DKC1 ablation in mouse livers leads to increased C/D box snoRNA 

expression81. Intriguingly, circulating snoRNAs in extracellular vesicles have been shown 

to direct 2′-O-methylation in distant liver and intestinal tissue in mice, demonstrating a 

role for snoRNAs as messengers in cell-cell communication82. Lastly, snoRNAs are able to 
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directly interact with cytosolic proteins, as has been shown for K-RAS and the TRIM21-

GMPS complex83,84. What is especially interesting is that some of the snoRNAs implicated 

in these non-canonical roles do have known rRNA target sites, demonstrating that one 

snoRNA can simultaneously operate canonically and non-canonically in the cell67,68,75–78. 

The above studies show that snoRNAs have more diverse functional modes in the cell than 

initially anticipated.  

2.3 SnoRNAs in control of stemness, cell proliferation and differentiation  

Since this writing assignment will focus on the snoRNA biology of human development 

and childhood disease, an introduction to the snoRNA biology of stemness, proliferation, 

differentiation, and development is in place. 

It is becoming increasingly clear that snoRNAs contribute to stemness – the property of 

stem cells to self-renew and remain in an undifferentiated state85. For example, 63 

snoRNAs have been found differentially expressed in senescent human bone marrow 

mesenchymal stem cells (hBSMCs) compared to low passage hBMSCs. This may indicate 

that some snoRNAs have a function in maintaining stemness86. Indeed, overexpression of 

SNORA7A has been shown to enhance the self-renewal capability of primary human 

umbilical cord mesenchymal stem cells (hUMSCs) in a snoRNP-dependent manner87. 

Accordingly, overexpression of SNORA7A in hUMSCs was shown to inhibit osteogenic 

differentiation whereas knockdown of SNORA7A was shown to promote osteogenic 

differentiation. These findings are consistent with a previous report which demonstrated 

that H/ACA snoRNPs can act as transcriptional co-activators of stemness-related genes88. 

Studies of the human ortholog of the D. melanogaster snoRNA jouvence, h-jou, have 

demonstrated that h-jou overexpression leads to increased proliferation of primary 

human vein umbilical cord stem cells (USCs)89. Conversely, small-interfering RNA -

mediated knockdown of h-jou was shown to decrease the proliferation of USCs. Further 

transcriptomic analyses indicated that h-jou overexpression was correlated with an 

increased expression of dedifferentiation-associated genes in HCT116 cancer cells. These 

experiments therefore suggest that h-jou may contribute to stemness by inhibiting 

differentiation and by enhancing self-renewal. Interestingly, small ncRNA sequencing has 

revealed that snoRNAs are among the most highly expressed ncRNAs present in 

extracellular vesicles secreted by human pluripotent stem cells, hinting at a role for 
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snoRNAs in maintaining the stem cell niche or in lineage commitment90. Extracellular 

vesicles containing snoRNAs have been found in D. melanogaster as well91. Since D. 

melanogaster and humans diverged approximately 700 million years ago, this may 

suggest a conserved role for snoRNAs in cell-cell communication92.  

Other studies have focused on profiling snoRNA expression during cellular differentiation 

and proliferation. For instance, using an optimized RNA-seq analysis pipeline for the 

detection of small ncRNAs, Warner et al. showed that snoRNAs exhibit developmentally 

regulated expression patterns during hematopoiesis93. Accordingly, it has been 

demonstrated that snoRNAs are differentially expressed in macrophages undergoing 

terminal differentiation into polarized subtypes94. SnoRNAs are also differentially 

expressed during the differentiation of human induced pluripotent stem cells into 

hepatocyte-like cells95. Several reports have highlighted the potential role of snoRNAs in 

neuronal differentiation. For example, Skreka et al. have shown that eight C/D box 

snoRNAs are differentially expressed during differentiation of mouse embryonic stem 

cells (mESCs) into neuronal cells, which notably also includes a proliferative phase96. 

Another study focused on differential H/ACA snoRNA expression using two independent 

RNA-expression methods (small RNA-seq and NanoString nCounter), and similarly 

revealed that H/ACA snoRNAs are differentially expressed in mESCs undergoing retinoic-

acid -induced neuronal differentiation. Interestingly, the study by Skreka et al. reported a 

~100-fold change in expression of SNORD115 during neuronal differentiation, which is 

consistent with a more recent study demonstrating that SNORD115 expression increases 

during neuronal differentiation and is associated with changes in alternative splicing of 

serotonin receptor 5-HT2c pre-mRNA71. Lastly, the expression of SNORD126 has been 

shown to increase in primary human adipose-derived stem cells differentiating into pre-

adipocytes97. Additionally, overexpression of SNORD126 in mouse pre-adipocyte 3T3-L1 

cells was shown to stimulate mitotic clonal expansion and differentiation. 

These examples demonstrate that snoRNAs are involved in the development of cell 

identity. Further investigations of snoRNAs in stemness, proliferation and differentiation 

are required to obtain a better functional and mechanistic understanding of the snoRNA 

biology underlying these processes. 
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2.3.1 Lessons from flies, frogs, fish, and mice 

Since developmental studies in model organisms essentially represent a model for cells 

collectively committing to differentiation and proliferation, such studies can also 

indirectly inform on the importance of snoRNAs in these processes. Of note, compared to 

other model organisms such as yeast and plants, D. melanogaster snoRNAs have a genomic 

organization that is highly similar to that of human snoRNAs50. Studies on snoRNAs in 

model organisms have mostly focused on levels of snoRNA expression and rRNA 

modifications during development, specifically 2′-O-methylation. For example, ribose 

methylation sequencing (Ribo-MethSeq) in Xaenopus laevis (frog) has shown that specific 

rRNA residues are differentially methylated during embryonal development, likely as a 

result of fluctuating snoRNA expression levels98. Furthermore, Ribo-MethSeq in Danerio 

rerio (zebrafish) has shown that 7 rRNA sites become increasingly methylated during 

development compared to 82 sites showing an invariable methylation pattern. This 

correlated with the expression of the 7 corresponding snoRNAs99. A comprehensive study 

in mouse employed Ribo-MethSeq to compare rRNA methylation levels between 

developing and adult tissues100. Interestingly, this revealed three distinct rRNA 

methylation patterns during brain development: increased, slightly increased, or 

decreased methylation. Additionally, rRNA methylation levels were generally lower in the 

developing tissues than in adult tissues, where residues are fully or close to fully 

methylated. The study further focused on SNORD78, which is encoded by the gas5 gene, 

and demonstrated that decreasing SNORD78 expression during brain development 

correlates with decreasing methylation of its corresponding rRNA site. Lastly, snoRNAs 

have been shown to be dynamically expressed during development from embryo to adult 

in D. melanogaster and the nematode Caenorhabditis elegans, further pointing towards a 

role for snoRNAs in developmental processes such as differentiation101,102. Additional 

studies on snoRNA-guided pseudouridylation will be necessary to complement our 

current knowledge on the rRNA modification landscape during development. This has 

been made possible by the development of sequencing methods that allow transcriptome-

wide assessment of pseudouridylated RNA moieties64,103,104. 

Functional studies have investigated changes in development or proliferation upon 

snoRNA perturbation. For example, knockdown of the U26, U44 or U78 C/D box snoRNAs 

in D. rerio has been demonstrated to result in severe developmental defects and 
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embryonic lethality105. Of note, knockdown of these snoRNAs was shown to lead to 

reduced rRNA methylation levels at the corresponding sites. In addition, excision of 16 

snoRNAs encoded within the Uhg1 locus in D. melanogaster was shown to result in delays 

in larval development106. Furthermore, deletion of the recently identified D. melanogaster 

snoRNA jouvence has been shown to increase the proliferation of enterocytes in young 

flies, which could be rescued by re-expressing the jouvence snoRNA107. Although 

undemonstrative of developmental changes, one study has demonstrated that the H/ACA 

box snoRNA U17 regulates intracellular cholesterol trafficking in vivo in post-natal 

developing mouse ovaries, affecting levels of pregnenolone and progesterone which in 

turn are important for ovarian development79. Related to a role for snoRNAs in female 

sexual development, three SNORD12 family members encoded in the Zfas1 gene have 

been shown to be differentially expressed in developing mouse mammary gland tissue108. 

Moreover, the SNORD12 family members were differentially expressed in HC11 murine 

mammary epithelial cells stimulated for proliferation and differentiation.  

Importantly, regulation of snoRNA expression during developmental processes appears 

to be tightly controlled. For instance, chromatin immunoprecipitation experiments in D. 

melanogaster have shown that the Myc proto-oncogene, an essential transcription factor 

during vertebrate development, directly regulates many snoRNAs encoded in translation-

associated HGs106. Alternatively, snoRNA expression can be uncoupled from HG 

expression during development, for example through alternative splicing or by 

differences in structural stability between snoRNA family members100,101,108,109. Such 

regulatory mechanisms further strengthen the notion that snoRNAs play important roles 

during developmental processes. 

The discussed studies in model organisms, together with the studies in the human context, 

collectively indicate that deregulated expression of snoRNAs may negatively affect 

stemness, proliferation and differentiation, promoting malignant phenotypes. In addition, 

model organisms provide powerful systems to directly study stemness, differentiation 

and proliferation and should be harnessed to leverage our understanding of human 

snoRNA biology.  
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3. SnoRNAs in human developmental disorders 

It has become clear from the above studies in model organisms that snoRNAs appear to 

have critical functions in development. If and how snoRNAs contribute to developmental 

disorders will be the focus of this chapter. First, non-malignant developmental disorders 

will be discussed. Since we have also seen that snoRNAs are implicated in cellular 

programs commonly affected in cancers (i.e., stemness, differentiation, proliferation), 

pediatric malignancies will be considered in the second and last part of this chapter.  

3.1 SnoRNAs in non-malignant developmental disorders 

For this writing assignment, developmental disorders will be defined as diseases where 

defects in development result in health deficits that present at birth or that may start to 

appear during infancy. In essence, development starts at the moment a female oocyte is 

fertilized by male sperm and thus when two sets of chromosomes combine. In this regard, 

certain hereditary disorders can also be regarded as developmental disorders. The best-

studied non-malignant developmental disorders in terms of snoRNA biology are 

Dyskeratosis Congenita (DC) and Prader-Willi syndrome. 

3.1.1 Dyskeratosis Congenita 

DC is a hereditary congenital disorder in which patients typically present with oral 

lesions, abnormal skin pigmentation and dysplastic finger- and toenail growth110. More 

importantly, DC patients are predisposed to develop liver and pulmonary disease, solid 

tumors, hematological malignancies and bone marrow failure110. Approximately 12% of 

patients do not make it past age 20, with bone marrow failure still being the primary cause 

of death110,111. The X-linked form of DC (X-DC) is primarily caused by missense mutations 

in the coding sequence of DKC1, which alongside its role as the pseudouridine synthase in 

the H/ACA snoRNP, is part of the telomerase H/ACA RNP through association with the 

H/ACA motif in human telomerase RNA component (TERC)112–114. The autosomal 

recessive variant of DC is associated with mutations in other H/ACA snoRNP components 

that are also part of the telomerase H/ACA RNP, including NOP10 and NHP2115,116. 

Mutations in the telomerase H/ACA RNP components lead to reduced telomerase activity, 

assembly and stability, which contribute to the premature shortening of telomeres 

thought to underlie the DC phenotype117–120. The fact that H/ACA snoRNP components are 
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mutated in DC suggests that in addition to impairing telomerase function, these mutations 

may contribute to the DC phenotype by affecting rRNA pseudouridylation through 

impaired H/ACA snoRNP functioning. Indeed, further supporting this hypothesis is the 

observation that mutations affecting the catalytic pseudouridylation domain of DKC1 

result in a more severe phenotype in a subtype of DC called the Hoyeraal-Hreidarsson 

(HH) syndrome111. Although the precise functions of snoRNAs in (X-)DC remain elusive, 

many efforts have been made to elucidate the contribution of snoRNAs and post-

transcriptional rRNA modifications to DC. 

From 1999 to 2011, four studies reported on the link between DKC1 mutations, snoRNA 

expression, and rRNA pseudouridylation in patient X-DC cells. Collectively these studies 

showed that snoRNA expression and rRNA pseudouridylation are not altered in patient 

X-DC cells, although the number of snoRNAs analyzed was limited to three to four 

snoRNAs114,119,121,122. However, later studies in mice contrasted these findings. For 

example, it was shown that a hypomorphic Dkc1 allele phenocopies human X-DC 

symptoms in early mouse generations and results in a 10-40% reduction in 

pseudouridylation of 18S and 28S rRNA in primary lymphocytes. In contrast, telomere 

lengths remained unchanged, suggesting that the phenotype was due to decreased rRNA 

pseudouridylation123. However, it was unclear whether the observed decrease in rRNA 

pseudouridylation was due to decreased Dkc1 catalytic activity, altered H/ACA snoRNA 

expression, or both. Of note, mice form an interesting model to study the role of snoRNAs 

and rRNA modifications in X-DC. They have significantly longer telomeres than humans 

and as a result are not affected by telomerase defects until after several generations. 

Therefore, any X-DC symptoms observed in earlier generations are more likely to be the 

result of defects in snoRNA expression and rRNA modifications123–125. Further mouse 

studies by Mason and colleagues continued to shed light on the role of snoRNAs in X-DC. 

Using mouse embryonic stem (ES) cells harboring the human A353V or G402E mutations 

in Dkc1, they demonstrated that the expression of 10 H/ACA snoRNAs was variably 

affected depending on the Dkc1 mutation120. In addition, both mutations resulted in 

decreased total pseudouridylation of 18S and 28S rRNA. Furthermore, it was shown that 

lysates from A353V mutant ES cells displayed a reduced capacity to pseudouridylate a 

28S rRNA target site corresponding to one of the snoRNAs that was downregulated in 

these cells. Interestingly, while both the A353V and G402E mutations affected snoRNA 

expression and rRNA pseudouridylation, telomere lengths and telomerase function were 
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affected only in the A353V mutant. This would imply that in G402E mutant mice, DC 

symptoms can arise due to defects in rRNA pseudouridylation and snoRNA expression 

independent of telomere defects,  given the G402E mutation is associated with clinical 

symptoms in humans112. However, it was later shown that the G402E mutation does not 

recapitulate X-DC symptoms in mice, possibly due to structural differences between the 

human and mouse Dkc1 enzymes124. Mason and colleagues attempted to generate an X-

DC model with mice harboring a Dkc1 mutant lacking exon 15 (Dkc1∆15)126. Although 

this mutation also failed to phenocopy the disease, they observed that ES cells derived 

from these mice showed a decreased expression of two out of the six snoRNAs examined. 

Analysis of the distribution of wild type versus mutant cells in the hematopoietic tissues 

of heterozygous female mice revealed that the mutant cells had a proliferative 

disadvantage. While the authors reported that this phenotype was dependent on the 

association of Dkc1∆15 with active telomerase, no controls were included to exclude the 

contribution of aberrant snoRNA expression or rRNA pseudouridylation to this 

phenotype.  

Thus, to summarize the mouse studies on snoRNAs in X-DC: first, attempts to phenocopy 

X-DC in mice by introducing human DKC1 mutations have not yet been successful, which 

makes it challenging to study the exact contribution of snoRNAs to X-DC. Second, the 

studies in mice contrast the earlier studies done with patient X-DC cells, demonstrating 

that cells with DKC1 mutations do in fact display altered levels of snoRNA expression and 

rRNA pseudouridylation defects. Indeed, these findings have been further corroborated 

in three studies using human X-DC cells and which employed more sensitive methods for 

the detection of rRNA pseudouridylation differences.  

In one study, Taoka et al. mapped the complete landscape of rRNA modifications in the 

human ribosome52. Using quantitative mass spectrometry, they measured the relative 

abundance of rRNA pseudouridylation in primary cells from 7- to 19-year-old X-DC 

patients with four distinct DKC1 mutations (delL37, T66A, A353V or A386T) and 

compared it to unaffected cells from relatives. In all four mutational backgrounds two 

sites in the 28S rRNA were found to have decreased pseudouridylation levels. However, 

the expression of the corresponding snoRNAs was not investigated. Indeed, one shortfall 

of the X-DC studies discussed so far is that although reductions in rRNA pseudouridylation 

levels have been reported in cells with mutations in DKC1, it is unknown whether this is 
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due to altered activity of DKC1, decreased H/ACA snoRNA expression or both. A study by 

Bellodi et al. provided more insight on this front by analyzing a larger panel of snoRNAs 

and by quantifying pseudouridylation levels at corresponding 18S rRNA sites using mass 

spectrometry127. In primary cells from X-DC patients with four distinct mutational 

backgrounds (delL37, T66A, A386T, or c.-141C>G), it was demonstrated that the 

expression of 27 H/ACA snoRNAs was generally decreased, and for 12 of these snoRNAs 

a reduction in 18S rRNA pseudouridylation was observed at their corresponding target 

sites. Notably, two scaRNAs that are involved in the post-transcriptional modification of 

spliceosomal snRNAs were consistently downregulated across three mutational 

backgrounds and two different tissues. This suggests that snRNAs with aberrant post-

transcriptional modification levels may also contribute to X-DC. 

While the precise roles of snoRNAs in the X-linked form of DC remain unclear, a recent 

landmark study by Nachmani et al. proposes a mechanistic explanation for the 

contribution of C/D box snoRNAs to a form of DC characterized by NPM1 mutations128. It 

was shown that mutant NPM1, as part of a C/D box snoRNP complex, has a reduced 

capacity to bind C/D box snoRNAs leading to reduced 2’-O-Methylation in 28S rRNA at 

five specific sites. This was shown to impair ribosomal function, ultimately resulting in 

hematopoietic deficiencies characteristic of DC. Importantly, NPM1 mutant mice perfectly 

recapitulated DC symptoms. Interestingly, this study also highlighted the possibility of 

non-canonical C/D box snoRNP complexes. Thus, aberrant post-transcriptional rRNA 

modifications guided by snoRNAs appear to be common players in both X-linked and non 

-X-linked forms of DC. 

3.1.2 Prader-Willi syndrome 

A well-characterized developmental disease in terms of snoRNA biology is Prader-Willi 

syndrome (PWS). PWS is a congenital hereditary disorder in which affected infants 

present with a wide range of symptoms throughout development, including intellectual 

disabilities, behavioral problems, hypogonadism, reduced growth hormone levels, 

decreased muscle tone, and a high risk of developing obesity129. At the genetic level, 

around 65-75% of PWS cases are characterized by (micro)deletions in the paternal 

15q11-q13 locus130. Among other genes, this locus harbors the SNURF-SNRPN gene, which 

hosts six individually encoded C/D box snoRNAs as well as two C/D box snoRNA clusters, 
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SNORD116 (29 copies) and SNORD115 (48 copies)131. Interestingly, the expression of 

these snoRNAs is the highest in the brain when compared across 20 human tissues, which 

favors a model where loss of these snoRNAs contributes to the mental impairments seen 

in PWS patients132. Indeed, genetic analyses of patients with microdeletions affecting 

specific snoRNAs in 15q11-q13 has already provided clues for the significance of snoRNAs 

in PWS. For example, SNORD115 has already been excluded as a candidate gene 

contributing to PWS, as familial analysis has demonstrated that loss of the SNORD115 

cluster alone does not result in PWS133,134. This is in contrast to what other studies have 

suggested, as SNORD115 and its processing products were shown to regulate alternative 

splicing of 5-HTC2 serotonin receptor pre-mRNA and serotonergic deregulation has been 

implicated in the PWS pathology135–137. However, it was later shown that alternative 

splicing of 5-HT2C pre-mRNA is not altered in C57L/6J mice lacking a paternal SNORD115 

allele138. Moreover, loss of SNORD115 alone in mice does not cause any PWS symptoms, 

thus confirming the initial findings in humans138. Thus, SNORD115 involvement in PWS is 

highly unlikely. It should be noted that PWS mouse models are reliable for studying the 

contribution of each gene from the paternal 15q11-q13 locus. This is exemplified by the 

fact that mice lacking paternal expression of the ‘PWS region’ of genes in 15q11-q13, 

which include the snoRNAs, suffer from postnatal PWS symptoms similar to humans, 

although loss of the locus in mice is associated with lethality approximately one week 

after birth139.  

The snoRNA cluster upstream of SNORD115, SNORD116, holds more promise to be an 

important contributor to PWS. Several studies from families and in mice have provided 

strong evidence that SNORD116 snoRNAs are major, if not causative, factors contributing 

to PWS. The most conclusive of these reports are three case studies of patients with 

microdeletions involving the paternal SNORD116 allele140–142. These patients displayed 

many of the major PWS symptoms, including decreased muscle tone, obesity and 

hypogonadism. Unsurprisingly, then, the role of SNORD116 in PWS has also been 

extensively investigated in mice (reviewed in)143. Key examples are two independent 

mouse models, Snord116del and PWScrm+/p-, where the paternal SNORD116 allele was 

deleted without affecting the expression of the surrounding genes144,145. Indeed, 

Snord116del mice showed a phenotype that was in good agreement with that of PWS in 

humans, while the PWScrm+/p- model resulted only in severe growth retardation. How 

SNORD116 could contribute to PWS remained elusive up until 2021, as there had been no 
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known targets sites for the snoRNAs of this cluster. Through a phylogenetic analysis of 

SNORD116 sequences across 16 mammalian species, Baldini et al. revealed the mRNAs of 

Neuroligin 3 (Nlgn3), Diacylglycerol kinase kappa (Dgkk) and Round spermatid basic 

protein 1 like (Rsbn1l) as potential targets for SNORD116 snoRNAs131. Knocking down 

SNORD116 in HeLa S3 cells was shown to increase the mRNA expression of these genes. 

Interestingly, increased exon 3 inclusion was also observed in the case of Nlgn3, which 

was further confirmed in a vector-based splicing assay. Thus, a possible function for 

SNORD116 in PWS could be that loss of SNORD116 contributes to aberrant mRNA 

expression of not one but multiple targets, and that it increases exclusion of exon 3 of 

Nlgn3. It will be interesting to see if this hypothesis holds true in Snord116del and 

PWScrm+/p PWS mouse models.  

In summary, the aforementioned studies have made it abundantly clear that the 

SNORD116 cluster, but not the SNORD115 cluster, is a major contributor to PWS. 

3.2 Pediatric cancer as a developmental disorder 

Since cancers can arise as early as infancy (<1 year), it is not hard to imagine that 

mutations causing or predisposing infants and children to cancer already accumulate in 

utero. In this sense, childhood malignancies could be understood as developmental 

disorders. There is considerable evidence supporting this view (reviewed extensively by 

Marshall et al.)146. The most notable examples of pediatric cancers that are thought to 

have origins during in utero development are neuroblastoma, B-lineage acute 

lymphoblastic leukemia (B-ALL), medulloblastoma (cancer of the cerebellum) and 

myeloid leukemia in Down syndrome patients146. Convincing evidence comes from 

studies on pediatric leukemias where genetic tracing of leukemic cells in monozygotic 

twins can reveal clonal origins of mutations147. For example, by using whole genome 

sequencing of two twin pairs with concordant ALL, Ma et al. showed that twin pairs had a 

number of shared ‘first hit’ leukemic mutations, including the prevalent ETV6-RUNX1 

fusion148. These were distinct from the ‘secondary hit’ mutations identified in each 

individual twin. Tracing fusion genes provides a good measure for clonality since the 

breakpoints are highly variable in unrelated patients despite a functionally similar fusion 

gene product147. However, it should be noted that such studies still rest on the assumption 

that leukemic mutations shared between twins arise in utero and are not obtained 
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through germline transmission from the parent. Another notable example are the 

retinoblastomas, where RB gene inactivation required for tumorigenesis is thought to 

occur during retinal progenitor cell proliferation, which only occurs during the fetal 

stages of development149. Consistent with this model, retinoblastomas have been 

diagnosed in premature twin babies150. These examples show that childhood 

malignancies can be considered as developmental diseases.  

3.3 SnoRNAs in pediatric cancer 

In 2017, a seminal systematic pan-cancer analysis of 10.000 cancer samples revealed that 

snoRNA expression is deregulated in 31 cancer types151. Although some functional 

insights had already been obtained with regards to the involvement of snoRNAs in various 

cancer types, this study revealed that deregulated snoRNA biology may play a more 

ubiquitous role in cancers than initially anticipated151. Indeed, there is currently a 

growing body of literature on the expression and functional characterization of snoRNAs 

in cancers. Wu et al. systematically reviewed all snoRNA-associated phenotypes observed 

in functional and mechanistical studies across 14 cancer types and found that deregulated 

snoRNA expression is functionally associated with nine cancer biology themes, including 

self-renewal, proliferation and migration152. In spite of this surge in snoRNA studies, there 

have been only few studies specifically aimed at investigating the roles of snoRNAs in 

pediatric cancers, and the 2017 pan-cancer snoRNA expression analysis did not stratify 

snoRNA expression profiles by age151. Of note, the distinction between adult and pediatric 

cancer is a necessary one, given how different the mutational backgrounds are; pediatric 

cancers are characterized by an estimated 14-fold lower mutational burden than cancers 

affecting adults, and therefore the underlying pathology should be regarded separate 

from adults153. 

Currently there are three studies that have directly investigated snoRNAs in pediatric 

cancers. In one study, gene regulatory network analysis of expression profiling cohorts of 

high-risk pediatric and adult acute myeloid leukemias (AML) revealed that three RNA 

binding proteins are upregulated and interact with 103 upregulated RNA targets, three of 

which were snoRNAs154. However, this was only found in the adult high-risk AML cohort. 

This finding highlights that even on the ncRNA level, pediatric and adult forms of AML are 

likely to be molecularly distinct154. Another study performed a genome-wide small ncRNA 
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profiling screen of 14 pediatric high-grade gliomas (brain tumors) and identified 118 

upregulated snoRNAs and 39 snoRNAs that were downregulated155. Interestingly, the 

latter group included 36 snoRNAs from the SNORD115 cluster, which showed distinct 

expression profiles depending on H3F3A and TP53 mutational status. Finally, deep RNA 

sequencing of 20 neuroblastoma (a childhood brain cancer) samples with or without 

MYCN amplification showed that, surprisingly, snoRNAs were the second-most abundant 

transcript class next to mRNAs156. In addition, snoRNAs were among the differentially 

regulated genes that could stratify the neuroblastoma samples by MYCN amplification 

status and, except for one sample, by MYCN-associated survival. Furthermore, three 

snoRNAs (SNORA76, SNORD6, SNORD77) were identified as potential MYCN targets, 

suggesting a yet unknown regulatory axis between MYCN and these snoRNAs156.  

4. Conclusion 

SnoRNAs are a class of small ncRNA molecules whose canonical role as guiders of post-

transcriptional rRNA modifications became apparent throughout the late 20th century. 

Intriguingly, it has become clear that snoRNAs may adopt roles in the cell that span 

beyond the modification of rRNAs, ranging from the regulation of alternative splicing to 

mediating open chromatin states, and, even further, cell-cell communication. Such 

alternative modes of snoRNA functioning should be considered in future investigations of 

snoRNAs. Moreover, there may be diseases related to these non-canonical functions 

where snoRNAs have still been poorly investigated. For example, the findings that 

snoRNAs can regulate intracellular cholesterol trafficking and glucose metabolism 

suggest that snoRNAs may have a role in certain metabolic disorders, such as type 2 

diabetes75,78,79,157.  

The discussed studies in model organisms have indicated that snoRNAs are tightly 

involved in organismal development, suggesting that deregulation of snoRNAs can 

contribute to human developmental disorders. Indeed, snoRNAs are among the main 

molecular targets of investigation in the childhood developmental disorders DC and PWS. 

Loss of SNORD116 is likely the primary factor underlying PWS, whereas the role of 

deregulated snoRNAs in DC appears more accessory. It has also become clear that 

snoRNAs are involved in the cellular programs commonly affected in cancer, including 

stemness, differentiation, and proliferation. However, despite the fact that snoRNAs have 

been broadly investigated in cancers affecting adults, research aimed at investigating the 
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role of snoRNAs in pediatric cancers is still at an immature stage. Differences in the 

molecular pathology between pediatric and adult cancers call for a separate approach to 

investigate this group of patients, which will hopefully pave the way to the discovery of 

novel therapeutic targets.  
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