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Abstract: In the past decade, RNA fragments derived from full length small nucleolar RNAs (snoR-
NAs) have been shown to be specifically excised and functional. These sno-derived RNAs (sdRNAs)
have been implicated as gene regulators in a multitude of cancers, controlling a variety of genes
post-transcriptionally via association with the RNA-induced silencing complex (RISC). In this re-
view, we have summarized the literature connecting sdRNAs to cancer gene regulation. SARNAs
possess miRNA-like functions, and are able to fill the role of tumor-suppressor or tumor-promoter
in a tissue context-dependent manner. Indeed, there are many miRNAs that are actually derived
from snoRNA transcripts, meaning that they are truly sdRNAs and as such are included in this
review. As sdRNAs are frequently discarded from ncRNA analyses, we emphasize that sdRNAs are
functionally relevant gene regulators and likely represent an overlooked subclass of miRNAs. Based
on the evidence provided by the papers reviewed here, we propose that siRNAs deserve more
extensive study to better understand their underlying biology and to identify previously overlooked
biomarkers and therapeutic targets for a multitude of human cancers.
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1. Introduction

Until the first association of microRNA (miRNA) dysregulation and cancer in 2002,
noncoding RNAs (ncRNA) in cancer were largely disregarded by many as “junk RNA”
or transcriptional noise!’. miRNAs are ~22 nucleotide (nt) long small RNAs which form
part of the RNA Induced Silencing Complex (RISC) and suppress messenger RNA expres-
sion through miRNA-mRNA sequence complementarity. The pathway in which miRNA
facilitates post-transcriptional gene suppression of target mRNA is formally known as
RNA interference (RNAi). Elucidation of this RNAi pathway afforded the scientific com-
munity with a broader understanding of the existence of short ncRNA species and their
relevance with respect to regulation of protein coding gene expression, including tumor
suppressor genes in the context of human cancer. While a plethora of studies confirmed
roles for dysregulated miRNAs in cancer, others wondered if additional short ncRNA
species with distinct functions could similarly arise from full-length ncRNA transcripts.
In 2008, Kawaiji et al performed an unbiased investigation of small RNA sequencing data
obtained from HepG2 cells. In this study, miRNA-like fragments were aligned to the hu-
man genome? which resulted in the first ever characterization of noncoding-derived RNA
(ndRNA) excised from other full length ncRNAs including transfer RNA, ribosomal RNA,
and small nucleolar RNA (snoRNA). Similar to miRNAs, many of the observed ndRNA
species were initially disregarded as degradation products or transcriptional noise and
were assumed to lack functional purpose. However, many studies have since demon-
strated that ndRNAs can be specifically excised from longer ncRNA species and can exert
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microRNA-like regulatory function on target genes. This distinguishes ndRNAs from the
canonical roles of the longer transcripts from which they were derived. That said, annota-
tion of these novel ndRNAs supports the belief that the human ncRNA regulatory net-
work is vastly larger than currently appreciated. Moreover, expansion of the repertoire of
tractable ncRNA targets for biomarker detection and drug discovery to include the emerg-
ing classes of ndRNAs is imperative. Clinical recognition of ndRNAs which possess com-
parable roles in gene regulation and disease pathogenesis to miRNAs will expand our
collection of diagnostic markers. This will hopefully contribute to earlier disease detection
and thereby confer improved clinical outcomes.

2. snoRNA function

One class of ncRNA found to give rise to functional ndRNAs is the snoRNA. SnoR-
NAs constitute a class of ncRNA which can be further divided into two main subgroups:
C/D box and H/ACA box snoRNAS3. These snoRNA are grouped based on the type of
chemical modification that they confer onto ribosomal RNA (rRNAs). That is, C/D Box
snoRNA functions to guide 2’-o-ribose methylation of rRNAs*®; whereas, H/ACA box
snoRNA characteristically pseudouridylate rRNA”-°. In order for snoRNAs to exert their
function on rRNAs, the formation of a sno-ribonucleoprotein (snoRNP) between snoRNA
and small nucloeolar proteins (SNP) is required. For example, the SNP dyskerin binds
H/ACA box snoRNAs and the SNP fibrillarin binds C/D box snoRNAs. Erroneous expres-
sion and/or activity of either of these classes of snoRNA have been extensively linked to
tumorigenesis. However, reports have implied that several proteins comprising the
snoRNP are required for the biogenesis of distinct species of sdRNA.
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3. sdRNA Biogenesis
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Figure 1: sdRNA biogenesis and function.

Figure 1. sdRNA biogenesis and function. Biogenesis of Argonaute 2 (AGO2)-associating sno-
derived RNAs (sdRNAs) Full length small-nucleolar RNAs (snoRNAs) are generated either as
products of transcription or splicing-'*. snoRNAs produced by transcription can give rise to mi-
croRNA-like sdRNAs which are specifically excised from parent snoRNA transcripts by employ-
ment of the classical microRNA (miRNA) processing pathway. This occurs by processing of parent
snoRNAs into smaller transcripts by the microprocessor complex which consists of Drosha Ribonu-
clease III (DROSHA) and DiGeorge syndrome critical region 8 (DGCRS8). The intermediate snoRNA
then undergoes cytoplasmic exportation via exportin 5( XPO5). Following this, the smaller cytoplas-
mic snoRNA is processed by Dicer RNase IIl endonuclease (DICER) to generate the mature sdRNA
which associates with AGO2, leading to the formation of the RNA-induced Silencing complex
(RISC). Similar to miRNAs, these sdRNAs function in post-transcriptional gene suppression by an-
tisense binding to target mRNA transcripts within RISC®. That said, snoRNAs produced by splicing
can also enter the classical miRNA processing pathway. Spliced snoRNAs however can bypass pro-
cessing from DROSHA/DGCRS and/or DICER as a result of trafficking to the nucleolus and subse-
quent processing by the fibrillarin complex followed by cytoplasmic export via a transporter be-
longing to the Exportin (XPO) family of proteins'®. Biogenesis of PIWI-associated RNA (piRNA)
like sdRNAs Spliced snoRNAs which arrive at the nucleolus for fibrillarin processing can be traf-
ficked into Yb bodies via Nuclear RNA Export Factor (NXF1)/ Nuclear Transport Factor 2 Like Ex-
port Factor 1 (NXT1) where the 3’ end is cleaved by Zucchini (ZUC) and subsequently degraded.
The remaining transcript is processed further within the Yb body by the papi-dependent trimmer.
Following this, HEN1 double-stranded RNA binding protein binds at the 3" end of the transcript
where it adds a methyl group, generating a mature piRNA/PIWI complex which is exported to the
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cytoplasm. This piRNA/PIWI complex can then be shuttled back into the nucleus where it functions
to inhibit transcription'®17.

3.1. Canonical Biogenesis

Despite requiring the existence of a parental snoRNA for sdRNA biogenesis, the tran-
scriptional abundance of any given sdRNA and its corresponding parent snoRNA are
largely unrelated's. SnoRNAs are approximately 100-300 nt in length and primarily arise
from intronic transcripts produced by splicing mechanisms!>-4!1°. However, there is evi-
dence supporting that correct expression and cellular localization of H/ACA snoRNA are
mediated by RNA polymerase II dependent production of the snoRNA precursor, as is
the case for snoRNA U64!!. After generation of the parent snoRNA, processing and exci-
sion of the mature sdRNA is thought to primarily follow the classic microRNA biogenesis
pathway. That is, full length snoRNAs are processed into shorter transcripts by the micro-
processor complex composed of Drosha and DGCR-8, similar to the conversion of primary
microRNAs into precursor microRNAs?. Following this, the snoRNA fragment is ex-
ported from the nucleus into the cytoplasm via Exportin-5 in a RAN-GTP dependent man-
ner. Once in the cytoplasm, the snoRNA fragment is processed further by the enzyme
Dicer, yielding the mature sdRNA which can then associate with Argonaute-2 to form the
RNA Induced Silencing Complex (RISC)™>. At this point, the mature sdRNA functions as
a molecular guide, directing RISC to a target mRNA. Upon perfect complementary bind-
ing of the sdRNA to the target mRNA, RISC then cleaves the mRNA resulting in its deg-
radation. Alternatively, an imperfect binding of the sdRNA to the target results in a trans-
lational blockade wherein the presence of RISC impedes translation. While this sdRNA
processing mechanism is widely accepted as the primary pathway for sdRNA biogenesis,
there is evidence suggesting the existence of alternative mechanisms of sdRNA biogenesis
which function independently of the microprocessor complex and DICER.

3.2. Alternative siRNA Biogenesis

Recent reports have indicated that some sdRNA species can arise from a mechanism
independent of the microprocessor complex?. In lieu of the microprocessor complex, bio-
genesis of this particular sdRNA, derived from SNORD44, requires the presence of
NOP58 and fibrillarin, two proteins necessary for the formation of snoRNP. Others have
reported DICER independent production of miRNA-like sdRNAs?!. At this point the re-
maining processing events and functional implementation are identical to the canonical
biogenesis pathway for miRNA-like sdRNAs. Moreover, the production of piRNA-like
sdRNAs follows a distinct biogenesis pathway to which snoRNA transcripts are exported
to Yb bodies where the 3’ ends undergo enzymatic cleavage from Zucchini (ZUC), fol-
lowed by attachment of the PIWI domain to the 5 end. The intermediate piRNA-like
sdRNA is then further processed by Papi-dependent Trimmer and is trafficked to the cy-
toplasm then can re-enter the nucleus to suppress transcription'¢'”. That said, there may
be additional alternative pathways utilized in the biogenesis of sdRNAs which have not
been realized.

4. sdRNAs in Cancer

Considering the expanding role of sdRNAs in cancer and the growing scientific in-
terest surrounding them, we have provided a review of the existing literature highlighting
specific sdRNAs involved in malignant pathology. The sdRNAs presented here represent
the best studied sdRNAs to date. For convenience, Table 1 compiles these into a readily
available reference with key information about each sdRNA.

Previous reports?23, our own literature analysis, as well as a cursory in-house align-
ment of miRNAs to full-length snoRNAs collectively show that many ncRNA species cur-
rently defined as miRNAs are in fact sdRNAs. Since sdRNAs have been rapidly garnering
more scientific interest, it is important to retrospectively re-categorize these miRNAs as
the sdRNAs that they actually constitute. For this review, we have included several such
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sdRNAs that have an established role in cancer, regardless of whether the author at the
time referred to the ncRNA as a miRNA or sdRNA. Previous misidentification is reported
in Table 1, and each section figure shows the alignments of each of these “miRNAs” to
full length snoRNAs in the human genome when relevant. For clarity, we have attached
the prefix “sd/” to the beginning of the miRNA’s name to indicate that the miRNA is
snoRNA-derived.

Table 1. - “Summary of sdRNAs implicated in cancer”.

. , Annota )
sdRNA Sequenc: ;;;il){NA 73 :I?s;:;i tec.l as Cancer Expression Phe:flf(:gtpm Target Reference
miR?
sdRNAs Misannotated as Traditional miRNAs
I_fl)llzﬁzc Downregul Tumor-
. ated in AKT2 25
carcino suppressor
tumor
ma
5'- Downregul Tumor-
sd/miR-664a ACUGGCUAGGGAAAA SNORA36B Cervical ated in suppressor -Kit 37
(ENSG00000  UGAUUGGAU-3"::5- (ENSGO00000 Yes tumor
281696) UAUUCAUUUAUCCCC 222370) Cutaneo
AGCCUACA-3' us
squamo UPregulate Tumor- [FR? 8
us cell din Tumor promoter
carcino
ma
Downregul
Tumor
Pan.creat UNDETER  Tumor- FOXA2 -
ic MINED suppressor
Renal Downregul
sd/miR-1291 5'- SNORA2C Cell ated in Tumor- GLUT1 -
(ENSG00000 UGGCCCUGACUGAAG (ENSG00000 Yes Carcino Tumor SUPPressor
281842) ACCAGCAGU-3' 221491) ma
Downregul Tumor-
Prostate  ated in MED1 2
Tumor SUPPressor
Downregul Tumor- UNDET
Breast ated in suppressor ERMIN 30
metastases ED
sd/miR-1248 5- SNORAS1 Upregulate unpETER UNDET
(ENSG00000 ACCUUCUUGUAUAAG (ENSG00000 Yes Prostate . ERMIN 31
283958) CACUGUGCUAAA-3  221420) aggressive  MINED )
tumor
Colorect Upregulate Tumor- TBX1 "
sd/miR-3651 5'- SNORAS&4 al d in tumor promoter
(ENSG00000 CAUAGCCCGGUCGCU (ENSGO00000  Yes Downregul UNDET
281156) GGUACAUGA-3' 239183) Esophag o4 iri; UNDETER oV
eal MINED
tumor ED
5'- UNDETER UNDETER
GUUGGAGGAUGAAAG Yes  Breast \ED  MINED D B
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UACGGAGUGAU-3' :: 5'- Downregul UNDETER UNDET
UCACAAUGCUGACAC Gastric  ated in MINED ERMIN ks
UCAAACUGCUGAC-3' tumor ED
Lung™,
Breast*,
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sd/miR-768 SNORD71 Melano
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sd/hsa-sno- NA 29 Ne o ductal D‘;Vt‘:;lrieful UNDETER SITI\[ZE N
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> SNORD28 Upregulate Tumor-
sno-miR-28 AAUAGCAUGUUAGAG (ENSG00000 No  Breast din Tamor bromoter TAF9B u
UUCUGAUGG-3' 274544) P
> SNORD93 Upregulate Tumor-
sdRNA-93 GCCAAGGAUGAGAAC (ENSG00000 No Breast din Tumor promoter PIPOX %
UCUAAUCUGAUUU-3'  221740)
5'- SNORD19b
5%1112:- AUUACAAGAUCCAAC (ENSG00000 No  Prostate g}i’;eii“;f pTrzrr;‘;’trer CD44 e
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> SNORA24 Upregulate Tumor-
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sd/miR-140 CAGUGGUUUUACCCU . Downregul
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254324) CUAGACUGAAGCUCC Yo tumor ~ CUPPTESSOT - pp
UUGAGG-3'
sd/miR-215 5'- Binds Downregul Tumor )gif
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207590) ACAGAC-3'::5'- Tumor
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) Prostat ted i " ERMIN 6
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A. miRNAs that arise from snoRNA transcripts
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Figure 2: miRNAs that arise from snoRNAs.

Figure 2. miRNAs that arise from snoRNA transcripts. The most thermodynamically stable sec-
ondary structures of snoRNA transcripts were generated by mfold?. Annotated miRNA sequences
embedded in these transcripts are highlighted in blue (A-E). (A) miR-664a is embedded within the
SNORAZ36B transcript and has been shown to function as a tumor suppressor in HCC and some
types of cervical cancer while also functioning as a tumor promoter in cervical squamous cell carci-
noma?. (B) miR-1291 is located within the SNORA2C transcript and is characterized as a tumor
suppressor in pancreatic, prostate, breast and renal cell carcinoma?-. (C) miR-1248 is derived from
SNORAS8]1 and has been determined to be upregulated in prostate cancer®. (D) miR-3651 is embed-
ded within SNORAS84 and is upregulated in colorectal cancer but downregulated in esophageal
cancer®>®, (E) miR-768 resides within the SNORD?1 transcript and has been shown to be downreg-
ulated in lung, breast, ovary, liver, parotid gland, thyroid gland cancers and melanoma3-3¢. (F-J)
Mature miRNA sequences (highlighted in blue) were aligned to their corresponding snoRNA pre-
cursor transcripts and snoRNAs were aligned to their respective genomic regions. (F) Alignment
between human genome (GRCh38: chr1:220200526-220200696:-1) (top), SNORA36B
(ENSG00000222370) (middle), and miR664a (ENSG00000281696) (bottom). (G) Alignment between
human genome (GRCh38: chr12:48654362-48654538:-1) (top), SNORA2C (ENSG00000221491) (mid-
dle) and miR-1291 (ENSG00000281842) (bottom). (H) Alignment between human genome (GRCh38:
chr 3:186786655-186786872:1) (top), SNORAS81 (ENSG00000221420) (middle), and miR-1248
(ENSG00000283958) (bottom). (I) Alignment between human genome (GRCh38: chr 9:92292441-
92292613:-1) (top) SNORAB84 (ENSG00000239183) (middle) and miR-3651 (ENSG00000281156) (bot-
tom). (J) Alignment between human genome (GRCh38: chr 16:71758382-71758507:-1) (top),
SNORD?71 (ENSG00000223224) (middle) and miR-768 (ENSG00000223224) (bottom).

4.1. sd/miR-664

In 2019 Lv et al. published a paper focused on elucidating the tumor-suppressive role
of sd/miR-664 in cervical cancer. Comparing sd/miR-664 expression in cervical cancer pa-
tient samples and control tissue revealed that the sdRNA is expressed at lower levels in
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cancer. Using the Si-Ha cell line as a model of cervical cancer, sd/miR-664 expression was
found to enhance apoptosis and reduce cell viability and migration. In a Si-Ha mouse
xenograft model, treatment with an sd/miR-664 mimic drastically reduced tumor volume
and weight while enhancing tumor apoptosis. The binding target was predicted to be c-
Kit using online target prediction software, and this was confirmed via the Renilla Lucif-
erase assay. Sd/miR-664 expression was negatively correlated with c-Kit expression,
which further solidified the proto-oncogene c-Kit as a target of this tumor-suppressive
sdRNA in cervical cancer?.

To assess the role of sd/miR-664 in cutaneous squamous cell carcinoma (cSCC), Li et
al. quantified the sdRNA’s expression by in situ hybridization in patient samples as well
as cSCC cell lines®. Both analyses revealed an increase in sd/miR-664 in ¢cSCC compared
to control. Phenotypic assays showed increased cSCC viability, colony formation, inva-
sion, and migration when sd/miR-664 levels were elevated in cell lines. Additionally, a
murine cSCC xenograft model treated with sd/miR-664 mimic exhibited increased tumor
volume compared to control. The 3’-UTR of IRF2 was predicted and then confirmed to be
a binding target of sd/miR-664. Taken together, sd/miR-664 functions as an onco-miR in
¢SCC by downregulating IRF2 expression. While the role of IRF2 has not been established
in ¢SCC, IRF2 has been identified as a tumor suppressor in lung cancer and gastric cancer
and paradoxically as an oncogene in testicular embryonal carcinoma®-#!. This adds a layer
of complexity to sd/miR-664, showing that its overall impact on tumor progression can be
tissue context-dependent.

In 2020 Li et al measured sd/miR-664-5p expression in HCC patient cancer and nor-
mal samples as well as the HCC cell lines HepG2 and SUN-475. They found that sd/miR-
664-5p is significantly downregulated in HCC patient samples as well as in the HCC cell
lines compared to normal control. Sd/miR-664-5p was discovered to function as a tumor
suppressor, reducing cell viability, invasion, migration, and enhancing apoptosis as meas-
ured by phenotypic assays in HepG2 and SUN-475 cells. Target engagement with the
AKT?2 transcript 3’-UTR was confirmed and expression of sd/miR-664-5p was negatively
correlated with AKT2 expression. AKT2 (PKB) is an oncogene and critical component of
the PI3K/AKT growth-promoting pathway. Taken together, this study identifies sd/miR-
664-5p as a tumor suppressor that exerts its effect by transcriptionally regulating AKT2%.

4.2. 5d/miR-1291

Building on their 2016 publication where they found sd/miR-1291 to be downregu-
lated in pancreatic cancer patient tissues, Tu et al published an article in 2020 to further
investigate this mechanism of action in pancreatic cancer cells?¢?”. They found that increas-
ing sd/miR-1291 reduced ASSI levels in the ASS1-abundant L3.3 pancreatic cancer cell
line and sensitized them to arginine deprivation in vitro. In addition, the glucose trans-
porter GLUT1 mRNA has previously been shown to be a direct target of sd/miR-1291 in
renal cell carcinoma (RCC), and Tu et al confirmed this to be the case in pancreatic cancer
cells as well with a resulting decrease in glycolytic capacity?. Further, sd/miR-1291 treat-
ment sensitized pancreatic cancer cell lines to cisplatin. Taken together, sd/miR-1291 has
a clear role as a modulator of cell metabolism to bring about tumor suppression in pan-
creatic cancer.

In 2019 Cai et al investigated the role of sd/miR-1291 in prostate cancer. They found
that sd/miR-1291 is significantly downregulated in both prostate cancer patient samples
as well as prostate cancer cell lines compared to normal prostate®. Overexpression of
sd/miR-1291 in prostate cancer cells lines inhibited cell proliferation and caused cell cycle
arrest at Go/G1, and significantly reduced tumor weight and volume in a murine model of
prostate cancer. In silico target prediction identified the 3’-UTR of MED1 as a sd/miR-1291
target, and MED1 protein levels were shown to be inversely correlated with sd/miR-1291
expression both in vitro and in vivo. MED1 has previously been shown to be a marker of
poor prognosis for prostate cancer?. This study therefore places sd/miR-1291 as a tumor
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suppressor sdRNA that regulates the MED1 oncogene to restrict prostate cancer progres-
sion.

In 2020 Escuin and colleagues investigated whether miRNAs can be used as bi-
omarkers to identify sentinel lymph node (SLN) metastasis. Sixty breast cancer patients
matched primary and SLN metastasis samples were sequenced. Differential expression
analysis revealed that miR-1291 expression is significantly increased in the SLN metasta-
sis. By separating the SLN metastases by molecular subtype, the authors found that
sd/miR-1291 is upregulated in HR+ breast cancer compared to the HER2+ subtype. A bio-
informatic pathway analysis predicted that sd/miR-1291 regulates WNT signaling, planar
cell polarity/convergent extension (PCP/CE) pathway, p-catenin independent WNT sig-
naling, diseases of signal transduction, and signaling by receptor tyrosine kinases (RTKSs)
among others. While these results strongly suggest that sd/miR-1291 is a tumor suppres-
sor, patient survival analysis revealed that expression of this sdRNA alone could not sig-
nificantly predict patient survival®.

4.3. 5d/miR-3651

A 2020 publication aimed at identifying novel contributors to colorectal cancer (CRC)
found that miR-3651, which arises from SNORAS84, was overexpressed in 34/40 CRC pa-
tient tumors32. Model cell lines of CRC were observed to have ~3-fold overexpression of
sd/miR-3651. Phenotypic assays revealed that sd/miR-3651 expression was positively cor-
related with CRC cell proliferation, and that reduction of the sdRNA enhanced apoptosis
via deactivation of PI3K/AKT and MAPK/ERK signaling. Target prediction identified the
3'-UTR of tumor suppressor TBX1 as a sd/miR-3651 target, which was confirmed via the
luciferase assay. Since TBX1 is a transcription factor that has an established role as a reg-
ulator of PI3K/AKT and MAPK/ERK pathways, these results show a coherent mechanism
of action by which sd/miR-3651 inactivates TBX1 and thereby activates pro-growth mito-
genic pathways to function as an oncogenic sdRNA.

Wang et al assessed the expression of sd/miR-3651 in esophageal cancer patient sam-
ples and found that sd/miR-3651 expression is significantly downregulated in esophageal
cancer®. Kaplan-Meier analysis of a separate esophageal cancer patient cohort (n=108) re-
vealed that low sd/miR-3651 expression was a marker of poor overall survival and poor
disease-free progression. In contrast with studies implicating sd/miR-3651 as an onco-
genic sdRNA, Wang et al showed that sd/miR-3651s role in esophageal cancer is tumor
suppressive which indicates that the effect of this sdRNA is tissue context-dependent.

4.4. sd/miR-768

In 2012, Su et al published a study in which they interrogated gastric cancer patient
samples for miRNA expression. They found that sd/miR-768-5p, which arises from
SNORD71 (Fig.2), was significantly downregulated in cancer samples®. A 2013 study by
Blenkiron et al identified sd/miR-768-5p as a YB-1 binding partner via CO-IP in MCF7
cells®. The authors proposed potential explanations for the YB-1/sdRNA interaction in-
cluding YB-1 functioning as a ncRNA-sponge to prevent ncRNA-mediated transcriptional
repression as well as YB-1 potentially playing a role in ncRNA biogenesis.

In that same year, Subramani et al. found that sd/miRNA-768-5p and its alternatively
processed variant sd/miRNA-768-3p were both greatly downregulated in lung cancer and
breast cancer cell lines in vitro%. Patient brain metastases originating from Lung, Breast,
Ovary, Melanoma, Liver, Parotid Gland, Thyroid Gland, and Large Cell tumors were also
found to have downregulated sd/miRNA-763-3p. Overexpression of either sd/miRNA-
768-5p or sd/miRNA-768-3p increased lung and breast cancer enhanced cell viability and
chemoresistance. KRAS, one of the most commonly mutated oncogenes in human cancer,
was confirmed to be a sd/miRNA-768-3p target.


https://doi.org/10.20944/preprints202206.0005.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2022 d0i:10.20944/preprints202206.0005.v1

SNORD91b

4.5. sd/miR-1248

There is a clear need for additional reliable biomarkers to aid care providers in their
decision on which treatment to apply to prostate cancer patients following radical prosta-
tectomy. Aimed at meeting this need, Pudova et. al published a paper in 2020 focused on
identifying differentially expressed miRNAs between prostate cancer patient tumors with
or without lymphatic dissemination®!. Among the nine miRNAs found to be significantly
upregulated in prostate cancer with lymphatic dissemination, sd/miR-1248 was identified
which arises completely from SNORASI.

B. sdRNAs not Previously Annotated as miRNAs
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Figure 3: sdRNAs not Previously Annotated as miRNAs.

Figure 3. sdRNAs not Previously Annotated as miRNAs. (A-F) The most thermodynamically sta-
ble secondary structures of sdRNA producing snoRNA transcripts were generated by mfold?.
Highlighted in blue are sdRNAs shown to function as bonafide miRNAs. (A) sdRNA produced by
SNORD91B (ENSG00000275084) was determined to be downregulated in PDAC#. (B) sdRNA
which arises from SNORD116-29 (ENSG00000207245) was determined to be downregulated in
PDACH#. (C) sdRNA derived from SNORD28 (ENSG00000274544) was found to function as a tumor
promoter and is upregulated in breast cancer*. (D) sdRNA excised from SNORD93
(ENSG00000221740) was found to function as a tumor promoter and is upregulated in breast can-
cer®. (E) sdRNA produced from SNORA24 (ENSG00000275994) was functionally identified as a
tumor promoter and is upregulated in prostate cancer®. (F) sdRNA derived from SNORD19B
(ENSG00000238862) was determined to function as a tumor promoter and is upregulated in prostate
cancer?,

4.6. hsa-sno-HBII-296B and hsa-sno-HBII-85-29

In 2015, Miiller et al performed small RNA seq on six PDAC tissue samples and 5
normal pancreas tissue samples to assess the expression of ncRNAs not typically found
via microarray analysis®®. They considered 45 noncoding RNAs identified as significantly
down-regulated in PDAC, of which there were fourteen sdRNAs and a single sno-derived
piRNA. The most downregulated sdRNA in PDAC as determined by log: fold change was
hsa-sno-HBII-85-29. Four sdRNAs of a total 78 ncRNAs were significantly upregulated in
PDAC. The most upregulated sdRNA in PDAC as determined by log: fold change was
hsa-sno-HBII-296B. Subsequent analyses were focused on a miRNA identified in the
study, however this work by et al constitutes the only publication that characterizes dif-
ferentially expressed sdRNAs focused specifically in PDAC. PDAC is a particularly diffi-
cult cancer to detect and treat, with a reported 5 year survival rate of just 11%*. Miiller et
al’s work lays the foundation for many future studies aimed at further characterizing
sdRNAs in PDAC which can potentially provide tractable biomarkers/therapeutic targets
to reduce the lethality of this especially morbid cancer type.
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4.7. Sno-miR-28

By measuring snoRNA expression following induced P53 activation, Yu et al found
significant downregulation of all snoRNAs associated with the SNGH1 snoRNA gene*.
One sdRNA arising from SNGH1-associated sno28, sno-miR-28, was identified in com-
plex with Ago via HITS-CLIP data and was found to be abundantly expressed in patient
breast cancer tissue. Elevating TP53 expression in vitro consequently reduced sno-mir-28,
and in silico and in vitro target engagement experiments revealed the P53-stabilizing pro-
tein TAF9B as a likely sno-mir28 target. Taken together, the authors proposed that sno-
mir28 directly regulates TAF9B to bring about indirect repression of P53, forming a loop
as P53 overexpression decreases sno-mir28 levels. Tagman expression analysis of matched
breast cancer patient tumor and normal tissues revealed that SNHG1, SNORD28 and sno-
miR-28 were all significantly upregulated in tumors. Furthermore, using the MCF10A cell
line as a model of undifferentiated breast epithelium, the authors found that sno-miR-28
overexpression enhanced breast cancer cells’ proliferative capacity and colony formation.
In sum, this study defined a role for sno-miR-28 as an oncogenic sdRNA heavily involved
in suppressing the P53 pathway.

4.8. sdRNA-93

In 2017 our lab published a study in which we investigated the role of sdRNAs in the
aggressive breast cancer phenotype®. RNAseq analysis identified 13 total full length
snoRNAs differentially expressed (>7.5x) in MDA-MB-231 compared to MCF7, 10 of
which consistently give rise to sdRNAs that associate with AGO in publicly available
HITS-CLIP data. We elected to focus on the sdRNA arising from sno93 (sdRNA-93) due
to it displaying the highest differential expression in MDA-MB-231 (275x) and previous
publications implicating sdRNA-93 with miRNA-like silencing capabilities in luciferase
assays*®. SARNA-93 silencing in MDA-MB-231 reduced cell invasion by >90% while
sdRNA-93 overexpression conversely enhanced cell invasion by >100% at the same time
point. By contrast, sdARNA-93 silencing in MCF7 had no significant effect on invasion
while overexpression resulted in a substantial ~80% increase in cell invasion. We then em-
ployed multiple in silico miRNA target-prediction algorithms which predicted with con-
sensus that Pipox, a gene involved in sarcosine metabolism which has been implicated in
breast cancer progression, is a likely candidate for regulation by sdRNA-93. We then con-
firmed sdRNA-93/Pipox 3’-UTR target engagement in vitro using the Renilla Luciferase
assay. Taken together, these results identified sdRNA-93 as a strong regulator of breast
cancer invasion, particularly in the more aggressive MDA-MB-231 cell line, with Pipox as
a verified cellular target. Moving forward, sdRNA-93 could serve as a potential target for
breast cancer therapeutics and biomarker studies.

4.9. sdRNA-D19b and sdRNA-A24

A study published in 2022 by our lab identified 38 specifically-excised and differen-
tially expressed sdRNAs in prostate cancer. We began by querying PCa patient TCGA
datasets alongside TCGA normal prostate using an in-house web-based search algorithm
SURER (Short Uncharacterized RNA Fragment Recognition). SURFR aligns next genera-
tion sequencing (NGS) datasets to a frequently updated database of all human ncRNAs,
performs a wavelet analysis to specifically determine the location and expression of
ncRNA-derived fragments (ndRNAs) and then conducts an expression analysis to iden-
tify significantly differentially expressed ndRNAs. Two sdRNAs, sdRNA-D19b and
sdRNA-A24, were among the most overexpressed in PCa patient tumors and were iden-
tified as Ago-associated in publicly available datasets so they were selected for further
scrutiny. In vitro phenotypic assays in PC3 cells, a model cell line for castration-resistant
prostate cancer (CRPC), revealed that both sdRNAs markedly increased PC3 cell prolifer-
ation and that sdRNA-D19b in particular greatly enhanced cell migration. When the
sdRNAs were overexpressed alongside treatment with chemotherapeutic agents, both
sdRNAs provided drug-specific resistances with sdRNA-D19b levels correlating with
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paclitaxel resistance and sdRNA-A24 conferring dasatinib resistance. Multiple in silico tar-
get prediction algorithms provided a consensus prediction of the CD44 and CDK12 3’
UTRs as targets for sdRNA-D19b and sdRNA-A24 respectively, which we then confirmed
in vitro via the Renilla Luciferase assay. Taken together, this work outlines a biologically
coherent mechanism by which sdRNAs downregulate tumor suppressors in CRPC to en-
hance proliferative/metastatic capabilities and to encourage chemotherapeutic resistance.
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C. miRNAs derived from Box H/ACA snoRNA-like transcripts that bind dyskerin
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Figure 4. miRNAs derived from Box H/ACA snoRNA-like transcripts that bind dyskerin. (A)

Schematic of box H/ACA snoRNA bound to dyskerin complex, giving rise to snoRNP. Dyskerin

complex includes Dyskerin, NHP2, NOP10, and GAR1#. (B-E) Most thermodynamically stable sec-

ondary structures of box H/ACA snoRNA-like transcripts known to bind dyskerin complex?? were

generated by mfold?. Mature miRNA sequences derived from these transcripts are highlighted in
blue. (B) Box H/ACA snoRNA-like transcript (GRCh38: chr 16:69933072-69933264:1) was identified
to bind dyskerin and encompasses miR-140 (ENSG00000208017) which functions as a tumor sup-
pressor and is downregulated in prostate cancer®. (C) Box H/ACA snoRNA-like transcript
(GRCh38: chr1:220117845-220118007:-1) was identified to bind dyskerin and surrounds miR-215
(ENSG00000207590) which is known to function as a tumor suppressor and is downregulated in
ovarian, colorectal, prostate and lung cancer®%2. (D) Box H/ACA snoRNA-like transcript (GRCh38:
chr8:140732552-140732807:-1) was determined to bind dyskerin and encapsulates miR-151
(ENSG00000254324) which is recognized as a tumor suppressor and is downregulated in prostate
cancer®>%, (E) Box H/ACA snoRNA-like transcript (GRCh38: chr 10:51299393-51299708:1) was de-
termined to bind dyskerin and surrounds miR-605 (ENSG00000207813) which is described to act as
a tumor suppressor in melanoma, colorectal, breast, lung and prostate cancer>-%,
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4.10. Sd/miR-140

Based on prior investigations linking high expression of the long-noncoding RNA
MALAT1 with poor prostate cancer patient prognosis, Hao et al’s 2020 paper focused on
elucidating the mechanism of action by which MALAT1 brings about this effect®. In silico
target prediction and in vitro confirmation via the Renilla luciferase assay identified miR-
140 as a target of MALATI, indicating that MALAT1 functions as a miRNA sponge to
reduce sd/miR-140 bioavailability. This was further supported by RIP-seq analysis where
direct engagement of MALAT1 and sd/miR-140 was confirmed. Target prediction indi-
cated that sd/miR-140’s target is the 3'UTR of BIRC, and this was confirmed via the Renilla
luciferase assay. Knockdown of MALAT1 inhibited the growth of prostate cancer both in
vitro and in vivo, an effect that the authors suggest is brought about through sd/miR-140’s
release from repression by MALATI. This outlines a pathway where sd/miR-140 functions
as a tumor suppressor and is tightly regulated by the IncRNA MALATTI.

4.11. Sd/miR-151

A study in 2020 by Chen et al. found that sd/miR-151 is downregulated in human
prostate cancer cell lines®. In prostate cancer cells, Chen et al demonstrated that sd/miR-
151 overexpression inhibited cell proliferation, migration, and invasion; enhanced apop-
tosis; and sensitized cells to treatment with 5-FU, an antimetabolite chemotherapy. While
no target prediction was performed, the authors did find that overexpression of sd/miR-
151 reduces phosphorylation of PI3K/AKT. Even without a precisely mapped mechanism
of action, this publication links sd/miR-151 with prostate cancer as a tumor-suppressive
sdRNA.

4.12. Sd/miR-215

A 2015 study by Ge et al found that sd/miR-215 expression was reduced in both epi-
thelial ovarian cancer cell lines and patient tissue®'. Sd/miR-215 decreased cell prolifera-
tion, enhanced apoptosis, and enhanced sensitivity to paclitaxel treatment. In addition,
increased sd/miR-205 resulted in a decrease of cellular X-linked inhibitor of apoptosis
(XIAP) mRNA albeit without confirmation of target engagement. Vychytilova-Faltejskova
et al found in 2017 that sd/miR-215-5p is significantly reduced in CRC patient samples and
that low sd/miR-215-5p expression is associated with late clinical stages of CRC as well as
poor overall survival for CRC patients®. Overexpression of sd/miR-215-5p reduced cell
proliferation, viability, colony formation, invasion, migration, in vivo tumor volume, and
weight while enhancing apoptosis. Epiregulin (EREG) and HOXB9 mRNA were con-
firmed to be two targets of sd/miR-215-5p. Both genes are involved in epithelial growth
factor receptor (EGFR) signaling, a critical pathway exploited by CRC to promote tumor
growth.

In 2020 Chen et al found that sd/miR-215-5p is downregulated in prostate cancer pa-
tient samples and that lower sd/miR-215-5p expression predicted worse overall survival>.
Sd/miR-215-5p expression was found to be inversely correlated with cell viability, migra-
tion, and invasion. Target prediction algorithms identified the PGK1 mRNA as a likely
target, and in vitro protein quantification revealed an inverse relationship between
sd/miR-215-5p expression and PGK1. A 2020 study by Jiang ef al found that the IncRNA
Inc-REG3G-3-1 regulates sd/miR-215-3p availability by adsorption in lung adenocarci-
noma (LAD)%. Overexpression of sd/miR-215-3p in LAD cells was found to reduce cell
viability, invasion, and migration. Both Leptin and SLC2A5 mRNA were confirmed as
targets for sd/miR-215-3p.

4.13. Sd/miR-605

With their 2011 publication, Xiao et al found that sd/mir-605 overexpression signifi-
cantly reduced cell survival and enhanced apoptosis in breast and colon cancer cell lines>.
The MDM2 mRNA was predicted as a target of sd/mir-605, and sd/mir-605 overexpres-
sion was found to cause a reduction in MDM2 protein. MDM2 is a regulator of P53 tumor
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suppressor, and sd/mir-605 transfection was shown to increase P53 activity without in-
creasing P53 protein levels, suggesting the sdRNA relieves MDM2-mediated repression
of P53. In 2014 a study by Huang et al found that single nucleotide polymorphisms (SNPs)
in the sd/miR-605 precursor were significantly correlated with a shorter prostate cancer
biochemical recurrence for patients®.

Chen et al found in 2017 that sd/miR-605 was significantly downregulated in a panel
of melanoma cell lines and patient samples. Overexpression of sd/miR-605 markedly de-
creased cell proliferation, colony formation, and soft-agar growth in melanoma cell lines
while reducing tumor volume in a murine model. INPP4B mRNA was confirmed as a
sd/miR-605 target. The authors found that overexpression of sd/miR-605 decreases cellu-
lar INPP4B, leading them to conclude that sd/miR-605 suppresses melanoma growth
through the inhibition of INPP4B?.

In 2016 Alhasan et al measured small noncoding RNA expression in prostate cancer
patient serum samples and found that sd/miR-605 expression was significantly lower in
low risk prostate cancer and normal tissue compared to high risk prostate cancer®. This
publication established that sd/miR-605 is detectable in patient serum and is negatively
correlated with the aggressive prostate cancer phenotype. A 2017 study from Zhou et al
found that sd/miR-605 is significantly downregulated in prostate cancer cell lines and pa-
tient samples®. EN2 mRNA was confirmed to be a sd/miR-605 target, and sd/miR-605
mimic decreased EN2 protein levels while antisense sd/miR-605 enhanced EN2 produc-
tion. Prostate cancer proliferation and invasion were significantly reduced by sd/miR-605
overexpression, and this effect was rescued by transfection with EN2 cDNA. Cell-cycle
analysis via flow cytometry revealed that sd/miR-605 overexpression resulted in a higher
count of prostate cancer cells arrested at Go/G1. Taken together, the authors concluded that
sd/miR-605 functions as a prostate cancer tumor suppressor by downregulating EN2.
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D. miRNAs derived from C/D Box snoRNA-like transcripts that bind fibrillarin
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Figure 5: miRNAs derived from C/D Box snoRNA-like transcripts that bind fibrillarin.

Figure 5. miRNAs derived from C/D Box snoRNA-like transcripts that bind fibrillarin. (A) Car-
toon illustration of C/D Box snoRNA (left) and schematic of C/D Box snoRNA bound to fibrillarin
complex, giving rise to snoRNP (right). Fibrillarin complex consists of NOP56, NOP58, NAF1 and
Fibrillarin®. (B-F) Most thermodynamically stable secondary structures of C/D Box snoRNA-like
transcripts described to bind fibrillarin complex?® were obtained from mfold?. Mature miRNA se-
quences embedded in these transcripts are highlighted in blue. (B) miR16-1 (ENSG00000208006) is
downregulated in chronic lymphocytic leukemia, gastric, NSCLC, Osteosarcoma, and breast cancer
and is embedded within a C/D Box snoRNA-like transcript (GRCh38: chr 13:50048958-50049077:-1)
known to bind fibrillarin®®-¢4, (C) miR-27b (ENSG00000207864) is downregulated in prostate, lung,
and bladder cancer and is located within a C/D Box snoRNA-like transcript (GRCh38: chr
9:95085436-95085592:1) known to bind fibrillarin®-’. (D) miR-31 (ENSG00000199177) is upregulated
in colorectal, HNSCC, and lung cancer but is downregulated in glioblastoma, melanoma, and pros-
tate cancer. miR31 is also located within a C/D Box snoRNA-like transcript (GRCh38: chr 9:21512102-
21512221:-1) known to bind fibrillarin®-73. (E) miR-let7g (ENSG00000199150) has been shown to be
downregulated in NSCLC, colorectal and ovarian cancers and is also embedded within a C/D Box
snoRNA-like transcript (GRCh38: chr 3:52268239-52268408:-1) known to bind fibrillarin77¢. (F) miR-
28 (ENSGO00000207651) has been shown to be downregulated in B-cell lymphoma, prostate and
breast cancer and is located within a C/D Box snoRNA-like transcript (GRCh38: chr 3:188688746-
188688887:1) known to bind fibrillarin?-7°.
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4.14. Sd/miR-16-1

S/dmiR-16-1 is one of the miRNAs first implicated in human cancer’. In 2002, a paper
by Calin et al found that the sd/miR-16-1 gene was deleted in more than 65% of chronic
lymphocytotic leukemia (CLL). Northern blot analysis of sd/miR-16-1 expression in CLL
patient cancer and normal tissue revealed that miR-16-1 is downregulated in cancer.
Sd/miR-16-1 has since been verified as a tumor suppressor in a multitude of cancers, sev-
eral of which have been detailed in this 2009 review by Ageilan ef al®. In 2017, the sdRNA
was demonstrated to function as a tumor-suppressor in gastric cancer by Wang et al6'. The
authors found sd/miR-16-1 to be downregulated in gastric cancer patient samples. Addi-
tionally, overexpression decreased gastric cancer cell migration, invasion, and colony for-
mation in vitro while reducing tumor volume in vivo. Target engagement with the 3’-UTR
of TWIST1 was confirmed via the Renilla luciferase assay. Interestingly, a 2018 paper by
a separate group Feng et al discovered that sd/miR-16-1 also targets TWIST1 in non-small
cell lung cancer (NSCLC)%2. Overexpression inhibited NSCLC proliferation, migration,
and invasion in vitro. Together these publications add to the numerous examples of
sd/miR-16-1 functioning as a tumor suppressor.

In 2019, Maximov et al published an article in which they found that sd/miR-16-1 was
downregulated in osteosarcoma (OS) patient samples®. Overexpression of sd/miR-16-1
was tumor suppressive in vitro resulting in decreased colony formation and invasion
while enhancing apoptosis and chemosensitivity. Increasing sd/miR-16-1 expression in a
murine model of OS resulted in a reduction of tumor volume and weight. Target predic-
tion followed by Renilla luciferase engagement confirmation identified the 3’-UTR of
FGFR2 as sd/miR-16-1's target. Even more recently, Ye et al conducted a similar study in
2020 where they found that sd/miR-16-1 targets PGK1 to suppress breast cancer malig-
nancy®. In sum, sd/miR-16-1 is among the most well studied sdRNAs in cancer where its
role as a tumor suppressor has been cemented.

4.15. Sd/miR-27b

In 2012, Ishteiwy et al found that sd/miR-27b is downregulated in castration-resistant
prostate tumors compared to primary prostate cancer and normal tissue®. Increasing
sd/miR-27b expression in CRPC cell lines reduced invasion, metastasis, and colony for-
mation. While there was no confirmation of target interactions, the authors found that
modulating sd/miR-27b expression had a subsequent impact on Racl activity and E-cad-
herin expression. These findings indicate a tumor-suppressive role for sd/miR-27b in
CRPC whose mechanism may involve the tumor suppressor gene E-cadherin.

Motivated by prior studies linking sd/miR-27b as a tumor suppressor, Wan et al pub-
lished a study in 2014 where they identified sd/miR-27b as downregulated in NSCLC pa-
tient tissues and cell lines%. Overexpression of the sdRNA reduced NSCLC proliferation,
colony formation, migration, and invasion in vitro. The mRNA target was confirmed to be
LIMKI1, which is an oncogene that has been implicated as an enhancer of metastatic po-
tential!. Regulation of LIMK1 expression by sd/miR-27b therefore suppresses the NSCLC
malignant phenotype.

A 2021 publication by Li et al measured sd/miR-27b expression in patient bladder
cancer and adjacent normal tissue, finding that the sdRNA had lower expression in cancer.
Overexpression of sd/miR-27b in bladder cancer cell lines caused decreases in cell prolif-
eration, invasion, and migration while enhancing apoptosis. Target engagement with the
3’-UTR of the transcription factor EN2 was confirmed in vitro, and overexpression of
sd/miR-27b was capable of reducing cellular EN2 protein as measured via western blot.
Therefore, in bladder cancer the sdRNA sd/miR-27b functions as a tumor suppressor by
reducing expression of the EN2 oncogene®.

4.16. Sd/miR-31

The diverse role of miR-31 in cancer has been well studied and is the subject of two
excellent reviews both in 2013 and more recently in 2018%. Some examples from the


https://doi.org/10.20944/preprints202206.0005.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2022 d0i:10.20944/preprints202206.0005.v1

aforementioned reviews include sd/miR-31 acting as a tumor promoter in CRC,
HNSCC, and lung cancer while acting as a tumor-suppressor in glioblastoma, melanoma,
and prostate cancer”0-738283,

4.17. Sd/let-7¢

The let-7g miRNA belongs to the let-7 family of miRNAs, all of which have been well
studied in the context of human cancer. Reviews published in 2010, 2012, and 2017 detail
the let-7 family as well as let-7g specifically®+#. One example from this includes an early
publication from 2008 by Kumar ef al. where let-7g was found to suppress the NSCLC
phenotype both in vitro and in vivo through the RAS pathway”4. Many publications impli-
cating sd/let-7g as a tumor-suppressor in cancer have emerged since the aforementioned
review, including a 2019 publication by Chang et al in colorectal cancer and a 2019 paper
by Biamonte et al in ovarian cancer’>7.

4.18. Sd/miR-28

Sd/miR-28 has been identified as a tumor-suppressor in several cancers, including a
2014 publication by Schneider et al focused on B-cell lymphoma (BCL)7. The sdRNA was
downregulated in patient BCL samples (n=25) compared to normal B cells (n=4), and
sd/miR-28 overexpression in BCL cell lines suppressed proliferation and colony formation
while enhancing apoptosis. Target engagement was confirmed for sd/miR-28 with the 3’-
UTRs of MAD2L1, BAG1, RAP1B, and RAB23 mRNA. Taken together, sd/miR-28 sup-
presses the BCL phenotype by regulating the expression of four oncogenes involved in
cell cycle progression and apoptosis.

Two additional papers linking sd/miR-28-5p as a tumor-suppressor were published
recently in 2020. Fazio et al found that sd/miR-28-5p binds to the 5-UTR of SREBF2 to
inhibit prostate cancer malignancy’. A separate publication by Ma et al discovered that
sd/miR-28-5p binds to the 3’-UTR of WSB2 mRNA to suppress breast cancer tumor mi-
gration”. The available literature indicates that in the majority of cases, sd/miR-28 gene
products function as tumor-suppressors in a variety of cancers of diverse tissue origin.
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E. Sno-Derived Piwi-interacting RNAs

A .-' o ’)'"3? B T D Aoy E F 3
[ ¢ 42 s
;38 - 3 £ T ST
.;;} A o0y 2 - i R .%_u % A
L) [ & 2 T, o 7.0
i et B 5{ Yy o I > {183
pi-sno74 & 0N = ,;f e gyt 3 o2 ]
z: 5‘ (3] 'é_ £33 f [ oo i, 2=
- $ e 3
Z, i L )
s i ; e
S 44 s ol
o 3. ):: E ..-
L
SNORD74 %ees’ SNORD75 oo SNORD44 SNORD78 SNORD&1 SNORD91A
G 1:173867650-1730€77€8: -1 5§’ - GGAGAAGCCTCGECTICICGTGCCCTGOCTCIGATGAAG CCTGTGTTGETAGEGACATCTGAGR SGTGGCACATGOCGAGTCACCCGAGTANG ~ 3/
HJIJIIIIIHIHIHIIIIIIHHIJIIHIIIIHIH IHHHIIIIH
SHORD74 5’ -CUGCCUC UGAAG CCUGUGUT ACAUCUGAGH GEUGG-3’
i
Pi-sno74

H 1:173B€€856-1730€€69€60: -1 5’ - ATGAAATCTAAGAGGIGEICICAGCCIGIGATGCTITAAGAGTAGTGGACAGAAGH

SHORD7S

Pi-sno7S

I 1:1738€5945-173866051: -1 5’ = ARTAAGAAAGTTIGTAAATGCAGC

$’ -AGUARUGAUGAAUGCCAACCGCUCUGAUG-3"

CITTAATGTTAACAGCATTITATAIT - 3’
I 1

\IIIIIIIIH]IH\KHIIIIHHHHHI
* ~AGCCUGUGAUGCUUUAAGAGUAGUGGACAGAAG

\IIIIIIIHI'HIHHIIIIIIJ]H
5% - -3¢

TGCT TG AACATGAAGGTCTITAATTAGCTCTAACTGACTARAGGCATITGITAGTITIGSCA ~ 37
I!I\IHHHFIIIIIIH\I\Hlltillii\IHH\HIHEHH

\[||lilll
57 -

SNORD4 4 UGAACAUGAAGGUCUUAAUUAGCUCUAACUGACTU-3"
i
Pi-zsno44 54 =CCUl j=a*
J 1:1738€5598-173065709: -1 § — TGAGCATGIITGGAACGEGETIT IGTGTAATGATGITGATCARATGTICTGACCTGARATG GAACCCTGIGACAGACAACTTITIGAARR - 3/
(R R RN R RN RN RN AR RRARRRAR! i
SRORD78 5’ ~GUGUAAUGAUGUUGAUCAAAUGUCUGACCUGARAT GAR-3"
(ARNRRRRRRE] (RRRRRRRRN! 1
Pi-znoT8 ¢ =GAGCAUGUAG.

K 1:1738€4122-1738€4245: -1 5’ - ARATGITGGGACTATTATAATT GCAGAATACATGATGATCTCAATCCARCTT GRAACTCTICTCACTGATTAC

SRORDS1

Pi-sno81

L 17:2330254-2330394:-1 5' — TTATGATTAGGAATTGGAGAATAAT AGAGAAGTCAATGAT GGTTITATICATATCGTCTGAACCTGTICTIGAAGCATC

SHORDS1A

PiR-017061 (piR-33€3€)

SACARAAGGUAACACUGAAG-3'

TATTCTGCATICCCATGTAGCATITIARTTG — 3/
e
UAUUCUG-3"

PERRR R R R R R R e

§* ~CAGAAUACAUGAUG AUCUCAAUCCAACUUGAACUCUCUCACTUGA
PORLRRRER R R e

§* -3 UUACUUGAUGACARU ARRAUAUCUGAUA-3 ¢

SECTTCTCCAAGTATGITITTCAGACCAGATITIC — 3*
[RRRRRNRN
ICOCCA-3"

]\IIIIIHIIIIIIIIIIIIIIIIIIIIIIIIIIHHJIIIIHIIIII||
§* -UAGAGAAGTUC] UAUCGUCUGAACCUGUCUGAAGCATT

Figure 6: Sno-Derived Piwi-Interacting RNAs.

Figure 6. Sno-Derived Piwi-Interacting RNAs. (A-F) The most thermodynamically stable second-
ary structures of snoRNAs containing Piwi-interacting RNAs were obtained from mfold in which
the piRNA sequence is highlighted in blue?. (A) pi-sno74 is embedded within SNORD74 (GRCh38:
chr 1:173867674-173867745:-1) and is downregulated in breast cancer®. (B) Pi-sno75 is located within
SNORD?75 (GRCh38: chr 1:173866879-173866938:-1) and has been shown to be downregulated in
breast cancer?. (C) pi-sno44 resides within SNORD44 (GRCh38: chr 1:173865968-173866028:-1) and
is downregulated in breast cancer®”. (D) pi-sno78 is embedded in SNORDZ78 (GRCh38: chr
1:173865622-173865686:-1) and is upregulated in prostate cancer metastasis but downregulated in
breast cancer®”#. (E) pi-sno81 resides within SNORD81 (GRCh38: chr 1:173864146-173864222:-1) and
is downregulated in breast cancer®. (F) piR-017061 (piR-33686) is embedded within SNORD91A
(HBII-296A) (GRCh38: chr 17:2330279-2330370:-1) and was determined to be downregulated in
PDAC®. (G-L) sno-derived piRNA sequences (highlighted in blue) were aligned to their respective
snoRNA precursor sequences, and the snoRNA transcripts were aligned to their corresponding ge-
nomic loci .(G) Alignment between human genome (GRCh38: chr 1:173867650-173867768:-1) (top),
SNORD?74 (GRCh38: chr 1:173867674-173867745:-1) (middle) and pi-sno74 (bottom). (H) Alignment
between human genome (GRCh38: chr1:173866856-173866960:-1) (top), SNORD75 (GRCh38: chr
1:173866879-173866938:-1) (middle), and pi-sno75 (bottom). (I) Alignment between human genome
(GRCh38: chr1:173865945-173866051:-1) (top), SNORD44 (GRCh38: chr 1:173865968-173866028:-1)
(middle), and pi-sno44 (bottom). (J) Alignment between human genome (GRCh38: chr1:173865598-
173865709:-1) (top), SNORD78 (GRCh38: chr 1:173865622-173865686:-1) (middle) and pi-sno78 (bot-
tom). (K) Alignment between human genome (GRCh38: chrl:173864122-173864245:-1) (top),
SNORDS81 (GRCh38: chr 1:173864146-173864222:-1) (middle) and pi-sno81 (bottom). (L) Alignment
between human genome (GRCh38: chr17:2330254-2330394:-1) (top), SNORD91A (HBII-296A)
(GRCh38: chr 17:2330279-2330370:-1) (middle) and piR-017061 (piR-33686) (bottom). (A-E & G-K)
SNORD74, SNORD75, SNORD44, SNORD78, and SNORDS81 arise from the GAS5 locus
(ENSG00000234741) which is also annotated as a small nucleolar host gene (SNHG2).


https://doi.org/10.20944/preprints202206.0005.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2022 d0i:10.20944/preprints202206.0005.v1

4.19. pi-sno74, pi-sno75, pi-sno44, pi-sno78, and pi-sno81

Small RNA-seq (smRNAseq) of patient breast cancer tissue identified five differen-
tially expressed sno-derived piRNAs (pi-snos) within the long noncoding RNA (IncRNA)
GAS5 locus¥. These pi-sno’s included pi-sno74, pi-sno75, pi-sno44, pi-sno78, and pi-
sno81. Each of these were found to be downregulated in breast cancer compared to adja-
cent normal tissue. Microarray and PCR revealed that pi-sno75 upregulates expression of
tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a proapoptotic
protein. In silico target prediction identified a locus 169 basepairs (bp) upstream of the
TRAIL transcription start site that was highly complementary to pi-sno75 with predicted
thermodynamically stable binding. To further investigate this mechanism of action,
knockout (KO) and Co-IPs were performed to identify PIWIL1/4 binding partners during
pi-sno75 overexpression. This revealed that pi-sno75/PIWIL can specifically interact with
the methyltransferase complex protein WDR5, thereby increasing TRAIL expression. In
MCF7 cells, pi-sno75 overexpression greatly increased TRAIL expression and, in combi-
nation with doxorubicin treatment, enhanced apoptosis. Treatment with pi-sno75 alone
resulted in marked reductions of tumor volume in MCF7 and MDA-MB-231 mouse xen-
ografts. In summary, the sno-derived piRNA pi-sno75 recruits epigenetic machinery to
specifically upregulate TRAIL, and thus functions as a tumor suppressive sdRNA.

4.20. pi-sno78 (Sd78-3’)

In 2011, a study by Martens-Uzunova et al that focused on identifying a miRNA ex-
pression signature of prostate cancer also identified significantly differentially expressed
sdRNAs#®. While the majority of reads aligned to defined microRNAs, sdRNAs were
found to be predominantly upregulated in the metastatic LN-PCa compared to local pros-
tate cancer. The authors then focused on canonical miRNAs, leaving these enticing puta-
tive sdRNA drivers of metastatic LN-PCa uncharacterized until their follow-up publica-
tion in 2015. In their 2015 publication, Martens-Uzunova et al specifically focused on in-
vestigating the role of sdRNAs in prostate cancer progression®. Consistent with their 2011
study, they identified an sdRNA from the 3" end of snoRNA78 “sd78-3"” that was upreg-
ulated in the more aggressive LN-PCa patient samples. By examining expression at mul-
tiple stages of PCa, the authors concluded that globally overexpressed sdRNAs, including
sd78-3’, are already present at early stages of cancer but exhibit striking overexpression
concordantly with malignant transformation. While the authors did not investigate the
mechanism of action of sd78-3’, this sdRNA is actually the pi-sno78 characterized in the
above study by He et al®’.

4.21. piR-017061

Revisiting the 2015 publication by Muller et al which queried small RNA expression
in PDAC patient samples and normal pancreas controls, a total of 123 ncRNAs were found
to be significantly differentially expressed®. This approach considered 45 noncoding
RNAs identified as significantly down-regulated in PDAC, of which there were fourteen
sdRNAs and a single sno-derived piRNA, piR-017061.
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F. SdARN Aomes

Table 2. — “Cancer “sdRNAomes”.”.

# of sdRNA
Cancer o8 . ° Experimental Validation Reference
Identified
1 RNA 1 ith PD-L1 i D8+ T cell
39 TCGA Cancer 33 sdRNAs correlate Wl ' expre'sswn, CD8+ T ce
Tvpes >300 abundance, GZMA expression, patient survival, and copy number 18
P variation
Prostate 78 sd78-3' was found to be overexpressed in aggressive patient tumors 88,89
sdRNA-93 was confirmed to correlate with malignant invasion in
Breast 10 , o 45
vitro and cancer type in vivo
sdRNA-D19b and sdRNA-A24 were confirmed to correlate with the
Prostate 38 46

malignant phenotype in vitro and cancer type in vivo

In a large-scale pan-cancer analysis of TCGA patient small RNA sequencing data and
normal tissue controls, Chow et al created a pan-cancer “sdRNAome” which was used to
investigate the role of sdRNAs in the context of tumor immunity and clinical outcomes's.
Small RNAseq data from a total of 10,262 tumor samples with 675 adjacent normal sam-
ples across 32 cancer types were aligned to full-length human snoRNAs to generate the
pan-cancer “sdRNAome”. To determine whether a relationship exists between sdRNA
expression and tumor immunity, the sdRNAome was queried alongside expression of
PD-L1, CD8* T cell infiltration, GZMA (serine protease granzyme A) expression, and other
factors such as tumor vascularization (EndothelialScore) and overall survival (OS). Taking
together correlation with PD-L1 expression, CD8* T cell abundance, GZMA expression,
and patient survival to calculate an ImmuneSurv score, the authors identified 267 sdRNAs
that had a score of at least two (fulfilling at least 2 of the ImmuneSurv categories) in at
least one cancer type. After including copy number variation as a category, 133 sdRNAs
were found to be significant in all 5 tested categories. In sum, this far-reaching study pro-
vides a detailed examination of the human sdRNAome in patient tumor samples. Criti-
cally, sdRNA expression is linked to tumor immunity and patient survival in distinct can-
cer types, providing evidence that sdRNAs could function as useful biomarkers to assess
cancer response to immunotherapies and to predict patient survival. Since a large number
of sdRNAs were associated with cancers in this study, several representative sdRNAs
highlighted in the paper have been compiled into Table 1 for the sake of clarity.

In addition to this, other publications reviewed above have reported comprehensive
sdRNAomes comprised of differentially expressed sdRNAs in their respective cancers. In
2015 Martens-Uzunova et al identified 657 unique sdRNAs from C/D-box snoRNAs and
244 unique sdRNAs from H/ACA-box snoRNAs in their analysis of patient prostate can-
cer samples. Of these, they identified at least 78 to be significantly differentially expressed
in prostate cancerss. Additionally, in 2017 our group identified 10 unique sdRNAs in
MDA-MB-231 breast cancer cells that form complexes with Ago. Further, 5 of these were
significantly overexpressed in MDA-MB-237 compared to MCF7 breast cancer’. Most re-
cently, in 2022, our lab similarly described 38 unique sdRNAs differentially expressed in
prostate cancer patient samples*.

5. Discussion / Conclusion

The past decade has clearly demonstrated the existence and functional relevance of
small RNAs arising from full length snoRNAs. This new class of ncRNA has a similar
form and function to that of miRNAs, and sdRNAs differ from traditional miRNAs pri-
marily in terms of transcriptional origin. Additionally, alternative processing pathways to
DICER/DROSHA have been proposed for sdRNA genesis, potentially distinguishing
sdRNAs further from their miRNA cousins. In this review we have collected and detailed
the growing catalogue of sdRNAs implicated in human cancer, including both tumor-
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promoters and tumor-suppressors. Like miRNAs, sdRNAs post-transcriptionally regulate
gene expression in a myriad of ways that can result in highly variable effects on oncogen-
esis and malignant pathology. Despite differences in genetic origin and some possible bi-
oprocessing divergence, the majority of sdRNAs appear to be functionally identical to ca-
nonical miRNAs. What then, is the purpose of pointing out sdRNAs? The answer to this
question is two-fold.

First, and of extreme importance, is the fact that sdRNAs are routinely discarded
from miRNA databases and consequently omitted from any miRNA-focused studies that
follow. Even with mounting evidence to the contrary, sdRNAs are still considered by
many to be random degradation products without relevance to gene regulation. As shown
in this study, many such misannotated sdRNAs clearly contribute to a variety of cancers.
Omission of sdRNAs unnecessarily hinders efforts to discover valuable new ncRNA bi-
omarkers and therapeutic targets. We stress that, instead of discarding sdRNAs, they de-
serve inclusion in miRNA databases. By bringing the wealth of cancer sdRNA literature
to the light, we hope that researchers who aim to search for ncRNAs regulating cancer
will include sdRNAs in their search moving forward.

Second, we simply do not know precisely how distinct sdRNAs and miRNAs are
from one another. There is ample evidence that sdRNAs are frequently processed inde-
pendently of the DROSHA/DICER pathway. Still, the preponderance of evidence indi-
cates that they are extremely similar, especially regarding their function. Indeed, we have
identified a 200 kb locus on human chromosome 14 that produces about 50 snoRNAs and
50 miRNAs (Supplementary Figure 1), indicating that these ncRNAs are often co-regu-
lated and functionally similar.

As evidenced by the sdRNAs outlined in this review, we suggest that including and
emphasizing sdRNAs in exploratory ncRNA cancer regulation studies as well as closing
the knowledge gaps regarding what makes sdRNAs distinct, including but not limited to
their alternative biogenesis and mechanism of action pathways, will be of significant value
in enhancing our understanding of cancer gene regulation. Notably, sdRNAs may be
thought of as the lowest hanging fruit in cancer genomics research as, to date, the principle
miRNA discovery algorithms have simply, erroneously disregarded any and all small
RNAs aligning to snoRNAs (example text: “Aligned sequences with the following anno-
tations were eliminated (as potential microRNAs): tRNA, snoRNA,...”%). A more com-
plete understanding and more extensive cataloguing of sdRNAs in cancer will likely re-
sult in novel biomarkers and treatment targets that now lay only just out of reach. By
appreciating sdRNAs as functionally relevant ncRNA molecules in cancer, a great deal of
readily attainable information regarding cancer gene regulation and the molecules re-
sponsible for pathological phenotypes may soon be realized.

Supplementary Materials: Figure S1: Human Chromosome 14 microRNA and snoRNA cluster
(C14MSQ).
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