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ABSTRACT

MicroRNAs (miRNAs) are important regulators of eu-
karyotic gene expression and their dysfunction is
often associated with cancer. Alongside the canon-
ical miRNA biogenesis pathway involving stepwise
processing and export of pri- and pre-miRNA tran-
scripts by the microprocessor complex, Exportin 5
and Dicer, several alternative mechanisms of miRNA
production have been described. Here, we reveal that
the atypical box C/D snoRNA U3, which functions
as a scaffold during early ribosome assembly, is a
miRNA source. We show that a unique stem-loop
structure in the 5’ domain of U3 is processed to form
short RNA fragments that associate with Argonaute.
miR-U3 production is independent of Drosha, and
an increased amount of U3 in the cytoplasm in the
absence of Dicer suggests that a portion of the full
length snoRNA is exported to the cytoplasm where it
is efficiently processed into miRNAs. Using reporter
assays, we demonstrate that miR-U3 can act as a
low proficiency miRNA in vivo and our data sup-
port the 3’ UTR of the sortin nexin SNX27 mRNA
as an endogenous U3-derived miRNA target. We fur-
ther reveal that perturbation of U3 snoRNP assem-
bly induces miR-U3 production, highlighting poten-
tial cross-regulation of target mRNA expression and
ribosome production.

INTRODUCTION

Modulation of gene expression is critical during develop-
ment and cellular adaptation, and can be achieved via a va-
riety of different mechanisms at the transcriptional, post-
transcriptional and translational levels. MicroRNAs (miR-
NAs) have emerged as key post-transcriptional regulators
of their messenger RNA (mRNA) targets through their
roles in inducing degradation and/or translational repres-
sion of specific transcripts (see, e.g. (1-3)). As a result of this
important function, dysregulation of miRNA expression or
biogenesis is often associated with disease, especially cancer
(4-6).

Canonical miRNAs are transcribed by RNA polymerase
II (Pol II) as long pri-miRNAs that are 5 m’G capped and
3’ polyadenylated, and contain multiple step-loop struc-
tures, each harbouring a miRNA sequence. Pri-miRNAs
undergo cleavage by the Microprocessor complex, which
contains the RNase III-like endonuclease Drosha and its
cofactor DGCRS, to release short hairpin RNAs of ~65
nucleotides (nt) in length (7,8). These pre-miRNAs are
then recognised by Ran-GTP-bound Exportin 5 (XPO5),
translocate through the nuclear pore complex and are re-
leased into the cytoplasm upon GTP hydrolysis (9-12).
There, they undergo further processing by another RNase
I1I-like enzyme, Dicer, to generate a ~22 nt RNA duplex
with 2 nt overhangs at the 3’ end of each strand (13-
15). This duplex is loaded into a pre-miRNA-induced si-
lencing complex (pre-miRISC) composed of Dicer, TRBP,
HSC70, HSP90 and an Argonaute protein (AGO1-4 in
humans) (16,17). The RNA duplex is rapidly unwound
and the ‘guide’ and ‘passenger’ strands are identified based
on the thermodynamic stability of their 3’ ends. While
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the passenger strand is degraded, the guide strand is re-
tained in the mature miRISC complex. Basepairing be-
tween the miRNA seed region (nt 2-7) and complementary
sequences in the 3’ untranslated regions (UTRs) of mR-
NAs directs the miRISC complex to specific target mRNAs,
where either the endonucleolytic activity of AGO2 mediates
mRNA cleavage leading to degradation or other miRISC-
associated proteins regulate the fate of the mRNA e.g. by
inducing translational repression.

Alongside this canonical biogenesis pathway, miRNAs
also can be produced from other genomic sources and by
alternative maturation pathways (reviewed in (1)). A Dicer-
independent maturation pathway has been described for
miR-451; pri-miR-451 is cleaved by Drosha to produce a
pre-miRNA with an atypically short stem that is directly
loaded onto AGO2 where the 3’ strand undergoes cleav-
age and processing to yield a mature miRISC complex.
Furthermore, several Drosha- and DGCRS-independent
miRNA biogenesis pathways have been described. Some
pre-miRNA sequences are present in ‘mirtron loci” within
the introns of protein-coding pre-mRNAs and are ex-
cised by the action of the spliceosome. Alternatively, pre-
miRNAs can be directly transcribed and therefore bypass
the requirement for processing by Drosha. In contrast
to canonically produced miRNAs, these 5'-capped miR-
NAs are exported to the cytoplasm by Exportin 1 (XPOI,
also known as CRMI). Interestingly, pre-miRNAs can
also be produced in a Drosha- and DGCRS8-independent
manner from other small RNA species, such as trans-
fer RNAs (tRNAs) that function as adaptors between
ribosome-associated mRNAs and amino acids (18,19),
and small nucleolar/small Cajal body-associated RNAs
(sno/scaRNAs), which typically guide modifications in ri-
bosomal RNAs (rRNAs) and small nuclear RNAs (snR-
NAs) respectively (20-22). For example, a 3’ extended, pre-
tRNA transcript can form a non-cloverleaf stem—loop
structure that is processed by Dicer to generate miR-1983
(18), while tRNASY(GCO) serves are a source of the CU1276
miRNA that targets the RPA1 mRNA thereby modulating
the DNA damage response (19). The H/ACA box scaRNA,
ACA45 (SCARNALY), which is predicted to guide pseu-
douridylation of uridine 37 of the U2 snRNA, is the best
characterised example of a sno/scaRNA-derived miRNA
(20). Complementary 20-22 nt fragments corresponding to
the sequences that form a hairpin at the 3’ end of ACA45
were identified in small RNA-seq analysis of AGOI1/2-
associated RNAs. The ability of the predicted guide strand
to function as a miRNA was demonstrated using luciferase
reporter assays and the 3’UTR of the CDC2L6 mRNA,
which encodes a protein component of the mediator com-
plex that plays an important role in Pol II-mediated tran-
scription, was identified as a target (20). The stem—loop
structure of ACA45 differs from the characteristic Drosha
substrates and generation of the ACA45-derived fragments
was found to be independent of Drosha and DGCRS.
Instead, it is suggested that a portion of the full-length
scaRNA is exported to the cytoplasm where is it directly
processed by Dicer (20). Deep sequencing of small RNA
libraries from a variety of different human cell types has re-
vealed the presence of various other snoRNA-derived frag-
ments that have been suggested to act as miRNAs (23-25).
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However, in most cases, experimental evidence of function-
ality is lacking.

In this work, we demonstrate that the box C/D snoRNA
U3, which does not guide rRNA modification but rather
coordinates folding of the initial precursor ribosomal RNA
(pre-TRNA) transcript, is processed to produce miRNAs.
Compared to canonical box C/D snoRNAs, U3 contains an
additional 5’ stem-loop region, which we show is processed
to form short RNA fragments that associate with Arg-
onaute. The biogenesis pathway of U3-derived fragments is
independent of the microprocessor component Drosha, but
requires the cytoplasmic action of Dicer. We demonstrate
the ability of the U3-derived guide fragment to function as
a low proficiency miRNA in vivo and identify the SNX27
mRNA as a cellular target of miR-U3. Our data expand the
repertoire of characterised snoRNA-derived miRNAs and
highlight a means for co-regulation of ribosome production
and miRNA-mediated regulation of gene expression.

MATERIALS AND METHODS
Cell culture

Wild-type human HCT116 cells and HCT116 cells carry-
ing genomic alterations to knock-out expression of partic-
ular genes were obtained from the Korean Collection for
Type Cultures (BP1230983-BP1230988) and cultivated in
McCoy’s 5A medium (26). HEK293 cells were obtained
from American Type Culture Collection (ATCC-CRL1573)
and were cultivated in Dulbecco’s modified Eagle’s Medium
(DMEM). Cell culture media were supplemented with 10%
foetal bovine serum and 1% antibiotics (Penicillin and
Streptomycin). All cell lines were maintained and cultured
according to standard protocols in humidified incubators at
37°C with 5% COs,.

DNA, RNA and LNA transfections

For siRNA treatments (miR-U3 mimic and scrambled, and
miRNA outcompeting), cells were transfected with 30 nM
of siRNA (Supplementary Table S1) using Lipofectamine
RNAiIMAX reagent (Invitrogen) according to the manufac-
turer’s instructions and harvested after 72 h. DNA trans-
fections (pLKO.1 (Addgene plasmid #10878)-based plas-
mids for expression of shRNAs, YFP-CFP miRNA activ-
ity reporter constructs and pFRT/TO/FLAG/HA-DEST
DICER (Addgene plasmid #19881)) were performed on
~300 000 cells using 2 wg DNA and Lipofectamine 2000
(Thermo Fisher Scientific). Cells were harvested 72 h after
transfection. 30 nM LNA miRNA inhibitors (QIAGEN)
(Supplementary Table S1), were co-transfected with appro-
priate plasmid DNAs using Lipofectamine 2000 (Life Tech-
nologies) and cells were harvested after 72 h.

RNA extraction and small RNA enrichment

Total RNA was isolated using Trizol (Thermo Fisher Sci-
entific) according to the manufacturer’s instructions un-
less stated otherwise. RNA concentrations and purity were
measured on an Eppendorf BioSpectrometer basic (Eppen-
dorf). For northern blot analysis, small RNAs (>200 nt)
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were enriched from 90 wg of total RNA using the mir-
Vana™ miRNA isolation kit (AM1561-Life Technologies)
following manufacturer’s instructions.

Small RNA-seq

Small RNA-seq was performed as described previously
(27). In brief, small RNAs were enriched from 2 g of total
RNA using the Magnetic bead cleanup module (Life Tech-
nologies). Libraries were then prepared using the Ton To-
tal RNA-Seq Kit v2 (Life Technologies) and analysed via
BioAnalyzer HS Chip (Agilent CA, USA). Afterwards, li-
braries (18 pM each) were clonally amplified by emulsion
PCR in the IonTorrent OneTouch System (Life Technolo-
gies) using the lon PGM Template OT2 200 Kit (Life Tech-
nologies) according to manufacturer’s protocol. Sequenc-
ing was performed in an IonTorrent Personal Genome Ma-
chine using an IonTorrent 316 Chip (Life Technologies).

Cellular fractionation

Cells from a confluent 10 cm dish were incubated in lysis
buffer (10 mM Tris pH 8.4, 140 mM NaCl 1.5 mM MgCl,,
0.5 mM EDTA, 0.5 mM DTT, 0.5% NP40) on ice for 3
min and centrifuged at 5900 g at 4°C for 5 min. The su-
pernatant (cytoplasmic fraction) was collected and mixed
with homogenization buffer (50 mM Tris pH 8.0, 1% SDS,
50 mM NaCl, 0.5 mM EDTA) in a ratio 1:0.87. The pel-
let (nuclear fraction) was resuspended in lysis buffer supple-
mented with CaCl, at a final concentration of 1.5 mM, and
centrifuged at 5900 g at 4°C for 5 min. Nuclear RNA was
extracted using TRI Reagent (Sigma Aldrich) following the
manufacturer’s instructions, while cytoplasmic RNA was
extracted with phenol:chloroform:isoamylalchol (25:24:1),
precipitated with isopropanol and resuspended in nuclease
free water.

Quantitative PCR analysis of mRNA and sn(0)RNAs

2.5 pg of RNA was reverse transcribed using the Sensifast
cDNA Synthesis Kit (Bioline), which was used for quan-
titative analysis on an ABI StepOnePlus system (Applied
Biosystems) using the SensiMix SYBR Hi-ROX Kit and
the primers listed in Supplementary Table S1. Cytoplasmic
and nuclear RNA levels of the U3 snoRNA, U6 snRNA
and GAPDH mRNA were normalized against total cellular
RNA as follows: 2(Ct total RNA — Ct RNA fraction) and
these values were then used for calculating the cytoplasmic
to nuclear (C/N) ratio.

LNA-based quantitative PCR of miRNAs

Total RNA (5 pg) was reverse transcribed using the miR-
CURY LNA RT Kit (QIAGEN). Poly(A) tails were added
to mature miRNA templates, and cDNA synthesized using
a 5 universal tag and 3’ degenerate anchor. The resultant
cDNA was used for LNA-based RNA expression detec-
tion using a miRCURY LNA SYBR Green PCR Kit (QI-
AGEN) on an ABI StepOnePlus system (Applied Biosys-
tems). U3-derived miRNA relative expression was calcu-
lated by AACT-method Ct with U6 as reference using cus-
tom made primers synthesized by QIAGEN. The ampli-
fied products were also visualized by electrophoresis using

the E-Gel Precast Agarose Electrophoresis System (Thermo
Fischer Scientific).

Northern blotting

Total and fractionated RNAs, and small RNAs were
separated on 10% or 15% TBE-urea gels (Thermo Fis-
cher Scientific), and then transferred to Hybond-N+
membrane (GE Healthcare). RNAs were crosslinked to
membranes using UV light (total RNA) or chemically
with N-(3-dimethylaminopropyl)-N’-ethylcarbodimide hy-
drochloride and 1-methylimidazole (Sigma-Aldrich) (small
RNAs). Membranes were hybridized with 3?P-labelled
DNA oligonucleotides antisense to each target (Supple-
mentary Table S1) overnight at 37°C in (0.5 M sodium
phosphate pH 7.2, 7% SDS, 1 mM EDTA pH 8.0). Af-
ter thorough washing steps, northern blots were exposed to
phosphorimager screens before documentation using a Ty-
phoon FLA 9500 (GE Healthcare). The acquired images
were analysed and quantified using te Image Studio 5.2.5
software (LI-COR).

Western blotting

Cells were lysed in RIPA buffer (10 mM Tris—-HCI pH
8.0, 140 mM NaCl, 1 mM ethylenediaminetetraacetic acid
(EDTA), 1% Triton-X-100, 0.1% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS) and 1 mM phenyl-
methylsulfonyl fluoride (PMSF)). Proteins were precipi-
tated by addition of 12.5% trichloroacetic acid (TCA) and
washed with cold acetone (-20°C). Protein pellets were re-
suspended in loading buffer (125 mM Tris pH 6.8, 5% SDS,
0.004 Bromophenol Blue, 1.4 M B-mercaptoethanol,10%
glycerol) and 50 g of protein per sample were separated by
SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to a nitrocellulose membrane. The membrane was in-
cubated with blocking solution (5% milk in TBS plus 0.1%
Tween-20) and incubated with a primary antibody (Supple-
mentary Table S3) overnight at 4°C. After thorough wash-
ing, membranes were incubated with IRDye LI-COR sec-
ondary antibodies (Supplementary Table S3) for 1 h at room
temperature. After further washing steps, membranes were
scanned using an Odyssey CLx infrared scanner (LI-COR
Biosciences) then images were analysed and quantified us-
ing the Image Studio 5.2.5 software (LI-COR).

Analytical flow cytometry for miRNA activity

Small RNA sequences were derived from miRBase (www.
mirbase.org) or NGS data analysis to design oligonu-
cleotides encoding relevant miRNA targets (Supplemen-
tary Table S1). Oligonucleotides with NotI and Xhol over-
hangs were annealed and ligated into p.UTA.2.0 Empty
(Addgene plasmid #82446). miRNA activity at single cell
level was detected as previously (27,28). In brief, HEK293
cells or HTC-116 (50,000 cells/well) were transfected with
appropriate plasmids and, where appropriate, siRNA (Sup-
plementary Table S1) as described above, and incubated for
72 h. Flow cytometry was performed using a BD LSR II
instrument, using the SS0LP-BP575/26 and BP450/50 fil-
ters for YFP and CFP, respectively. YFP positive cells were
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selected using the FACSdiva™ software and FCS files were
exported for analysis in R using scripts reported previously
(28).

Experimental measurements of analytical flow cytome-
try were fitted to a biochemical model of miR NA-mediated
regulation described before (27,29). In brief, this model de-
scribes miRNA posttranscriptional regulation using a set of
coupled, first-order, ordinary differential Equations (1 and
2) and the conserved relation for miRNA (3):

% =k — Konr [MIRNA] + Kogr™ — yrr (1)
dr . " *

ar = Konr [MIRNA] — Kogr™ — yrer 2)

[miRNA]; = [mIRNA] + r* 3)

By solving these equations for the steady state, the follow-
ing equation is given:

1
r=E(ro—k—9+\/(r—k—9)2+4kr0)

where:
K * K * .
Foe R = YR Rot &[mlRNA]tmal
YR Kon YR

Using non-linear (weighted) least squares, the parameters
X\ and 6 were calculated for each sample.

Bioinformatic analyses

Raw reads from Ion Torrent small RNA libraries (27) were
trimmed and quality filtered employing the Ion-Torrent
Suite Software (Life Technologies). Publicly available next-
generation sequencing datasets (Supplementary Table S2)
were retrieved from the Gene Expression Omnibus (GEO)
using the SRA-toolkit and transformed from binaries to
FASTQ using the fastg-dump tool. All the downloaded li-
braries were analysed with FASTQC and only data fitting
the original publication descriptions were used for further
analysis. Depending on the sequencing platform and li-
brary preparation strategy used, demultiplexing and adap-
tor trimming were applied as necessary using the Flexbar
FASTX-toolkit (http://hannonlab.cshl.edu/). FASTQ files
were aligned to the human genome GRCh38.p10 using
STAR and results were contrasted with reported analyses
as control. Afterwards all the FASTQ filtered outputs were
analysed uniformly: they were converted to FASTA format
and collapsed using FASTX-toolkit (http://hannonlab.cshl.
edu/). Next, collapsed FASTA files were aligned to miRbase
v 21 and snoRNA base v3 with Bowtie2. The SAM out-
put files were converted to Blast format using sam2blast,
and significant hits, according to E-value, were selected
using mtophits_blast and duplicates were removed with
remove_duplicate_hits_blast.pl using scripts adapted from
Grzegorz Kudla (https://github.com/gkudla). Plots and ad-
ditional analyses were performed using custom made R
scripts, and data was normalized using the DEseq2 Pack-
age.
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Statistical analyses

Statistical analysis of the data was performed using R and
R-Studio. For qPCR measurements of miRNA expression
levels and expression levels of other RNAs in cytoplasmic
and nuclear fractions, sample groups were compared using
unpaired two-samples 7-test. For protein and RNA relative
expression from northern and western blot quantifications,
the sample groups were tested for normality of distribution
using Shapiro-Wilk test. Since data followed normal distri-
bution, samples were compared to wild-type (NB) or Mock
(WB) using the one-sample 7-test. For analytical flow cy-
tometry, CFP intensity distributions were compared using
the Mann-Whitney-Wilcoxon test. For all tests, the signifi-
cance threshold was set at P < 0.05.

RESULTS

Small RNA profiling identifies box C/D snoRNA-derived
fragments with miRNA-like characteristics

Building on the discovery of various small RNAs derived
from non-coding RNA species, we set out to identify and
characterise small RNA fragments derived from box C/D
snoRNAs that may function as miRNAs. Small RNA se-
quencing (small RNA-seq) was performed on libraries (L1-
3) prepared from HEK293 cells and subjected to Ion Tor-
rent deep sequencing. The data obtained from the three li-
brary preparations showed good correlation (L0O01-L002
R? = 0.972, L001-L003 R?> = 0.967) (Supplementary Fig-
ure S1A) and the majority of reads corresponded to RNAs
or RNA fragments of <40 nt in length (Supplementary Fig-
ure S1B). Analysis of the distribution of sequence reads be-
tween different genome features showed that the majority
mapped to annotated miRNA or sno/scaRNA sequences,
and of these, a significant proportion of the reads (average
17.7%) mapped to box C/D snoRNA sequences while only
few were derived from scaRNAs or box H/ACA snoRNAs
(Supplementary Figure 2A). Closer inspection revealed that
the reads mapped to 19 different sno/scaRNAs, including
the known miRNA precursor, ACA45. To effectively func-
tion as miRNAs, small RNA fragments must be present in
cells at sufficient levels. We therefore determined the relative
numbers of reads mapping to each snoRNA sequence as a
measure of expression level, and compared the novel can-
didates to the ACA45-derived fragments, which are known
to be functional miRNAs (Figure 1A and Supplementary
Figure S1C). From this, we selected nine candidates whose
expression level was greater than (U78, U44, snR39B) or
similar to (U45A, U24, U3, U74, U27) that of the ACA45
fragments for further analysis. Another key criterium for
the identification of pre-miRNAs is the presence of a dis-
tinct read distribution pattern in which homogeneous pop-
ulations of reads corresponding to potential guide and/or
passenger strands of <24 nt can be observed. Hierarchi-
cal clustering analysis (HCA), an algorithm that groups
similar objects, was therefore used to investigate the dis-
tribution of sequence reads mapping to each of the identi-
fied sno/scaRNAs (Figure 1B), and the average read length
of clusters corresponding to similar fragments was deter-
mined (Figure 1C). For ACA45, as anticipated from pre-
vious data (20), two sequence clusters corresponding to nt
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Figure 1. miRNA-like small RNA fragments are produced from the U3 box C/D snoRNA. (A) Small RNA-seq was performed on total RNA extracted
from HEK?293 cells and the normalised numbers of reads of <40 nt in length mapping to different snoRNAs is shown as boxplots. Error bars represent
the variation between three independent library preparations. (B) Hierarchical clustering was performed to analyse the distribution of reads mapping to
selected snoRNA sequences in the small RNA-seq libraries. Nucleotide positions are indicated below the x-axis. (C) The distribution of sequence lengths
of snoRNA-derived fragments and known miRNAs are shown as box blots. The black line represents the median and blue diamond shows the mean.

65-86 and 104-125 (average length 21 nt) were detected in
the small RNA libraries (Figure 1B; middle left panel). In
the case of U45A, U24 and U27, significant heterogeneity
was observed in the fragment lengths (Figure 1B and C),
implying that these fragments likely represent RNA degra-
dation products rather than specifically processed, func-
tional RNAs. While more homogeneous populations of
reads mapping to U78, U44, snR39B and U74 were de-
tected (Figure 1B), the average lengths of these fragments
spanned >24 nt (Figure 1C), implying that they do not cor-
respond to miRNA sequences. However, analysis of the dis-
tribution of reads derived from the U3 snoRNA revealed
three relatively homogeneous clusters corresponding to nt
45-64, 75-94 and 195-214 (Figure 1B; lower left panel).
These fragments are all within the length threshold and the
fragments corresponding to nt 45-64 and 75-94 are sepa-
rated at distance (11 nt) that would be suitable for the loop

region of a pre-miRNA, raising the possibility that this re-
gion of the U3 snoRNA is processed to form miRNAs.

Small RNA fragments originating from the 5’ end of the U3
snoRNA associate with components of the miRINA biogenesis
machinery

During their maturation and function, miRNA sequences
are contacted by various proteins, including the micropro-
cessor complex components Drosha and DGCRS, as well
as Dicer and Argonaute. To determine if the U3-derived
fragments could function as miRNAs, we sought evidence
of physical interactions between these RNA sequences and
miRNA biogenesis factors. Previously, crosslinking and im-
munoprecipitation (CLIP) analyses have been performed
to obtain transcriptome-wide inventories of the cellular
RNAs bound by Drosha (30), DGCRS (31), Dicer (32)



and Argonaute (33-35) (Supplementary Table S2). To de-
termine if the U3-derived fragments associate with com-
ponents of the miRNA biogenesis machinery, we therefore
mined these publicly available datasets. For comparison,
available datasets obtained from CLIP analyses of the core
box C/D snoRNP proteins, NOP56, NOPS58 and Fibrillarin
(36) were also included. As all these datasets have previ-
ously been subjected to independent bioinformatic analy-
ses, to enable the RNA targets of each of these proteins to
be compared directly, the datasets were first re-analysed us-
ing a common pipeline. Consistent with the initial analyses,
this confirmed the enrichment of miRNAs in the Drosha,
DGCRS, Dicer and Argonaute datasets as well as the co-
purification of box C/D snoRNAs with NOP56, NOP58
and Fibrillarin (Supplementary Figure S2B and C).

While analysis of the distribution of the sequencing reads
present in the datasets derived from the core box C/D
snoRNP proteins on the U3 snoRNA confirmed their bind-
ing primarily to the 3’ stem-loop region containing the
C/C’ and D/D’ box elements common to all snoRNAs
(Figure 2A, upper panel) (37), this was in stark contrast
to the binding profiles observed for the miRNA biogene-
sis factors. The 5 region of the U3 snoRNA (approx. nt
40-90) from which the small RNA fragments were derived
(Figures 1B and 2A, lower panel; ‘small RNA-seq’) was
found to be enriched in the DGCRS, Dicer and Argonaute
datasets (Figure 2A, lower panel), further supporting the
potential role of these fragments as miRNAs. Notably, these
sequences were not crosslinked by Drosha (Figure 2A) and
no clear crosslinking sites of any of the miRNA biogenesis
factors on the other snoRNAs detected in the small RNA
profiling analyses were observed (data not shown).

Interestingly, the U3 snoRNA has been proposed to form
alternative secondary structures, depending on whether it is
associated with the box C/D snoRNP proteins or not (38).
In the context of the U3 snoRNP, the U3 snoRNA is sug-
gested to possess a small stem—loop containing the box A
and A’ sequences while the 5" and 3’ hinge regions, which
basepair with the pre-rRNA upon pre-ribosome binding,
remain unbasepaired (Figure 2B) (39). However, in the ab-
sence of proteins, both thermodynamic modelling (40) and
in vitro structure probing analyses (38) indicate that the 5’
domain of U3 folds into an alternative stem—loop confor-
mation (Figure 2C). In this conformation, a hairpin con-
taining the U3 RNA sequences identified in the small RNA
profiling (Figure 1B) is observed, and a potential miRNA
guide strand can be identified based on the binding profile
of Argonaute (Figure 2C).

U3-derived RNA fragments can act as low proficiency miR-
NAs in cells

We next aimed to demonstrate the functionality of the
U3-derived RNA fragments as miRNAs. While luciferase-
based reporter assays have extensively been used to anal-
yse miRNA activity in mammalian cells (41), the discov-
ery that some miRNAs, such as miR-23 and the ACA45-
miRNA, act with only low proficiency has necessitated the
development of alternative, more sensitive reporters (42).
The seed pairing stability (SPS) and the abundance of pre-
dicted targets (TA) contribute significantly to the profi-
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ciency of a given miRNA, and can be used in bioinfor-
matic analyses to predict the relative efficiencies of differ-
ent sequences (42). To enable a suitable reporter system to
be selected, we first computationally determined the SPS
and TA of the U3-derived guide fragment and compared
them with those of other miRNAs. This revealed that the
U3-derived guide sequence has a relatively high TA and
low SPS, with values comparable to those of miR-23 and
the ACA45-miRNA (Supplementary Figure S3), suggesting
that the U3-derived fragment would likely function as a low
proficiency miRNA. Based on this result, a well-established
fluorescence-based reporter system coupled to flow cytom-
etry detection that allows highly sensitive, single cell anal-
ysis (27), was employed to demonstrate the action of the
U3-derived sequence as a miRNA. The reporter construct
enables expression of yellow fluorescent protein (YFP) and
cyan fluorescent protein (CFP) from TK and SV40 pro-
moters respectively (Figure 3A). Target sequences perfectly
complementary to the high proficiency miRNA miR-92a,
the ACA45-derived miRNA, the putative U3-derived guide
sequence or a non-cognate sequence that is not targeted by
any known miRNA were introduced within the 3’ UTR of
the gene encoding CFP to estimate their AGO2-induced
slicing activity. In the case of the ACA45-derived and po-
tentially U3-derived miRNA target sites, either one or three
copies of the target site were inserted to enable dosage-
dependent effects to be monitored. Comparison of the rel-
ative YFP (control) and CFP (target) expression in the cell
population then enables the efficiency of each miRNA to
be assessed. It has previously been shown with this system,
that low proficiency miRNAs decrease the expression of
CFP relative to YFP, while maintaining a linear relation-
ship between expression of the two fluorophores, leading
to only a subtle shift in the flow cytometry profile (27). In
contrast, the action of high proficiency miRNAs leads to a
non-linear relationship between CFP and YFP expression,
and formation of strongly shifted, curved profiles. After ex-
cluding the possibility that differences in CFP levels arise
by chance, obtained data are fitted using a previously de-
scribed mathematical model of miRNA-mediated regula-
tion of mRNA targets to confirm that the observed differ-
ences arise due to miRINA activity rather than another form
of post-transcriptional regulation. Mathematical modelling
of the obtained data to an established model of miRNA-
mediate regulation of mRNA targets (27,29) then enables
the significance of differences between the observed profiles
to be calculated.

Expression of the reporter cassette encoding the non-
cognate sequence did not alter the relative expression of
CFP and YFP compared to cells transfected with a control
plasmid (Empty), whereas inclusion of the target sequence
of miR-92a lead to a significant decrease in the relative ex-
pression of CFP in the cell population confirming the high
proficiency of this miRNA (Figure 3B, left panel; Supple-
mentary Table S4). In contrast, expression of a single copy
of the ACA45-derived miR NA target site lead to a mild, lin-
ear shift in the profile, which was increased upon expression
of three target sites, confirming the action of this sequence
as a low proficiency miRNA (Figure 3B, middle panel; Sup-
plementary Table S4) (20). Similar to ACA45, expression
of a sequence complementary to the putative U3-derived
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ponents of the miRNA biogenesis machinery. (A) The normalised number of

reads mapping to each nucleotide of the U3 sequence in (PAR-)CLIP analysis of snoRNP proteins (upper panel; FBL - fibrillarin) and miRNA-associated

proteins (lower panel; AGO - Argonaute) is shown as a percentage of the m
secondary structure of the U3 snoRNA within the U3 snoRNP. Evolution:

aximum (Per. Max) above a schematic model of the U3 snoRNA. (B) Schematic
arily conserved features of the snoRNA are indicated. (C) Schematic secondary

structure of the U3 snoRNA within the U3 snoRNP. Evolutionarily conserved features of the snoRNA. The hairpin containing of Dicer-associated
sequences present in the small RNA-seq/CLIP libraries is marked in green and the guide strand of the putative miRNA duplex is indicated in orange.

miRNA guide strand lead to a linear decrease in CFP ex-
pression relative to YFP, which was more prominent when
three copies of the potential target site were incorporated
(Figure 3B, right panel; Supplementary Table S4), imply-
ing that the U3-derived fragment can impair expression of a
target gene. To further consolidate this finding, experiments
were performed in which cells expressing the reporter con-
structs were co-transfected with siRNA to outcompete the
endogenous miRNA or mock transfected. Cells expressing
the target sites of miR-92a, the ACA45-derived miRNA or
the U3-derived fragment with showed strong (miR-92a) or
weak (ACA45- or U3-derived fragments) decreases in the
expression of CFP relative to YFP as previously. In all cases,
treatment with a competing siRNA (partially) rescued CFP
expression (Figure 3C; Supplementary Table S4). The mild

effect of the competing siRNA on the functionality of the
high proficiency miR-92a is expected as the titration model
of miRNA effectiveness predicts that alterations in concen-
tration will not strongly influence a miRNA with a high seed
region pairing energy. Taken together, these data support
the action of the U3-derived small RNA fragments as bona
fide low proficiency miRNAs in vivo.

Production and function of U3-derived miRNA is Dicer-
dependent and Drosha-independent

To understand more about the production of the U3-
derived miRNA (miR-U3), we next explored the require-
ment for components of the classical miRNA biogene-
sis pathway for its production and function. For this,
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statistical analysis were performed as in (B).

we utilised HCT116 cells in which the genes encoding
Drosha, Dicer or XPOS5 had been disrupted by CRISPR-
Cas genome editing leading to a lack of protein expres-
sion ((26); Supplementary Figure S4A). To first verify the
levels of miRNAs produced by different pathways in these
cells, we analysed available small RNA-seq data (Supple-
mentary Table S2; (26)). As anticipated, the levels of the
canonical miRNAs miR-19a, miRNA-19b and miR-92a
were markedly reduced in the Dicer and Drosha knockout
(KO) cell lines compared to the WT cells, but were largely

unaffected by lack of XPOS5 (Supplementary Figure S4B;
Figure 4A). Also, in line with previously published find-
ings, the levels of the 5’ capped/XPO1-dependent miRNAs
miR-320a, miR-484, miR-320b and miR-3615, as well as
the mirtron miR-877, were markedly increased in cells lack-
ing Drosha and to a lesser extent in the XPO5 KO cells
but were clearly reduced in the absence of Dicer (Supple-
mentary Figure S4B, Figure 4A). Analysis of the levels of
miR-U3 in these small RNA-seq libraries revealed, similar
to the 5’ capped/XPO1-dependent miRNA miR-320a, but
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in contrast to the canonical miRNA miR-92a, accumula-
tion in the Drosha KO cells, little effect of lack of XPOS5 and
a clear reduction in the absence of Dicer (Figure 4A). These
observations are further supported by LNA-based quanti-
tative PCR with no amplification of miR-U3 detected in the
Dicer KO cell lines and a significant increase in the amount
detected in the Drosha KO cell line compared to the wild-
type control cells (Figure 4B). In addition, to avoid poten-
tial artefacts arising from reverse transcription bias during
cDNA synthesis, northern blotting of RNAs extracted from
the different KO cell lines was performed. This confirmed
that the amount of the full length U3 snoRNA was not
affected by lack of any of the miRNA biogenesis factors.
However, although miR-U3 was present at a low level in
wild-type cells and was largely unaffected by lack of XPOS,
it was more abundant in cells lacking Drosha and could not
be detected in Dicer KO cells (Figure 4C). These data, to-
gether with the observation that Dicer and Argonaute, but
not Drosha, associate with the 5" region of the U3 snoRNA
(Figure 2A), indicate that production of miR-U3 is Drosha-
independent.

The finding that miR-U3 is produced in a Drosha-
independent manner raises the possibility that in Drosha
KO cells, where canonical miRNAs are lacking, the abun-
dance of miRISC complexes containing the U3-derived
miRNA may be increased leading to stronger effects on
gene expression. To test this hypothesis, fluorescence-based
reporter assays were performed in wild-type HCT116 cells
and cells lacking Drosha or Dicer. We first verified this sys-
tem by analysing the behaviour of the canonical miRNA
miR-92a, the Dicer-independent miRNA miR-21 (26), and
the Drosha-independent miRNA miR-320a (43). Inclusion
of the perfectly complementary target sequences of each of
these miRNAs into the 3’ UTR of the CFP gene within
the reporter construct reduced the expression of CFP rel-
ative to YFP to greater or lesser extents in wild-type cells
demonstrating the activity of these miRNAs (Figure 4D,
upper left panel; Supplementary Table S5). As anticipated,
no activity of miR-92a or miR-21 was observed in cells
lacking Drosha while the influence of miR-320 was still
apparent (Figure 4D, upper middle panel; Supplementary
Table S5). Likewise, while in the absence of Dicer the re-
pressive activity of miR-21 was only minimally affected,
no effects on CFP expression were observed when the tar-
get sequences of miR-92a or miR-320 were incorporated
into the reporter construct (Figure 4D, upper right panel;
Supplementary Table S5). We then analysed the effects of
Dicer or Drosha knockout on CFP expression using the
reporter constructs encoding either one or three copies of
the U3-derived miRNA target sequence. As previously, in
wild-type cells, the U3-derived fragment behaved as a low
proficiency miRNA (Figure 4D, lower panels; Supplemen-
tary Table S5). However, the relative expression of CFP
to YFP was markedly reduced in the Drosha KO cells
and these effects were stronger when three copies of the
U3-derived miRNA target sequence were present. These
data not only confirm the activity of miR-U3 in the ab-
sence of Drosha, but also demonstrate its increased effi-
ciency when the canonical miRNA biogenesis pathway is
impaired.
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A portion of the U3 snoRNA is exported to the cytoplasm
where it is efficiently processed to generate miRNAs

Many snoRNAs are encoded within pre-mRNA introns,
however, some, including U8, U13 and U3, are indepen-
dently transcribed by RNA polymerase 11 (21). Similar to
the U1, U2, U4 and U5 small nuclear RNAs (snRNAs), af-
ter their synthesis, these non-intronic snoRNAs are 5 m’G
capped, and associate with the cap-binding complex (CBC)
as well as the trafficking proteins, XPO1 and PHAX (44).
While the Ul, U2, U4, U5 snRNAs and the U8 and U13
snoRNAs have been shown to undergo a cytoplasmic phase
during their biogenesis (45,46), whether this is also the case
for U3 has remained unclear. The finding that production
of the U3-derived miRNA is Dicer-dependent and Drosha-
independent suggests that they may be produced via an
XPO1 (CRM1)-dependent pathway. On the one hand, this
is in line with the known association of the U3 snoRNA
with XPOI, and on the other hand suggests that U3 may be
efficiently processed into miRNAs by Dicer upon export to
the cytoplasm. While only little or no U3 snoRNA has pre-
viously been detected in the cytoplasm (44,47), this model
suggests that the amount of cytoplasmic U3 would be in-
creased in cells lacking Dicer. To test this hypothesis, wild-
type HCT116 cells or those lacking Dicer ((26); Supple-
mentary Figure S4A) were subjected to nuclear-cytoplasmic
fractionation, and the levels of the U3 snoRNA were deter-
mined using northern blotting and/or qRT-PCR. The U6
snRNA as well as the tRNAM®t or the GAPDH mRNA
were also monitored as representatives of predominantly
nuclear and cytoplasmic RNAs respectively. As expected,
lack of Dicer did not affect the sub-cellular distribution of
the U6 snRNA or tRNAMet, However, the northern blot
analysis demonstrated the presence of a portion of the U3
snoRNA in the cytoplasm and revealed an increase in its
cytoplasmic to nuclear ratio in the absence of Dicer (Figure
5A). These finding were confirmed by qRT-PCR analysis,
which also demonstrated the lack of significant effects of the
Dicer KO on the nuclear-cytoplasmic distribution of the U6
snRNA and the GAPDH mRNA (Figure 5B). To further
consolidate the role of Dicer in regulating the U3 snoRNA
level in the cytoplasm, Dicer KO cells were transfected with
a plasmid for overexpression of Flag tagged Dicer (Supple-
mentary Figure SSA). Northern blot analysis of nuclear and
cytoplasmic RNA derived from wild-type cells, cells lack-
ing Dicer and cells where Dicer was overexpressed revealed
that while lack of Dicer increases the amount of cytoplas-
mic U3 snoRNA, Dicer overexpression reduces the cyto-
plasmic level of U3 compared to that observed in wild-type
cells (Supplementary Figure S5B).

Next, to determine if all regions of the U3 snoRNA
are present in the cytoplasm in equal amounts, we per-
formed bioinformatic analysis of small RNA-seq data de-
rived from the nucleolar, nucleoplasmic and cytoplasmic
fractions of HeLa cells (48). This confirmed the global en-
richment of sno/scaRNA-derived fragments of <40 nt and
miRNAs in the nucleolus/nucleus and cytoplasm/nucleus
respectively (Figure 5C). However, closer inspection of the
distribution of sequencing reads mapping to selected snoR-
NAs in the different datasets show that while fragments
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Figure 5. A portion of the U3 snoRNA is exported to the cytoplasm where it is processed to form miRNAs. (A) Wild-type HCT116 cells (WT) or HCT116
cells lacking Dicer (KO #43 and #45) were fractionated into nucleoplasm and cytoplasm, and total RNA was extracted. RNAs were separated by denaturing
polyacrylamide gel electrophoresis and transferred to a nylon membrane. Northern blotting was performed using radiolabelled probes against the indicated
RNAs. The levels of cytoplasmic U3 in the knockout cells lines relative to the wild type, normalised to tRNAMe! were determined in three independent
experiments and data are shown as mean + standard error. Significance was calculated using the one sample #-test; *P < 0.05. (B) Total RNA prepared
from cells as in (A) was reverse transcribed and quantitative PCR was performed to monitor the levels of the U3 snoRNA, the U6 snRNAs and the
GAPDH mRNA. The relative amounts of each RNA in cytoplasm and nucleus was calculated. * indicates P < 0.05, ns indicates non-significant (two
sample z-test). (C) The relative proportions of reads mapping to sno/scRNAs and miRNAs in small RNA-seq data from HeLa cell nucleoli, nuclei and
cytoplasm is shown. (D) Selected examples of the data presented in (C) are shown. (E) The normalised number of reads mapping to each nucleotide of the
U3 sequence in the datasets described in (C) is shown as a percentage of the maximum (Per. Max) above a schematic model of the U3 snoRNA.

originating from non-miRNA encoding snoRNAs, such as
snR39B, U78, U74 and U44 are predominantly nucleolar,
the ACA45-derived miRNA is present in the cytoplasm and
nucleus (Figure SD). Moreover, these data demonstrate that
small RNA fragments derived from U3 are detected not
only in the nucleolar fraction, but are also relatively en-
riched in the nucleoplasm compared to the fragments of
most other snoRNAs and some U3 snoRNA-derived small
RNA species, likely representing the U3-derived miRNA
are also present in the cytoplasm (Figure 5D). Analysis of
the distribution of the reads mapping to the U3 sequence in
the three datasets confirmed that the miR-U3 sequence (nt
45-64) is specifically enriched in the cytoplasmic fraction
(Figure 5E). Taken together, these data support the model
that after nuclear export of a portion of the full length U3

snoRNA, it is efficiently processed by Dicer to generate a
U3-derived miRNA.

The SNX27 mRNA is an endogenous target of the U3-derived
miRNA

The finding that the U3-derived fragments exhibit low profi-
ciency miRNA-like activity in human cells suggests the po-
tential existence of endogenous mRNA target(s). Mapping
the human miRNA-interactome was recently approached
using the crosslinking, ligation and sequencing of hybrids
(CLASH) method to search for associated miRNA and
mRNA sequences bound by AGOI1 (49). We therefore used
the Hyb pipeline (50) to bioinformatically probe the dataset
generated by this study for hybrid sequence reads includ-



ing the miR-U3 sequence. This recovered chimeras con-
taining the miR-U3 sequence together with sequences from
the mRNAs encoding the box C/D snoRNP component
NOPS58, the serine/threonine protein kinase LMTK?2, and
the trafficking proteins ATXN2 and SNX27. Alignment of
the recovered sequences with the full-length mRNA tran-
scripts revealed that in the case of the SNX27 mRNA, the
hybrids contained a sequence present in the 3’ UTR (Fig-
ure 6A). Analysis of the potential miR-U3 target site us-
ing the TargetScan algorithm (51) showed that it conforms
to the definition of a canonical 7mer-m8 site (Figure 6A).
The detection of complementary U3-derived and mRNA
3’ UTR sequences associated with AGO1 in human cells
strongly supports the SNX27 mRNA as a target of the U3-
derived miRNA. As miRNAs and their targets sites are
subjected to evolutionary pressure (3,52), to further con-
solidate the likely functionality of the identified sequences,
their conservation within metazoans was analysed. Both
the U3-derived sequence and its SNX27 mRNA target site
are conserved among placental mammals, but not to am-
phibia and oviparous animals (Supplementary Figure S6).
This suggests selection pressure on these sequences only re-
cently during metazoan evolution, which is in line with the
observed low proficiency of the U3-derived miRNA in our
reporter assays.

We next aimed to demonstrate the functionality of the
U3-derived miRNA and confirm SNX27 as a target. To
analyse the effect of overexpression of miR-U3, a siRNA
mimic of miR-U3 was transfected into wild-type cells. As
miR-U3 acts as a low proficiency miRNA, the effect on tar-
get expression would not be expected to be strong, there-
fore, to increase the formation of miR-U3 mimic-containing
miRISC complexes by preventing production of most en-
dogenous miRNAs, the U3-derived miRNA mimic was also
transfected into Dicer KO cells. Analysis of proteins from
wild-type cells confirmed a mild, but significant, effect on
the SNX27 level, whereas in the Dicer KO background,
treatment with the miR-U3 mimic lead to a strong reduc-
tion in the SNX27 protein level, confirming the SNX27
mRNA as cellular target of the U3 miRNA (Figure 6B).

Impaired U3 snoRNP assembly induces miR-U3 production

The finding that, beyond its well characterised role in the
early nucleolar stages of ribosome assembly, a portion of
the U3 snoRNA is exported to the cytoplasm where it
serves as a miRNA source suggests that the distribution
of U3 snoRNA between these two functions may be reg-
ulated. We therefore set out to explore the relationship be-
tween the amounts of the U3 snoRNP and the U3-derived
miRNA present in the cell. Compared to other box C/D
snoRNPs, the U3 snoRNP contains an additional protein,
U3-55K, and it has previously been shown that lack of
U3-55K leads to a reduced level of the U3 snoRNA/P
(53). To determine whether reduction of the U3 snoRNP
leads to increased miR-U3 production, we analysed the ef-
fect of U3-55K depletion on the levels of full-length U3,
miR-U3 and the miR-U3 target SNX27. To increase the
availability of miRISC components and thereby enhance
the phenotypic effect of miR-U3, this analysis was per-
formed in Drosha KO cells where production of most miR-
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NAs, but not miR-U3, is inhibited. Comparison of RNAs
and proteins from mock transfected cells and cells trans-
fected with a plasmid for expression of a short-hairpin RNA
(shRNA) targeting U3-55K confirmed the efficient deple-
tion of U3-55K and the previously observed decrease in
the full-length U3 snoRNA level. Strikingly, the amount
of miR-U3 was strongly increased in cells lacking U3-55K
and consistent with this, the SNX27 protein level was also
markedly reduced (Figure 6C). To demonstrate that the ef-
fect on SNX27 arises due to the miR-U3, an analogous ex-
periment was performed in the presence of a specific anti-
miR that should block the effect of miR-U3 or a non-
target anti-miR (Neg) that served as a negative control.
Cells transfected with a plasmid for expression of a control
shRNA (shRNA scramble) showed no alterations in the lev-
els of U3-55K or SNX27 in the presence of either anti-miR
compared to the mock transfected control (Figure 6D). In
contrast, while cells depleted of U3-55K and carrying the
control anti-miR had a reduced SNX27 level, those trans-
fected with the anti-miR-U3 had a normal SNX27 level
(Figure 6D), demonstrating that the effect of U3-55K de-
pletion on SNX27 is indeed mediated by miR-U3. Together,
these data reveal crosstalk between the canonical function
of the U3 snoRNA in ribosome assembly and its additional
role as a miRNA source.

DISCUSSION

The wide-spread application of deep sequencing techniques
has revealed the presence of numerous small RNAs and
small RNA fragments in diverse cell types and tissues.
While some of these transcripts likely represent degrada-
tion intermediates of longer RNAs, others have functional
roles in regulating gene expression. Bioinformatic analy-
ses of small RNA-seq datasets have previously predicted
miRNA-like functions for sno/scaRNA-derived fragments
(24), however, to date, the only characterized example of
a sno/scaRNA that is processed to produce a functional
miRNA is the H/ACA box scaRNA, ACA45 (20). Indeed,
it has been suggested that sno/scaRNA- and tRNA-derived
miRNA-like fragments represent ‘leakage’ from the nor-
mal snoRNA /tRNA biogenesis pathways and that proteins,
such as the chaperone La, serve as gatekeepers to min-
imise the generation of such Argonaute-associated com-
plexes (34,54).

Here, we demonstrate that the unique 5’ region of the
box C/D snoRNA U3 acts as a miRNA source. For ribo-
some assembly, the U3 snoRNA is associated with the core
box C/D snoRNP proteins fibrillarin, NOP56, NOP58 and
15.5K as well as the U3-specific protein U3-55K, which
bind to the common C/C’ and D/D’ elements towards the
3’ end of the snoRNA (37), while the specialised 5’ end of
the snoRNA basepairs with specific pre-rRNA sequences.
Interestingly, binding of the core snoRNP proteins to the 3’
end of the snoRNA and/or association of the snoRNA with
pre-ribosomes has been suggested to influence folding of the
5’ region such that in its non-protein/pre-ribosome-bound
form, the 5" end of U3 forms an extended hairpin structure,
reminiscent of a pre-miRNA duplex (38). Consistent with
this, we show association of Dicer and Argonaute with the
5" region of the U3 snoRNA in vivo. Notably, the region of
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Figure 6. The U3-derived miRNA targets the SNX27 mRNA. (A) Schematic representation of the chimeric sequence reads containing sequence of the
SNX27 mRNA (upper, green) and the U3-derived miRNA-like fragment (lower, yellow) identified in CLASH analysis of AGO1. The seed sequence of the
U3-derived miRNA-like fragment is shown in white, italics and underlined, and the target site (nRNA) is shown in bold, italics and underlined. ‘(* and
‘)’ indicate nucleotides that can form basepairing interactions. (B) Wild-type HCT116 cells (WT) and DICER KO cells were mock transfected (Mock) or
transfected with a sSiRNA mimic of the U3-derived miRNA (U3 mimic) or a scrambled sequence (Scramble). The levels of SNX27 and GAPDH proteins
were determined by western blotting and the amount of SNX27 in the transfected cells compared to the mock, normalised according to the GAPDH
loading control is shown as a bar graph. Data from three biological and two technical replicates is shown as mean =+ standard error. Significance was
calculated using the one sample t-test; ns — not significant, *P < 0.05. (C) HCT116 cell lacking Drosha (DROSHA KO) were transfected with plasmids
for expression of a short-hairpin RNA (shRNA) targeting U3-55K or mock transfected (Mock). Protein levels were determined by western blotting using
the indicated antibodies (upper panels). Total RNA was extracted and small RNAs (<200 nt) were enriched. Total and small RNAs were separated by
denaturing polyacrylamide gel electrophoresis and transferred to nylon membranes where they were detected by northern blotting using probes against
the U3 and U6 snRNAs (total RNA) and the U3-derived miRNA (small RNAs). (D) HCT116 cell lacking Drosha (DROSHA KO) were mock transfected
(Mock) or transfected with plasmids for expression of a short-hairpin RNA (shRNA) targeting U3-55K or a scrambled sequence and were co-transfected
with a miR-U3 anti-miR (U3) or control anti-miR (neg). Protein levels were determined by western blotting using the indicated antibodies (middle panel).
The levels of SNX27 and GAPDH proteins were determined and the amount of SNX27 in the transfected cells compared to the mock, normalised according
to the GAPDH loading control is shown as a bar graph (right panel). Data from three biological and two technical replicates is shown as mean =+ standard
error. Significance was calculated using the one sample t-test; ns — not significant, *P < 0.05, ***P < 0.001.

the U3 snoRNA that is processed to form miRNAs is dis-
tinct from the C/C’ and D/D’ elements that are common
to other box C/D snoRNAs. Consistent with this, although
small RNA-seq analysis revealed RNA fragments derived
for other box C/D snoRNAs, these were either present at
very low levels and/or exceeded the threshold length for
miRNAs, further supporting the notion that processing of

box C/D snoRNAs to miRNAs is likely not a wide-spread
phenomenon.

Analogous to the ACA45-derived miRNAs (20), process-
ing of U3 to produce miRNAs requires Dicer, but is in-
dependent of Drosha. This conclusion is supported by the
enrichment of sequences corresponding to the U3-derived
miRNA in crosslinking analyses of Dicer but not Drosha



(Figure 2A). Notably, although sequences derived from this
region of the snoRNA were also detected in CLIP data from
the Drosha-associated protein DGCRS, structural analysis
of a DGCR8-Drosha complex does not support this region
of U3 as a miRNA substrate. As DGCRS also functions
as an adaptor for the exosome complex (31,55), it is likely
that the crosslinking of DGCRS to U3 rather reflects its role
in snoRNA degradation. Based on the known association
of the U3 snoRNA with the nuclear export factor XPOI
(44), it is probable that a portion of the full-length snoRNA
is exported to the cytoplasm in an XPO1-dependent man-
ner, where it is efficiently processed by Dicer to produce
miRNAs. Although the association of both precursor and
mature forms of the U3 snoRNA with XPO1 was demon-
strated more than a decade ago (44), it has remained unclear
whether the U3 snoRNA undergoes a cytoplasmic phase
during its maturation. On the one hand, it is possible that,
similar to other independently transcribed, m’G-capped
small RNAs (Ul, U2, U4 and U5 snRNAs, and U8 and
U13 snoRNAs), XPO1-bound U3 is normally exported to
the cytoplasm, where the extended 5’ stem—loop structure of
a small fraction of the snoRNAs is recognised and cleaved
by Dicer. Interestingly, it remains unknown whether the
fraction of the U3 snoRNA exported to the cytoplasm is as-
sociated with the core box C/D snoRNP proteins. It may be
that only aberrant U3 snoRNAs lacking associated proteins
are processed by Dicer while protein-bound U3 snoRNPs
are re-imported into the nucleus/nucleolus where they fulfil
their function in ribosome assembly. Alternatively, it is also
possible that the lack of pre-ribosome association can, in
some cases, render the 5" end of the U3 snoRNA sufficiently
accessible for export and subsequent Dicer-mediated cleav-
age. On the other hand, it has been previously suggested
that the binding of XPO1 to the U3 snoRNA contributes
to nucleolar localisation of the snoRNA (47) and therefore,
potentially, only a sub-population of U3 translocates to the
cytoplasm where it is processed into miR NAs. This suggests
an equilibrium between the proportions of the U3 snoRNA
involved in ribosome assembly in the nucleolus and miRNA
production in the cytoplasm.

The evolution of miRNA sequences embedded
within other transcripts, e.g. pre-mRNA introns and
sno/scaRNAs, and the discovery that miRNAs can be
generated by non-canonical biogenesis pathways suggests
additional layers of regulation of miRNA production as
well as the potential for co-regulation of miRNA produc-
tion with other cellular processes. The finding that the U3
snoRNA, which is one of only few essential snoRNAs and
serves as a scaffold within early pre-ribosomal complexes,
is a miRNA source highlights the potential for cross-
regulation of target mRNAs with ribosome biogenesis or
function. Indeed, our data demonstrates that depletion of
U3-55K, which leads to a lower level of the U3 snoRNP
and impairs the early steps of ribosome biogenesis (53,56),
increases miR-U3 production leading to a decrease of
its target SNX27 strongly support this model. Ribosome
production has emerged as a central hub that co-ordinates
protein production with cellular proliferation (reviewed
in (57)) and it is tempting to speculate that the ribosome
assembly pathway and miRNA-regulated expression of
specific mRNAs is co-ordinated to induce particular cellu-
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lar responses to certain conditions. Indeed, during serum
starvation, when the requirement for protein synthesis and
therefore ribosome production is reduced, miRNA bio-
genesis shifts towards the non-canonical XPOI1-dependent
transport (58), and in mice, the cytoplasmic fraction of the
U3 snoRNA has been observed to increase (59), strongly
supporting this model. Interestingly, upon exposure to
hypertonic stress, U3-55K is hyperacetylated leading to
decreased levels of the U3 snoRNA (60), and the level
of the U3 snoRNA is reduced during differentiation and
elevated during tumorigenesis (53,61-62). In the future, it
will therefore be interesting to analyse miR-U3 levels and
functions in these conditions to determine the contribution
of miR-U3-regulated mRNA expression to the cellular
stress response and cancer development.

Analysis of basepaired RNAs associated with AGOI in
human cells revealed the association of the miR-U3 with a
conserved sequence in the 3’ UTR of the SNX27 mRNA.
A decreased SNX27 level upon overexpression of a siRNA
mimic of miR-U3 or an increase of endogenous miR-U3
induced by lack of U3-55K confirmed the SNX27 mRNA
as an endogenous miRNA target. Interestingly, SNX27 is a
member of the sortin nexin family of proteins, which plays
a central role in recycling internalized transmembrane re-
ceptor proteins from endosomes to the plasma membrane
(63). More specifically, SNX27 is highly expressed in brain
tissue where it plays an important role in synaptic func-
tion by modulating glutamate receptor recycling and alter-
ations in SNX27 levels have been observed in neurodegen-
erative disorders and Down’s syndrome (64). SNX27 binds
in excess of 400 PDZ domain-containing proteins involved
in diverse cellular processes including signal transduction
and metabolite transport (65). Given the broad interactome
of SNX27, fine-tuning of SNX27 expression by the miR-
U3 has the potential to influence diverse aspects of cellular
function.
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