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Upregulation of a small vault RNA (svtRNA2-1a)
is an early event in parkinson disease
and induces neuronal dysfunction
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MicroRNAs (miRNAs) and other small non-coding RNAs (sncRNAs) are post-transcriptional regulators of gene expression,
playing key roles in neuronal development, plasticity and disease. Transcriptome deregulation caused by miRNA
dysfunction has been associated to neurodegenerative diseases. Parkinson disease (PD) is the second most common
neurodegenerative disease showing deregulation of the coding and small non-coding transcriptome. On profiling
sncRNA in PD brain areas differently affected, we found that upregulation of a small vault RNA (svtRNA2-1a) is widespread
in PD brains, occurring early in the course of the disease (at pre-motor stages). SvtRNA2-1a biogenesis was dependent
on Dicer activity on its precursor (vtRNA2-1) but independent of Drosha endonuclease, unlike the canonical miRNAs.
Although endogenous svtRNA2-1a was enriched in Ago-2 immunoprecipitates in differentiated SH-SY5Y neuronal cells,
overexpression of svtRNA2-1a induced subtle transcriptomic changes, suggesting that gene expression regulation may
involve other mechanisms than mRNA decay only. Function enrichment analysis of the genes deregulated by svtRNA2-1a
overexpression or svtRNA2-1a predicted targets identified pathways related to nervous system development and cell
type specification. The expression pattern of svtRNA2-1a during development and aging of the human brain and the
detrimental consequences of a svtRNA2-1a mimic overexpression in neuronal cells further indicate that low svtRNA2-1a
levels may be important for the maintenance of neurons. Our results suggest that early svtRNA2-1a upregulation in PD
may contribute to perturbations of gene expression networks, underlying metabolic impairment and cell dysfunction.
A better understanding of the pathways regulated by svtRNA2-a, and also the mechanisms regulating its expression

should facilitate the identification of new targets for therapeutic approaches in PD.

Introduction

Parkinson disease (PD) is a progressive neurological disorder
characterized by motor symptoms, such as tremor at rest, bra-
dikynesia and postural instability as well as non-motor features,
which include autonomic dysfunction, cognitive and neurobe-
havioral abnormalities as well as sleep and sensory disorders. The
main pathological hallmark of PD is the loss of dopaminergic
neurons in the substantia nigra (SN), in association with the
presence of cytoplasmic protein inclusions named Lewy bodies
(LB) and Lewy neurites (LN). Cell death in the SN, gives rise to
the motor symptoms, which typically appear when there is a loss
of about 50% of total SN neurons in comparison to age-matched
controls, with a consequent depletion of 80% of the striatal dopa-
mine."> However, neuronal loss and protein inclusion pathology
is not only restricted to dopaminergic neurons in the SN, but
also occurs in the striatum and brain cortex, and further affects
other cell types.? The intracerebral formation of LBs and LNs has

been proposed to begin at defined induction sites and advance in
a topographically predictable sequence, defining six evolutionary
stages, according to Braak et al.’”

Genetic studies show that mutations in SNCA, PARKIN,
UCHL-1, PINKI, DJ-1, and LRKK2 are the origin of familial
cases of PD, although they account only for 5-10% of patients.
The majority of PD cases are idiopathic.*®® Even if familial and
idiopathic forms of the disease differ on several clinical aspects, it
is clear that common molecular pathways underlie neurodegener-
ation. These include oxidative stress, mitochondrial dysfunction,
energy production imbalance and disruption of the ubiquitin-
proteasome system. Gene expression profiling studies in different
brain areas from sporadic PD patients have widely shown tran-
scriptome deregulation affecting these pathways.”'®

MicroRNAs (miRNAs) and other small non-coding RNAs
(sncRNAs) are post-transcriptional gene expression regulators,
playing key roles in neuronal development, plasticity and disease.
A strong body of evidence suggests that miRNA dysregulation
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underlies neurodegenerative processes. In PD, abnormal func-
tion of three miRNAs has been shown. For instance, the expres-
sion of miR-133b, a miRNA essential in the differentiation and
maintenance of dopaminergic neurons in the SN, was reduced in
midbrain samples from patients with PD.” In addition, disrup-
tion of the binding site for miR-433 in the FGF20 gene has been
associated to PD, and FGF20 overexpression has been shown to
correlate with higher SNCA expression levels.'s Besides, miR-7,
which modulates SNCA, was shown to be downregulated in a
PD mouse model.”” Our own recent data indicate that downregu-
lation of miR-34b/c occurs in several brain areas of PD patients
and further suggest that miR-34b/c downregulation underlie
early mitochondrial dysfunction in PD.?° Here we have further
profiled sncRNAs in PD brains and found that upregulation of
a small vault RNA (that we have named svtRNA2-1a) is a wide-
spread event in PD brains. We have characterized svtRNA2-1a
biogenesis, and analyzed the consequences of its deregulation in
the neuronal transcriptome and physiology. Our results suggest
that svtRNA2-1a deregulation could contribute to initial PD
pathogenesis.

Results

svtRNA2-a is upregulated at advanced stages of PD. In a first
attempt to identify small non-coding RNAs (sncRNAs) with
a possible role in PD, we focused on amygdala (AM) from PD
patients at motor stages of the disease (stages 4 and 5). At those
stages, most individuals have crossed the threshold to the symp-
tomatic phase of the illness, which is characterized by robust
affectation of the substantia nigra (SN) and the AM. We pro-
filed miRNA expression in the amygdala of 11 PD patients using
a commercial miRCURY™ array (Exiqon) that contained all
miRNAs present in the miRBase miRNA registry release 8.1 and
a series of un-annotated sequences corresponding to either exper-
imentally reported or predicted sncRNAs. Each individual case
RNA sample was hybridized against a pool made of equivalent
quantities of RNA from six control individuals (Table S1). Based
on this array, we were able to identify two miRNAs (miR-34b
and miR-34c-5p) that were significantly downregulated in PD
patients.”’ Besides, there was a sncRNA upregulated in all PD
amygdalas (miR-Plus 17885; Fig. S1), which was not annotated
in miRBase release 8.1. MiR-Plus 17885 is encoded in chromo-
some 5q31.1, embedded in the gene coding for vaule-RNA2-1
(vtRNA2-1). In the miRBase releases 10—-16, this sSRNA was
annotated as hsa-miR-886-5p. Later miRbase releases considered
this SRNA as a fragment of the vault RNA2-1 and it was no
longer annotated as hsa-miR-886. Therefore we have named it
small vault RNA2-1a (svtRNA2-1a), following the nomenclature
used for the recently described svtRNAs derived from viRNA1-1
(sviRNAa and sviRNAb).?' The upregulation of svtiRNA2-1a
was confirmed by RT-PCR analysis on the same PD patients
and control individuals using Tagman®-specific assays and either
U6B or RNU58B as reference sncRNA (Fig. S1).

We assessed the expression levels of svtRNA2-1a by rRT-PCR
in a wider number of AM samples from symptomatic PD patients
(Braak staging > 3) and control individuals (Table S1) and results
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confirmed a significant upregulation of svtRNA2-1a of approxi-
mately 1.5-fold in AM from PD compared with control AM
(Fig. 1A; Fig. S2). To gain insights into the mechanism leading
to svtRNA2-1a upregulation, we determined the expression of
its precursor vtRNA2-1. We could not detect significant changes
in vtRNA2-1 expression in AM samples of patients with PD at
motor stages, compared with control individuals, using custom
TagMan assays (Fig. S3). Thus, svtRNA2-la overexpression
might be linked with regulation of its biogenesis from vtRNA2-1
rather than an increase in the expression of viRNA2-1.

We next evaluated if sveRNA2-1a upregulation in PD symp-
tomatic cases was extensive to other areas of the brain with differ-
ent degrees of neuropathological affectation. rRT-PCR analysis
revealed a significant upregulation of svtRNA2-1a of approxi-
mately 2.5-fold in the SN of symptomatic PD patients (Fig. 1B;
Table S1, Fig. S2). In the frontal cortex (FC), an area that pres-
ents mild neuropathological alterations, we also observed an
increase on svtRNA2-1a levels of approximately 2-fold in PD
cases compared with control individuals (Fig. 1C; Table S1,
Fig. S2). Finally, we could not detect significant changes in the
expression levels of svtRNA2-1a in the cerebellum (CB) of PD
patients, a structure with scarce lesions in PD (Fig. 1D; Table S1,
Fig. S2). These results suggest that the extent of upregulation of
svtRNA2-1a does not strictly correlate with the severity of the
neuropathological lesions.

svtRNA2-a upregulation is an early event in PD that is not
related to drug therapies. The severity of the intraneuronal lesions
increases steadily along the course of the disease. The alterations
develop, to some degree, even in the brain stem of persons whose
clinical protocols refer no disease-associated motor dysfunc-
tions.?>? These incidental PD cases represent pre-symptomatic
PD and are classified as Braak stages < 3. In order to further assess
if svtRNA2-1a upregulation correlates with disease progression,
we analyzed the expression of svtRNA2-1a in pre-symptomatic
PD cases (Braak stages 1-3; Table S1, Fig. S2). At pre-clinical
cases the AM starts to present subtle neuropathological lesions,
whereas the FC is not affected. Using Tagman rRT-PCR assays
we were able to detect a significant increase in the expression of
svtRNA2-1a of approximately 2-fold in the AM (Fig. 2A) of
pre-motor PD cases compared with control individuals but no
significant changes were detected in the FC of pre-clinical cases
(Fig. 2B). These results suggest that svtRNA2-1a upregulation
is an early event in PD, at least in the AM. Importantly, none
of these pre-symptomatic patients had received any PD-related
treatment since they had not suffered from motor symptoms, and
neuropathological changes were found incidentally in the course
of the pathological examination. Therefore, the possibility of PD
related-drug side effects on gene expression can be excluded.

svtRNA2-a is enriched in Ago2 complexes and its bio-
genesis is dependent on Dicer. Recently, viRNAI-1 was
shown to produce svtRNAs in a Dicer-dependent and Drosha-
independent process.?! Thus, we assessed whether svtRNA2-1a
biogenesis occurred through an analogous mechanism. Hela
cells were depleted from Dicer or Drosha, using specific siR-
NAs, or a scrambled siRNA in four independent experiments;
lipofectamine-treated cells were used as an additional negative
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Figure 1. svtRNA2-1a expression in different brain regions from control individuals and PD cases stages 4 and 5 (motor stages of PD). svtRNA2-1a
levels are shown in the amygdala (A), substantia nigra (B), frontal cortex (C), and cerebellum (D). svtRNA2_1 expression levels are referred to a control
sample, for relative quantification (RQ). Plots show individual and mean RQ = SEM (¥, P < 0.05; **, P < 0.01; *** using a linear mixed effects model, LMM).

control. RNA was extracted 24 and 48 h post-transfection, and
both Dicer and Drosha expression were assessed by rRT-PCR
to evaluate the extent of the knockdown. Dicer and Drosha
expression levels were significantly reduced by 80%, compared
with cells transfected with a scrambled control siRNA, 24 and
48 h after transfection (Fig. 3A). At the same time points, the
expression of svtRNA2-la was significantly decreased upon
Dicer depletion, but not upon Drosha depletion (Fig. 3B). These
results indicate that svtRNA2-la biogenesis is dependent on
Dicer but not on Drosha, confirming a biogenesis process similar
to that of svtRNAa.?! Furthermore, we analyzed publicly avail-
able high-throughput small RNA sequencing data in control
MCF7 cells and MCF7 cells depleted of Dicer.?* The normal-
ized number of reads annotated as svtRNA2-1a, was significantly
smaller (72%) in Dicer depleted cells compared with control
cells supporting the involvement of Dicer in svtRNA2-1a genera-
tion. From the 450 miRNAs that could be robustly quantified
in this study, svtRNA2-1a is among the top 10 sncRNAs whose
expression is most affected by Dicer knockdown (Fig. 3C).
The precise alignment of sequencing reads corresponding to
vtRNA2-1 shows a strongly biased pattern toward two regions—
the mature sncRNA of one arm of the stem (svtRNA2-1a) and
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its counterpart from the minor strand (svtRNA2-1a*), which is
consistent with a Dicer-dependent biogenesis (Fig. 3D). A similar
pattern was detected when analyzing 94 carefully quality filtered
publicly available human sRNA high-throughput sequencing
data sets [Gene Expression Omnibus (GEO) database]. Of the
~460,000 sequenced RNAs which we could trace to svtRNA2-
la with high confidence, ~420,000 (92%) correspond exactly to
major strand, and ~35,000 (8%) correspond exactly to the minor
strand (Fig. S4). The position of the strands have the typical 2
nt 3" overhang, which is indicative of Dicer processing. Overall,
we detected the major strand in 87 out of 94 data sets, while the
minor strand was detected in 79 of them. These data suggest that
vtRNA2-1 is a natural substrate of Dicer in different human cells
and tissues.

To assess a possible role of sytRNA2-1a as a silencing sncRNA
in differentiated neuronal cells, we evaluated whether svtRNA2-
la was present in endogenous Ago2 complexes. For this, endog-
enous Ago2 was immunoprecipitated (IP) in SH-SY5Y neuronal
cells. Differentiation to a post-mitotic dopaminergic phenotype
was performed using retinoic acid (RA) and phorbol-12-my-
ristate 13-acetate (TPA) as described in reference 20. Anti-RMC
antibody raised against the C4 protein of the complement system
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Figure 2. svtRNA2-1a expression in brain samples of pre-motor PD
cases (stages 1-3) svtRNA2-1a expression levels in control, pre-motor PD
(stages 1, 2 and 3) and clinical PD (stages 4 and 5) in the amygdala (A) and
frontal cortex (B). Expression levels are referred to a control sample, for
relative quantification (RQ). Plots show individual and mean RQ + SEM
(¥, P < 0.05; ** P < 0.01 using a linear mixed effects model).

in rat/mouse was used for control IP. Total RNA was isolated
from the Ago2 and control IPs in three independent experiments
and the expression of sviRNA2-1a and miR-16 (used as a positive
control) was assessed by rRT-PCR Tagman assays. We detected
a significant enrichment of svtRNA2-la and miR-16 levels in
Ago2 IPs (Fig. 4A and B). In addition, we evaluated the presence
of svtRNA2-1a in different types of Ago immunocomplexes in
human THP-1 monocytic cells, using publicly available small-
RNA sequencing data sets.”” SvtRNA2-1a was found in Agol,
Ago2 and Ago3 immunocomplexes, being specially enriched in
Ago3 (Fig. 4C). These results confirm the presence of svtRNA2-
la in Ago complexes and, therefore, suggest the plausible role of
this sncRNA as a modulator of gene expression.

SvtRNA2-la mimic overexpression induces subtle tran-
scriptomic changes in SH-SY5Y cells. To gain insight into the
pathways that could be altered by svtRNA2-1a deregulation, as
well as to identify putative target transcripts, we assessed gene
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expression changes upon svtRNA2-1a overexpression in differ-
entiated SH-SY5Y cells, using Agilent Sure print G3 human
GE 8 x 60 k microarrays, which include not only updated tran-
scriptome databases for mRNA targets but also probes for long
intergenic non-coding RNAs (lincRNAs).

Differentiated SH-SY5Y cells were transiently transfected
with either a specific svtRNA2-1a mimic or a mimic scrambled
sequence (scr) in five independent experiments. Lipofectamine
only (@) treated cells were used as an additional control.
RNA was isolated 48 h after transfection and upregulation of
svtRNA2-1a was confirmed by rRT-PCR (Fig. S5).

After normalization, data analysis and statistical filtering
(expression fold change = 1.2 or < 0.83 when compared with
both “scrambled mimic” and “lipofectamine only” controls;
and adjusted p value < 0.25; plus no expression differences
between “scrambled” and “lipofectamine only” controls) we
observed a set of 103 moderately deregulated transcripts. Out of
these 103 transcripts, 41 corresponded to lincRNAs (Tables 1
and 2). Most lincRNA were upregulated, and considering the
protein coding genes, 55 were upregulated and six downregu-
lated. These data suggest either that the mild gene upregula-
tion detected at the time-point post-transfection examined
may be secondary to svtRNA2-1a silencing activity or that the
regulation of gene expression mediated by svtRNA2-1a does
not necessarily involve target mRNA decay. Considering the
six downregulated genes, only SOX4 was identified as a puta-
tive svtRNA2-1a target by MirWalk?*® and PITA% prediction
algorithms. Among the downregulated genes, SPARCLI and
TXNIP expression are decreased in several studies according
to two publicly available databases for gene expression profiling
in PD (www.ncascr.griffith.edu.au/pdreview/2008/ and www.
bioportal.kobic.re.kr/PDbase/, refs. 28 and 29). We validated
a slight TXNIP downregulation by rRT-PCR, while we failed
to amplify SOX4 (Table 3). Overall, the present data suggest
that gene expression deregulation by svtRNA2-1a is subtle at
the RNA level.

SvtRNA2-1a levels may modulate neuronal differentiation
and maintenance. In order to gain insight into the pathways
that may be regulated by svtRNA2-1a, we evaluated function
enrichment using the Ingenuity Pathway Analysis (IPA) tool

for both the significantly deregulated genes upon sviRNA2-
la overexpression in the array, and separately, the predicted
targets for sviRNA2-la (Table S2). To predict sviRNA2-1,
a putative targets we used the prediction tool MirWalk
(www.ma.uni-heidelberg.de/apps/zmf/mirwalk/index.html),?
considering all the genes with predicted target sites in the
3'UTR, by at least two different algorithms from the following:
miRWalk, miRDB, miRanda, PITA, Targetscan, and MirBase.
In both cases, the most significant biological functions involved
are related to the maintenance and differentiation of neuronal
cells and the nervous system (Tables 83 and S4).

To evaluate if the amount of svtRNA2-1a was linked to devel-
opmental processes of the human brain we analyzed the expres-
sion pattern of svtRNA2-1a in high-throughput sequencing data
sets of human frontal cortex during post-natal development and
aging.’® We found that both the major and minor strands reach
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Figure 3. For figure legend, see page 1098.
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Figure 3 (See previous page). svtRNA2-1a biogenesis is dependent on Dicer. (A) Plots show relative expression of Dicer and Drosha assessed by rRT-
PCR. Mean fold change + SEM, 24 and 48 h after transfection of specific siRNAs against Dicer (DCR), Drosha (Dsh) or a scrambled siRNA (scr); all values
are referred to lipofectamine-only treated (n = 4; *, P value < 0.05, using LMM). (B) Plots show relative expression of svtRNA2-1a assessed by rRT-PCR.
Mean fold change + SEM 24 h after transfection of specific siRNAs against Dicer (DCR), Drosha (Dsh) or a scrambled siRNA (scr), lipofectamine only
treated cells were used as the reference (n = 4; *, P value < 0.05 using LMM). Graphs show mean fold change (n = 4) 24 h after either Dicer or Drosha
depletion. (C) Fold-changes in miRBase miRNAs after Dicer silencing in MCF-7 cell line, measured by high-throughput sequencing. The line indicates
the reduction fold change for svtRNA2-1a. (D) VTRNA2-1 structure and putative biogenesis of svtRNA2-1a by Dicer cropping. SvtRNA2-1 sequencing
reads alignment to VtRNA2-1 precursor, in a 34-d-old small RNA sequencing data set, of the human brain. VTRNA2-1 secondary structure is shown
and the different regions that define a typical miRNA precursor are highlighted in colors. The major strand (svtRNA2-1a) is shown in red, the minor
strand in purple (svtRNA2-1a*) and the intervening loop in yellow. The density plot shows the distribution of sequencing reads. Below, the positions of
individual sequences are shown. The column labeled “reads” indicate how many times the sequence was detected.

A sRNA2-1a B miR-16 [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
- bromide] (MTT) assay. We found decreased MTT
Lot = - metabolization in differentiated SH-SY5Y cells overex-
pressing a svtRNA2-1a mimic vs. those overexpressing
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g 9 post-transfection (Fig. 6), suggesting an impairment
2 2 in the activity of reductase enzymes. Decreased MTT
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chondrial impairment and oxidative stress, and cell
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generation after transfection with svtRNA2-la mim-
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00— In addition, linked to sviRNA2-1a overexpression no
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detected, nor nuclear condensation was observed (data
180 | not shown). Thus, reduction of MTT metabolization
E 170 1 1 in cells overexpressing svtRNA2-la may reflect meta-
B 160 - i 1 bolic impairment rather than cell death linked to mito-
g 150 1 i 1 chondrial dysfunction. In fact, it has been shown that
& 140 1 ; 1 I 1 although mitochondrial succinate dehydrogenase can
£ 130 - reduce MTT, microsomal enzymes are the main con-
2 120 +— ! : 3 4 | 1 tributors to total cellular MTT reduction. Furthermore,
110 ‘ | cellular MTT reduction is affected by glucose availabil-
100 | ity,>»3 thus supporting the view that decreases in MTT
Total Agol Ago2 Ago3 reduction driven by svtRNA1-2a overexpression could
reflect glycolytic metabolism impairment.
Figure 4. svtRNA2-1a is enriched in Ago complexes. (A and B) Expression of Discussion
svtRNA2-1a in Ago2 immunocomplexes in SH-SY5Y cells. Plot shows mean Log RQ
Frelative guantity) + S!EM, for svtRNA2-1aA (A) and miR-jQ (B) as.sessed b.y rRT-PCR Previous studies suggest that miRNA deregulation
in Ago2-immunoprecipitates or control-immunoprecipitates in three indepen- . .
dent immunoprecipitation experiments (**, P < 0.01). (C) svtRNA2-1a distribu- contributes to neurodegenerative ~processes.'”!®7
tion in different Ago proteins. The expression of svtRNA2-1a was determined Different studies, including our own recent data, sug-
in immunoprecipitated Ago1, Ago2 and Ago3 complexes and total cell extracts gest that altered miRNA expression profiles underlie
from monocytic THP-1 human cells, using public sncRNA sequencing data. Norm PD pathogenesis.””'>? Here we have identified a vault
frequer_\cy indicates the normalized frequency calculated as freq. svtRNA2-1a/ RNA-derived small RNA, svtRNA2-1a, which is con-
freg. miRNAs * 10E6.

sistently upregulated in several PD brain regions, differ-

their highest expression in the first year after birth, with progres-
sively lower expression afterwards (Fig. 5B), reinforcing the idea
that svtRNA2-1a levels may participate in neuronal differentia-
tion and maintenance.

To assess a possible role of sviRNA2-la deregulation in
neuronal maintenance, we determined basal viability in cells
transiently transfected with a sv-RNA1-2a mimic, using the
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ently affected at the neuropathological level. Our data
suggest that sveRNA2-1a could be synthesized as a non-canoni-
cal miRNA, and modulate gene-expression networks involved in
neuronal maintenance.

SvtRNA2-1a was originally registered as miR-886-5p, in the
miRBase release 10, because it was captured, together with miR-
886-3p in high-throughput sequencing and the two mature miR-
NAs formed a stem in a predicted stem-loop hairpin structure,
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Table 1. Deregulated protein-coding transcripts upon svRNA2-1a overexpression (in bold selected for rRT-PCR validation)
adj.P.Val. svRNA2-1a vs. (SCR +@)

Gene name
A_33_P3237704
A_33_P3265941
A_33_P3365963
A_33_P3371144
A_33_P3391536
A_33_P3414017

APOL1
ATN1
ATP1A3
C200rf141
C90rf173
CA6
CASKIN1
CDC14C
CENPP
CHST6
CRTC1
DKFZP547L112
ENST00000324659
ENST00000378223
ENST00000390293
FLJ43860
GPSM1
GYPA
HBZ
HISTTH2AM
HNRNPUL1
HOXA9
IQSEC2
KCP
KIRREL2
LHX3
LOC100129196
LOC100132966
LOC388152
LY9
LYNX1
NKX1-2
NOBOX
OGFR
OR5L2
OSCAR
PLK1
PRKAG3
SCGB3A1

F.C. svRNA2-1a vs. (SCR +@)

1.2330
1.2413
1.2523
1.2266
1.4585
1.2375
1.4084
1.2024
1.2498
1.2125
1.2646
1.4151

1.2015
1.2300
1.2177
1.2243
1.3100
1.3196
1.2848
1.2925
1.2509
1.2789
1.2072
1.2439
1.2560
1.2034
1.2248
1.2020
1.2369
1.2280
1.2357
1.3588
1.2054
1.2777
1.2027
1.2376
1.2769
1.2990
1.2333
1.2302
1.2448
1.2536
1.2115
1.2568
1.2214

In bold, predicted targets for syRNA2-1a.
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0.2388
0.2475
0.2498
0.2475
0.2475
0.2475
0.2475
0.2475
0.1248
0.2475
0.2475
0.2475
0.2475
0.2475
0.2201
0.2475
0.1782
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2475
0.2201
0.2475
0.2475
0.2475
0.2475
0.2475
0.2388
0.2475
0.2475
0.2475
0.2475
0.2419
0.2475

RNA Biology

F.C.SCRvs. @

-.0524
—-1.0052
-1.0704
-1.0810
—1.0405
—1.0293
-1.1972
—-1.0583
—1.0403
-1.0716
-1.0650
-1.2019
-1.0372
-1.0771

1.0647
-1.0706
-1.1205
—1.0859
-1.0479

1.0058
-1.0863
-1.0507
-1.0222

1.0353
-1.0780

1.0679
-1.0142

1.0048
-1.0758
—1.0651
-1.0628
—-1.0654
-1.0215
-1.0784
—-1.0788

1.0250
-1.0365
-1.1392

1.0089
-1.0343
-1.0622
-1.0760

1.0039
—-1.0628
-1.0600

adj.P.Val. SCR vs. @

0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999
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Table 1. Deregulated protein-coding transcripts upon svRNA2-1a overexpression (in bold selected for rRT-PCR validation) (continured)

Gene name F.C. svRNA2-1a vs. (SCR +@) adj.P.Val. svRNA2-1a vs. (SCR +@) F.C.SCRvs. @ adj.P.Val. SCR vs. @

SF3A2 1.2295 0.2475 -1.0376 0.9999
SIGLEC15 1.3126 0.2475 1.0176 0.9999
SLC34A3 1.2093 0.2475 -1.0674 0.9999
SNCB 1.2263 0.2475 —-1.0533 0.9999
SP8 1.3189 0.2475 -1.1346 0.9999
THBS1 1.2325 0.2475 -1.0773 0.9999
TRIM3 1.2424 0.2475 -1.0716 0.9999
TUBA3D 1.2361 0.2475 1.0011 0.9999
TUSC1 1.2405 0.2475 -1.0678 0.9999
ZNF843 1.3978 0.2388 —1.0643 0.9999
LCA5 -1.2092 0.2475 -1.0367 0.9999
PURG —1.2425 0.2475 -1.1683 0.9269
SOX4 -1.2189 0.2475 -1.0349 0.9999
SPARCL1 -1.2608 0.2475 -1.0658 0.9999
TRDMT1 -1.2119 0.2475 1.0271 0.9999
TXNIP -1.2608 0.2475 -1.0013 0.9999

In bold, predicted targets for syvRNA2-1a.

which is a signature for a miRNA precursor.?®** SvtRNA2-1a
is embedded in the gene coding for the vault RNA VTRNA2.
The human vtRNAs are 88 or 98 nt in length, are RNA poly-
merase III (Pol III) transcripts and have a stem-loop secondary
structure. All these features are shared by pre-miR-886, and for
this reason it was recently proposed to be renamed as viRNA2-
1994 VtRNAs are components of the vault complex, a hollow,
barrel-shaped ribonucleoprotein complex that is thought to play
a role in cellular resistance to cancer therapeutic (for a review see
ref. 42). However, the exact role of vtRNAs, as well as the vault
complex, is not yet clear. ViRNAs, are ubiquitously expressed,
and they can all be detected free in the cytoplasm,® thus suggest-
ing they may all exert some function on their own. This is espe-
cially relevant in the case of viRNA2-1, for which recent studies
show a poor stable association with the vault complex.*

Our experimental data and evidences from sRNA high-
throughput sequencing upon Dicer depletion in MCF7 cells,*
show that svtRNA2-1a biogenesis is dependent on Dicer, but not
on Drosha, unlike canonical miRNAs. Furthermore, our analyses
on the alignment of viRNA2-1 sequencing reads indicate a pattern
consistent with a Dicer-dependent biogenesis. Thus svtRNA2-
la generation is analogous to that described for sviRNAa and
sviRNAD from vtRNA1.?" A non-canonical Drosha-independent
biogenesis pathway has also been reported for mitrons, short
introns, which after splicing and de-branching, form pre-miRNA-
like molecules that are a source of pre-miRNA molecules.”*
A recent study reported low efficiency for the processing of the
stem-loop precursor to the mature sviRNA2-1a and svtRNA2-1a*
(miR-886-5p and miR-886-3p) in epithelial cells.** However, the
mature minor strand (svtRNA2-1a*/hsa-miR-886-3p) is detected
by northern blot in HS5 cells, a human stromal cell line.*® In addi-
tion, our results suggest that in PD, svtRNA2-1a processing from
vtRNA2-1 is enhanced. These data suggest that the efficiency
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in sviRNA2-1a biogenesis may depend on the cellular context.
In addition, more sensitive techniques such as rRT-PCR®>! and
sRNA high-throughput sequencing (GEO sncRNA sequencing
data sets) show consistent detection of both of the mature forms
across different cell lines, tissues and biological conditions, which
is in agreement with a biological role of these sSRNAs.

We observed a significant increase in the expression of
svtRNA2-1a in the AM 1.5-fold change, FC 2.2-fold change, SN
2.6-fold change of symptomatic PD patients; while no changes in
the svtRNA2-1a levels where detected in the CB. Similar deregu-
lation levels for other silencing small RNAs have been detected
in PD?* and Huntington disease,”> which were detrimental for
neuronal viability. In clinical cases of PD, several abnormalities
have been detected in areas virtually depleted of Lewy inclusions
(FC and CB), including mitochondrial dysfunction, oxidative
stress and synaptic pathology.'®>*® This suggests that svtRNA2-
la upregulation may be linked to complex molecular pathology
rather than to the distribution of Lewy inclusions. Furthermore,
our observations indicate that svtRNA2-1a upregulation occurs
at early (pre-motor) stages of the disease, thus suggesting a pos-
sible role in the initial pathogenic events in PD.

It is worth mentioning that at these advanced stages of the
disease, the SN is already depleted from approximately 60-70%
of the dopaminergic neurons and, therefore, whether sviRNA2-
la upregulation occurs in the remaining neurons or in other
cell types, such as glial cells, is an open question. Interestingly,
predicted targets for svtRNA2-1a are significantly enriched in
pathways involved in the differentiation and maintenance of neu-
roglia and, thus, sviRNA2-1a deregulation could contribute to
glial cells dysfunction.

Recent studies indicate that infectious and inflammatory
pathways underlie activation of vtRNA expression,* there-
fore suggesting that svtRNA2-1a deregulation could be linked
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Table 2. Deregulated linc-RNAs upon svRNA2-1a overexpression

Gene name F.C. svRNA2-1a vs. (SCR +@) adj.P.Val. svRNA2-1a vs. (SCR+@) F.C.SCRvs.@ adj.P.Val. SCR vs. @
lincRNA:chr20:25213650-25221750_F 1.4051 0.2475 —1.2437 0.9909
lincRNA:chr13:44760050-44767325_F 1.3964 0.2415 -1.0620 0.9999
lincRNA:chr16:11481046-11484311_F 1.3409 0.2475 1.0205 0.9999
lincRNA:chr14:56163972-56175072_R 1.3072 0.2475 —-1.0646 0.9999
lincRNA:chr3:36985666-36986208_F 1.2990 0.2475 —-1.0208 0.9999
lincRNA:chr5:133837051-133848098_R 1.2950 0.2475 —-1.0874 0.9999
lincRNA:chr19:17187375-17194450_R 1.2946 0.2475 -1.0792 0.9999

lincRNA:chr10:6779694-6889494_R 1.2917 0.2475 -1.0267 0.9999
lincRNA:chr3:185544131-185550706_F 1.2844 0.2475 -1.0207 0.9999
lincRNA:chr2:218461580-218481005_R 1.2831 0.2388 -1.0517 0.9999
lincRNA:chr2:238532786-238566636_R 1.2786 0.2475 -1.0347 0.9999

lincRNA:chr18:33160711-33161067_F 1.2750 0.2475 -1.0659 0.9999
lincRNA:chr8:145986196-145991421_F 1.2728 0.2475 -1.0227 0.9999
lincRNA:chr5:167692897-167704922_F 1.2708 0.2475 —-1.0447 0.9999
lincRNA:chr22:46476224-46493888_F 1.2660 0.2475 -1.0569 0.9999
lincRNA:chr11:70606952-70667252_F 1.2656 0.2475 —-1.0534 0.9999
lincRNA:chr2:241928152-241929111_R 1.2651 0.2475 —-1.0430 0.9999

lincRNA:chr6:72033379-72059179_F 1.2647 0.2475 —-1.0591 0.9999
lincRNA:chr12:114196867-114203667_F 1.2645 0.2201 -1.0072 0.9999

lincRNA:chr6:32862169-32868745_F 1.2633 0.2475 -1.1159 0.9999

lincRNA:chrX:16499154-16509904_F 1.2603 0.2475 -1.0621 0.9999
lincRNA:chr2:193943030-194203155_R 1.2558 0.1817 -1.0219 0.9999

lincRNA:chr4:4545549-4583049_F 1.2542 0.2475 -1.0912 0.9999
lincRNA:chrX:45598006-45710454_F 1.2306 0.1817 —1.0474 0.9999
lincRNA:chr5:52531518-52727218_R 1.2289 0.2475 1.0002 0.9999
lincRNA:chr4:7132149-7143349_F 1.2277 0.2475 -1.0195 0.9999
lincRNA:chr9:110102958-110105481_F 1.2273 0.2475 —-1.0048 0.9999

lincRNA:chr2:64412771-64525721_R 1.2255 0.2475 -1.0483 0.9999

lincRNA:chr4:84135426-84176451_F 1.2245 0.2475 -1.0344 0.9999

lincRNA:chr12:2035164-2049639_R 1.2236 0.2475 1.0187 0.9999

lincRNA:chr11:508000-516800_F 1.2234 0.2201 -1.0984 0.9999

lincRNA:chr1:41956288-41971088_R 1.2160 0.2475 —1.0549 0.9999

lincRNA:chr12:76015433-76261508_F 1.2151 0.1817 -1.0271 0.9999

lincRNA:chr12:9480083-9506383_R 1.2145 0.2475 -1.0082 0.9999
lincRNA:chr7:106224664-106257564_F 1.2119 0.2475 1.0095 0.9999

lincRNA:chr18:33466152-33528357_F 1.2089 0.2475 —1.0835 0.9999
lincRNA:chr10:54147394-54152519_F 1.2086 0.2431 —-1.0430 0.9999

lincRNA:chr5:54162493-54208143_R 1.2082 0.2475 -1.0220 0.9999

lincRNA:chr9:16042794-16061320_F 1.2039 0.2475 —1.0455 0.9999

lincRNA:chr6:36084247-36091829_F 1.2026 0.2475 -1.0293 0.9999

lincRNA:chr6:43819493-43820070_R 1.2009 0.2388 -1.0077 0.9999

with expression alterations of its precursor. However, we did not
observe significant upregulation of vt(RNA2-1 in the same sam-
ples showing sviRNA2-1a overexpression. These results suggest
that svtRNA2-1a deregulation is related with alterations in the
maturation process from the precursor. The post-transcriptional

regulation of miRNA expression levels has been reported for
miR-138, which shows variable expression in different cell types
without modifications of its precursor pre-miR-138-2.°" The
strong Dicer dependence of svtRNA2-la generation suggests
that the amount and activity of this endonuclease could be a
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limiting factor for svtRNA2-1a biogenesis, both in physiologi-
cal and pathological conditions. The Parkinson disease database
(www2.cancer.ucl.ac.uk/Parkinson_Db2/index.php) indicates
that Dicer is overexpressed in the FC and SN of patients with
PD, which could contribute to svtRNA2-1a increases. However,
it is worth mentioning that recent work has identified a battery
60.61 and, thus,

whether Dicer is particularly active in the brain areas showing

of proteins that regulate Dicer processing activity

svtRNA2-1a overexpression in PD, is an open question that
deserves specific research.

Our results confirm that svtRNA2-1a is enriched in endog-
enous Ago complexes and, therefore, suggest a role for svtRNA2-
la in post-transcriptional gene regulation. Transcriptome
profiling of differentiated SH-SY5Y cells overexpressing
svtRNA2-1a showed subtle changes in gene expression, suggest-
ing that mRNA degradation may not be central in sviRNA2-1a
regulation of gene expression. In line with this, Bax is a target
for svtRNA2-1a (miR-886-5p) that is repressed at the protein
level, without affecting its mRNA expression.”® In addition,
the analysis of smalllRNA sequencing data in human mono-
cytic cells suggests a preferential loading of svtRNA2-1a onto
Ago3, which shows silencing activity at the translational level,
without target mRNA slicing. Interestingly, it has been recently
shown that pre-miR-886 (vtRNA2-1) has a
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Figure 5. svtRNA2-1a expression in human brain development and
aging. svtRNA2-1a expression in the human brain detected by sncRNA
sequencing. The time points are: 2 d after birth, 4 d, 34 d, 204 d, 8y, 13
y,25y,53d,66Y,88y,and 98 y. Expression has been normalized to the
number of miRNA sequencing reads.

tumor-suppressing role, through binding to
PRKRA (protein kinase, interferon induc-

KKK *k

]

ible double-stranded RNA-dependent acti- 1057
vator).* Thus, gene expression deregulation
. .. . 1004
driven by svtRNA2-1a mimic overexpression
in differentiated SH-SYSY cells could reflect | 5 g5
both downstream effects of sviRNA precur- % —
sor (vtRNA2-1) and primary and secondary | > 907 -
effects linked to svtRNA2-1a silencing. K
The regulated expression of svtRNA2-1a | 8
in human brain development and aging are 80-
indicative of a role of this sncRNA in the
central nervous system physiology. In the 75 ; h : ; h . :
human superior frontal gyrus,”® the high- sVRNA2-1a SCR @ sVRNA2-1a SCR SVRNA2-1a SCR
est levels of svtRNA2-1a were detected at 24 H 48H 72H

early postnatal developmental stages. After

the first year, the amount of sviRNA2-1a Figure 6. sviRNA2
decreased with low levels being detected at gure >
the oldest ages examined. These data suggest
that high levels of svtRNA2-la may modu-

late early developmental processes, while low

-1a overexpression reduces neuronal basal viability. Plot shows relative cell
viability assessed with MTT assays at 24, 48 and 72 h after transfection of either svtRNA2-1a
mimic or a scrambled miRNA mimic (SCR), using lipofectamine only (@) treated cells as nega-
tive control and reference. Data represent mean basal viability + SEM [n = 6; (**, P < 0.01, **¥,
P< 0.001 using t-test)].

levels may be required for neuronal main-

tenance and survival. Reinforcing this idea,

pathway enrichment analysis among the svtiRNA2-1a deregu-
lated protein-coding genes and the predicted sviRNA2-1a targets
identified nervous system development among the top biological
functions. In addition, our observations indicate that svtRNA2-
la overexpression in differentiated SH-SY5Y impairs neuronal
metabolism. It is worth noting that idiopathic PD is heralded
by decreased glucose metabolism in different brain regions®*®
and, therefore, svtRNA2-1a overexpression could contribute to
metabolic impairment in PD.

1102
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In conclusion, we have shown that svtRNA2-1a biogenesis
is largely dependent on Dicer, in agreement with previous stud-
ies.? Its enrichment in Ago immunocomplexes suggests a role
for this svtRNA in post-transcriptional gene regulation. Our
results further suggest that early deregulation of svtRNA2-1a
expression in PD may contribute to the initial perturbations of
gene expression networks, underlying cell functional impairment.
A better understanding of the pathways regulated by sviRNA2-a,
and also the mechanisms regulating its expression should provide
new insights on the role of viRNA in the central nervous system
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Table 3. rRT-PCR validation of selected protein-coding transcripts deregulation upon svRNA2-1a overexpression

svRNA2-1a vs. [SCR+@]

Housekeeping genes

MRIP POLR2)J

GENE FC P value FC Pvalue
SPARCL1 0.989 0.842 0.977 0.670

TXNIP 0.908 0.047 0.897 0.091
ATP1A3 0.847 0.135 0.803 0.163

CRTC1 0.923 0.036 0.964 0.689

LYNX1 0.955 0.318 0.998 0.999

SNCB 1.145 0.029 1.116 0.318

and also facilitate the identification of new targets for therapeutic
approaches in PD.

Materials and Methods

Patient brain samples. Brain samples were obtained from the
Institute of Neuropathology Brain Bank following the guidelines
of the local ethics committee. The time between death and brain
processing named post-mortem time or post-mortem delay, was
between 3.00 and 11.00 h. Brains were removed from the skull
and the left cerebral hemisphere, left cerebellum and alternate
transversal sections of the brain stem were fixed in 4% buffered
formalin. The rest of the brain and cerebellum was immediately
cut into 1 cm-thick coronal sections. These and the alternate
sections of the brain stem were frozen on dry ice and stored at
-80 °C until use. Neuropathological studies were performed on
formalin-fixed paraffin embedded sections 4 micron-thick of 25
standard selected areas, which were processed for current neuro-
pathological methods including hematoxylin and eosin, Kliiver-
Barrera and -amyloid, hyper-phosphorylated tau, -synuclein,
ubiquitin, B-crystalin, TDP-43 and astroglial and microglial
immunohistochemistry.

PD-related pathology was graded following Braak stagesCases
with PD stages 4 and 5 (also named LBD stage 4 and 5) had
suffered from parkinsonism and had been subjected to different
treatments geared to control motor symptoms for variable period
of time (cases 1-11, 18—19 and 21-23; Table S6); none of them
had suffered from dementia. Cases with PD-related pathology
stages 1-3 (LBD stages 1-3) had not suffered from motor symp-
toms, did not receive any specific therapy and the observation
of LBs and LNs was an incidental feature at neuropathological
examination (cases 12—17 and 20; Table S6). PD cases with
additional pathology not related to synuclein, excepting those
with a few neurofibrillary tangles in the entorhinal and transen-
torhinal cortices, were excluded from the study.

Age-matched control cases were chosen on the basis of the lack
of neurological, metabolic and mental disorders, together with
the lack of brain lesions, including the absence of neurofibril-
lary tangles, a-synuclein inclusions, TDP-43 abnormalities and
lack of small vascular disease after neuropathological examina-
tion following the same protocol as the used for PD cases. A few

www.landesbioscience.com

SCRvs. 2

Housekeeping genes

MRIP POLR2)J

GENE FC Pvalue FC P value
SPARCL1 0.951 0.318 0.973 0.689

TXNIP 0.929 0.195 0.951 0.549
ATP1A3 0.963 0.764 1.117 0.549

CRTC1 0.971 0.484 0.994 0.999

LYNX1 0.954 0.369 0.977 0.842

SNCB 1.076 0.272 1.142 0.272

diffuse B-amyloid plaques and a few neurofibrillary tangles in the
entorhinal cortex were the only abnormality in some cases.

RNA isolation. Total RNA was isolated using miRNeasy
(Quiagen) according to manufacturer’s instuctions. Briefly, to
isolate RNA from cultured cells, cells were rinsed once with PBS
1x, then either lysed with 700 pL of Quiagen lysis buffer and
protocol was followed up as specified or frozen at -80 °C until
isolation could be performed (never more than 1 mo). To iso-
late RNA from frozen brain samples, between 50—75 mg of tis-
sue were homogenized using a Ultra Turrax T-8 homogenizer in
1 mL of Quiagen lysis buffer. Lysate was then frozen at -80 °C
and protocol was followed up within less than 2 wk.

RNA integrity and quality was assessed routinely with a
Bioanalyser (Agilent), using the eukaryotic total RNA kit,
according to manufacturer’s instructions. RNAs with RIN
(RNA integrity number) below 5 were discarded.

Ago2 immunoprecipitation. Endogenous Ago2 IP, was per-
formed as previously described,® using an antibody against
RMC as a negative control for the IP, in three independent
experiments on differentiated SH-SY5Y neuronal cells. RNA
was subsequently isolated from Ago2 immunocomplexes using
phenol-chloroform. Briefly, 300 pL of phenol-chloroform were
added to precipitated RNA, shacked and then centrifuged at
maximum speed (17,000 g) for 15 min enough to separate the
phases. The upper phase was then recovered (300 L) and
700 pL of ethanol (100%) added, after shaking samples were
left overnight at -20 °C. RNA was recovered by centrifuga-
tion at full speed (17,000 g) and 4 °C for 30 min. Remaining
ethanol was eliminated by warming at 65 °C for 20-30 s.
RNA was then dissolved in RNase-free water and left in

ice for approximately 1 h and then frozen at
-80 °C.
rRT-PCR. MiRNA-RT-PCR  were performed using

Tagman® miRNA-specific RT and rRT-PCR assays, following
manufacturer’s instructions, starting with 20 ng of RNA per
RT reaction, in an AB 7900HT Fast Real-Time PCR System.
In the analysis of miRNA expression in brain areas, for each
region all cases and controls were analyzed in the same rRT-
PCR experiment. Each sample was run in quadruplicates when
feasible, or in duplicates in two independent plates; and the
real-time reaction repeated at least twice. All the specific taq-
man miRNA assays used are listed in Table S5.
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For mRNA rRT-PCR, 2 pg of total RNA were treated with
DNase (Ambion) according to manufacturer’s instructions.
RNA was then quantified and 250 pg of DNase-treated RNA
were retrotranscribed with a 1:1 mix of random hexamers and
oligodT, using SuperScript III First-Strand Synthesis SuperMix
for QqRT_PCR (Invitrogen). cDNA was diluted 1:8 and 1 pL
was used for RT-PCR reactions using Tagman®-specific gene
expression assays, following manufacturer’s instructions in an
AB 7900HT Fast Real-Time PCR System. Two independent
RT reactions were performed for each sample, and then for
each RT, samples were run in duplicates in two independent
RT-PCR reactions. All the specific tagman mRNA assays used
are listed in Table S5.

Relative quantification and statistical analysis of rRT-PCR
data. Relative quantification (RQ) as shown in graphs was cal-
culated with the 2724 method® to compare expression values
of a given miRNA or mRNA normalized to that of the house-
keeping gene, two different reference genes were used: U6B
and RNU58B for miRNA determinations, and POLR2J and
M-RIP for mRNA quantifications. The RQ and their statistical
significance were obtained from two different methods: a lin-
ear mixed effects model (LMM) as previously described® that
accounts for the different sources of variation derived from the
experimental design and the Relative Expression Software Tool
(REST®).5

Expression arrays. MiRNA microarrays were performed and
statistically analyzed by Exiqon using mercury LNA microarrays
(based on Sanger database v.8.1). Each individual PD AM RNA
sample was hybridized against a pool made of equitable quanti-
ties of all AM control samples; RNA quality was assessed with a
Bioanalyser (Agilent).

Gene expression profiling was performed using one-color
Agilent Sure print G3 human Gene Expression 8 x 60 k micro-
arrays, which contain 60,000 probes, including 27,958 Entrez
Gene RNAs and 7,419 lincRNAs. Briefly, 500 ng of total RNA
from each sample were chemically labeled by dephosphorylat-
ing using calf intestinal alkaline phosphatase (CIP) and ligat-
ing Cyanine3-pCp by a T4-RNA ligase using Agilent mRNA
Complete Labeling and Hyb Kit (p/n5190-0456). Labeled sam-
ples were dried and resuspended in 18 pl of nuclease-free water
and co-hybridized with in situ hybridization buffer (Agilent) for
20 h at 55 °C and washed at room temperature for 5 min in Gene
Expression Wash Buffer 1 (Agilent) and 5 min at 37 °C in Gene
Expression Wash Buffer 2 (Agilent). The images were generated
on a confocal microarray scanner (G2505B, Agilent) at 5 um
resolution and quantified using Feature Extraction (Agilent).
Extracted log2-transformed intensities were quantile normalized
to make all data comparable.

Gene expression was compared between SH-SY5Y cells tran-
siently transfected with a svtRNA2-1a mimic and control cells
transfected with a scrambled mimic sequence (Table S6), or
mock-transfected with lipofectamine. Successful transfection of
svtRNA2-1a mimic was confirmed by rRT-PCR and RNA qual-
ity assessed with a Bioanalyser (Agilent). All RNA samples were
individually hybridized. To assess differential expression, sig-
nificance analysis of microarrays (SAM) was used.” Results of
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SAM analysis were corrected for multiple testing according to the
false discovery rate (FDR) method.”® Probes with FDR-adjusted
p value below 25% and additionally a fold change exceeding 1.2
in absolute value were selected as the relevant ones. Final relative
expression values were computed by taking the median log?2 ratio
of the respective probes per each mRNA. All statistical analyses
were performed with Bioconductor project (version 2.3) in the R
statistical environment.”!

Computational analysis of deep sequenced svtRNA2-1la.
Small RNAs sequenced from human pre-frontal cortex® were
obtained from the Gene Expression Omnibus (GEO) database,
accession numbers GSM450597-GSM450610. The sequencing
reads were pre-processed using the mapper.pl script from the
miRDeep2 package** with the following options: -a -d -h -j -k
TCGTATGCCG -l 18 -m. The RNA secondary structure of
svtRNA2-1a and the sequencing read signature and the sequenc-
ing read counts across samples were computed using the quanti-
fier.pl script from the same package, using default options. The
sequencing read count of each sample was normalized by divid-
ing by the total count of reads mapping to human miRNAgs, also
summed up with the quantifier.pl script. miRNAs were obtained
from mirbase version 1772 Two time points (34 d and 98 y) were
sequenced in replicates, for these samples the mean normal-
ized counts were used. Small RNAs sequenced from a Dicer-
knockdown experiment were obtained from the GEO database
accession numbers GSM769509-GSM769512. The expression
fold-changes were calculated as previously described, except
mirbase version 17 sequences were used and reads were mapped
allowing a single mismatch.*

Cell culture and differentiation. SHSY-5Y cells were grown
in DMEM medium supplemented with 10% of inactivated
fetal bovine serum (FBS) and kept in low pass numbers (< 15).
Standard differentiation protocol consisted of retinoic acid (RA)
10 wM exposure, followed by 12-O-tetradecanoylphorbol-13-
acetate (TPA) 80 nM exposure, as previously described.?’

Transient transfections. Differentiated SH-SY5Y cells were
plated at day 3 of the differentiation process at 12,500 cells/mL
and then transfected at day 10 using Lipofectamine 2000™
(Invitrogen) according to manufacturer’s instructions. The siR-
NAs and miRNA mimics used, as well as the concentrations used
for transfection are listed in Table S6.

MTT cell viability assay. Cells were transfected in 96-well
plates in 12 independent experiments; then at 24, 48 and 72 h
post-transfection MTT was added to cell culture media at 0.5 mg/
mL final concentration and incubated for 40 min at 37 °C. Cells
were lysed with 100 pL of DMSO upon medium removal and
absorbance was measured at 550 nm. In each experiment, deter-
minations were performed in quintuplicate. Percentage of cell
viability was calculated using absorbance values from cells trans-
fected with the anti-scrambled sequence as a reference. Statistical
differences among the svtRNA2-la- and the scrambled-trans-
fected cells were determined using a t-test.
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