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Background: Small nucleolar RNAs (snoRNAs) are thought to be exclusively nuclear.
Results: Doxorubicin stress results in significant accumulation of cytosolic snoRNAs via a pathway involving Nox4D and

superoxide.

Conclusion: snoRNAs are present in the cytoplasm, and their cytosolic abundance is dynamically regulated.
Significance: Previously unexplained snoRNA biology may be the result of snoRNA interactions with cytoplasmic targets.

Small nucleolar RNAs (snoRNAs) guide nucleotide modifica-
tions of cellular RNAs in the nucleus. We previously showed that
box C/D snoRNAs from the Rpl13a locus are unexpected medi-
ators of physiologic oxidative stress, independent of their pre-
dicted ribosomal RNA modifications. Here we demonstrate that
oxidative stress induced by doxorubicin causes rapid cytoplas-
mic accumulation of the Rpl13a snoRNAs through a mechanism
that requires superoxide and a nuclear splice variant of
NADPH oxidase. RNA-sequencing analysis reveals that box C/D
snoRNAs as a class are present in the cytoplasm, where their
levels are dynamically regulated by NADPH oxidase. These
findings suggest that snoRNAs may orchestrate the response to
environmental stress through molecular interactions outside of
the nucleus.

snoRNAs” are a diverse class of short, non-coding RNAs
(ncRNAs) that localize to the nucleus and guide nucleotide
modifications of other RNAs. In vertebrates, most snoRNAs are
encoded by the introns of pre-mRNAs, and the majority are
predicted to guide nucleotide modifications of ribosomal RNAs
(rRNAs) or small nuclear RNAs (snRNAs) (1, 2). snoRNAs
nucleate snoRNA-ribonucleoprotein complexes that bring
together an RNA-modifying enzyme and a target RNA through
antisense base pairing with the snoRNA. snoRNAs localize to
the nucleus, in the nucleolus or Cajal body, where most box
C/D snoRNAs guide 2'-O-methylation by fibrillarin and most
box H/ACA snoRNAs guide pseudouridylation by dyskerin
(3-5). However, evidence is also emerging that some snoRNAs
have non-canonical functions in RNA editing, alternative splic-
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ing, maintenance of chromatin structure, and miRNA-like
post-transcriptional regulation of gene expression (6—8). The
mechanistic details of these non-canonical functions are largely
unknown.

Our laboratory has shown that box C/D snoRNAs encoded
by introns of the ribosomal protein L13a (Rp/13a) locus are
critical mediators of cell death in response to oxidative stress
(9). Haploinsufficiency of these ncRNAs protects from oxida-
tive stress but does not change the 2'-O-methylation status of
predicted ribosomal RNA targets (9), suggesting a non-canon-
ical mechanism. Unexpectedly, we have also found that RpL13a
snoRNAs accumulate in the cytoplasm of cells during lipotoxic
or oxidative stress (9).

The present study was designed to elucidate the relationship
between oxidative stress and the cytoplasmic localization of
snoRNAs. As a model system we used doxorubicin (dox), a
potent inducer of superoxide in cardiomyocytes (10). The pro-
duction of superoxide by dox is catalyzed by NADPH oxidase
(Nox) enzymes, which are important mediators of dox cardio-
toxicity in vivo (11). In this report we show that the cytoplasmic
localization of Rp/13a snoRNAs is regulated by Nox-dependent
oxidative tone. Moreover, RNA-seq reveals that Nox activity
broadly regulates cytosolic snoRNA localization.

EXPERIMENTAL PROCEDURES

Materials, Cell Culture, Drug Treatment, Cytotoxicity, and
Viability Assays—Dulbecco’s modified Eagle’s medium (DMEM),
FBS, and digitonin were from Sigma. Silencer Select siRNAs,
RNAiIMAX, SUPERase-In, TRIzol LS, and Power SYBR Master
Mix were from Life Technologies. Dox, Mn(III)TMPyP (MnT),
and diphenyleneiodonium chloride (DPI) were from Cayman
Chemical. H9¢2 cells (ATCC) were maintained in DMEM +
10% FBS. Dox or inhibitors were added as indicated. Cytotox-
icity and cell viability were determined using the CytoTox 96
Non-radioactive Cytotoxicity Assay and CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega).

Subcellular Fractionation—All manipulations were at 4 °C.
Cells were collected by trypsinization and washed. For fraction-
ation by detergent extraction, cell pellets were incubated in dig-
itonin buffer (150 mm NaCl, 50 mm HEPES, pH 7.4, digitonin
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TABLE 1
Primers and siRNA

RT stem-loop primers Stem-loop in caps, overhang in lowercase, qPCR reverse
primer site in italic (5’ to 3’ orientation)

U32a GCG TGG T'CC CGA CCA CCA CAG CCG CCA CGA CCA CGC
caa gtc tc

U33 GCé TGG TCC CGA CCA CCA CAG CCG CCA CGA CCA CGC
cca gec te

U34 GCé TGG TCC CGA CCA CCA CAG CCG CCA CGA CCA CGC
age gtc tc

U35a GgCég TGG TCC CGA CCA CCA CAG CCG CCA CGA CCA CGC
cte ctg ge

qPCR primers F = forward, R = reverse (5’ to 3’ orientation)

U32aF GAG TCT GTG ATG AGC AAT AAT CACC

U33 F AGC TTG TGA TGA GGA TGT CTC CCA C

U34 F CGT CTG TGA TGT TCT GTT ACC TAC ATT G

U35aF GCA GAT GAT GGT ATA TTC TCA CGA TG

snoRNA universal reverse TCC CGA CCA CCA CAGCC

Rpl13a F GGC TGA AGC CTA CCA GAA AG

Rpll3a R CTT TGC CTT TTC CTT CCG TT

p22 F TTG TTG CAG GAG TGC TCA TC

p22 R CTG CCA GCA GGT AGATCA CA

Nox2 F CCC TTT GGT ACA GCC AGT GAA GAT

Nox2 R CAA TCC CAG CTC CCA CTA ACA TCA

Nox4A F GGA TCA CAG AAG GTC CCT AGC AG

Nox4A R GCA GCT ACA TGC ACA CCT GAG AA

Nox4D F CTG TCC CTA AAT GTC CTG CTT

Nox4D R AAT GTT GCT TTG GTT TCA GTA GG

Rplp0 F CAG AGG TGC TGG ACA TCACAG A

Rplp0 R AGT GAG GCA CTG AGG CAA CAG

7SKF GTC AAG GGT ATA CGA GTAGCT G

7SK R TGA CTA CCC TACGTT CTCCTAC

U6 F GCT TCG GCA GCA CAT ATA CTA

U6 R CGA ATT TGC GTG TCA TCC TTG

siRNA Sequence (IDT) or Ambion reference #

Negative control #1 cat# 4390843

p22 #1 ID# 5135054

p22#2 ID# 5236253

Nox4A #1 (Exon 3) ID# 5136995

Nox4A #2 (Exon 5) 5’-ACUUCUCAGUGAACUAUAGUGAACA-3’
3’-CUUGAAGAGUCACUUGAUAUCACUUGU-5’

Nox4A/D #1 (Exonl4) ID# 5136993

Nox4A/D #2 (Exons 12-13) | 5-GGAAUCUUUCUGUCCAGUCUCCUACUA-3’
3’-CCUUAGAAAGACAGGUCAGAGGAUG

100 ug/ml, EDTA 5 mM, and SUPERase-In RNase inhibitor 0.1
units/ul) for 10 min and centrifuged for 10 min at 2000 X g to
yield a cytosolic supernatant and nuclear pellet (modified from
(12)). The nuclear pellet was washed with PBS before RNA iso-
lation. For fractionation by hypotonic lysis, cells were swelled in
disruption buffer (10 mm KCl, 1.5 mm MgCl,, 20 mm Tris-HCI,
5 mM EDTA, and 0.1 unit/ul SUPERase-In RNase inhibitor),
homogenized by Dounce (glass-glass), and centrifuged for 5
min at 1500 X g to yield crude cytosolic and nuclear fractions.
The cytosol was further cleared by centrifugation for 5 min at
20,000 X g. The nuclear fraction was washed in disruption
buffer before RNA isolation (modified from Rio et al. (13)).
RNA Isolation and Quantitative Real-time PCR (qPCR)—
Total RNA was isolated from cytoplasmic or nuclear fractions
using TRIzol LS. cDNA was synthesized with oligo-dT for
mRNAs, random hexamer primers for U6 and 7SK, and stem-
loop primers specific for snoRNAs followed by qPCR as previ-
ously described (9). Primer sequences are shown in Table 1.
Relative quantitation of target transcript expression was calcu-
lated using the ddCT method using Rplp0 (36B4) as an endog-
enous control on an ABI 7500 Fast Real-time PCR System.
Immunoblots—Protein from whole cell or nuclear radioim-
mune precipitation assay buffer (RIPA) lysate (RIPA buffer: 150
mM NaCl, 50 mm HEPES, pH 7.4, 1% Nonidet P-40, 0.1% SDS,
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0.5% sodium deoxycholate) or fractionated cytosol was quanti-
fied, separated by SDS-PAGE, immunoblotted, and detected by
ECL. Antibodies were heat shock protein 90 (Hsp90) at 1:2000
(Enzo SPA-846), a-tubulin at 1:500 (Sigma; Thr-6199), nucleo-
phosmin (NPM) at 1:500 (Abcam ab15440), histone H3 at
1:5000 (Abcam ab1791), and Nox4 (Abcam ab109225). Chemi-
luminescent detection was performed with horseradish perox-
idase-conjugated secondary antibodies (Jackson Immuno-
Research Laboratories).

Immunofluorescence—Cells were grown on glass coverslips,
fixed with 4% paraformaldehyde, permeabilized with Nonidet
P-40 or Triton X-100, and blocked in 200 pg/ml ChromPure
IgG corresponding to secondary antibody species (Jackson
Immuno Research Laboratories). Primary antibody for detec-
tion of nucleophosmin (Life Technologies 325200) was used at
1:1000, and secondary Alexa Fluor® 350 donkey anti-mouse
IgG (Life Technologies A10035) was used at 5 pg/ml. Primary
antibody to detect p22 (Santa Cruz sc-20781) was used at 1:50
followed by secondary Alexa Fluor 488 goat anti-rabbit IgG at 5
pg/ml and counterstained with Hoechst 33342, 1 pg/ml.
Images were obtained using an Axioskop 2 MOT Plus micro-
scope (Zeiss). Fluorescence intensity for p22 was measured
from 10 random fields of cells using Image] (National Institutes
of Health).

siRNA—siRNA (Silencer Select or synthesized by Integrated
DNA Technology) were introduced into cells using RNAiMax
per the manufacturer’s protocol. Details for siRNAs are shown
in Table 1.

RNA Sequencing and Bioinformatics—Cells from n = 3
experiments were treated as indicated, cytosol was recovered
by detergent extraction, and total RNA was isolated using
TRIzol LS followed by Qiagen RNeasy miRNA clean-up. Indexed
RNA-seq libraries were made using the Illumina TruSeq small
RNA kit. Libraries were amplified with 14 cycles of PCR,
pooled, and separated by PAGE. Products from small RNA with
input sizes of 35-350 nucleotides were excised, collected, and
sequenced using an Illumina HiSeq 2500. Demultiplexed data
were uploaded to Galaxy. Sequences were evaluated for qual-
ity by FASTQC, trimming was applied to reject scores of
<20, and sequences were clipped to remove adapter
sequence. Sequences were aligned to the rat genome (rn4,
Bowtie for Illumina, default settings) and aligned reads were
exported to Partek Genomics Suite (v.6.6) for annotation and
quantitative analysis using the most recent rat genome build
that contains snoRNAs (Ensembl Build e69, RGSC3.4.69). Note
that tRNA was not annotated in this build and was, therefore,
not included in our analysis. Annotated reads were normalized
as reads per million aligned reads. Analysis was limited to genes
with >1 aligned read per sample (GEO: GSE67050).

Statistical Methods—Results and 95% confidence intervals
for qPCR data were calculated using 7500 Software v.2.0.6 (Life
Technologies). Pairwise comparisons are significant at p < 0.05
where error bars do not overlap. For RNA-seq analysis, Partek
Genomics Suite was used for hierarchical clustering, and iden-
tification of differentially expressed genes was based on reads/
million aligned reads-normalized data. All other statistics were
calculated in Prism v6 using analysis of variance for multiple
comparisons or ¢ test for pairwise comparisons. Statistical sig-

SASBMB

VOLUME 290-NUMBER 18-MAY 1, 2015



Reactive Oxygen Species Regulates Cytoplasmic snoRNAs

>
w

C D

total RNA detergent extraction hypotonic lysis
1.5+ 15+ * % dox 6= 0.20+ .
.. " T
[ ctrl Il dox o 3 ctrl o
g £ = 20' £ B dox Y 0.157
£ 1.04 £ 10+ * = a
© © " © <
S s B 40 [} <
= o * 60' o 9 0.10-
2 2 - 2 g 0027
S 0.54 5 54 ** % B ]
& & * K] T 0.1
ﬁ -
o.o-{. 0- misl mis| misl | Malsl 18 0.00-
© a2 o o 2 o2 > o > 2 3 2 oD o> P R Qst
CERIER IR A N oV & > o5 o ARSI A S oe
" 3 3 <2~Q\ 3 N N 3 Q~Q\ Y O QQ\ E20
E Cytosolic Nuclear F
dox - + = +
[ cytoletrl
HSPO0 v 2z Bl cyto/dox
"5 @ nuclear/ctrl
a-Tubulin S S £ El nuclear/dox
2
NPM — — =
= o«
Histone H3 T S ——
G Cytosolic Nuclear H
dox - + - +
HSP90 I cytoletrl
i, z El cyto/dox
'g = nuclear/ctrl
a-Tubulin S S 2 B nuclear/dox
2
NPM n— %
o
Histone H3 e —
(J > > > 2
Q2 N v > > %)
A 0’5 N V' 0’5

FIGURE 1. Dox stimulates rapid cytosolic accumulation of Rp/713a snoRNAs. A, H9c2 cells were treated with 20 um dox for 1 h, and total cellular RNA was
assayed by gPCR. Relative quantification is shown, with normalization to the control transcript Rplp0. Error bars show 95% confidence interval forn = 3
experiments. ctrl, control. B, H9c2 cells were treated with 20 um dox for the times shown. Cytosol was isolated by selective permeabilization of the plasma
membrane with digitonin buffer (detergent extraction) and quantified asin A. *, p < 0.05 versus control. C, cells were treated with dox for 1 hasin Bor untreated
(ctrl), and cytosol was isolated by detergent-free hypotonic lysis. Cytosolic snoRNA was quantified as in B. D, cytotoxicity was assayed by lactate dehydrogenase
(LDH) release into the media after 1 h of treatment with 20 um dox. Cell lysis to release total cellular lactate dehydrogenase served as maximal cytotoxicity (max).
The graph shows mean absorbance at 492 nm + S.E. for n = 3 experiments. ¥, p < 0.05 versus control. E-H, cytosolic and nuclear extracts were prepared from
controland 1-h dox-treated cells by detergent extraction (Eand F) and by hypotonic lysis (G and H). Fractions were analyzed by Western blot for protein markers
of cytoplasm (Hsp90, a-tubulin), nucleus (histone H3), and nucleolus (NPM) (E and G). qPCR quantification of nuclear ncRNAs (7SK and U6) and the Rpl13a
snoRNAs shows the relative amounts of RNA from cytosolic and nuclear fractions (F and H, note the log scale; *, p < 0.05 versus control for cytoplasm; #, p < 0.05

versus control for nuclear).

nificance for these tests was defined using @« = 0.05 and p <
0.05.

RESULTS

Doxorubicin Stimulates Rapid Cytosolic Accumulation of
Rpl13a snoRNAs—To understand how the cytoplasmic local-
ization of snoRNAs is regulated by oxidative stress, we first
treated H9¢2 rat cardiomyoblasts with dox to induce reactive
oxygen species and quantified total Rp/13a snoRNAs U32a,
U33, U34, and U35a by qPCR. We found no change in total
snoRNA levels, Rpl13a mRNA, or other small ncRNAs 7SK and
U6 after 1 h of dox treatment (Fig. 14). We then repeated the
treatment and isolated cytosol by selective detergent extrac-
tion. Rpl13a snoRNAs were easily detected in the cytoplasm of
untreated cells, and levels of U32a, U33, and U34 increased
after dox treatment, without a change in Rpl13a mRNA
expression (Fig. 1B). Similar results were obtained using
detergent-free hypotonic cell lysis to isolate cytosolic RNA
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(Fig. 1C). To ensure that this rapid and robust response did
not simply reflect drug cytotoxicity, we assayed for cellular
lactate dehydrogenase (LDH) release, which showed no tox-
icity at 1 h (Fig. 1D).

Given the surprising nature of our results, we performed
additional experiments to validate the integrity of our cytosolic
isolation. For both cytosolic isolation methods, immunoblot-
ting showed enrichment of cytosolic proteins and depletion of
nuclear/nucleolar proteins in cytosolic fractions, whereas
qPCR demonstrated that the small ncRNAs 7SK and U6 were
predominantly in the nuclear fraction (Fig. 1, E-H). Overall, the
partitioning of these nuclear RNA markers to the nuclear frac-
tion was 4-5-fold higher with the detergent extraction
method than with the hypotonic lysis method (compare Figs.
1, F and H), demonstrating the superior performance of the
former method for obtaining cytoplasm that is free of con-
taminating nuclear material. Importantly, neither 7SK nor
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FIGURE 2. Superoxide production is necessary for cytosolic accumulation of Rp/13a snoRNAs in response to dox. A, H9c2 cells were treated for 1 h with
either vehicle alone (ctrl) or combinations of 20 um dox, 500 nm DPI, and 200 um MnT as shown. Cytosolic RNA was isolated by detergent extraction and
quantified relative to Rplp0 by gPCR. Error bars show 95% confidence interval for n = 3 experiments. B, H9c2 cells were treated with DPl or MnT alone. Cytosol
was isolated and analyzed for cytosolic snoRNAs as in A. C and D, H9c2 cells were analyzed by immunofluorescence microscopy for detection of NPM under
control and 1 h dox-treated conditions and also in the presence of DPl or MnT as in A. Micrographs show representative fields. Scale bar, 200 um. *, p < 0.05

versus control; #, p < 0.05 versus dox alone.

U6 control RNA demonstrated the marked increase in cyto-
solic levels with dox treatment that we observed for the
RpL13a snoRNAs.

Using the detergent extraction method, we found U32a, U33,
and U34 were 400-500X more abundant in the nucleus than
the cytosol (99.4-99.8% nuclear), consistent with their known
nucleolar localization (Fig. 1F). Although brief treatment with
dox did not increase the nuclear content of these snoRNAs, the
druginduced 12-, 4-, and 8-fold increases in the cytosolic abun-
dance of U32a, U33, and U34, lowering their nuclear-to-cyto-
solic ratios to 33, 104, and 52, respectively. Cytosolic isolation
by hypotonic lysis showed a similar pattern of results with
somewhat blunted effect sizes (Fig. 1H). Thus, based on two
independent methods, we conclude that dox induces accumu-
lation of these snoRNAs in the cytosol. Because total cellular
levels of Rpl13a snoRNAs did not change with treatment, levels
of cytoplasmic snoRNAs in these and subsequent experiments
are presented without normalization to total cellular snoRNA
content.

Superoxide Is Necessary for Cytosolic Accumulation of Rpl13a
snoRNAs in Response to Doxorubicin—Given that dox induces
superoxide through Nox enzymes, we tested whether the
superoxide scavenger Mn(III)TMPyP [MnT] or the Nox inhib-
itor DPI could inhibit cytosolic accumulation of Rpli3a
snoRNAs. As shown in Fig. 24, co-treatment of cells with MnT
or DPI significantly blunted the accumulation of cytosolic
snoRNAs after treatment with dox for 1 h. This observation
suggests that production of superoxide via Nox is required for
Rpl13a snoRNA accumulation in the cytosol after treatment
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with dox. Interestingly, treatment with DPI alone resulted in
lower levels of cytoplasmic snoRNAs, providing evidence for
the role of Nox enzymes in the subcellular localization of these
snoRNAs that is independent of the dox effect (Fig. 2B).

We further tested whether the inhibitory effects of MnT and
DPI on cytosolic snoRNA accumulation simply reflected inhi-
bition of nucleolar stress that is known to be induced by dox
(14). Immunofluorescence staining showed dox-induced disso-
lution of NPM nucleolar punctae (Fig. 2C), but NPM remained
confined to the nucleus. Although MnT and DPI blocked the
cytosolic accumulation of snoRNAs after dox treatment, pre-
treatment with MnT or DPI had no effect on the dox-induced
nucleolar stress, suggesting that nucleolar dissolution is not
dependent on superoxide or Nox activity (Fig. 2D). Our find-
ings are consistent with a model in which Rpl13a snoRNA
accumulation in the cytosol is a ROS-regulated event and not
simply the result of generalized nucleolar stress.

Nox Mediates Cytosolic Accumulation of Rpl13a snoRNAs in
Response to Doxorubicin—The ability of MnT and DPI to
inhibit cytosolic snoRNA accumulation after dox strongly sug-
gested a mechanism involving a member of the Nox enzyme
family of multisubunit enzyme complexes. qPCR revealed con-
stitutive expression of Nox4 but not Nox2 in H9c2 cells.?
Nox4D is an enzymatically active splice variant of Nox4 that
localizes to the nucleus and nucleolus, and we hypothesized
that this was a likely source of nuclear ROS that could influence

3 C. L. Holley, B. S. Scruggs, and J. E. Schaffer, unpublished observations.
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FIGURE 3. NAPDH oxidase mediates cytosolic accumulation of Rp/713a snoRNAs in response to dox. A, the exonic structures of Nox4A and alternatively-
spliced nuclear form Nox4D are depicted, with localization of siRNAs that target Nox4A only (exons 3 and 5) or both Nox4A and D (exons 12-13 and 14).
B-G, H9c2 cells were transfected for 24 h with siRNA targeting transcripts as shown: control, p22, Nox4A/D, or Nox4A. Cells were then treated with 20
um dox for 1 h where indicated. RNAs were quantified by gPCR and are reported as mean values relative to Rplp0 for n = 3 experiments. Error bars show
95% confidence interval. Total RNA was assessed for target knockdown with and without dox treatment (B, D, and F). Cells were analyzed by immuno-
fluorescence microscopy to confirm knockdown of p22 protein (C). Fluorescence intensity under identical imaging conditions was quantified, and the
graph shows average intensity per cell (>50 cells per condition). Representative micrographs are shown; green = p22; blue = Hoechst. Cell lysates were
analyzed by Western blot to confirm knockdown of the 67kD Nox4A isoform (E). Rat Nox4D was not detected by any commercially available antibodies.
The graph shows densitometry quantification of n = 3 independent experiments with normalization to Hsp90. A representative blot is shown. Cytosolic
RNA was isolated by detergent extraction, and Rp/713a snoRNAs were quantified by qPCR (G). H, cells were treated as above and analyzed by immuno-
fluorescence microscopy for localization of NPM. Micrographs show representative fields. Scale bar, 200 um. *, p < 0.05 versus control; #, p < 0.05 versus
control/dox; & p < 0.05 versus Nox4A/dox.
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TABLE 2

Pooled RNA-seq read counts from cytoplasm are shown for the analy-
sis pipeline
Data are the cytoplasmic RNA-seq reads (total per condition).

Control DP1 dox DPI/dox
Raw 15,777,864 14,321,914 16,038,254 16,539,780
Aligned 15,297,385 13,838,068 15,282,623 15,844,700
Annotated 11,026,233 9,976,388 11,264,042 11,475,445
Annotated ncRNA 10,972,911 9,931,129 11,201,347 11,418,071
sn/sno/scaRNA 453,102 285,808 2,472,756 1,709,804
miRNA 265,594 259,443 305,213 266,277
rRNA (5S +5.8S) 10,243,718 9,376,317 8,413,350 9,431,538
Miscellaneous 8,746 8,247 8,236 8,667
snRNA 5,275 4,959 6,105 4,469
scaRNA 1,828 1,221 13,340 8,989
C/D snoRNA 443,462 278,003 2,439,357 1,685,855
H/ACA snoRNA 2,537 1,625 13,954 10,491

Rpl13a snoRNA localization (15, 16). Using a previously vali-
dated siRNA knockdown approach for Nox4 isoforms (15), we
used two independent siRNAs for each target: membrane-as-
sociated Nox4A at exons 3 or 5 (siRNA Nox4A), both the
Nox4A and Nox4D isoforms at exons 12—-13 or 14 (siRNA
Nox4A/D), or the regulatory p22 subunit (Fig. 34). Knockdown
of p22, Nox4A, and Nox4D mRNAs was confirmed by qPCR
(Figs. 3, B, D, and F). Knockdown of p22 and Nox4A proteins
was confirmed by immunofluorescence and immunoblot,
respectively (Fig. 3, C and E); however, commercially available
antibodies that recognize rat Nox4D are not available. siRNA
knockdown of p22 or Nox4A/D recapitulated the effects of
MnT and DPI, with markedly blunted cytosolic accumulation
of Rpl13a snoRNAs in response to dox (Fig. 3G). In contrast,
siRNA to Nox4A alone had little effect, implicating Nox4D as
an important mediator of cytosolic snoRNA accumulation in
response to dox. As with DPI and MnT, none of the siRNA
treatments altered the pattern of nucleolar dissolution induced
by dox (Fig. 3H).

Broad Regulation of snoRNAs in the Cytoplasm—To deter-
mine whether regulated accumulation of snoRNAs in the cyto-
plasm is restricted to the Rpl13a locus or a more general phe-
nomenon, we treated H9¢2 cells with dox and/or DPI and
prepared small RNA-sequencing libraries from RNA of 35-350
nucleotides in order to capture snoRNAs while minimizing
overlap with miRNAs. Aligned reads were annotated using
Ensembl Rat Build €69, which specifies 560 small ncRNA
(including 215 sno/scaRNAs). Total raw reads per condition
were similar, as were the number of reads aligned to the
genome, and >99% of annotated reads corresponded to small
ncRNA genes (Table 2). Dox treatment resulted in a significant
increase in both the number and proportion of annotated reads
that mapped to box C/D snoRNA (Table 2 and Fig. 44). Box
C/D snoRNAs were surprisingly abundant, accounting for 4%
of annotated reads at baseline and 22% after dox treatment.
Treatment with DPI significantly lowered the amount of cyto-
plasmic box C/D snoRNAs after dox treatment, mirroring our
findings for the Rpl13a snoRNAs. Cytoplasmic box H/ACA
snoRNA and scaRNA reads followed the same pattern as box
C/D snoRNAs, but these changes did not reach statistical sig-
nificance. In contrast, reads for rRNA (5S and 5.8 S), pre-
miRNA, snRNA, and miscellaneous other small RNA did not
increase in response to dox treatment. We also detected
miRNA sequences that likely represent incompletely processed
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miRNA precursors or reflect incomplete gel separation, but
these did not change with treatment. Unsupervised hierarchical
clustering showed the expected segregation by treatment group
(Fig. 4B). Furthermore, the majority of sno/scaRNAs clustered
tightly together (within black box), whereas snRNA (including
U6), rRNA, and miscellaneous other small RNAs (including U6,
7SK, RNase P, Y-RNA, and Vault) did not (shown to the right of
black box).

Although all four Rpl13a snoRNAs are transcribed in a single
pre-mRNA, normalized read counts from cytoplasmic small
ncRNA showed a 100-fold difference between the least abun-
dant (U35a) and the most abundant Rpl13a snoRNA (U34) (Fig.
4C, upper). Changes in cytosolic abundance for U32a, U33, and
U34 after treatment with DPI and/or dox matched extremely
well with data obtained by qPCR, further validating that
method of quantitation (Fig. 4C, lower). The RNA-seq method
detected a 3-fold increase in cytosolic U35a after dox treatment,
which was not previously detected by qPCR. This could relate
to relative sensitivities of these methods, as U35a is the least
abundant of the Rp/13a snoRNAs. The range of abundance
among the four Rpli3a snoRNAs processed from the same
pre-mRNA may reflect different post-transcriptional mecha-
nisms that regulate the production and/or degradation of spe-
cific snoRNAs. Sequence coverage for the Rp/13a snoRNAs
(66 — 82 nucleotides long) extended across the entire length of
the snoRNAs, suggesting that these are intact snoRNA species
and not miRNA-like cleavage products.

Overall, we detected 256 of 560 annotated small ncRNA,
including 94 of 119 annotated box C/D snoRNAs in the cyto-
plasm of H9¢2 cells, with lower yields of box H/ACA snoRNAs
and scaRNAs (Fig. 4D). We then determined which of these
small ncRNA were differentially represented in the cytoplasm
after dox treatment using normalized read counts and param-
eters of >2-fold change with false discovery rate <0.05. The
105 genes that passed these criteria were all sno/scaRNA with
up-regulated cytoplasmic expression after dox treatment, and
the bulk of these were box C/D snoRNAs (Fig. 4D). The 89
up-regulated box C/D snoRNAs accounted for 95% of the
detectable cytoplasmic box C/D snoRNAs in these cells, sug-
gesting a strong class effect. Although a much smaller fraction
of annotated box H/ACA snoRNAs and scaRNAs were
detected in the cytoplasm, more than half of those that could be
detected also showed significant accumulation after dox treat-
ment. Consistent with our qPCR data, 7SK and U6 control
RNAs were detected in the cytoplasm (Fig. 4C), but these RNAs
did not accumulate with dox treatment. Overall, these data pro-
vide evidence that dox causes cytoplasmic accumulation of a
wide range of snoRNAs via a Nox-dependent oxidative stress
mechanism.

DISCUSSION

In this report we have shown by qPCR and RNA-seq analyses
that box C/D snoRNAs are not exclusively localized to the
nucleus but are also present in the cytoplasm, where their cyto-
plasmic abundance as a class is dynamically regulated by oxida-
tive tone. Our results support a model in which dox localizes to
the nucleus and interacts with Nox4D to generate nuclear
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FIGURE 4.snoRNAs as a class are dynamically regulated in the cytoplasm. H9c2 cells were treated with dox (20 wm) and/or DPI (500 nm) for 1 h. A, normalized
RNA-seq read counts for annotated cytoplasmic small ncRNA classes. Annotated reads were normalized as reads per million raw reads (RpM) and shown as the
mean = S.E. for n = 3 experiments. ctrl, control. B, unsupervised hierarchical clustering of 132 annotated ncRNA used reads from A to generate a heat map
showing relative changes in cytoplasmic small ncRNA levels with the treatments. The black box highlights clustering of snoRNAs and scaRNAs. Reads mapping
to miRNAs were omitted for clarity. C, RNA-seq expression data for cytosolic U6, 7SK, and Rp/713a snoRNAs in response to treatment with DPI, dox, or DPI/dox.
Read data are shown as reads/million aligned reads to demonstrate the relative abundance of different Rp/73a snoRNA species (upper). These values were then
further normalized to the control sample and graphed to show relative expression by treatment (lower; mean values + S.E.; n = 3 samples). D, 105 small ncRNA
genes in the cytoplasm were differentially expressed after dox treatment. The number of genes annotated for the rat genome (Ensembl ncRNA), number of
genes found experimentally by cytoplasmic RNA-seq (detected in cytoplasm), and number of genes detected in the cytoplasm and up-regulated by dox (versus
control) are shown by ncRNA subclass. *, p < 0.05 for treatment versus control; #, p < 0.05 for DPI/dox versus dox alone.

doxorubicin

superoxide, which is required for release of snoRNAs to the
cytoplasm (Fig. 5).

Prior studies using less sensitive methods of in situ hybrid-
ization and northern blotting have shown that snoRNAs reside
in the nucleus and are concentrated in nucleoli and Cajal bod-
ies, a distribution that supports their canonical function in the
maturation of rRNA and snRNAs (17, 18). Our data showing
that >99% of Rpl13a snoRNAs are nuclear in unstressed cells
are consistent with this (Fig. 1F). However, by using the high
sensitivity methods of qPCR and RNA-seq, we show for the first
time that a broad range of snoRNAs are easily detectable in the
cytoplasm. The accumulation of Rpl13a snoRNAs in the cyto-
plasm after oxidative stress is rapid and significant. Previous
studies provided evidence of independently transcribed and
5’-trimethylguanosine-capped snoRNAs U3, U8, and U13 traf-
fic between the nucleus and cytoplasm (19). We now demon-

p22/Nox4D

cytoplasm

nucleus

superoxide snoRNA

nucleoli

FIGURE 5. Proposed model showing regulation of cytosolic snoRNA
abundance by Nox4D and superoxide in response to doxorubicin.

strate localization of intronically encoded, uncapped box C/D
snoRNAs in the cytoplasm and provide insights into the regu-
lation of this distribution.

Our data demonstrate that the cytoplasmic abundance of
box C/D snoRNAs is regulated at least in part by Nox and
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superoxide. Our knockdown studies implicate Nox4D as a key
regulator for the nuclear-cytoplasmic partitioning of Rpl13a
snoRNAs, and this isoform is well positioned to catalyze redox
cycling of dox to produce superoxide within the nucleus (15).
The rapid accumulation of snoRNAs in the cytoplasm in the
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setting of oxidative stress is consistent with a model in which
superoxide regulates the traffic of pre-existing nucleolar
snoRNAs to the cytoplasm, although we cannot rule out con-
tributions of regulated degradation of these species in the cyto-
plasm. Because the nuclear snoRNAs are in vast excess to the
cytoplasmic snoRNAs, even small changes in the nuclear pool
would be expected to create large relative changes in the cyto-
plasmic pool. A model of tight regulation of cytoplasmic
snoRNA levels is further supported by our prior observation
that mutant cells with 50% reduction of nuclear Rpll3a
snoRNAs maintain wild-type cytoplasmic levels of these
snoRNAs (20). This suggests that cells have robust mechanisms
for maintaining the cytoplasmic levels of snoRNAs and that
detection of snoRNAs in the cytoplasm is not simply a “mass
effect” in which some proportion of snoRNAs spill over into the
cytoplasm.

The regulated presence of snoRNAs in the cytoplasm fur-
thers our understanding of these ncRNAs and provides a new
context in which they may serve important cellular functions.
In the case of the Rpl13a snoRNAs, we previously showed that
methylation of predicted rRNA target sites does not correlate
with their function in the oxidative stress response (9). The
presence of these and other box C/D snoRNAs in the cytoplasm
raises the possibility that snoRNAs might target cytoplasmic
RNAs such as mRNAs. Antisense interactions with such targets
could lead to nucleotide modifications or other processing
events, analogous to the well characterized role for snoRNAs in
modification of nascent rRNAs in the nucleus. A recent publi-
cation showing that yeast H/ACA snoRNAs are responsible for
pseudouridylation of certain mRNA species suggests that the
same could be true for box C/D snoRNAs (21). Given that the
number and diversity of snoRNAs rivals that of miRNAs,
snoRNAs as a class could exert broad effects on cytoplasmic
functions.
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