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ABSTRACT

In the recent past, several thousand noncoding RNA (ncRNA) genes have been predicted within eukaryal genomes. However,
for their functional analysis only a few high-throughput methods are currently available to knock down selected ncRNA species,
such as microRNAs, which are targeted by antisense probes, termed antagomirs. We thus compared the efficiencies of four
knockdown strategies, previously mainly employed for the analysis of protein-coding genes, to study the function of ncRNAs, in
particular, small nucleolar RNAs (snoRNAs). Thereby, the class of snoRNAs represents one of the most abundant ncRNA species.
The majority of snoRNAs has been shown to mediate nucleotide modifications by targeting ribosomal RNAs (rRNAs) through
complementary antisense elements. However, some snoRNAs, termed “‘orphan snoRNAs,” lack telltale complementarities to
rRNAs and thus their function remains elusive. We therefore applied RNA interference (RNAI), locked nucleic acid (LNA), or
peptide nucleic acid antisense approaches, as well as a ribozyme-based strategy to knock down a snoRNA. As a proof of
principle, we targeted the canonical U81 snoRNA, which has been shown to mediate modification of nucleotide A39; within
eukaryal 28S rRNA. Our results demonstrate that while RNAIi is an unsuitable tool for snoRNA knockdown, a ribozyme-based
strategy, as well as an LNA-antisense oligonucleotide approach, resulted in a decrease of U81 snoRNA expression levels up to
60%. However, no concomitant decrease in enzymatic activity of U81 snoRNA was observed, indicating that improvement of
more efficient knockdown techniques for ncRNAs will be required in the future.
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INTRODUCTION employed. As a conventional gene knockout is highly time
consuming; knockdown approaches—such as RNA inter-
ference (RNAi)—have become the method of choice to
investigate the function of protein-coding genes. In con-
trast, knockdown approaches have not routinely been
employed for the functional characterization of ncRNAs.
As an exception, for knock down of microRNAs (miRNAs),
chemically engineered oligonucleotides, termed “antago-
mirs,” as well as locked nucleic acids (LNAs), have been
employed in vivo to inactivate their function (Krutzfeldt
et al. 2005; Orom et al. 2006). In addition, RN Ai was shown
to serve as a useful tool to knock down 7SK RNA in the
nucleus of human cells (Robb et al. 2005).

Furthermore, Liang et al. (2003) showed knockdown of

The number of newly discovered small noncoding RNAs
(ncRNAs) has increased exponentially in recent years
(Hiittenhofer et al. 2005). By experimental, as well as
computational approaches, an unexpected large number
of small ncRNAs, in particular, small nucleolar RNAs
(snoRNAs), has been identified in different model organ-
isms (Washietl et al. 2005; Lung et al. 2006; Madej et al.
2007; Jochl et al. 2008).

For functional characterization of protein-coding genes,
knockdown as well as knockout approaches have been
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SnoRNAs are located in a subnuclear compartment, the
nucleolus, and therefore, might represent one of the most
difficult ncRNA species to target. They exhibit sizes
between 60 and 300 nucleotides (nt) and act as so-called
“guide RNAs,” which mediate modifications within ribo-
somal RNAs (rRNA) or small nuclear RNAs (snRNA),
respectively.

Based on the presence of conserved sequence and struc-
ture motifs, snoRNAs are divided into two major classes,
box C/D or H/ACA snoRNAs, respectively (Hiittenhofer
et al. 2002). Both snoRNA classes associate with a com-
mon set of four core proteins each, and assemble into
small ribonucleo-protein particles (RNPs), designated as
snoRNPs. By specific base pairing of short antisense
elements, located within snoRNAs, to a complementary
RNA-target snoRNAs direct either site-specific 2’-O-ribose
methylation (box C/D snoRNAs) or pseudouridylation
(box H/ACA snoRNAs) (Bachellerie et al. 2002; Decatur
and Fournier 2002).

For numerous snoRNA species, designated as “orphan
snoRNAs,” no known target sites within ribosomal or small
nuclear RNAs could be identified, as of now (Hiittenhofer
et al. 2001; Bachellerie et al. 2002). Hence, they might target
other RNA species, such as messenger RNAs, and thus
function as regulators of gene expression. As an example,
the orphan snoRNA MBII-52 (HBII-52 in humans) has
been postulated to target the serotonin receptor 5-HT,¢
mRNA, thereby influencing alternative splicing or RNA
editing (Cavaille et al. 2000; Vitali et al. 2005; Kishore and
Stamm 2006). Hence, in this study, we compared (1) the
efficiency of RNA interference, (2) a ribozyme-based
approach, and (3) LNA or peptide nucleic acid (PNA)
antisense oligonucleotides (ASOs) as molecular tools to
knock down snoRNAs.

The efficiency of RNA interference

RNA interference (RNAi) has recently emerged as an
efficient method to silence expression of protein-coding
genes in mammalian cells (Elbashir et al. 2002; Tijsterman
and Plasterk 2004). Thereby, small 19-21-nt-long RNA
oligonucleotide duplexes, i.e., siRNAs, are incorporated
into the RNA-induced silencing complex (RISC) and
mediate the sequence-specific degradation of the comple-
mentary RNA target (Elbashir et al. 2002; Serganov and
Patel 2007). Besides delivering siRNA as oligonucelotide
duplexes, RNAi-mediated knockdown can also be initiated
by expression of short hairpin RNAs (shRNAs) (Paddison
et al. 2002). ShRNAs are typically transcribed, as stem—loop
structures, by RNA polymerase III, and are subsequently
cleaved by the enzyme Dicer. Even though RNA interfer-
ence has initially been reported within the cytoplasm,
recent reports suggest that the RNAi machinery might also
exert its function within the nucleus of mammalian cells
(Robb et al. 2005).
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A ribozyme-based approach

“Ribozymes” are RNA-based enzymes that catalyze chem-
ical reactions in the absence of proteins. Naturally occur-
ring ribozymes serve as catalysts for numerous biological
reactions, such as RNA cleavage, RNA splicing RNA
ligation, and protein synthesis (Birikh et al. 1997; Cech
2000). The hammerhead ribozyme (HHrz) catalyzes the
site-specific cleavage of a phosphodiester bond yielding a
2",3"-cyclic phosphate and a 5’-hydroxyl product (Murray
et al. 1998; Warashina et al. 2001; Blount and Uhlenbeck
2002). Besides their pivotal role in different biological
processes, ribozymes are also employed as molecular
tools for sequence-specific inhibition of gene expression
through intermolecular cleavage of target mRNA molecules
(Bertrand and Rossi 1994; Lebedeva and Stein 2001).

LNA or PNA antisense oligonucleotides as molecular
tools to knock down snoRNAs

Antisense oligonucleotides are 15-25-nt-long, single-
stranded DNA or RNA analogs that are designed to
specifically bind to essential sites within target RNAs
(Lauritsen and Wengel 2002). So-called “gapmer ASOs”
are composed of two LNA segments (Koshkin et al. 1998;
Kurreck et al. 2002) flanking a central DNA core (Scherer
and Rossi 2003). When binding to the RNA target, the
DNA/RNA heteroduplex is recognized by RNase H, which
mediates degradation of the RNA moiety of the heterodu-
plex (Egholm et al. 1993). In contrast to LNA gapmers,
PNA ASOs exhibit a N-(2-aminoethyl)-glycine backbone
(Nielsen et al. 1991), upon binding to a target RNA es-
sential sites within the RNA are blocked, thus resulting in
the inhibition of the function.

In this study, we compared four different knockdown
strategies (i.e., RNAI, a ribozyme-based strategy, as well as
two different antisense approaches by PNA or LNA,
respectively) for their efficiency to inhibit the function of
the canonical U81 snoRNA. Due to their small size,
nucleolar localization, and complex structure, snoRNAs
might represent the most challenging knockdown targets
within an eukaryal cell.

RESULTS AND DISCUSSION

RNA interference is not a general suitable tool
for snoRNA knockdown

To investigate whether siRNAs are able to knock down
snoRNAs, we generated two vectors, expressing shRNAs
encoding siRNAs designed to trigger cleavage of the U81
snoRNA at positions 32 and 58, respectively (see Fig. 1A).
These two sites within U81 snoRNA optimally fulfill the
requirements for efficient cleavage according to siRNA
target-design rules (Elbashir et al. 2002). In addition, the
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FIGURE 1. (A) Secondary structure of the U81 snoRNA. Snorbozyme targeting sites (indicated in blue, RZ1-4), shRNA targeting sites (indicated
in red, shU81-1 and shU81-2), and the ASO target site (indicated by a dashed orange line) are shown. (B,C) Analysis of U81 snoRNA expression
and methylation activity in HEK-293T cells, transfected with increasing amounts (1-10 pg) of shRNA-expressing plasmids. (B,C) Northern blot
analysis: two shRNAs, both targeting U81 snoRNA (shU81-1 and shU81-2, respectively), do not reduce U81 snoRNA expression levels. (D,E)
Primer extension analysis of nucleotide Ao, within 28S rRNA investigating the 2'-O-methylation activity of U81 snoRNA within HEK-293T cells,
transfected with increasing amounts (1-10 pg) of shRNA-expressing plasmids (see above). Methylation of Asq, is indicated by a black arrow; a
second 2'-O-methylation at position Asge, which is guided by U26 snoRNA, is indicated by a red arrow and serves as an internal loading
control. @: reverse transcription control reaction at 0.5 mM dNTP lacking a stop signal at Aso; and Asge, respectively (see text). (F,G) Top:
Western blot analysis showing reduction in the expression levels of VNP fluorescent protein; target sites for shU81-1 or shU81-2 were inserted in
the VPN gene as described in Materials and Methods. Bottom: FACS analysis: upon transfection of increasing amounts of shRNA expressing

plasmids (see above), VNP expression in HEK-293T cells is reduced by about 80% (shU81-1) or 50% (shU81-2), respectively.

cleavage site at position 32 is located within the D’
antisense element of U81 snoRNA, which has been reported
to guide methylation of Asg; within 28S rRNA (Maden
2001), and thus, is likely to represent one of the most
accessible sites within U81 snoRNA.

To determine the efficiencies of siRNAs to knock down
U81 snoRNA, increasing amounts of plasmid DNA (i.e.,
from 1 to 10 pg) of each vector construct (shU81-1, shU81-
2) were transfected into HEK-293T cells. Subsequently,
expression levels of U81 snoRNA were analyzed by North-
ern blotting, while its enzymatic activity was assayed
investigating the methylation efficiency of the U81 snoRNP
at position Ajzg; within 28S rRNA by primer extension
analysis. In this assay, reverse transcription of 28S rRNA,
employing an oligonucleotide primer in close vicinity
to the modified nucleotide at position Ajg; results in a
stop of the reverse transcriptase at the methylation site
(Rebane et al. 2002). This is only observed at low dNTP
concentrations (i.e., at 0.04 mM) whereas at high dNTP

concentrations (i.e., at 0.5 mM dNTP), the reverse tran-
scription elongates without pausing (see Materials and
Methods).

Northern blotting, as well as primer extension analysis,
showed that neither expression levels of U81 snoRNA nor
its enzymatic activity (assayed by the methylation status of
Asg;) changed upon transfection of shRNA-expressing
plasmids (Fig. 1B-E). A plausible explanation might be
that snoRNAs (and snoRNA precursors) are located within
the nucleolus and the nucleus, respectively, whereas
shRNAs are known to be exported to the cytoplasm by
Exportin-5 (Zeng and Cullen 2004). Thus, a significant co-
localization between siRNA and its U81 snoRNA target
seems unlikely.

To assess shRNA function, we demonstrated in vitro
cleavage of U81 snoRNA by incubation of radiolabeled
U81 snoRNA with an S100 extract, derived from HEK-293T,
cells together with the shRNA, as shown previously for other
targets (Elbashir et al. 2001; Meister et al. 2004; data not
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shown). Additionally, we introduced the region of U8l
snoRNAs, which harbors the target sites for shU81-1 and
shU81-2 RNAs, respectively, downstream of the start codon
of the VNP fluorescent protein. Subsequently, shRNA ex-
pression vectors, as well as the respective VNP construct,
were co-transfected into HEK-293T cells. Expression levels
of recombinant VNP protein were assessed by Western blot
analysis (Fig. 1F,G, top) and flow cytometry (Fig. 1E,G,
bottom). As expected, both shRNA constructs showed a
significant reduction of VNP protein expression levels. The
most efficient decrease of VNP protein (to about 20%) was
observed at low yields (1.5 pg) of shU81-1 plasmid; higher
plasmid amounts did not increase knockdown efficiencies
(Fig. 1F, bottom). In contrast to the observations of Liang
et al. (2003), our data suggest that RNA interference might
not be a useful general tool for knock down of ncRNA
species, located in the nucleolus of a cell.

Snorbozymes reduce U81 snoRNA expression levels,
but do not affect its enzymatic activity

For a ribozyme-based snoRNA knockdown approach we
generated “snorbozymes” (Samarsky et al. 1999; Michienzi
et al. 2000), which represent a hybrid between a HHrz that
targets a snoRNA, and a carrier snoRNA (U16 or U20) that
transports the ribozyme into the nucleolus. Upon co-
localization with the snorbozyme, the target snoRNA will
be cleaved and subsequently digested by exonucleases
(Samarsky et al. 1999).

We generated four different hammerhead riboyzmes
targeting U81 snoRNA at three sites within its antisense
element (Fig. 1A) and inserted them either in the apical
loop of Ul6 snoRNA (U16 snorbozymes) or within the
antisense box of U20 (U20 snorbozymes) (Supplemental
Fig. S1B). Subsequently, efficiencies of snorbozyme con-
structs were assessed by in vitro cleavage of U81 snoRNA
(Supplemental Fig. SIA). With the exception of RZ3, all
snorbozymes constructs showed efficient cleavage of the
U81 snoRNA target. Thus, we refrained from further
analyzing the RZ3 constructs. For expression in mamma-
lian cells, controlled by the H1 RNA polymerase III pro-
moter, snorbozymes were ligated into the pENTR-THT
(U191) vector. Since colocalization between the ribozyme
and its snoRNA target is essential for cleavage, we inves-
tigated the subcellular localization of snorbozymes within
HEK-293T cells by fluorescent in situ hybridization.
Indeed, U16, as well as U20, snorbozymes localized to the
nucleolus of cells together with the nucleolar marker U3.
(Fig. 2A; and data not shown).

To investigate whether snorbozymes are able to mediate
U81 cleavage in vivo, we transfected increasing amounts
of selected snorbozyme-expressing plasmids (see above)
into HEK-293T cells. After 72 h, U81 expression, as well as
the methylation status of Asg; of 28S rRNA, was deter-
mined. Northern blot analysis demonstrated that U16-RZ2,
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FIGURE 2. “Snorbozyme” mediated knock down of U81 snoRNA.
(A) Fluorescent in situ hybridization of U16-RZ2 or U20-RZ1
snorbozymes transfected into HEK-293T cells: snorbozyme expression
was detected by employing a Cy3-labeled (red) antisense oligonucle-
otide. U3 snoRNA was used as a nucleolar marker and was visualized
by employing an Oregon Green 488-labeled antisense oligonucleotide;
nuclei of HEK-293T cells were stained with DAPI (blue). (B,C)
Northern blot analysis of U81 snoRNA and snorbozyme expression
levels: upon transfection of increasing amounts (1-10 pg) of U16-RZ2
and U20-RZ1 snorbozyme expressing plasmids, U81 expression levels
were reduced by 60% and 30%, respectively. (D,E) Primer extension
analysis of nucleotide Ajzy; within 28S rRNA investigating the 2'-O-
methylation activity of U81 snoRNA within HEK-293T cells, trans-
fected with U16-RZ2 or U20-RZ1 snorbozyme constructs. Methyla-
tion of Az, is indicated by a black arrow; a second 2’-O-methylation
at position Ajgg, which is guided by U26 snoRNA, is indicated by a
red arrow and serves as an internal loading control. @: reverse
transcription control reaction at 0.5 mM dNTP lacking a stop signal
at Asg, and Asge, respectively (see the text).
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as well as U20-RZ1, snorbozyme constructs were able to
mediate U81 snoRNA degradation (Fig. 2B,C). However,
even though US81 expression levels were reduced up to
60%, as assessed by Northern blotting, methylation lev-
els of Ajg; within 28S ribosomal RNA did not change
(Fig. 2D,E).

Likely, remaining amounts of the uncleaved U8l
snoRNA are sufficient to mediate wild-type levels of meth-
ylation at Aso; within 28S rRNA. A detectable change in
methylation levels at position Asg;, however, will only be
expected to be observed after several cell divisions, since at
the time point of transfection Asy; within 28S rRNA is
methylated to wild-type levels. Hence, upon inactivation of
U81 snoRNA, only newly synthesized ribosomes will
appear unmethylated at this position. Since HEK-293T
cells divide about once within 24 h, the maximum decrease
in Asg, methylation, which can be expected 72 h post-
transfection, is about 87%, based on a 100% knockdown
efficiency.
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LNAs, but not PNAs, mediate U81 snoRNA
degradation

As a third strategy to inhibit ncRNA function, we com-
pared inhibition efficiencies of two antisense oligonu-
cleotide approaches, i.e., LNA or PNA ASOs complemen-
tary to the antisense box of U81 snoRNA. Apart from an
unmodified control PNA ASO, which is unable to cross the
cellular membrane, we employed modified PNA ASOs
fused to either a peptide encoding nuclear localization
signal (NLS), a tri-lysine or a nitro modification at its
N-terminus. These modifications are expected to either
enhance binding of the PNA to its RNA target (tri-lysine
and nitro modification) or, in case of the addition of a
NLS, are thought to enhance transport of the PNA ASO to
the nucleus.

We first investigated the intracellular localization of Cy5-
labeled LNAs or Lissamin-labeled PNA (lissamin) ASOs by
confocal microscopy (Fig. 3A). Thereby, LNAs localized
mainly to the cytoplasm, but also to some exten to nucleoli,
whereas PNAs appeared as dot-like structures within the
cytoplasm. Notably, we could not observe localization of
PNA ASOs either to the nucleoplasm or to nucleoli.
However, independent on their N-terminal modification,
all PNAs that entered the cell showed a “dot-like,”
cytoplasmic distribution (Fig. 3A).

To examine the inhibition efficiencies of LNA or PNA
ASOs, we transfected increasing amounts of LNAs into
HEK-293T cells. For PNAs, which passively cross the
cellular membrane, we added an eightfold amount to the
cell culture media to reach equivalent concentration levels
as for LNA-transfected cells. After 72 h of incubation with
ASOs, cells were analyzed for expression levels of U81
snoRNA and the methylation status of Ajo; within 28S
rRNA. U81 expression levels were only assessed for LNA
ASOs since PNA ASOs were not expected to reduce RNA
levels by RNase H cleavage.

Northern blot analysis demonstrated that, in general,
LNAs were able to partially knock down snoRNAs in an in
vivo cell culture system. A significant reduction in the
expression levels of U81 snoRNA could be observed (Fig.
3B). We note, however, that reduction of U81 expression
strongly depended on transfection efficiencies and varied
from 10% to 60%. This reduction of expression was likely
mediated by RNase H, since the LNAs employed in this
study consisted of a central DNA portion, flanked by LNA
nucleotides. Following binding of this mixmer oligonucle-
otide to its RNA target, the DNA-RNA heteroduplex was
predicted to be recognized by RNase H and cleaved within
its RNA portion. We confirmed this assumption by an in
vitro assay, in which an LNA-US81 heteroduplex was
digested by RNase H (data not shown). As observed for
snorbozymes, reduction of expression levels of U81 snoRNAs
by LNA ASOs did not result in a concomitant reduction of
Asg; methylation (Fig. 3C).
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FIGURE 3. Investigation of knockdown efficiencies of antisense
oligonucleotides (ASOs) targeting U81 snoRNA. Intracellular locali-
zation of the LNA ASO and PNA ASO was determined by confocal
microscopy. (A) The LNA ASO shows predominatly cytoplasmatic
localization and, to a lower extent, a nucleolar distribution (indicated
by white arrows); in contrast, all PNAs show a dot-like distribution
within the cytoplasm, but do not locate to nucleoli; nuclei were
stained with Hoechst 33342. (B) Northern blot analysis of U8l
expression levels in HEK-293T cells, transfected with the LNA-U81
ASO: transfection was performed with increasing amounts of LNA-
U81 ASO (12.5, 25, 50, 100, and 200 mM). At highest LNA con-
centrations, a reduction of about 60% was observed. (C,D) Primer
extension analysis of nucleotide Asq; within 28S rRNA investigating
the 2’-O-methylation activity of U81 snoRNA within HEK-293T cells,
transfected with LNA or PNA ASOs, respectively. Methylation of Ajq,
is indicated by a black arrow; a second 2'-O-methylation at position
Ajsgo, which is guided by U26 snoRNA, is indicated by a red arrow and
serves as an internal loading control. @: reverse transcription control
reaction at 0.5 mM dNTP lacking a stop signal at Azo; and Ajsgo,
respectively (see the text).

In cells exposed to PNA ASOs no decrease in methyla-
tion of Asg;, mediated by U81 snoRNA, could be observed
(Fig. 3D). This is not unexpected due to the observation
1801
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that PNAs accumulate within the cytoplasm and, thus, are
not able to interact with snoRNAs or their precursors
located within the nucleus or the nucleolus. Since PNAs are
known to inhibit their RNA targets by blocking accessible
sites and not by degradation of targeted RNAs, we refrained
from analyzing expression levels of U81 snoRNA.

CONCLUSION

All of the four employed strategies for knock down of U81
snoRNA are based on the sequence-specific inhibition of
the complementary target by either RNA cleavage or
blocking a functional site within the targeted RNA. These
knockdown strategies were aimed to target the RNA
component of the snoRNP particle by Watson—Crick base
pairing. Although significant knockdown efficiencies of up
to 60% were achieved, no detectable changes in methyla-
tion activity of the U81 snoRNP could be observed. This is
likely due to the fact that the remaining, uncleaved snoRNA
levels suffice to retain full enzymatic snoRNP function. For
further studies on the biological roles of orphan snoRNAs,
it will thus be required that knockdown efficiencies are
improved significantly. In contrast, for some of the numer-
ous eukaryal ncRNA candidates of unknown functions, the
obtained knockdown efficiencies might indeed suffice to
elucidate their biological roles.

Our studies demonstrate that, currently, knock down of
eukaryal ncRNA candidates, exhibiting unknown functions,
might most efficiently be achieved by either a ribozyme-
based approach or by employing LNA oligonucleotides.
However, our study also implicates that novel and more
efficient knockdown techniques will have to be established
for future analysis of all ncRNAs exhibiting unkown
functions. As the design and generation of effective ribo-
zymes is rather time consuming, LNA ASOs might turn out
as the method of choice to effectively inhibit the function of
ncRNA candidates. Modifications of LNA oligonucleotides
that specifically target these molecules to subcellular com-
partments will be a further step to enhance their knock-
down efficiencies.

MATERIALS AND METHODS

Plasmid constructs

Plasmids expressing shRNAs targeting U81 snoRNA (Fig. 1A)
were generated by annealing phosphorylated oligonucleotides,
followed by ligation into a BglII/HindIII digested pENTR-THT-
U191 vector (Ploner et al. 2008). Recombinant Venus-NLS-PEST
(VNP) fluorescent protein (Nagoshi et al. 2004) was generated by
PCR using primers containing the siRNA target sequence.
Employing Invitrogen’s Gateway recombination system, PCR
products were recombined into pDONR-207 (Invitrogen) and
subsequently into pDelta-T-Flag-Dest vector (kindly provided by
Stephan Geley, Biocenter Innsbruck), thereby generating mam-
malian expression vectors.

1802 RNA, Vol. 15, No. 10

“Snorbozymes” were cloned into a BgIII/HindIIl digested
PENTR-THT-U191 vector. For the insertion of various hammer-
head ribozymes, a multiple cloning site (Ndel/Stul/Ncol) was
inserted either in the apical loop of U16 or instead of the antisense
box of U20 snoRNA (Supplemental Fig. S1B). Subsequently,
ribozymes were cloned into the Ndel and Ncol restriction sites.

Antisense oligonucleotides

LNA gapmer oligonucleotides (5'-GAGAGAGTTCAAGTTGGA-3'),
comprised of 40% LNA monomers and 60% DNA monomers,
targeting U81 snoRNA within its antisense element, have been
designed and generated by Exiqon (Vedbaek; www.exiqon.com).
To investigate their localization within HEK-293T cells, LNA
oligonucleotides were Cy5-labeled at the 5’ end. LNAs were
transfected using Metafectene (Biontex) transfection reagent.

Cell membrane crossing oligonucleotides (CMCOs) harboring
the identical sequence as LNA oligomers have been synthesized by
Ugichem (Innsbruck; www.ugichem.at). CMCOs are modified
PNAs that passively enter cells without the addition of trans-
fection reagents. To enhance solubility and binding kinetics of the
ASOs, a tri-lysine (PNA-L) or a nitro (PNA-N) modification was
added to the N-terminus of the PNA molecule. In addition, a
PNA-variant harboring a nuclear localization signal (PNA NLS)
was synthesized. As a control, a PNA oligonucleotide, which was
not able to cross the cellular membrane, was also used. For in vivo
detection, PNAs were labeled with the fluorescent dye lissamin,
emitting red light at a wavelength of 586 nm.

Cell culture

HEK-293T cells were cultured in DMEM (PAA) containing 10%
FCS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 mM
L-glutamine (PAA) at 37°C and 5% CO,. For transient expres-
sion, cells were grown in six-well plates to 80%—-90% confluency
and further transfected with 1-10 pg of plasmid DNA or antisense
oligonulceotides employing Metafectene as a transfection reagent
(Biontex). Cells were harvested 72 h after transfection and
subjected to further analysis.

Fluorescent in situ hybridization

In situ hybridization was performed according to the Singer Lab
protocol (see http://singerlab.aecom.yu.edu/protocols/). For de-
tection we used the following amino-modified thymidine nucleo-
tides (C2-amino-linker) containing primers:

AP128-Insitu-U3: 5'-GT*TCTCTCCCTCT*CACTCCCCAAT*AC
GGAGAGAAGAACGAT*CATCAATGGCT*G-3'; and

AP129-Insitu-HH-RZ2: 5'-CAT*GGAACTTGAACT*TTCGCCGC
GAACGGCT*CATCAGTCTCACCAT*A-3'.

T* indicates the amino-modified thymidine nucleotides. The
specific oligonculeotide for U3 was chemically conjugated with
Oregon green 488 (Invitrogen), the HHrz probe was chemically
conjugated to the Cy3 fluorophore (CyTM3 monofunctional
reactive dye; Amersham Pharmacia). Nucleoli were stained by
DAPI (0.1 wg/mL) (Invitrogen). Localization of the HHrz was
analyzed by fluorescent microscopy using a Zeiss Axiovert 200M
microscope.



snoRNA knockdown

RNA isolation and Northern blot analysis

Total RNA was isolated according to the TRIzol (Gibco BRL)
manual; 10-20 ug of total RNA were denatured for 3 min at 95°C
in 1X RNA loading dye (47.5% formamide, 0.0125% SDS,
0.0125% bromophenol blue) and separated on a denaturing 8%
polyacrylamide gel (7 M urea, 1X TBE). Electrophoresis was
performed at 10 [W]. Transfer onto Hybond-N+ membrane
(Amersham Biosciences) was performed by electroblotting using
a semidry blotting apparatus (TransblotSD, Bio-Rad) at 400 mA,
15 V (max) for 45 min in 0.5 TBE buffer. RNA was immobilized
by UV-cross-linking with 120 mJ in a UV-Stratalinker (Strata-
gene). Oligonucleotides were 5’-labeled with [y->*P] ATP using
T4 polynucleotide kinase (Promega). Hybridization was carried
out at 45°C in 1 M sodium phosphate buffer (pH 6.2), 7% (w/v)
SDS for 12 h. Subsequently, blots were washed for 10 min at RT in
washing solution I (2X SSC, 0.1% [w/v] SDS) followed by a
second washing step at RT for 10 min with washing solution II
(0.2X SSC, 0.1% [w/v] SDS). To increase specificity, blots were
additionally washed at 58°C in washing solution II for 1-3 min.
Membranes were either exposed to Kodak MS-1 film, using an
intensifier screen or to a PhosphorImager screen (Bio-Imaging
Analyzer) overnight (16 h). As a loading control, membranes were
hybridized with a DNA oligonucleotide complementary to 5.8S
ribosomal RNA.

In vitro snorbozyme reaction

For in vitro snorbozyme reactions, 15 pmol of **P body labeled
U81 snoRNA were incubated with 75 pmol snorbozyme in
40 mM Tris/HCI at pH 7.5 and 10 mM MgCl, for 1 h at 37°C.
Subsequently, the reactions were dissolved on a denaturing poly-
acrylamide gel, and cleavage efficiencies were determined using a
PhosphorImager screen.

Primer extension analysis

To detect 2'-O-methylation of riboses on ribosomal RNA, a
primer extension assay was performed. Two micrograms of total
RNA were heat denatured for 5 min at 96°C in the presence of 0.1
pmol 5 *?P end-labeled oligodeoxynucleotide primer. Following a
30 min hybridization step at 42°C, reverse transcription was
carried out in buffer containing 122.5 mM Tris/HCI at pH 8.4, 11
mM MgCl,, 15 mM KCl, 11 mM DTT, 0.5/0.04 mM dNTPs, and
1 unit AMV reverse transcriptase (Promega). For sequencing
reactions, dideoxynucleotides were added to a final concentration
of 0.06 mM. cDNA products were ethanol precipitated and primer
extension products were resolved on a 8% denaturing poly-
acrylamide gel with sequencing reactions and visualized by
autoradiography.

Western blot analysis

For preparation of whole cell extracts, 5 X 10°~1 X 107 cells were
washed once in PBS and resuspended in 60 pwL RIPA buffer
containing 50 mM Tris at pH 7.5, 150 mM NaCl, 1 mM ETDA,
0.1% SDS, 0.5% sodium deoxycholate, and 1% NP-40. Prior to
usage, a protease inhibitor mix was added. Samples were incu-
bated for 1 h on ice and cleared by centrifugation (15,000g, 10
min, 4°C). Supernatants were collected and the amount of protein
was determined by Bradford analysis. Twenty micrograms of total

protein were mixed with the appropriate amount of 4XSSB-buffer
containing 5% -mercaptoethanol. Protein samples were dena-
tured at 98°C for 5 min and size fractionated on 12.5% SDS/
polyacrylamide gels in a CBS minigel chamber at 200 V/50 mA.
Proteins were transferred by electroblotting onto nitrocellulose
membranes (0.45 wm) by a Bio-Rad semidry transfer apparatus
(I = 0.8 mA/cm?, constant). Transfer efficiency was assessed by
Ponceau-S-red staining. Membranes were incubated in Western
blot blocking buffer (PBS/1% NP-40, 5% MP) for 2 h and with a
rabbit GFP antibody detecting VNP fluorescent protein (kindly
provided by Stephan Geley, Biocenter Innsbruck) overnight at
4°C. Membranes were washed three times in PBS/1% NP-40 for
10 min each. The anti-rabbit horseradish peroxidase-conjugated
secondary antibody was diluted 1:1000 in blocking buffer and
added to the membranes for 45 min at room temperature.
Thereafter, the membranes were washed three times with PBS/
1% NP-40 and incubated with ECL chemiluminescence substrate
according to the manufacturer’s instructions (Amersham). The
blots were exposed to AGFA Curix X-ray films.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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