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Human small nucleolar RNAs (snoRNAs) that copurify with nucleoli isolated from HeLa cells have been characterized.
Novel fibrillarin-associated snoRNAs were detected that allowed the creation of a new vector system for the targeted
knockdown of one or more genes in mammalian cells. The snoMEN (snoRNA modulator of gene expressioN) vector
technology is based on snoRNA HBII-180C, which contains an internal sequence that can be manipulated to make it
complementary to RNA targets. Gene-specific knockdowns are demonstrated for endogenous cellular proteins and for
G/YFP-fusion proteins. Multiplex snoMEN vectors coexpress multiple snoRNAs in one transcript, targeted either to
different genes or to different sites in the same gene. Protein replacement snoMEN vectors can express a single transcript
combining cDNA for a tagged protein with introns containing cognate snoRNAs targeted to knockdown the endogenous
cellular protein. We foresee applications for snoMEN vectors in basic gene expression research, target validation, and gene

therapy.

INTRODUCTION

Small nucleolar RNAs (snoRNAs) comprise a family of nu-
clear RNAs that are present in all eukaryotic cells. snoRNAs
are concentrated in nucleoli where they either function in
the modification of rRNA or else participate in the process-
ing of rRNA during ribosome subunit synthesis (Weinstein
and Steitz, 1999; Kiss, 2001; Boisvert ef al., 2007; Matera et al.,
2007). There are two main classes of snoRNAs: the box C/D
snoRNAs and the box H/ACA snoRNAs, which are in-
volved in 2'-O-ribose methylation and pseudouridine mod-
ifications, respectively. snoRNAs function in vivo as RNA-
protein complexes (snoRNPs), where the RNA moiety acts
as a guide RNA that base-pairs to rRNA precursors, either to
direct sites of modification to specific sequences on rRNA (in
the case of box C/D and box H/ACA snoRNAs) or as
chaperones to assist the maturation of nascent rRNA pre-
cursors (e.g., U3 snoRNA).

Box C/D snoRNAs are named after a common RNA motif
in this subfamily that serves as a binding site for a group of
box C/D proteins, including NOP56, NOP5S, 15.5K, and the
highly conserved protein fibrillarin, which has the specific
2'-O-methylase activity. Many of the Box C/D snoRNAs are
encoded within the introns of mRNAs, particularly in genes
encoding ribosomal protein genes or other efficiently ex-
pressed housekeeping genes (Kiss et al., 2006). A region of
the box C/D snoRNA immediately 5’ to the stem II and box
D and D’ region contains the “guide” sequence complemen-
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tary to a specific site on rRNA that directs the fibrillarin
2'-O-methylase to add a methyl group at the desired ribose
residue within the rRNA sequence that is complementary to
the guide RNA region. A similar function has been shown to
operate for Box C/D snoRNAs from yeast through to mam-
malian cells. Furthermore, it has been shown that transient
expression in mammalian cells of recombinant snoRNAs, in
which the guide sequence complementary to rRNA is al-
tered to target mRNA, will cause 2'-O-methylation of the
mRNA target (Cavaille et al., 1996).

Because of the conserved sequence elements it is possible
to predict members of the human box C/D snoRNA family
and predict their putative 2'-O-methylation target sites on
rRNA through computational analysis. However, so far not
all of these species have been identified or verified by direct
experimentation. In addition to the modification of rRNA,
two other functions have been proposed for certain box C/D
snoRNAs. First, several family members are thought to spec-
ify methylation of 2'-O-ribose groups on other nonribosomal
RNAs, including small nuclear RNAs, which are subunits of
the nuclear pre-mRNA splicing machinery (Tycowski et al.,
1998). This is basically the same modification reaction as
seen for rRNA, but directed to different RNA substrates due
to the specific guide RNA sequences they contain. Second,
snoRNA HBII-52, a member of the box C/D snoRNA family
encoded within a large transcript encoding multiple iso-
forms of HBII-52 RNA, has been reported to act as an alter-
native splicing factor that can cause a change in the choice of
splice site, affecting exon 5 in the neuronal-specific transcript
encoding serotonin receptor 2C (Kishore and Stamm, 2006).

Here we characterize human nucleolar snoRNAs that co-
purify with nucleoli isolated from HeLa cells. A novel group
of related fibrillarin-associated box C/D snoRNAs were
identified that allowed the development of a new vector-
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based technology for the targeted knockdown of expression
of one or more proteins in mammalian cells. We demon-
strate these snoMEN (snoRNA modulator of gene expres-
sioN) vectors can be used for the convenient functional
replacement of endogenous cell proteins with tagged and or
mutated recombinant proteins in cultured cells.

MATERIALS AND METHODS
Construction of Nucleolar cDNA Library

HeLa cell nucleoli were purified using sucrose gradients, as previously de-
scribed (Andersen et al., 2002, 2005; Lam et al., 2007). Nucleolar RNA was
isolated from purified nucleoli by the TRIzol method with DNase I treatment
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Nu-
cleolar RNA was modified by addition of a 20-30 mer polyadenine sequence
at the 3’-end using polyA polymerase (Invitrogen). In the case of the unam-
plified library, cDNA was synthesized from 10 pg of polyA-tailed nucleolar
RNA by reverse transcription using an oligo dT primer. Second-strand cDNA
was synthesized by the nick translation replacement technique using the
Super Script Plasmid Synthesis Kit according to the manufacturer’s instruc-
tions (Invitrogen). Double-stranded cDNA was cloned into pBluescript vector
after creating blunt ends using T4 DNA polymerase. In the case of the
amplified library, a nucleolar cDNA library was established using the Gen-
eRacer Kit without the CIP step (Invitrogen). Small, double-stranded cDNA
was amplified by short-time amplification PCR (e.g., 5-s polymerase reaction)
using adaptor-specific primers. Amplified cDNA was cloned into the TOPO
TA cloning vector according to the manufacturer’s instruction.

Sequences and Visualization

All sequences and alignments were retrieved from the UCSC Genome
Browser (Kent et al., 2002) using the March 2006 assembly of the human
genome. The mammalian conservation of the HBII-180 snoRNA sequences
was calculated and visualized using the Vertebrate Multiz Alignment and
PhastCons Conservation utilities (Kent et al., 2003; Siepel et al., 2005). HBII-
180D was identified as a molecule having high sequence identity to the
known HBII-180 (A, B, and C) snoRNAs using BLAT (Kent et al., 2002)
available from the University of California, Santa Cruz, (UCSC) Genome
Browser Web site (http://genome.ucsc.edu/).

Immunoprecipitation and Quantitative RT-PCR

Immunoprecipitations were prepared as previously described (Trinkle-
Mulcahy et al., 2006). Nuclear lysates were prepared from HeLaY!P-fibrillarin
and HeLa®"" stable cell lines. Purified nuclei were resuspended in RIPA
buffer to solubilize proteins. Fluorescent proteins were immunoprecipitated
using an anti-green fluorescent protein (GFP) mAb (Roche, Indianapolis, IN)
covalently coupled to protein G-Sepharose, as previously described. Samples
were divided in two, and for Input samples RNA was isolated from one-half
of each nuclear lysate. RNA was isolated by the TRIzol method with DNase
I treatment, according to manufacturer’s instruction (Invitrogen). RT-PCR
was performed to detect immunoprecipitated RNAs. RT and PCR were
performed with the following gene-specific primers: HBII-180A: 5-CCTC-
CATGATGTCCAGCACTG-3" and 5-CTCAGACCCCCGGGTGTCAA-3';
HBII-180B: 5'-GCACTGGGCTCTGACTGCCC-3" and 5'-GAACCCCGGAT-
GTCAAAGGT-3'; HBII-180C: 5'-CTCCCATGATGTCCAGCACT-3' and 5'-
CTCAGACCCCCAGGTGTCAA-3'; HBII-180D: 5'-GCACTGGGCTCTGAT-
CACTC-3' and 5'-GATCCCCAGGTAGCCATGGT-3'; Cl19orf48: 5'-CCG-
CGTTTCCTACTCTTTAAGC-3" and 5'-TGGGTGGTCCTAAGCTTGAAGC-
3, U3: 5'-AGAGGTAGCGTTTTCTCCTGAGCG-3' and 5'-ACCACTCAGAC-
CGCGTTCTC-3'; E2: 5'-GGAGTTGAGGCTACTGACTGGC-3" and 5'-CCA-
CTCATTGGGCCAGAGACCC-3'; GAPDH: 5'-TTGCGTCGCCAGCCGAGC-
CACATC-3" and 5'-CAATACGACCAAATCCGTTGACTCCGA-3'; pre-GAPDH:
5'-CGCATCTTCTTTTGCGTCGCCAG-3' and 5'-GGTCAATGAAGGGGT-
CATTGATGGC-3'; Ul: 5'-TACCTGGCAGGGGAGATACCATGATC-3" and
5'-GCAGTCGAGTTTCCCACATTTGGGG-3'; 55: 5'-ACGCGCCCGATCTC-
GTCTGAT-3' and 5-GCCTACAGCACCCGGTATTCCC-3'; B-actin: 5'-AG-
GCACCAGGGCGTGATGGTGG-3' and 5'-GGTACTTCAGGGTGAGGAT-
GCC-3'; B23: 5'-CTTTTCGGTTGTGAACTAAAGGCCG-3' and 5'-CAGC-
CCCTAAACTGACCGTTCTTA-3’; HDAC1: 5'-TGCAGAGATTCAACGTT-
GGTGAGG-3' and 5'-GCACTTGCCACAGAACCACCAG-3'; tubulin: 5'-
CCTACGGTCATTGATGAGATCCGA-3" and 5'-GGTCAATGATCTCCTT-
GCCAATGG-3'; hsp70: 5'-GAACCGGCATGGCCAAAGCCGC-3" and 5'-TG-
GCGATGATCTCCACCTTGCC-3'; CREBBP: 5'-CCCCTGGGAAATA-
ATCCAATGAAC-3'" and 5'-CGTTCATCAGTGGGTTTGTGGC-3'; snRNP70:
5'-GAGCTTAAAATGTGGGACCCTCAC-3' and 5'-GTTGTGTCATAAT-
TCACTCTCGCC-3'; PSP-1: 5'-TTGCTAACAACGACCCCTCGTCC-3" and 5'-
CTGCATCAGCTTCTCTGGCAAGC-3'; and HPRT1: 5-CTGAAGAGCTAT-
TGTAATGACCAGTC-3' and 5'-GCCAGTGTCAATTATATCTTCCACAA-3,
using the SuperScript one-step RT-PCR kit (Invitrogen). To decide linearity of
cycles, we used real-time PCR using the Superscript III Platinum SYBR Green
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one-step quantitative RT-PCR Kit (Invitrogen) and Rotor-Gene RG-3000 sys-
tem (Corbett Research, Cambridge, United Kingdom). The same amount of
RNA for input and immunoprecipitated (IP) sSRNA was used as templates for
RT-PCR reactions. Each experiment was repeated three times independently.

Plasmid Construction and Transfections

The sequence spanning exon 2 to exon 3 of the C190rf48 gene was inserted 3’
of the cytomegalovirus (CMV) promoter in the pcDNA3.1 mammalian ex-
pression plasmid (Invitrogen), creating the HBII-180C expression vector.
HBII-180A and B snoRNAs and mutant derivatives of HBII-180C snoRNA
were established from the wild-type HBII-180C expression minigene con-
struct by site-directed mutagenesis. The plasmids were transfected into either
HelLa cells or U20S cells using Effectine transfection regent (QIAGEN, Chats-
worth, CA).

Microscopy

All cell images were recorded using the DeltaVision Spectris fluorescence
microscope (Applied Precision, Issaquah, WA). Live cell images for
HeLaYFP-fibrillarin cells (Leung et al., 2004) and HeLa®FF cells (Trinkle-
Mulcahy et al., 2006) were prepared as previously described (http://www.
lamondlab.com/f7protocols.htm). Cells were imaged using a 60X 1.4 NA
Plan Apochromat objective. Twelve optical sections separated by 0.5 um were
recorded for each field and each exposure (SoftWoRx image processing
software; Applied Precision).

Northern and High-Sensitivity RNA Blot Analysis

HeLa cell extracts were fractionated using sucrose gradients, as previously
described (Andersen et al., 2002, 2005; Lam et al., 2007). Total HeLa cell RNA
and RNA from separate cytoplasmic, nucleoplasmic, and nucleolar fractions
was isolated using the TRIzol method, with DNase I treatment, according to
the manufacturer’s instructions (Invitrogen). Equal amounts of RNA from
each sample were separated by 8 M urea polyacrylamide denaturing gel
electrophoresis in 1X TBE buffer, and the RNA was transferred onto nylon
membrane (Hybond-N; GE Healthcare, Little Chalfont, United Kingdom) by
electroblotting. After UV cross-linking or chemical cross-linking, the mem-
brane was hybridized with 32P 5’ end-labeled oligoribonucleotide probes
specific for the following RNA species: HBII-180C: 5'-GUGCACUGUGUC-
CUCAGGGGUG-3'; tRNA-Ile: 5'-UGGUGGCCCGUACGGGGAUCGA-3’;
chimera 1: 5'-GCAGCACGACUUCUUCAAGUC-3’; and chimera 2: 5'-GCA-
GAAGAACGGCAUCAAGGU-3'). High-sensitivity RNA blots were pre-
pared as previously described (Pall et al., 2007).

Fluorescent In Situ Hybridization

The fluorescent in situ hybridization (FISH) procedure was performed as
previously described (http:/ /www .singerlab.org/protocols). HeLa cells were
transfected with a plasmid vector containing the HBII-180C minigene ex-
pressed from the CMV promoter. The cells were fixed with 4% paraformal-
dehyde after prepermeabilization with 1% Triton X-100. After 70% ethanol
treatment, a Cy-3-labeled HBII-180C-specific oligonucleotide probe
(5'-AAAGGTCCTGGGGTGCACTGTGTCCTCAGGGGTGATCAGAGCCCA-
GTGCT-3") was hybridized using standard procedures. The fluorescence
signal was imaged using a DeltaVision Spectris fluorescence microscope
(Applied Precision). The specific probes for chimera snoRNAs (chimera 1:
5'-GCAGCACGACUUCUUCAAGUC-3'; chimera 2: 5-GCAGAAGAACG-
GCAUCAAGGU-3'; and chimera-3: 5'-CAGCCACAACGUCUAUAUCAU-3')
were also labeled with Cy-3.

siRNA Experiments

siRNA was transfectioned by Lipofectamine RNAiIMAX (Invitrogen) accord-
ing to the manufacturer’s instruction. Scrambled siRNA, which does not have
an RNA target (Dharmacon, Boulder, CO), and Lamin siRNA (On-Targetplus
SMART pool product, Dharmacon) were transfected as negative and positive
controls, respectively. The Lamin M box siRNAs were targeted to the same
intronic sequences as used for the Lamin snoMEN were synthesized and
transfected (Lamin M box siRNA-1: 5'-CACCUGGGCGAACUCACCGCG-3’,
Lamin M box siRNA-2: 5'-GGUAUUGCUAAAGAAGAGAGG-3’ (siMAX
siRNA, MWG Operon, Ebersberg, Germany).

M Box Sequences

M box sequence of HBII-180C cDNA (5'-CACCCCTGAGGACACAGTGCA-
3') was modified to create complementary sequences to target genes as
follows: chimera-1, -2, and -3: 5'-ATGATATAGACGTTGTGGCTG-3’; SMN1
(survival of motor neuron 1): 5'-ATTAGAACCAGAGGCTTGACG-3' and
5'-GCACTGGCTGCGACCTCACCT-3" and 5'-ATGTCAGAATCATCGCTC-
TGG-3'; Lamin: 5-CACCTGGGCGAACTCACCGCG-3' and 5-GGTATT-
GCTAAAGAAGAGAGG-3'; and Coilin 5'-TCCCTGCGCCGCGCACCTGAG-3’
and 5-TGAAATATACCTTAAATGCAA-3'.

Molecular Biology of the Cell



snoMEN Modulator of Gene Expression Vectors

a
Sfxw Total nucleolar RNA
; polyA tailed nucleolar RNA
S’WAmAAAAAA
IWMWAAAAAA
Without amplification 2 | With amplification
| | Ligation of RNA
5 RT by oligo dT primer , adaptor
ST T T AMAA 5 B+ s~~~ ~—~——NAAAAA
4 TTTTTTT A
; RT ligo dT
Figure 1. Human gene C19 orf48 identified in 1 2nd strand cDNA with l prin:)eyro igo dT adaptor
nucleolar cDNA library. (a) Isolation and clon- , RNase digestion
ing of Nucleolar RNA from purified HeLa cell S P T AMARAA - 5 B~ AR

nucleolar fraction. Micrographs showing intact
HeLa cells before fractionation (left) and iso- l
lated nucleoli (right). HeLa cell nucleoli were
fractionated by the sucrose gradient method as

Blunt end by T4 DNA
polymerase

5 i
:IIIIIIIIIIIIIAAAAAA

5

l RNase digestion

previously described (Andersen et al., 2002, A
2005; Lam et al., 2007), and then total nucleolar
RNA was isolated from the nucleolar pellet.
Total nucleolar RNA was modified by addition
of poly adenosine at the 3'-end using poly A
polymerase. Schematic diagram showing cDNA
synthesis strategy, performed both with ampli-
fication (right) and without amplification (left).
Nucleolar cDNAs were synthesized by reverse
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as the template. The library made without am-
plification (left) was mainly used to detect b
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cleolar RNA species. Both of these libraries
were independently cloned into general plas-
mid vectors and analyzed by DNA sequencing.
(b) Summary of RNA species detected in the
nucleolar cDNA libraries without amplification
(left pie chart) and with amplification (right pie
chart).

RESULTS

Identification for HBII-180 box C/D snoRNAs

We have identified 118 human snoRNAs that copurify
with nucleoli isolated from HeLa cells (Figure 1, a and b,
and Supplementary Table). Two of these were closely
related box C/D snoRNAs termed HBII-180B and C (Fig-
ure 2a), which are encoded within separate introns of the
pre-mRNA transcript C190rf48 (Zhou et al., 2002). The
same transcript also encodes a third related snoRNA
(HBII-180A), which is difficult to detect in HeLa cells
(Figure 2a). Phylogenetic comparison (Kent, 2002) of the
homologous gene from different mammalian species re-
vealed that the major regions of sequence conservation
corresponded to the intron-encoded snoRNAs and not to
the flanking exons (Figure 2a). All three show typical Box
C/D snoRNA features, i.e., they are enriched within nu-
cleoli, bind to fibrillarin, and contain conserved C and D
boxes (Figure 2, b and ¢, and Supplementary Figure 1, a
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and b). Each has an identical guide sequence complemen-
tary to residues 3677-3686 of human 285 rRNA (Figure
2b), which contains a known 2'-O-ribose methylation site
at residue 3680 (Maden, 1990).

We observed that HBII-180C snoRNA contained a region
3’ to the methylation guide sequence that was complemen-
tary to fibroblast growth factor receptor 3 (FGFR3) pre-
mRNA. The short length (~21 nucleotides) and sequence
complementarity of this region is similar to features seen in
small regulatory RNAs, such as siRNAs and microRNAs
(Bushati and Cohen, 2007; Chapman and Carrington, 2007).
Given that human snoRNA HBII-52 acts as an alternative
splicing factor to modulate the neuronal-specific splicing of
serotonin receptor 2C (Kishore and Stamm, 2006), we de-
cided to scan all human coding sequences, UTRs and introns
to search for other potential mRNA targets that could be
recognized by short complementary sequences within the
HBII-180 snoRNAs.
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A short internal region was detected at a similar position
within each of the three HBII-180 snoRNAs, which we term
the M box (Supplementary Figure 2a). The M box region had
potential mRNA intron and exon targets in both cell-type
specific and ubiquitously expressed genes. For example, the
M box region in snoRNA HBII-180C was complementary to
RNA sequences in the HIPPI (Huntington-interacting pro-
tein protein interactor) and FGFR3 (fibroblast growth factor
receptor 3) genes (Supplementary Figure 2a). Analysis of the
M box region and the effects of the HBII-180 snoRNAs on
expression of endogenous RNAs will be reported elsewhere.
Here we describe the adoption of the HBII-180C snoRNA
backbone for development of a general gene knockdown
vector system.

GFP and YFP Knockdown Mediated by the snoRNA
M Box

To test whether snoRNAs can be used to modify the expres-
sion of targeted proteins, the M box sequence in HBII-180C
was replaced with two alternative sequences to make it
complementary to different regions in the coding sequence
of GFP and yellow fluorescent protein (YFP; Figure 3a; for
locations of targeted sequences, see also Figure 14). Plasmid
vectors encoding either mCherry alone, mCherry linked to
wild-type HBII-180C snoRNA, or mCherry linked to either
the chimera 1 or chimera 2 HBII-180C snoRNAs, which are
targeted to sites on G/YFP RNA, were transiently expressed
in HeLa cell lines that stably express either free GFP
(Trinkle-Mulcahy et al., 2006) or the FP-fusion proteins YFP-
fibrillarin (Leung et al., 2004) or GFP-SMN (Trinkle-Mulcahy
et al., 2008; Figure 3b and Supplementary Figure 2b; arrows
indicate transfected cells). In each case mCherry was used a
marker for detecting transfected cells. A reduced level of
G/YFP fluorescence for free GFP and G/YFP-fusion pro-
teins was observed specifically in cells expressing mCherry
when a chimeric snoRNA was coexpressed, but not upon
transient expression of controls corresponding to either
mCherry alone, or mCherry plus WT HBII-180C snoRNA
and a similar reduction was observed by Western blotting
(Figure 3b and Supplementary Figures 2b and 3).

Analysis of RNA by Northern blot showed that both
chimera 1 and chimera 2 snoRNAs reduced YFP-fibrillarin
mRNA levels with no reduction in the levels of either
GAPDH or B-actin RNAs (Figure 3c). The mCherry plus WT
HBII-180C snoRNA control vector did not reduce either YFP
fluorescence or YFP-fibrillarin RNA levels. Western blot
analysis confirmed that there was also a reduction in the
corresponding level of YFP-fibrillarin protein, consistent
with the reduced level of YFP fluorescence, specifically after
expression of either chimera 1 or chimera 2 snoRNAs (Sup-
plementary Figure 3). Similar results were obtained for
knockdown of free GFP (Supplementary Figure 3). To inves-
tigate further the specificity of the knockdown, the levels of
10 nontargeted RNAs were compared with YFP-fibrillarin
RNA levels by quantitative RT-PCR in HeLa cells expressing
either control WT HBII-180C snoRNA, or the chimera 1 or
chimera 2 snoRNAs (Supplementary Figure 4). Expression
of either chimera 1 or chimera 2 snoRNAs caused a specific
reduction in YFP-fibrillarin RNA levels with little or no off
target effects on the levels of the other 10 RNAs.

The data indicate that the snoRNA vector based on HBII-
180C can modulate both RNA and protein expression levels
of targeted genes mediated via short internal regions of
complementary sequence in the M box region. Furthermore,
the chimeric snoRNAs exhibit the same localization and
protein-binding properties as bona fide box C/D snoRNAs.
Thus, a combination of cell fractionation, RNA blotting,
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FISH, and coimmunoprecipitation experiments showed that
the endogenous HBII-180C snoRNA and the chimera 1 and
chimera 2 snoRNAs that knockdown GFP and YFP-fibrilla-
rin levels are nuclear, accumulate in the nucleolus in a
pattern similar to other Box C/D snoRNAs, and bind to the
Box C/D-specific protein fibrillarin (Supplementary Figure
1, a and b).

Analysis of snoRNA Sequence Determinants

The knockdown ability of vectors expressing HBII-180C
snoRNAs with altered M box regions could either arise from
expression of processed snoRNA or, alternatively, could be
formed independently of snoRNA processing directly from the
C190rf48 pre-mRNA (Figure 2a). The latter possibility is sug-
gested by the reports of intron-encoded microRNAs processed
independently of Drosha (Ruby et al., 2007). To distinguish
between these possibilities, a series of three base mutations
were introduced at eight separate regions of an HBII-180C
minigene and the expression of full-length snoRNA compared
between the WT and mutant forms of HBII-180C (Figure 4a).
Expression of the WT HBII-180C minigene vector elevates
the level of full-length HBII-180C snoRNA over endogenous
levels, but the empty vector does not (Figure 4a, cf. lane 1
with lanes 2 and 3). Multiple mutations, including sequence
changes within either of the conserved C or D boxes, reduce
or eliminate expression of exogenous full-length HBII-180C
snoRNA, leaving only the endogenous level of snoRNA
(Figure 4a, lanes 4-11).

We next tested whether mutations in regions known to be
required for snoRNA processing and expression also affect
knockdown efficiency, using Hela cells expressing either
GEFP alone, or a GFP-SMN fusion protein (Figure 4b). Thus,
mutants within either the conserved box C or box D regions,
which both disrupt snoRNA production (Figure 4a, cf. lane
3 with lanes 4 and 10), also fail to knockdown fluorescence
levels of either GFP or GFP-SMN (Figure 4b). Further sys-
tematic comparison of multiple mutations in snoRNA chi-
mera 2 showed a clear correlation between mutations affect-
ing snoRNA processing and expression and the ability to
knockdown a target GFP gene. For example, the m3 muta-
tion in the conserved D’ box decreased snoRNA formation
and reduced knockdown efficiency (Figures 4a and 5, a and
b; see also Supplementary Figure 5). Whenever a mutation
reduced the level of exogenous chimera 2 snoRNA expres-
sion, there was a corresponding decrease in the level of
knockdown (Figure 5, a and b), indicating that knockdown is
dependent on correct snoRNA processing from the vector tran-
script. This argues against a snoRNA-independent knockdown
mechanism, arising directly from parallel processing of the
C190rf48 pre-mRNA transcript, as would be the case if a
separate small regulatory RNA was encoded within the
snoRNA. Furthermore, none of the mutations that destroy
base pairing between 285 rRNA and the snoRNA guide
sequence, either prevent snoRNA formation, or reduce
knockdown efficiency (Figures 4a, lane 5, and 5, a and b; see
also Supplementary Figure 5, mutants m2-1 and m2-2).
Therefore, we infer that the ability of M box-modified snoR-
NAs to knockdown expression of target genes does not
depend on the snoRNA binding and methylating rRNA.

Next, insertion and deletion mutants of the M box se-
quence in modified snoRNA chimera 2 were constructed to
test whether knockdown ability correlated with M box se-
quence length (Figure 5, a and b, and Supplementary Figure
6). All three insertion mutants that increased sequence com-
plementary to G/YFP mRNA retained knockdown activity
(Figure 5, a and b, In1-3). Interestingly, insertion mutant
CM2In-3, which has an additional eight bases of comple-
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Figure 3. Targeted suppression of free GFP and YFP fusion proteins using a modified snoRNA expression vector. (a) chimera expression plasmid
targeting sequences shared by GFP and YFP. The sequence in WT HBII-180C snoRNA that is complementary to FGFR3 pre-mRNA was changed from
5"-CACCCCTGAGGACACAGTGCA-3' to either 5'-GACTTGAAGAAGTCGTGCTGC-3' (chimera 1) or to 5'-ACCTTGATGCCGTTCTTCTGC-3" (chi-
mera 2). The resulting chimera 1 and 2 snoRNAs were subcloned into the 3’ region of the vector with mCherry fluorescent protein cDNA. Diagram shows
complementary regions of chimera 1 and chimera 2 targeting two separate regions of GFP, both of which are also present in the related YFP gene. (b) The
effect of chimera constructs on GFP/YFP-fibrillarin expression in the HeLa®' /HeLa Y- fibrillarin gable cell line, which expresses unfused GFP alone (left
panel) or YFP fused at the amino terminus of fibrillarin (right panel). Images show the effect of transfecting either empty mCherry expression plasmid
mCherry-C1 (mCherry-C1), expression plasmid HBII-180C chimera 1, or expression plasmid HBII-180C chimera 2 in the HeLa®' /HeLaY™-fibrillarin gtaple
cell lines. Top panels, GFP fluorescence signals of images recorded from fixed cells (green). Bottom panels, merged images combining the GFP (green) and
mCherry (red) signals. Scale bar, 10 wm. The arrows indicate transfected cells, and arrowheads show untransfected cells. Note clear reduction in GFP
expression specifically in the cells transfected with the expression plasmids encoding either HBII-180C chimera 1 or 2. (c) Detection of RNA levels for
YFP-fibrillarin after transfection of HeLaYf-fibrillarin gtable cell lines using either the wild-type HBII-180C with mCherry expression plasmid pmCherry-
HBII-180C (control: lane 1), expression plasmid pHBII-180C chimera 1 (lane 2), or expression plasmid pHBII-180C chimera 2 (lane 3). An equivalent
amount of Hela total RNA was loaded for each lane, and the RNA was separated by denaturing agarose gel electrophoresis, electroblotted onto
membrane, and probed for G/YFP, GAPDH, B-actin mRNAs, and 185 rRNA as a loading control. The graphs show average signal intensity for three
independent experiments; error bars, SD. YFP-fibrillarin signal ratio was normalized to the 185 rRNA signal. Note reduction in YFP-fibrillarin RNA levels,
but not GAPDH and B-actin, specifically with the expression plasmids encoding either HBII-180C chimera 1 or 2.
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Figure 4. Analysis of HBII-180C and chimera snoRNA mutations. (a) The sequence of snoRNA HBII-180C is shown with the positions of the eight
separate three nucleotide AAA mutations indicated as m1-m8 (shown on the sequence). Boxes C, D, and D’ are indicated with boxes. The predicted
guide sequence complementary to 285 rRNA is indicated by an underline, as shown in snoRNABase (Lestrade and Weber, 2006). The M box region
is indicated by a bold underline. HeLa cells were transiently transfected with either an empty plasmid vector (lane 2), with plasmid vectors
expressing wild-type HBII-180C (lane 3), or with HBII-180C snoRNA mutants m1-m8 (lanes 4-11). The same amount of total HeLa cell RNA was
loaded for each lane (Ctrl: without transfection). The bands show the results of high-sensitivity RNA blotting using 3*P-labeled oligonucleotide
probes to detect HBII-180C snoRNA, M box fragment, and tRNA, respectively. Transfection efficiency was confirmed by semiquantitative RT-PCR
using C19 orf48 and GAPDH specific primer sets (C190rf48 and GAPDH). * The C190rf48 primers detect a region shared between the endogenous
C190rf48 transcript and the HBII-180C minigene. (b) Wild-type plasmid (CM2WT) and mutant plasmids (CM2m1 and CM2m7) were transiently
transfected into HeLa cells either stably expressing GFP alone (HeLa“tF) or expressing a GFP-SMN fusion protein (HeLa“F*SMN), Scale bar, 15 pum.
Arrow, transfected; arrowhead, untransfected. Note the mutations for core regions box C (CM2m1) and box D (CM2m7) of HBII-180C snoRNA on
chimera 2 plasmid showed no knockdown effect on GFP or GFP-SMN expression levels.

mentary sequence to G/YFP mRNA, enhanced knockdown mutants in the M box (CM2Del-1 and -2) and the seven-base
efficiency (Figure 5a and b). In contrast, 2 and 3 base deletion deletion mutant CM2Del-3, which all reduced the length of
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sequence complementary to G/ YFP, significantly reduced or
eliminated knockdown activity, compared with wild-type
chimera 2 (Figure 5, a and b).

To investigate further the relationship between the se-
quence in the M box region of the snoRNA and the RNA
target sequence, a comparison was made of six mutations
that systematically increased the number of mismatches in
the G/YFP complementary sequence and each assayed for
knockdown ability (Figure 5, a and b and Supplementary
Figure 7). This showed that up to 1-3 base mismatch muta-
tions in the M box (CM2X-1 and -3) still retained some
knockdown ability, albeit less efficient compared with wild-
type chimera 2 snoRNA (Figure 5, a and b). However, in-
creasing the number of mismatches up to four to six bases
(CM2X-4 to -6), either reduced, or eliminated, knockdown
activity, compared with wild-type chimera 2 snoRNA (Fig-
ure 5, a and b). A dose-response analysis was also conducted
to compare the GFP and mCherry fluorescence levels in
HeLa cells stably expressing GFP-SMN (Supplementary Fig-
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ure 8). The analysis compared transient expression of two
negative control snoRNA vectors that do not cause knock-
down of GFP (HBII-180C WT and box D mutant CM2m?7)
and two positive control snoRNA vectors that do knock-
down GFP (chimera 2 and CM2-In3). This shows that low
GFP fluorescence levels are clearly associated with high
mCherry fluorescence levels specifically for the two vectors
that knockdown GEFP.

The data above all support a knockdown mechanism that
depends on base pairing between the snoRNA M box and
the target RNA. To test rigorously that the knockdown
mechanism requires base pairing between the snoRNA M
box and target RNA, a compensatory mutation analysis was
also performed (Figure 6; see also Figure 14). This showed
that the ability of chimera 2 snoRNA to knockdown GFP-
SMN in HeLa cells could be prevented by introducing either
three or five mismatch mutations into the target site for
chimera 2 snoRNA on GFP in the GFP-SMN fusion tran-
script (GFPX3-SMN and GFPX5-SMN). However, express-
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Figure 6. Compensatory mutation analysis. Top, the structure of
each plasmid. Two compensatory GFP-SMN constructs (reporter
plasmids: GFPX3-SMN1 and GFPX5-SMN1), which are complemen-
tary to chimera 2 mutant plasmids that have either three or five
point mutations in the M box (snoMEN: CM2X-3 and CM2X-5,
Figure 4a) were established and transiently cotransfected into
HeLa®FPSMN cells. The graphs show average signal intensity for
three independent experiments; error bars, SD. GFP signal ratio was
normalized to the tubulin signal. An equivalent amount of HelLa
extract was loaded for each lane, and the proteins were separated by
SDS PAGE, electroblotted, and probed both with a monoclonal
anti-GFP antibody and with anti-tubulin as a loading control.

ing variants of snoRNA chimera 2 containing the corre-
sponding compensatory three- or five-base M box changes,
which restored base pairing with the mutated GFP-SMN
target genes (CM2-X3 and CM2-X5), restored knockdown, as
judged both by decreased GFP fluorescence levels and by
decreased GFP-SMN protein levels (Figure 6). We conclude
that the snoRNA gene knockdown mechanism is mediated
by hybridization affinity between the M box region and the
complementary sequence on the target RNA.

Multiple snoRNAs Can Be Expressed in One Vector
Transcript

As many endogenous RNA transcripts encode multiple
snoRNAs in different introns, we next investigated the de-
sign of multiplex vectors that can deliver more than one M
box-modified snoRNA from a single transcript. Thus, a
triplet chimera snoRNA vector was constructed that encodes
mCherry as a transfection marker and three M box-modified
snoRNAs, each targeted to different positions in the G/YFP
mRNA sequence (Figure 7a). Transient transfection of the
triple chimera vector showed knockdown of fluorescence in
cells expressing either free GFP or G/YFP-fusion proteins
(Figure 7b and Supplementary Figure 9). Quantification of
relative fluorescence levels indicated that the knockdown
efficiency using the triple chimera vector was higher than
with the vectors expressing a single chimera snoRNA (Fig-
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Figure 7. Gene knockdown using triplet chimera snoRNA vector.
(a) Structure of triplet chimera snoRNA construct and schematic
diagram of targeted GFP/YFP knock down. FISH showing nucleo-
lar localization of wild-type HBII-180C and chimera snoRNAs
(Cy3). DNA is stained by DAPI. Scale bar,15 um. Top, the structure
of the triplet chimera snoRNA construct. Arrows, nucleolus. (b) The
same experiment as for Figure 3b except the chimera triplet plasmid
was transfected. pmCherry-triple-HBII-180C is a negative control
that has three repeats of wild-type HBII-180C snoRNA cloned 3’ of
mCherry cDNA. Scale bar, 10 um. Arrow, transfected; arrowhead,
untransfected.

ure 9b and Supplementary Figure 10a). FISH analysis, using
specific probes for each chimera snoRNA, showed that all
three M box-modified chimera 1-3 snoRNAs were expressed
after transfection and localized in the nucleus in a similar
pattern to wild-type HBII-180C (Figure 7a).

These results suggested that the efficiency of targeted
knockdown can be increased, at least for some target RNAs,
by multiplexing, i.e., by expressing multiple snoRNAs in
one transcript. Moreover, we noted that transient expression
of vectors encoding both mCherry and one or more snoR-
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NAs able to knockdown G/YFP, resulted in transfected cells
now expressing mCherry red fluorescent protein instead of
the G/YFP and G/YFP fusion proteins (Figure 7b and Sup-
plementary Figure 9). These results demonstrated effective
replacement in these cell lines of the stably expressed GFP
and G/YFP-fusion proteins with mCherry, i.e., a simulta-
neous knockdown and “protein replacement” or “protein
knockin” effect delivered via a single transcript using the
snoRNA vectors.

Next, we investigated the structure of the snoRNA back-
bone. A derivative was constructed from the HBII-180C
snoRNA that combined multiple mutations that neither pre-
vented snoRNA production, nor reduced knockdown effi-
ciency (see Figure 5, a and b), with the aim of improving the
vector design. A vector encoding three snoRNAs, each in-
corporating the mutations m2 (285 rRNA complementary
region), m4 and m5, showed either a similar or slightly
improved knockdown efficiency, as judged by fluorescence
microscopy, to a triple chimera plasmid vector encoding
three snoRNAs without these mutations, i.e., with wild-type
snoRNA sequence outside of the M box, (Figures 8 and 9, a
and b, and Supplementary Figure 9). FISH analysis using
chimera 1-, -2-, and -3-specific probes showed that this
combination mutant plasmid (triple chimera psnoMENvV1),
expressed all three chimera snoRNAs, as also seen with the
wild-type triple chimera plasmid (Figure 8). These mutant
analyses indicate that the knockdown ability of snoRNAs
can be affected both by mutations within the target RNA
complementary M box sequence as well as by mutations in
other regions of the snoRNA backbone. For example, mu-
tating the snoRNA guide region that binds rRNA may po-
tentially increase the pool of snoRNA available for knock-
down interactions.

Rescue of a Lethal Gene Knockdown by Protein
Replacement

Two vectors expressing M box—modified snoRNAs targeted
to endogenous SMN1 pre-mRNA were constructed, using
the design from plasmid triple chimera psnoMENV1 (Figure
8). Plasmid pSMN1snoMENvV1 encodes GFP and three M
box-modified snoRNAs, each targeted to different exon-
intron junction positions within endogenous SMN1 pre-
mRNA (Figure 10 and see Figure 14). The second plasmid,
pGFP-SMN1snoMENvV1-PR, encodes a GFP-SMN1 fusion
protein and the same three M-box modified snoRNAs as
PSMN1snoMENV1. Transient transfection analysis on HeLa
cells showed that although control vectors encoding either
GFP alone, or mCherry plus triple G/YFP-targeted snoR-
NAs, were not cytotoxic, the pPSMN1snoMENv1 plasmid
killed cells when transfected (Figure 11a, arrowhead). West-
ern blot analysis showed that the endogenous SMN1 protein
was knocked down after transfecting cells with the plasmid
pSMN1snoMENv1 (Figure 11b). This cytotoxic effect was
consistent with previous reports showing a lethal phenotype
for SMN1 knockdown by siRNA, which induced apoptosis
(Gonsalvez et al., 2007). Also, knockout of the SMNT1 gene in
mice is known to be embryonic lethal (Hsieh-Li ef al., 2000).
To test whether this lethal phenotype could be rescued by a
protein replacement strategy, HelLa cells were transiently
transfected with the pGFP-SMNI1snoMENv1-PR plasmid
(Figure 11a). In this case the HelLa cells were not killed,
despite expressing the same three M box-modified snoR-
NAs targeted to SMN1 pre-mRNA as expressed from plas-
mid pSMN1snoMENv1. The cells transfected with pGFP-
SMN1snoMENV1-PR expressed GFP-SMN in the same
localization pattern as seen in the HeLa“F"-SMNT stable cell
line (Figure 11a). These results indicate that expression of
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endogenous SMN1 protein can be suppressed by M box-
modified snoRNAs targeted to SMN1 pre-mRNA and that
the resulting cytotoxic effect of SMN1 depletion can be res-
cued by protein replacement with the GFP-SMN1 fusion
protein expressed from the same vector transcript that en-
codes the snoRNAs.

Multiplexed snoRNAs Can Simultaneously Knock Down
Multiple Target Genes

Having established that a single vector transcript can ex-
press multiple M box-modified snoRNAs, each targeted to
different regions of the same protein, we next tested
whether a multiplex approach can be used to simulta-
neously knockdown expression of more than one target
gene using a single vector. Therefore, a vector was con-
structed from the triple chimera psnoMENv1 plasmid,
encoding four M box-modified snoRNAs, targeted, respec-
tively, to Coilin and LaminA/C pre-mRNAs (Figure 12a).
Neither Coilin, nor LaminA/C, show a lethal phenotype
upon siRNA knockdown (Elbashir ef al., 2001; Lemm et al.,
2006). Plasmid pCoilin/LaminsnoMENV1 encodes mCherry
cDNA as a transfection marker and in total four M box—
modified snoRNAs, two targeted to different positions
within exon—intron junction sequences of endogenous Coilin
pre-mRNA and two targeted to LaminA /C pre-mRNA (Fig-
ures 12a and 14). Transient transfection of HeLa cells with
pCoilin/LaminsnoMENV1 resulted in simultaneous knock-
down of both Coilin and LaminA/C proteins, as judged
both by fluorescence microscopy (Figure 12b) and Western
blotting (Supplementary Figure 10b).

The data above show that M box-modified snoRNAs can
knockdown expression of endogenous cell proteins when
targeted to sequences within introns of pre-mRNAs and
intron—exon junction sequences that are not present in the
mature mRNA. We compared this with the ability of siRNA
oligoribonucleotides to knockdown expression of both the
LaminA/C and Coilin proteins when targeted against the
same intronic sequences. Therefore, for both LaminA /C and
Coilin, two siRNA oligonucleotides per gene complemen-
tary to the same exon-intron sequences in either LaminA /C
or Coilin pre-mRNAs as targeted by the M box-modified
snoRNAs in pCoilin/LaminsnoMENvV1, were transfected
into HeLa cells. Both intron-targeted siRNAs failed to show
knockdown of LaminA/C, as did a further negative control
siRNA (Figure 13, a and b). As a positive control, another
siRNA targeted to a LaminA/C exon sequence, resulted in
knockdown. A similar result was obtained using two
siRNAs targeted to the intron of Coilin, which also failed to
knock down, as did a further negative control siRNA,
whereas a positive control siRNA targeted to a Coilin exon
sequence did reduce Coilin levels (Supplementary Figure 11,
a and b). The siRNA results for both LaminA /C and Coilin
were confirmed both by fluorescence microscopy and by
protein blotting (Figure 13b and Supplementary Figure 11b).
We conclude that the snoRNA vectors can knock down
genes by targeting RNA sequences that are not amenable to
siRNA knockdown. The combined results indicate that the
mechanism of knockdown is dependent on snoRNA expres-
sion, that snoRNAs are specifically nuclear and that they can
knock down target RNA sequences that are not expressed in
cytoplasmic mRNA. This, supports the view that knock-
down is distinct from the siRNA pathway.

DISCUSSION

In this study we characterize human snoRNAs that copurify
with nucleoli isolated from HeLa cells and present a new
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Figure 8.

Gene knockdown using mutant triplet chimera snoRNA vector. Top, mutant m2, m4, and m5 sequences were combined into

chimera triple snoRNA vector (psnoMENv1). Bottom, FISH using Cy3-labeled chimera snoRNA specific probes (Cy3) showing nucleolar
localization. DNA is stained by DAPI. Scale bar, 15 um. Arrow, nucleolus.

gene knockdown vector system, designed for use in mam-
malian cells, derived from a novel human box C/D snoRNA
(HBII-180C) that was identified. We demonstrate that both
wild-type and mutant derivatives of the HBII-180C snoRNA
backbone can modulate expression levels of targeted cellular
genes and G/YFP-fusion proteins. Gene knockdown is me-
diated via a short internal snoRNA region, termed the M
box, that can be manipulated to make it complementary to a
target RNA sequence of choice. M box-modified snoRNAs,
like endogenous box C/D snoRNAs, are encoded within

Vol. 21, May 1, 2010

introns of RNA polymerase II transcripts and expressed
efficiently from plasmid vectors. Multiple M box-modified
snoRNAs can be delivered simultaneously in a single mul-
tiplex vector transcript and targeted either to different re-
gions of the same target RNA, to different RNA targets, or to
both. We call this new vector system snoMEN.

The snoMEN vector system offers several potential advan-
tages for targeted gene knockdown that make it a useful
addition to the widely used siRNA-based approaches and
that expand the repertoire of gene knockdown technologies
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Figure 9. Gene knockdown using psnoMENV1. (a) This shows the
same experiment as Figure 7b, except the triple chimera vector
psnoMENv1 was transfected. Scale bar, 15 um. Note that the
psnoMENV1 vector showed the same knockdown level as the wild-
type chimera triplet plasmid. (b) This is the same quantification
analysis as shown in Figure 5B, except single and triple snoMEN
vectors were transfected. The ratio of GFP-SMN fluorescence signal
between transfected cells and nontransfected cells was calculated by
SoftWoRx image-processing software (Applied Precision). Graph
shows average ratio between each mutant construct; error bars, SD;
n > 10.

available. The snoMEN system benefits from the fact that
endogenous box C/D snoRNAs are highly abundant nu-
clear RN As that are efficiently processed from within introns
of many different protein coding cellular pre-mRNAs. M
box-modified snoRNAs are thus processed efficiently from
vector transcripts with a minimal chance of overloading the
endogenous snoRNA processing machinery. It is also con-
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Structures for targeted endogenous SMNI1 gene knockdown plas-
mid (pSMN1snoMENv1) and SMN1 protein replacement plasmid
(pGFP-SMN1snoMENvV1-PR). These constructs have three snoMEN
sequences, as in the triple chimera psnoMENV1 plasmid (Figure 8),
except that the M box sequences are complementary to endogenous
SMNT1 pre-mRNA sequences (see Materials and Methods).

venient for multiplex delivery of a pool of knockdown M
box-modified snoRNAs from a single vector, where expres-
sion of all snoRNAs can be controlled from a single vector
promoter, each encoded within introns of a single transcript.
This is similar in principle to cotransfecting pools of mixed
siRNA oligoribonucleotides, but here delivered via an ex-
pression vector. Although in this study the vectors used a
constitutive promoter to drive expression of the modified
snoRNAs, they can also be combined with a wide range of
existing constitutive and regulated RNA pol II promoters.
This is more flexible than using RNA pol III promoters to
drive expression of artificial hairpin RNAs. Although it is
possible to design vectors encoding siRNAs within introns
(Greber and Fussenegger, 2007; Greber et al., 2008), it re-
mains to be established whether these will be processed as
efficiently as snoRNAs, especially when expressed at high
levels as may be required for gene therapy or other appli-
cations.

Another potential advantage we foresee for the snoMEN
system is that it may be possible to target a distinct, and
potentially larger, “sequence space” than is available using
siRNAs or microRNAs. In particular, snoMEN vectors can
knock down genes by targeting pre-mRNA intron se-
quences, which are exclusively nuclear and do not appear in
cytoplasmic, mature mRNAs. This is illustrated here for the
Coilin, LaminA/C, and SMNIgenes. In the case of both the
LaminA/C and Coilin genes, we demonstrate no knock-
down of LaminA/C or Coilin proteins was obtained using
two separate siRNA oligonucleotides for each gene targeted
to the same intron sequences as used in the snoMEN vector.
However, siRNAs targeted to exon sequences of LaminA/C
or Coilin did knockdown expression. If this proves to be a
general feature, it indicates that the snoMEN vectors can
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Figure 11. Protein replacement of endogenous SMNI1 protein. (a)
Targeted endogenous SMNT1 plasmid (pSMN1snoMENv1) and pro-
tein replacement plasmid (pGFP-SMN1snoMENV1-PR) were trans-
fected into HeLa cells. EGFP-C1, expressing GFP c¢DNA and
mCherry-triple chimera plasmid (Figure 7a) were also transiently
transfected into HeLa cells as controls (GFP and Triple chimera).
Scale bar, 10 um. Note that plasmid pPSMN1snoMENv1 showed a
cytotoxic phenotype, which was not seen with control plasmids.
This cytotoxic effect was rescued by expression of the GFP-SMN1
fusion protein using pGFP-SMN1snoMENvV1-PR plasmid. Arrow,
transfected cells; arrowhead: cytotoxic phenotype cells. (b) Detec-
tion of protein levels for endogenous SMN1 after transfection of
HelLa cells using either mCherry triple chimera (Control: lanel) and
SMN1 snoMENV1 (lane 2). An equivalent amount of HeLa extract
was loaded for each lane and the proteins separated by SDS PAGE,
electroblotted, and probed both with a monoclonal anti-SMN1 an-
tibody and with anti-B23 as a loading control. Graph shows SMN1
signal intensity normalized to the B23 signal.

open up the possibility to target a large range of intron
sequences for knockdown that are currently not accessible
using other approaches. Considering that pre-mRNAs can
contain ~10-30-fold more intron than exon sequences, this
could prove to be very useful. For example, intron sequences
vary more than exon sequences between closely related
genes and in gene families with homologous protein iso-
forms. Therefore, targeting pre-mRNA intron sequences,
rather than exon or other sequences expressed in mature
cytoplasmic mRNA, may aid specific knockdown of closely
related protein isoforms. The snoMEN system differs from
the recently described synthetic Ul adaptor system for tar-
geted gene knockdown, which uses a bifunctional oligonu-
cleotide to recruit Ul snRNP to a target pre-mRNA, thereby
inhibiting polyadenylation and resulting in destabilization
of the mRNA (Goraczniak et al., 2009). Although the Ul
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Figure 12. Multiplex knockdown for endogenous Coilin and
Lamin proteins using a single snoMEN plasmid. (a) Structure of
targeted endogenous Coilin and LaminA/C gene knockdown plas-
mid (pCoilin/LaminsnoMENvV1). This construct has four tandem
snoMEN sequences, with the respective M box sequences comple-
mentary to either endogenous Coilin, or LaminA/C pre-mRNA
sequences (see Supplementary Materials and Supplementary Meth-
ods). (b) Targeted endogenous Coilin/Lamin plasmid (pCoilin/
Lamin snoMENvV1) was transfected into both HeLa and U20S cells.
mCherry-triple chimera plasmid (see Figure 7a) was also transiently
transfected as a control (data not shown but the same information as
in Figure 11a). Scale bar, 10 um. Arrow, transfected cells.

adaptors can also target pre-mRNAs, they are not designed
for efficient delivery in a plasmid or vector system or for
protein replacement, as discussed below. Nonetheless, the
Ul adaptor system also operates via complementary base
pairing to the target RNA, similar to the snoMEN system,
and a genome-wide microarray analysis showed that such
directed base pairing with pre-mRNAs caused minimal off-
target effects.

We note that the ability of snoMEN to target pre-mRNA
sequences not expressed in mature mRNA also facilitates
their use as convenient protein replacement vectors for tran-
sient protein knock-in. This was shown here for both re-
placement of endogenous SMN1 with GFP-SMN1 and re-
placement of stably expressed free GFP with free mCherry.
Thus, the same snoMEN vector transcript can encode a
tagged or otherwise modified protein coding cDNA, to-
gether with one or more M box-modified snoRNAs that
knockdown expression of the cognate endogenous cellular
protein. The ability to target intron sequences in the endog-
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Figure 13. SiRNA knockdown targeted to endogenous LaminA /C.
(@) The same pre-mRNA sequence of LaminA/C as targeted by the
snoMEN vector was targeted by siRNA oligoribonucleotides.
Scrambled siRNA (Control siRNA) and Lamin siRNA (Dharmacon)
were transfected as a negative and a positive control, respectively.
Lamin M box siRNA-1 and Lamin M box siRNA-2 have the same
target sequence as Lamin snoMEN set 1 and Lamin snoMEN set 2,
respectively (Figure 14). Scale bar, 5 um. Arrow, cells not showing
knockdown; arrowhead, cells showing knockdown. (b) Western blot
analysis for siRNA experiments. Detection of protein levels for
endogenous Lamin after transfection of HeLa cells using either
Scrambled siRNA (Control: lane 1), Lamin siRNA (lane 2), Lamin M
box siRNA-1 (lane 3) and Lamin M box siRNA-2 (lane 4). An
equivalent amount of HeLa extract was loaded for each lane, and
the proteins were separated by SDS PAGE, electroblotted onto
membrane, and probed both with a monoclonal anti-Lamin anti-
body and with anti-tubulin as a loading control (left). Right, graph
shows Lamin signal intensity normalized to the tubulin signal.

enous gene, that are not present in the corresponding cDNA,
simplifies the design of protein replacement vectors and
avoids the need to create cDNA with altered codons to vary
the RNA sequence sufficiently to escape it being knocked
down along with the targeted cellular RNA.

Another consequence of the convenient multiplex design
of snoMEN vectors is that it makes it easier for a single
vector to deliver knockdown of two or more different target
genes simultaneously. This was demonstrated here by simul-
taneous knockdown of both Coilin and LaminA/C proteins,
using a combination of four M box-modified snoRNAs deliv-
ered from the same transcript. This can be important for many
functional studies in human cells, for example, as an ap-
proach to overcome genetic redundancy. Considering that
endogenous transcripts have been characterized that encode
as many as 48 tandem copies of box C/D snoRNAs (Smith
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Figure 14. The RNA target sites of snoMEN vectors. The targeted
regions on the RNAs for each of the snoMEN vectors used in this
study are shown in a schematic diagram.

and Steitz, 1998; Cavaille ef al., 2000), we envisage that large
arrays of introns encoding many different M box-modified
snoRNAs can also be constructed in snoMEN vectors to
expand such applications. For example, the combined ability
of the snoMEN vectors to simultaneously knock down two
or more gene targets and to express a tagged or mutated
protein, all from a single vector—encoded transcript, may be
particularly useful for creating stable cell lines where several
enzymes or receptors with overlapping substrate specificity
can be replaced in the cell by a single prototypic protein or
a mutated version thereof. This can facilitate characteriza-
tion of the properties of the protein and its response to
inhibitors and cell perturbations.

From the analysis presented it is apparent that the
snoMEN vectors can reduce expression levels of both pro-
tein and RNA from targeted genes via a mechanism that
critically depends upon base pairing between the snoRNA
M box and a complementary sequence in the RNA target.
This model is supported by the analysis of many separate
mutations in the snoRNA M box that demonstrate loss of
knockdown when the ability to base pair with the target
RNA is reduced or eliminated. It is confirmed also by the
compensatory mutational analysis, where it was shown that
loss of knockdown of a GFP-SMN1 fusion protein when the
target GFP RNA sequence has either three or five mismatch
mutations introduced to inhibit base pairing with the corre-
sponding M box-modified snoRNAs, was overcome by ex-
pressing snoRNAs with compensatory mutations in the M
box region that restored the ability to base pair with the
mutated GFP-SMN target RNA. The M box differs from the
region in snoRNA HBII-52 shown to modulate alternative
splicing of serotonin receptor 2C (Kishore and Stamm, 2006)
and also differs from the snoRNA guide sequence region,
which was previously shown to have the ability to mediate
targeted mRNA methylation when modified to make it com-
plementary to an exogenously expressed globin mRNA tar-
get (Cavaille et al., 1996). The ability to base pair with the
target, rather than overall length, of the M box sequence
appears to the most important feature and the knockdown
efficiency could be enhanced by increasing the length of the
complementary region by eight bases. However, much
larger M box sequences are not tolerated, likely because they
disrupt the processing or maturation of a mature snoRNA
(our unpublished observations). This is consistent with the
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effects shown for mutations in the conserved C and D boxes
that disrupt snoRNA processing, all of which inhibit knock-
down. Further studies should help to optimize vector design
with respect to the length of the M box, the best choice of
sequences in the target RNA and potentially also further
changes in the backbone structure of the snoRNA to enhance
knockdown efficiency.

The data are consistent with an antisense-type mechanism
acting directly on pre-mRNA sequences in the nucleus, me-
diated by base pairing between the M box-modified
snoRNA and its target. This could affect expression of target
genes either by changing the stability of the pre-mRNA, by
inducing degradation, by inhibiting either splicing or trans-
port of the RNA, or by a combination of these effects. All of
the localization and cell fractionation studies indicate that
the M-box-modified snoRNAs are concentrated in the nu-
cleus and do not reach the cytoplasm. It is unlikely, there-
fore, that M box-modified snoRNAs block cytoplasmic
translation of mRNAs, as is the case for inhibitory mecha-
nisms involving microRNAs. The M box-modified snoR-
NAs show a steady-state accumulation in nucleoli but still
are able to affect expression of pre-mRNAs. A likely expla-
nation for this effect is provided by the observations from
photobleaching studies that many nucleolar factors, includ-
ing fibrillarin and other snoRNP proteins, are not static
within nucleoli (Phair and Misteli, 2000; Chen and Huang,
2001). Instead, there is a constant flux of snoRNPs between
the nucleoplasm and nucleoli, and this may be sufficient to
provide snoRNAs with access to pre-mRNA pools that can
be recognized via base-pairing interactions. It is also possi-
ble that specific pre-mRNAs may be recruited into nucleoli
through interactions with snoRNAs. There is no evidence
that snoRNA-mediated gene knockdown either requires, or
involves, formation of a small siRNA-type product from the
M box-modified snoRNA. Although we cannot exclude that
this can occur, the data show that the knockdown effect from
the snoMEN vectors cannot occur independently of snoRNA
processing and together with the ability of the snoRNAs to
target pre-mRNA intron sequences, suggest that a mecha-
nism distinct from siRNA processing is predominantly in-
volved.

We foresee future applications for snoMEN vectors in
basic gene expression research, in drug screening and target
validation studies and possibly also for gene therapy. All of
these applications can benefit from the ability to deliver
knockdown and protein replacement RNAs from a single
vector encoding a single transcript. The snoMEN vectors
expand the repertoire of technologies available for manipu-
lating gene expression in mammalian cells and can provide
new opportunities for overcoming limitations in alternative
technologies.
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