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Direct comparison of the specificity of gene silencing using antisense
oligonucleotides and RNAi
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RNAi (RNA interference) and ASO (antisense oligonucleotide)
technologies are the most commonly used approaches for silen-
cing gene expression. However, the specificity of such powerful
tools is an important factor to correctly interpret the biological
consequences of gene silencing. In the present study, we examined
the effects of acute loss of Ser/Thr kinase PDK1 (3-phospho-
inositide-dependent kinase 1) expression using ASO and RNAi,
and compared, for the first time, these two techniques using Affy-
metrix microarrays. We show that both ASO- and siRNA (small
interfering RNA)-mediated knock-down of PDK1 expression
strongly inhibited cell proliferation, although by different mech-
anisms, thereby questioning the specificity of these reagents.
Using microarray analysis, we characterized the specificity of the
ASO- and siRNA-mediated gene silencing of PDK1 by examining
expression profiles 48 and 72 h following oligonucleotide trans-

fection. At 48 h, a PDK1-dependent pattern of gene alterations
was detectable, despite a large number of non-specific changes
due to transfection of control nucleic acids. These non-specific
alterations became more apparent at the 72 h time point, and
obscured any PDK1-specific pattern. This study underscores the
importance of defining appropriate control ASOs and siRNAs,
using multiple oligonucleotides for each target and preferably
short time points following transfection to avoid misinterpretation
of the phenotype observed.

Key words: antisense oligonucleotide (ASO), gene silencing,
microarray analysis, 3-phosphoinositide-dependent kinase 1
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INTRODUCTION

Recently, methods have been developed to study the function of a
gene using acute loss of function, in addition to genetic deletion
approaches. A commonly used approach has been the use of
ASOs (antisense oligonucleotides), which provides a rapid and
high-throughput method for silencing gene expression [1,2]. The
specificity of the antisense approach is based on Watson–Crick
base-pairing interactions, and the most effective knock-down
using this technique is often observed with a RNase H-depen-
dent cleavage mechanism of mRNA targets. However, over the
last decade, controversy has emerged over the specificity of
the biological effects observed by ASOs [3–8]. To minimize
toxic and non-specific effects, modifications of the oligonucleo-
tide backbone have been made that prevent oligonucleotide de-
gradation (from endogenous nucleases) and improve its specificity
and its affinity. For instance, it has been shown that chimeras
containing a phosphorothioate backbone throughout, with 2′-
methoxyethyl-modified nucleotide regions at the 5′ and 3′ ends,
are nuclease resistant and exhibit increased stability and increased
affinity to the target mRNA, yet still allow RNase-mediated de-
gradation [9,10]. Antisense technology has been recently com-
plemented by the use of RNAi (RNA interference), which re-
presents a powerful tool for inhibiting gene expression in cultured
cells, as well as in animal models [11–13]. First discovered in
plants and Caenorhabditis elegans, RNAi is a highly conserved
cellular mechanism of defence, involving a sequence-specific
post-transcriptional process mediated by dsRNA (double-strand-
ed RNA). Once delivered into cells, long dsRNA is cleaved by an

endogenous RNase III enzyme called Dicer, generating siRNAs
(small interfering RNAs) of 21–23 nt. These siRNAs are then
recognized by a protein complex called RISC (RNA-induced
silencing complex), which unwinds the two strands of siRNAs
and targets one of the two strands to the homologous mRNA by
Watson–Crick base-pairing interactions. This interaction leads to
the final endonucleolytic cleavage of mRNA at a single site in the
centre of the duplex region [11]. The use of RNAi in mammals has
been limited, as non-specific effects induced by dsRNA longer
than 35 nt have been reported. These non-specific effects are
caused by either activation of the PKR (dsRNA-dependent protein
kinase) pathway, resulting in inhibition of protein translation [14],
or by activation of the 2′–5′-oligoadenylate synthase pathway,
triggering mRNA degradation via RNase L [15]. To circumvent
this problem, synthetic siRNAs shorter than 30 nt (approx. 21 nt)
have instead been used in several models with success [16–18].
However, it has been shown recently that even siRNAs may
induce an interferon response and/or off-target effects in some
cell systems and under certain conditions [19–23]. Because it
is crucial to demonstrate biological consequences beyond protein
level reduction, we evaluate, in the present study, these two knock-
down technologies at the global transcriptional level and compare
the biological responses. As a model system, we targeted the
Ser/Thr kinase PDK1 (3-phosphoinositide-dependent kinase 1), a
critical regulator of many protein kinases in the AGC superfamily
(initially categorized as kinases showing strong homology to
protein kinases A, G and C).

PDK1 was initially identified by its ability to phosphorylate the
activating loop phosphorylation site of PKB (protein kinase B)/
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Akt in the presence of lipid products of PI3K (phosphoinositide
3-kinase) [24–27]. Subsequently, PDK1 has been shown to phos-
phorylate the analogous phosphorylation sites on a number of
additional protein kinases in vitro, including p70S6K (p70 ribo-
somal S6 kinase), p90RSK (p90 ribosomal S6 kinase), different
isoforms of PKC (protein kinase C), PKA (protein kinase A)
and SGK (serum- and glucocorticoid-stimulated protein kinase)
[28–32].

The role of PDK1 in vivo has been addressed in different organ-
isms by genetic deletion of PDK1 homologues in several models,
such as Schizosaccharomyces pombe [33], Saccharomyces cere-
visiae [34,35], Caenorhabditis elegans [36], Drosophila [37] and
mice [38]. These knock-out studies reveal an essential role of
PDK1 for the viability and normal development in these models.
Furthermore, a study performed in PDK1-null mouse embryonic
stem cells by Williams et al. [39] showed that these cells were
viable and failed to activate PKB, p70S6K and p90RSK, providing
the first evidence of PDK1 substrates in vivo. Interestingly, the
same group generated PDK1 knock-out mice and showed that
mice lacking PDK1 die at embryonic day 9.5 from multiple
developmental defects [38]. In contrast, PDK1-hypomorphic
mutant mice, expressing lower levels (approx. 10%) of PDK1 in
all tissues tested, were viable and exhibited a small size phenotype
(40–50% smaller than wild-type). This was due to a reduction of
cell size, rather than cell number, suggesting a role for PDK1 in
regulating cell growth [38].

In the present study we have demonstrated that siRNA knocked
down PDK1 expression to a similar extent as using previously
characterized ASOs. However, some biological differences were
seen between these different approaches, leading us to re-exam-
ine the specificity of these reagents. Therefore we used Affy-
metrix microarrays to explore the transcriptional profile of a
glioblastoma cell line subjected to inhibition of PDK1 at two
different time points by the two different strategies, ASOs and
RNAi. Interestingly, this global view displayed many alterations
dependent on the chemistry of the nucleic acid transfected and not
the sequence. Nevertheless, on top of this non-specific signature, a
specific pattern of PDK1-dependent gene alterations was apparent
at shorter, but not at longer times, following transfection. The pre-
sent study is the first report examining simultaneously ASO and
siRNA against the same target (PDK1). Altogether, these results
document the differences between these two reagents at the geno-
mic level and demonstrate the biological consequences beyond
protein level reduction.

EXPERIMENTAL

Cell culture and transfections

Human glioblastoma U87-MG cells were grown in a humidifier
incubator with 8% CO2 at 37 ◦C in DMEM (Dulbecco’s modified
Eagle’s medium) containing 4.5 g/l glucose (Life Technologies)
supplemented with 10% fetal bovine serum. Cells were regularly
passaged to maintain exponential growth and were plated at 30%
confluence the day before transfection. ASOs (300 nM) or siRNAs
(at indicated concentrations) were routinely transfected twice at
24 h intervals, using either Oligofectamine® (OLF) or Lipofectin®

(LF) as indicated, and cells harvested 48 and 72 h following the
second transfection.

Oligonucleotide and siRNA design

For PDK1 antisense (ASO) and 8 bp mismatch control (MM)
oligonucleotides, the same sequences described previously (71,
5′-TGAATGATGCCCTTGCCGTG-3′, and 98, 5′-TTACTGTT-

CCCGTAGCAGGG-3′) were used [40]. siRNA duplexes (21 nt)
were synthesized by Qiagen and annealed according to the
manufacturer’s instructions. The design of each siRNA was
carried out as described by Elbashir et al. [17] and Qiagen. PDK1-
siRNA#1 was raised against the PDK1 coding region, corres-
ponding to nt 301 to 322 (5′-AACTGGCAACCTCCAGAGA-
AT-3′), PDK1-siRNA#2 to nt 926 to 947 (5′-AAGAGACCTC-
GTGGAGAAACT-3′) and PTEN-siRNA raised against PTEN
(phosphatase and tensin homologue deleted on chromosome 10)
coding region from nt 1046 to 1067 (5′-AACAGTAGAGGA-
GCCGTCAAA-3′). Several siRNAs were targeted against human
PDK1 sequence at least 100 nt downstream of the start codon.
The GC content of the duplexes was kept within the 40–60%
range. All siRNA and oligonucleotides sequences were compared
against all human sequences deposited in GenBank® databases
with BLAST searches using the NCBI and Smith–Waterman
tools.

Immunoblotting and kinase assays

Cells were washed twice in PBS at 2 days or 3 days post-trans-
fection and harvested in protein lysis buffer [1% Nonidet P40,
20 mM Tris/HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 25 mM
NaF, 150 mM NaCl, 1 mM dithiothreitol, 1 mM NaVO4, 1 µM
microcystin and 1 pill of protease inhibitor cocktail (Boehringer
Mannheim) in 10 ml of lysis buffer]. Cell lysates were prepared
as described previously [40]. Equal amounts of total protein
(30 µg) were separated on 4–20 % gradient polyacrylamide gels
and transferred on to PVDF membranes. Immunostaining was
performed using antibodies generated against PDK1 (BD Bio-
sciences), p70S6K, phospho-Thr389 p70S6K, phospho-Ser473

PKB, phospho-Thr308 PKB (Cell Signaling, Berveley, MA,
U.S.A.), CDK2 (cyclin-dependent kinase 2; Santa Cruz Bio-
technology, Santa Cruz, CA, U.S.A.), c-MET (Zymed, Victoria,
BC, Canada), cyclin D1 (Santa Cruz Biotechnology), β-actin
(Sigma–Aldrich), PTEN (Cascade Bioscience, Winchester, MA,
U.S.A.), HAT-1 (histone acetyltransferase 1; Sigma–Aldrich),
ARF6 (ADP-ribosylation factor 6; Santa Cruz Biotechnology),
HMOX-1 [haem oxygenase (decycling) 1], eIF2α (eukaryotic
translation initiation factor 2, subunit 1α; Cell Signaling), SOD2
(superoxide dismutase 2; StressGen Biotechnologies, Victoria,
BC, Canada) and p21/Cip1 (BD Pharmingen). For the kinase
assays, equal amounts of total protein were subjected to immuno-
precipitation with antibodies raised against recombinant full-
length PKB, PDK1, p70S6K (Santa Cruz Biotechnology) or
CDK2 (Santa Cruz Biotechnology) and Protein A–Sepharose
beads. Immunoprecipitates were washed twice and assayed
for PKB activity using 50 µM Crosstide (GRPRTSSFAEG), for
PDK1 activity using 2 µg of a recombinant PH (pleckstrin homo-
logy domain)-deleted form of PKB, for p70S6K activity using
50 µM S6 peptide, (C)FPMISKRPEHLRMNL (Calbiochem),
and for CDK2 activity using 5 µg of histone H1 (Upstate Bio-
technology, Lake Placid, NY, U.S.A.). All assays were performed
with 5 µCi of [γ -32P]ATP and 50 µM ATP. The phosphorylated
peptides were separated by SDS/PAGE (16 or 12% gel) and
quantified using STORM phosphorimager (Amersham Bio-
sciences).

Cell cycle analysis and apoptosis assays

Cells were harvested for FACS analysis as described previously
[40]. Apoptosis assays were performed using annexin V-PE apop-
tosis detection kit (BD Biosciences). Briefly, cells were harvested
by pooling the medium containing non-adherent cells with adher-
ent cells that had undergone trypsin treatment, washed in PBS,
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resuspended in 1 × binding buffer, and 100000 cells were double
stained with annexin V-PE and 7-AAD according to the manu-
facturer’s instructions. Cells (20000) were analysed on a
FACScan (Becton Dickinson), and the results interpreted using
CellQuest software. Time-lapse video microscopy was performed
as described previously [40]. Measurement of caspase 3/8 activ-
ity was assayed using ApoAlert Caspase Fluorescent Assay
Kits (Clontech Laboratories) according to the manufacturer’s
instructions.

RNA isolation and microarray analysis

Total RNA was pooled from 5 independent transfections and
extracted using TRIzol reagent (Invitrogen Life Technology,
Carlsbad, CA, U.S.A.) and purified on RNeasy columns (Qiagen).
Biotin-labelled cRNA was prepared in triplicates according to
the manufacturer’s instructions and hybridized to human genome
U95Av2 chips (Affymetrix, Santa Clara, CA, U.S.A.), containing
approx. 12000 genes and expressed sequence tags. The quality
and purity of the samples were analysed by Bioanalyzer (Agilent
Technologies). Microarray data were analysed using SAM (sig-
nificance analysis of microarrays) software (http://rana.lbl.gov/
EisenSoftware.htm). After a multiclass comparison or pair-wise
comparison, all genes regulated with a P value of <0.05% were
retained for clustering analysis. Two-dimensional hierarchical
clustering was performed by using Cluster/Tree view software
(http://rana.lbl.gov/EisenSoftware.htm) and by using average-
linkage clustering algorithm. Venn Diagrams were constructed
with all overlapping SAM genes retained with P value <0.05%
using pair-wise comparison method.

RESULTS

PDK1-siRNA design, and effects of ASOs and PDK1-siRNA
on PDK1 and PKB activities

We reported previously that the introduction of PDK1 ASOs into
a PTEN-deficient human glioblastoma cell line (U87-MG) drama-
tically inhibited cell proliferation, whereas 8 bp mismatch control
oligonucleotides (PDK1-MM) had a weaker effect. This seemed
to be mostly due to cell death (as measured using TUNEL assay),
with only a minor effect on cell cycle progression [40]. This is in
contrast with direct inhibition of PI3K by the inhibitor LY294002
[41], which results in G1 arrest with no effect on apoptosis. In
order to investigate in more detail the potential mechanism of
PDK1 knock-down-induced cell death we used additional cell
death assays, such as time-lapse video microscopy, measurement
of caspase 3/8 activity and annexin V staining.

Using LF as the transfection reagent, ASO-transfected cells
exhibited increased annexin V staining (from 5 to 15% of an-
nexin V-positive cells) 2 days post-transfection (Supplementary
Figure 1A, left-hand panel; http://www.BiochemJ.org/bj/388/
bj3880573add.htm), which is consistent with previous TUNEL
staining results. The PDK1-MM-transfected population, however,
displayed an intermediate level of annexin V-positive cells
(approx. 10% of annexin V-positive cells). Similar effects were
also observed using time-lapse video microscopy or caspase 3/8
activity quantification (results not shown), suggesting a possible
toxic effect of the ASO/MM oligonucleotides on U87-MG
cells. Similar effects were also seen in other glioma cell lines,
expressing either wild-type or mutant PTEN, and in primary
human astrocytes (results not shown). Surprisingly, during optim-
ization experiments, we found that the cell death observed was
dependent on the type of the transfection reagents used. Using
OLF as another lipid-mediated transfection reagent, we observed

a similar reduction of PDK1 expression following ASO transfec-
tion (Supplementary Figure 1B, right-hand panel; http://www.
BiochemJ.org/bj/388/bj3880573add.htm). However, cell death
was not seen in the ASO- and MM-transfected cells (Supplement-
ary Figure 1B, left-hand panel; http://www.BiochemJ.org/bj/388/
bj3880573add.htm). Taken together, these data questioned our
previous conclusions concerning apoptosis induced by ASO.
Therefore to address whether the ASO effects were specific or
not, we decided to use RNAi as an additional powerful silencing
technique to knock-down PDK1 levels.

The siRNA was designed on the basis of the method described
by Elbashir et al. [17], with some revisions according to Lassus
et al. [42]. Out of three different siRNAs originally designed ac-
cording to the Qiagen algorithm (http://www1.qiagen.com/Pro-
ducts/GeneSilencing/CustomSiRna/SiRnaDesigner.aspx), only
one (named siRNA#1) was retained due to its ability to efficiently
reduce PDK1 expression (Figure 1A). The siRNA#1 sequence
exhibits the features of siRNA candidate criteria, including
AA(N)19 nucleotides with 47% GC content and no G/C stretches
� 4 bases long, satisfying the suggested rules. Using BLAST
searches and the Smith–Waterman method to find potential 21 nt
matches of the ASO and PDK-siRNA#1 sequences, no hits
were found other than PDK1 sequences in the human genome,
confirming the specificity of the ASO/siRNA#1 sequences used
in the present study.

A titration of siRNA concentration and kinetic analysis of
PDK1 expression was first performed to determine the optimal
conditions for siRNA#1-mediated silencing of PDK1. The titra-
tion results indicated that a knock-down was apparent at 1 nM, but
was only fully effective above 200 nM (more than 80 % knock-
down) using LF as a primary transfection reagent (Supplementary
Figure 2, http://www.BiochemJ.org/bj/388/bj3880573add.htm).
We performed a kinetic analysis using OLF reagent because
of its decreased toxicity, which showed that PDK1-siRNA#1 at
300 nM, efficiently reduced PDK1 protein expression 2 days and
3 days post-transfection (Figure 1A). We next assayed ASO/MM-
and PDK1-siRNA#1-transfected cells for PDK1 activity and
for its downstream targets, such as PKB and p70S6K. As we
expected, PDK1 activity was reduced in ASO- and siRNA#1-
treated cells 2 days (results not shown) and 3 days (Figure 1C,
right-hand panel) after transfection. In these assays, we used as a
positive control the PI3K inhibitor LY294002, which strongly
inhibited PKB and p70S6K activity. However, PKB activity
and phosphorylation on Thr308 were less dramatically and less
reproducibly reduced by ASO and PDK1-siRNA#1 transfections
(Figures 1B and 1C, middle panels). p70S6K activity showed
a similar effect observed with PKB activity (Figure 1C, lower
panel). Altogether, these data are consistent with the observations
reported by Lawlor et al. [38] who demonstrated that a 90%
decrease of PDK1 expression did not significantly affect PKB
and p70S6K upon insulin stimulation. Despite the small effect
observed on PKB and p70S6K activity upon ASO or PDK1-
siRNA#1 treatments, the dramatic decrease in PDK1 expression
and activity lead us to explore the consequences of PDK1 knock-
down in U87-MG cells.

ASO and siRNA#1 raised against PDK1 inhibit cell proliferation

It has been previously shown that ASO caused a dramatic inhi-
bition of cell proliferation to a similar degree as LY294002-
treated cells [40]. PDK1-siRNA#1 also strongly reduced cell
proliferation over 5 days post-transfection (Figure 2A). We then
investigated whether the mechanism involved in the inhibition of
cell proliferation might be due to apoptosis or cell cycle regulation.
Using annexin V staining to quantify apoptosis induction, we
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Figure 1 siRNA directed against PDK1 efficiently reduces PDK1 expression
in U87-MG cells

(A) Western blot analysis of PDK1 expression at 1, 2 and 3 days post-transfection. Cells
were transfected with OLF alone, OLF in the presence of 300 nM PDK1 ASOs, MM oligo-
nucleotides, PDK-siRNA#1 or treated with the PI3K inhibitor LY294002 (20 µM) as a positive
control. Total cell lysates (30 µg) was subjected to immunoblot analysis using anti-PDK1
and anti-β-actin antibodies. (B) Western blot analysis of proteins (30 µg) from total cell
lysates was performed 3 days post-transfection with the indicated reagents, using anti-PDK1,
anti-phospho(Thr308)-PKB and anti-β-actin antibodies. (C) PDK1 (upper panel), PKB (middle
panel) and p70S6K (lower panel) were individually immunoprecipitated from cells treated with
the indicated reagents for 3 days, and assayed for in vitro kinase activity as described in the
Experimental section. The results are expressed as the means +− S.E.M. for three independent
experiments. Similar results were obtained at two days post-transfection. As a positive control,
U87-MG cells were incubated with 20 µM LY294002 for 20 min in presence of serum.

showed that PDK1-siRNA#1 did not induce apoptosis in U87-MG
cells, similar to the ASO treatment with OLF reagent (Figure 2C
and Supplementary Figure 1B, http://www.BiochemJ.org/bj/388/
bj3880573add.htm). In this assay we used TNFα (tumour necrosis
factor α) in the presence of cycloheximide as a positive control.

As no apoptosis was found in ASO- and PDK1-siRNA#1-
treated cells, we next examined cell cycle regulation. Following

incubation with PDK1-siRNA#1 for 2 days U87-MG cells were
arrested in G1 phase (71 % of cells in G1), whereas ASO and
MM had no effect on cell cycle distribution (Figure 2D). The
PDK1-siRNA#1-induced G1 arrest was observed to a similar
extent as reported previously for LY294002-induced G1 arrest
(75% of cells in G1) [43]. This suggests that the inhibition of cell
proliferation observed following PDK1-siRNA#1 and LY294002
treatment was mainly due through a G1 arrest mechanism.

To determine whether the ASO- and PDK1-siRNA#1-mediated
effects were due to differences in the chemical structure, we
used a control siRNA. U87-MG cells express a mutant non-func-
tional PTEN [44], making PTEN an ideal target for monitoring
potential non-specific effects mediated by siRNA in these cells.
PTEN expression is severely reduced after PTEN-siRNA treat-
ment 2 days and 3 days post-transfection without affecting PDK1
expression (Figure 2B, and results not shown). PTEN-siRNA
caused a similar effect as MM oligonucleotides on cell prolifer-
ation, but the effect was not as dramatic as the PDK1-siRNA-
or ASO-mediated inhibition (Figure 2A). Furthermore, as we
expected, the knock-down of mutant PTEN did not induce a
G1 arrest (Figure 2D). Therefore the effect mediated by PDK1-
siRNA#1 on G1 arrest is unlikely to be due to its chemical
backbone alone. To investigate in more details the effects seen on
cell cycle following siRNA treatment, we examined the expres-
sion and activity of one of the key cell cycle regulatory proteins,
CDK2. PDK1-siRNA#1 strongly reduced CDK2 expression
level and dramatically abolished CDK2 activity, whereas ASO/
MM and PTEN-siRNA only showed a minor effect (Fig-
ure 2B). The discrepancy in the effects of ASO and siRNA#1
on cell cycle, as well as the partial inhibitory effects of control
oligonucleotides, led us to examine and compare the global effects
of these reagents using oligonucleotide microarrays.

A genome-wide view of ASO and siRNA effects

Global gene expression patterns were determined using human
Affymetrix microarrays (human genome U95Av2 GeneChip),
representing approx. 12000 genes and expressed tag sequences.
These experiments were performed at two different time points
after transfection, according to the kinetic analysis shown in
Figure 1(A). The time point 2 days post-transfection, which shows
the earliest time point of PDK1 silencing (Figure 1A and Fig-
ure 3A), was chosen to analyse in triplicate the OLF-, MM-,
ASO- and PDK1-siRNA#1-treated cells. A longer incubation
period (72 h post-transfection), showing similar reduction of
PDK1 expression (Figure 1A and Figure 4A) was also analysed
in triplicate with the same treatment, but including PTEN-siRNA
as an appropriate siRNA control (Figure 4A).

We first performed a statistical test analysis (SAM) to identify
significantly expressed genes that were differentially regulated
across the different conditions. Using a multiclass response
method with a FDR (false discovery rate) < 0.03% we found
that there were 1795 genes differentially regulated (Figure 3B)
across the different conditions. We then applied a hierarchical two-
dimensional clustering algorithm to these 1795 genes (represented
on each row) and arrays or experimental samples (repres-
ented on each column) on the basis of similarity in their expression
patterns (Figure 3B). As expected, each triplicate was clustered
together within each experimental groups, indicating a high level
of reproducibility between the biological replicates. Interestingly,
the samples derived from ASO- and PDK1-siRNA#1-transfected
cells were clustered together, as were the OLF and MM trans-
fected cells (Figure 3B). The similarity between the ASO and
the PDK1-siRNA#1 gene expression patterns suggested a target-
specific profile, rather than an ‘off-target’-specific signature. Both
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Figure 2 Inhibition of cell proliferation caused by PDK1 knock-down

(A) Proliferation curve over 5 days (5d) performed on ASO-, MM-, PDK1-siRNA#1- and OLF-transfected cells. For LY294002 treatment, U87-MG cells were incubated with 20 µM of LY294002
for 5 days (replaced in fresh media every 24 h). U87-MG cells at 30 % confluency were transfected and harvested by treatment with trypsin after transfection at indicated time points, and viable
cells were counted using a haemocytometer. The results are expressed as the means +− S.E.M. for three independent experiments. (B) Western blot analysis of proteins (30 µg) prepared from
total cell lysates was performed 3 days post-transfection with the indicated reagents, using anti-PDK1, anti-PTEN, anti-CDK2 and anti-β-actin antibodies. CDK2-associated histone H1 kinase
assay is shown on the lower panel. (C) U87-MG cells were transfected with the indicated oligonucleotides, and cells harvested 3 days later for FACS analysis of propidium iodide and annexin V
staining. TNFα + CHX, tumour necrosis factor α, in the presence of cycloheximide. The number of annexin V staining cells are shown, and the results are expressed as the means +− S.E.M. for four
separate experiments. (D) Cell cycle distribution at 3 days post-transfection using propidium iodide staining. The number of cells containing 2n, 2n–4n and 4n DNA content, corresponding to the
G1 phase, S phase and the G2/M phase respectively, were quantified using Cellquest. The results are representative of three independent experiments. Similar results were obtained at 2 days post-
transfection.

increases and decreases in gene expression were observed with
each treatment (Figure 3B). This gene expression profiling also
revealed genes regulated uniquely by ASO, MM or PDK1-
siRNA#1. To identify those genes, we determined next the trans-
cripts whose expression level changed significantly from ‘OLF
control’ expression levels in response to one of the three ex-
perimental treatments. We used a pair-wise comparison (SAM
statistical test, two classes, unpaired data) with an FDR < 0.05%
(P < 0.0005) threshold for each comparison. On the basis of these
criteria we identified individual genes specifically affected by
ASO (2052 genes), genes specifically regulated by MM control
(1077 genes) and genes specifically affected by PDK1-siRNA#1
(1923 genes), and determined the overlap between these sets
of genes. Up-regulated genes and down-regulated genes were
separately analysed, and we represented the number of genes
altered in the three sets of expression profiles using a Venn
diagram (Figure 3C, upper and lower panels). Analysis of these
Venn diagrams indicated that there are more genes down-regulated
than up-regulated. A surprisingly large number of genes were
affected by all three treatments (285 genes up-regulated and
447 genes down-regulated). This indicates that approx. 6 % of
the genes represented on the arrays were affected in a sequence-
independent manner by the introduction of oligonucleotides into
cells. Despite the fact we found more than 700 genes affected by

all three treatments, we observed that only few genes were affected
by the MM alone (35 and 38). More importantly, this analysis
allowed the identification of PDK1-specific genes (represented in
the set of genes co-regulated by PDK1-ASO and PDK1-siRNA#1
without being affected by the other treatments). Therefore these
data revealed that at an early time point (48 h post-transfection)
a PDK1-specific transcriptional signature is apparent, in addition
to an oligonucleotide/siRNA response signature.

A longer incubation time reveals predominantly
an ‘off-target’ signature

We then analysed the 72 h gene expression patterns. These dis-
played a different pattern from the 48 h time-point profile, even
though PDK1 expression was reduced to a similar extent (Fig-
ure 4A, and results not shown). Using the same type of analysis
described above, we generated clustering analysis on 2056 genes,
which were assigned (according to SAM analysis) ‘significant’
with a FDR of <0.03%, similar to the above time point (multi-
class response). In contrast with the 48 h time point, the analysis
was no longer able to cluster ASO- and PDK1-siRNA#1-treated
samples together, but instead grouped MM samples with PDK1-
siRNA#1 samples and OLF samples with ASO samples (Fig-
ure 4B). As indicated by 1∗ on Figure 4(B), the most up-regulated
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Figure 3 Alterations of gene expression induced by ASO, MM, PDK1-
siRNA#1 and OLF treatments at 2 days post-transfection

(A) PDK1 and β-actin expression levels were assayed by immunoblot 2 days post-transfection.
(B) Cluster analysis of 1795 genes designated significantly affected across all four treatments
by a multi-class response using the microarray analysis program SAM (see the text for details).
The genes are represented by each row and the experimental samples are represented on
each column (in triplicates). (C) Venn diagrams representing the number of genes significantly
up-regulated or down-regulated by each reagent compared with OLF transfection (OLF versus
ASO, MM or PDK1-siRNA#1), and their overlap between each other. Upper panel, up-regulated
genes; lower panel, down-regulated genes. Each circle represents one treatment as indicated.

genes induced by PDK1-siRNA#1 and MM were involved in
proteasome degradation, and response to stress or oxidative
stress (e.g. ubiquitin-activating enzyme E1-like or macropain).
This decreased similarity between ASO and siRNA#1 samples
suggested a greater degree of off-target gene regulation at longer
incubation times, reflecting a possible non-specific signature.

More interestingly, if we included PTEN-siRNA samples to the
analysis we observed three major clusters within the experimental
samples. On the basis of the similarity in their gene expression
profiles, PDK1-siRNA#1 samples were clustered with PTEN-
siRNA samples, whereas ASO and MM samples were clustered
together and OLF samples were separated from these two clus-
ters (Figure 4C). Most of the upregulated genes illustrated by
2∗ on Figure 4(C) were involved in cytokine pathways or in
inflammatory response [for example, chemokine (C-X-C motif)
ligand 2 and 3, interleukin-8, interleukin-6 receptor, interleukin-
7 receptor, interferon receptor-2], or more surprisingly in RNAi
mechanisms, such as Dicer-1 (3.5-fold change). Therefore, bring-
ing a siRNA control sequence into the analysis revealed a
siRNAs-specific signature and an oligonucleotide-specific sig-
nature (Figure 4C), indicating that a longer incubation period
dramatically affects the global gene expression profile indepen-

Figure 4 Alterations of gene expression induced by ASO, MM, PDK1-
siRNA#1 and OLF treatments at 3 days post-transfection

(A) PDK1 expression level in U87-MG cells 3 days post-transfection. (B) Cluster analysis of
2056 genes designated significantly affected across all four treatments by a multiclass response
using the microarray analysis program SAM (see the text for details). 1* mark represents genes
up-regulated in MM- and PDK1-siRNA#1-transfected cells (see the text for details). (C) Cluster
analysis of 2200 genes designated significantly affected across all four treatments by a multiclass
response using the microarray analysis program SAM, but including the regulation of genes
affected by PTEN siRNA. (D) Venn diagram representing the number of genes affected by OLF
versus PDK1-ASO, -MM or PDK1-siRNA#1, as indicated next to each circle.

dently of the loss of PDK1 function. Moreover, using the
same criteria as the 48 h time point analysis (FDR < 0.05%) a
SAM pair-wise comparison identified a larger number of genes
which were assigned as ‘significantly different’ between OLF-
treatment and ASO treatment, MM treatment or siRNA#1 treat-
ment (1923 genes, 2198 genes or 5032 genes respectively). The
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Figure 5 PDK1 target genes identified at 2 days post-transfection

Up-regulated and down-regulated genes (>1.4-fold change) were selected from the overlapping ASO–PDK1-siRNA#1 cluster represented on the Venn diagrams. The 180 corresponding genes are
represented using TreeView software (left-hand panel). Right panel described some of the target genes isolated. ID represents the Probe Set ID present on the chips.

largest difference between the 48 and 72 h time points was in
the total number of genes regulated by the PDK1-siRNA#1 trans-
fection alone (600 to 2940 genes), suggesting a stronger effect of
siRNA treatment on gene expression profile than the ASO/MM
treatments at longer incubation time (Figure 4D). The genes
affected by all three treatments (735 up-regulated and 464 down-
regulated) were greatly reduced after subtraction of the PTEN-
siRNA regulated genes from the Venn Diagrams shown in Fig-
ure 4(D) (and Supplementary Figure 3, http://www.BiochemJ.org/
bj/388/bj3880573add.htm), indicating that PTEN siRNA in U87-
MG expressing a mutant PTEN affects the expression of a large
number of genes. Most of these genes commonly regulated by
four different treatments encoded proteins involved in response
to stress [MAPK9 (mitogen-activated protein kinase 9), Hsp70
(heat-shock protein 70)/Hsp90-organizing protein)], interferon
response [interleukin-6, STAT3 (signal transduction and activators
of transcription 3), CSF3 (colony-stimulating factor 3)], apoptosis
(BAX, nuclear factor κB, caspase 8) and metabolism (hydrolase-
activity-related genes).

PDK1 target genes defined by the 48 h time-point profiling

As we demonstrated above that the common feature of PDK1
knock-down in U87-MG cells using ASO and siRNA was an
inhibition of cell proliferation, we next investigated possible
mechanism(s) responsible for this by identifying the PDK1 trans-
criptional targets. We used the 48 h time point to define PDK1-
specific gene alterations, as both the clustering analysis and the
Venn diagrams showed greater specificity at this time point.

Using an FDR < 0.03% and sequential SAM analysis we
identified approx. 180 genes (representing 1.5% of probe sets on
the array) for which the expression levels were altered (1.4-fold
or greater up and down regulated) by PDK1 knockdown (Fig-
ure 5). Importantly, we found a set of genes known to be regu-
lated by FOXO transcription factors, such as SOD2 or cyclin
D1, demonstrating that some of the PDK1-regulated genes were
specific for the PKB pathway. We also found that many genes
regulated by PDK1 (>1.4-fold change) have been not reported
as PKB targets, such as EIF2S1, Met, HAT-1, fibronectin-1,
ARF6, EED (embryonic ectoderm development), HMOX-1 and
NOTCH2 (Figure 5).

A second independent siRNA targeting a distinct region of PDK1
(PDK1-siRNA#2) inhibits cell proliferation

The current siRNA protocols recommend the use of at least a
second siRNA duplex to confirm the specificity of the biological
effects observed. Therefore we designed and tested a second
siRNA (PDK1-siRNA#2), which was as effective as siRNA#1
and ASO for its ability to knock-down PDK1 expression at the
protein level (Figure 6A, upper panel). Similar to PDK1-siRNA#1
and ASO, PDK1-siRNA#2 strongly inhibited cell proliferation
(Figure 6B). However, no apoptosis induction, no G1 arrest and
little effect on the CDK2 protein and activity were observed in
PDK1-siRNA#2-transfected cells (results not shown, and Fig-
ures 6A and 6C). Although both our microarray data, and our
biochemical and biological endpoints, highlight the difficulties in
interpreting specific effects, a common feature of PDK1 silencing
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Figure 6 PDK1-siRNA#2 reduced PDK1 expression and inhibits cell
proliferation

(A) PDK1 and CDK2 expression were analysed by Western blotting from ASO-, MM-,
PDK1-siRNA#1- and PDK1-siRNA#2-transfected cells performed at three days post-transfection.
(B) Proliferation curves over 5-day period. The results are expressed as the means +− S.E.M. for
two independent experiments. (C) Upper panel, cell cycle distribution of transfected cells 3 days
post-transfection using propidium iodide staining. Lower panel, quantification of CDK2 activity
using a STORM phosphorimager.

in U87-MG cells was an inhibition of cell proliferation. This effect
was also confirmed using another ASO (results not shown, and
AS66 as reported previously in [40]).

We next tested some of the candidate PDK1-specific genes
by Western blotting (Figure 7). We expected that a PDK1 target
gene would be regulated in the same manner in the following
conditions: ASO/PDK1-siRNA#1/PDK1-siRNA#2-treated cells,
without being regulated by MM, or PTEN siRNA. Out of
eight candidates examined, three followed these stringent criteria
(ARF6, p21/Cip1, HAT-1), strongly suggesting that these genes
are PDK1 targets. However, all of the candidates were regulated
by at least one of the conditions, indicating a general correlation
between microarray data and protein expression in U87-MG cells
(Figures 7A and 7B).

Figure 7 Validation of the PDK1-specific gene alterations by Western blot
analysis

(A) Immunoblot assay performed on nine different proteins as indicated. The nature of the
regulation observed on the oligonucleotide microarray is indicated at the left of each blot.
(B) Summary of the Western blot analysis in (A), describing the identity of the gene regulated
in each condition.

DISCUSSION

In the present study we have documented for the first time the
global effect on gene expression of ASO and siRNA against
the same target (PDK1). We further examine the biological con-
sequences of these reagents and report numerous differences,
raising the danger of misinterpretation in the use of these ap-
proaches.

In recent years, PDK1 has attracted attention, since this protein
kinase plays a central role in regulating a large number of other
protein kinases, as well as a large number of cell responses.
Several knock-out studies have underlined the importance of this
kinase in regulating cell proliferation and cell growth, but the un-
derlying mechanism(s) remains unclear [37,38,45,46]. Therefore
acute inhibition of PDK1 activity would provide an ideal method
to explore its role in cells.

We have previously shown in U87-MG cells that PDK1 in-
hibition results in decreased cell proliferation and cell survival
[40]. In the present, we have demonstrated that the cell death
observed was likely contributed by toxicity of the transfection
reagent used (LF), as the use of OLF to introduce ASO does not
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cause cell death, using annexin V staining, caspase 3 activity and
time-lapse video microscopy. As for all gene silencing methods,
the critical step is the delivery of molecules into the cells. There
has been some debate regarding the optimal transfection reagent
to maximize the delivery and to avoid cytotoxicity mediated by
delivery reagents. Although LF has been successfully used in
some systems [9], other studies [47,48] strongly suggested that
LF was toxic in other models in agreement with our present
study. The intermediate inhibitory effects of MM oligonucleotides
on both apoptosis in the presence of LF (Supplementary Fig-
ure 1, http://www.BiochemJ.org/bj/388/bj3880573add.htm), and
proliferation in the presence of OLF (Figure 2A) led us to
re-examine the specificity of the effects observed with PDK1-
ASO. To address this question we compared the specificity of
the ASO effects with another highly efficient silencing method,
RNAi, to knockdown PDK1 gene expression. Using several
guidelines, criteria and algorithms based on recent reviews [13,16]
to design effective siRNAs, we analysed five different siRNA
duplexes from three different companies. Our first concern was
to determine the optimal concentration of siRNA capable of
silencing PDK1 expression to a similar degree as ASO in order
to closely compare these two techniques. Although many publi-
cations and siRNA-related guidelines recommend to use lower
concentrations of siRNAs, we were not be able to detect an
effective silencing of PDK1 using these siRNA duplexes with
LF reagent at doses <300 nM. Other reports have also shown
that lowering the concentration of siRNA to 100 nM or below can
reduce silencing efficiency for some genes [21,49,50]. Import-
antly, using a genome-wide analysis and multiple siRNAs against
the same target, Jackson et al. [51] reported that the ‘off-target’
effects observed on global gene expression profile could not
be eliminated by decreasing the concentration of siRNA. One
plausible explanation would be that the siRNA molecules used
in our study were not optimally designed at that time we performed
our experiments. Designing the optimal siRNA seems to be an
empirical exercise, although new criteria have recently improved
the guidelines for siRNA design [16,52–58].

As the degree of PDK1 protein knock-down was extensive
(approx. 90% reduction), we were expecting to see a strong in-
hibition of PKB and p70S6K activities, but this was not observed.
Instead, only a very weak inhibition of PKB activity and p70S6K
activity was observed following ASO and siRNA treatments (Fig-
ure 1C). Similar results were observed by Lawlor et al. [38] in
hypomorphic mice PDK1−/fl expressing a low level of PDK1
where normal activation of PKB, p90RSK and p70S6K upon
insulin stimulation still occurred in several tissues. It is therefore
likely that low levels of PDK1 in most cells and tissues are suffi-
cient to phosphorylate and maintain high activity of these three
substrates. In some experiments, PKB and p70S6K activities
were more substantially reduced (more than 40%) and this was
probably due to an occasional knockdown of PDK1 expression of
more than 95% (results not shown).

Although we demonstrated that both ASO- and siRNA-
mediated silencing of PDK1 dramatically inhibited cell prolifer-
ation, we found that the mechanism involved was totally different.
A G1 arrest was apparent following transfection of PDK1-
siRNA#1, which was not seen using ASO (Figure 2D). In an
attempt to understand this discrepancy we decided to use micro-
array analysis to determine the global gene expression conse-
quences of different oligonucleotide treatments, to clearly define
a PDK1 specific signature from an ‘off-target’ signature.

Several groups have reported non-specific effects of these
reagents, mainly due to toxicity, poor level of inhibition and
numerous ‘off-target’ effects, but to our knowledge no genome-
wide comparison between ASO and siRNA raised against the

same target has been documented. Seven reports have separately
addressed the specificity of ASO or RNAi using microarray ana-
lysis and led to contradictory conclusions [20,22,23,51,59–61].
Two studies reported that siRNA-mediated gene silencing exhi-
bited a high degree of specificity, whereby the gene expression
pattern observed was highly dependent on the gene being tar-
geted [20,22]. The opposite conclusion was reached by two groups
using either synthetic siRNAs or DNA vectors encoding small
RNA hairpins to knock-down endogenous target genes, who
observed a gene expression signature induced by all siRNAs,
rather than a target-specific signature and reported the induction
of an interferon response [23,59]. An additonal study examining
expression profiles of cells transfected with 24 different siRNAs
targeting two different genes demonstrated that each individual
siRNA hallmarked its own expression profile, suggesting an indi-
vidual effect of each siRNA sequence on the global gene expres-
sion pattern [51]. Similarly, a recent report showed a sequence-
dependent non-specific effect of siRNA when examining p53
and p21 protein levels [21]. The reason for these discrepancies
may be that in the former studies the siRNAs used were either
designed against an exogenous target (green fluorescent protein)
or employed at very low concentrations, which could overcome
the non-specific effects observed in both the latter studies and our
present experiments. We also cannot exclude that the design of
some of the siRNAs used in the latter studies were not optimal and
therefore more prone to trigger non-specific effects. In addition,
it is important to mention that this ‘off-target’ profile has also
been described using ASO approach. For instance, Fisher et al.
[7] indicated that 2% of the tested genes were unrelated to the
targeted gene, suggesting non-specific effects induced by ASO.
Moreover, it has also been indicated that an ASO targeted to
one gene (PKA subunit R1α) altered, in a sequence-specific
manner, the expression of different set of genes, but a careful
analysis of the microarray data revealed that many of the regulated
genes were not related to the targeted gene, suggesting an ‘off-
target’ profile [5,62]. Although improvements of ASO chemistry
have been achieved in terms of reducing cytotoxicity, possible
residual effects can persist and this may cause non-specific
biological effects. One possible cause of non-specific toxic effects
has been attributed to the degradation of the liberated bases of
oligonucleotides [1,63,64].

In our present study, non-specific effects were detectable at
both 48 h and 72 h post-transfection. However, a PDK1-specific
signature was discernable at the earlier time point (48 h post-trans-
fection), whereas the longer incubation time (72 h post-transfec-
tion) displayed a more predominant ‘off-target’ signature (Fig-
ures 3 and 4). We conclude the predominance of this non-
specific signature on the basis of two criteria: (i) the clustering
analysis exhibiting an oligonucleotide-specific profile, rather than
a sequence-specific profile (Figures 4B and 4C), and (ii) the Venn
diagram exhibiting an increased number of genes regulated by
all three treatments (ASO–MM–PDK1-siRNA#1, Figure 4D).
The ‘off-target’ genes are numerous, including those involved in
interferon response, proteasome degradation and oxidative stress.
Moreover, few reports suggested that siRNAs can tolerate one
to several mismatches to the mRNA targets and that only a
partial homology is sufficient for an effective silencing of un-
targeted protein [51,65]. A recent study [66] reported that if two
mismatches are allowed, 20% of 359 siRNAs published in the
literature are not specific. On the other hand, if three mismatches
are tolerated, 75% of the 359 siRNAs collected have a risk of ‘off-
target’ activity. Therefore we do not find it surprising that the two
PDK1-siRNA duplexes (siRNA#1 and #2) used in our present
study behaved differently, either phenotypically (G1 arrest) or
by their ability to affect changes in protein expression. The use
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in our study of a second siRNA (#2) raised against a different
region of PDK1 did not help our final conclusions regarding the
mechanism by which PDK1 inhibits cell proliferation in U87-MG
cells. As BLAST search may miss important alignments for such
short oligonucleotides, we used a method with higher sensitivity,
such as Smith–Waterman algorithm, and were not able to detect
an unintended target with a mismatch tolerancy higher than 3.

Even though PDK1 primarily regulates its substrates via post-
transcriptional mechanisms (mainly through phosphorylation),
it is likely that PDK1 activity will lead to downstream tran-
scriptional responses, which may contribute to the understanding
of its cellular functions. Therefore the early time-point clustering
analysis allowed us to define a PDK1-specific profile and to
identify putative PDK1 transcriptional target genes. Three out
of nine candidate proteins selected for biochemical analysis
showed strong indication of a relevant PDK1 target gene (HAT-1,
p21/Cip1 and ARF6), because their expression changes showed
a strong correlation with PDK1 depletion (ASO, siRNA#1 and
siRNA#2 transfection; Figures 7A and 7B). In some cases, the
validation experiment became difficult to interpret, as the PDK1-
siRNA#2 transfected cells did not exhibit a similar pattern of
change confirming that several siRNAs need to be used in order
to confirm any biological consequences of the knock-down.

Nevertheless, the common feature of ASO- or siRNA-mediated
silencing of PDK1 in U87-MG cells is an inhibition of cell pro-
liferation, which is observed with two siRNA duplexes and two
ASOs (Figure 6, and results not shown). This is consistent with
a recent study in vivo suggesting that PDK1 is required for T
cell proliferation, as hypomorphic PDK1 mice display a severely
reduced number of T-cells [45]. Although the mechanism remains
unclear, we identified some of the PDK1 target genes (such as
p21/Cip1) which may explain the effect on proliferation in our
model. Further investigations to address this question remains to
be determined.

In summary, in agreement with previous reports this study de-
monstrates that the use of ASO and siRNA needs to be carefully
employed. This is so far the first study documenting a comparison
of ASO and RNAi approaches against a single target using a
genome-wide analysis. The degree of specificity for PDK1 silen-
cing reduces from 48 h to 72 h, but the mechanism for this is
unclear and we do not rule out that it can vary from one protein
to another. Altogether, these findings underscore the importance
of developing powerful design strategies to predict highly effec-
tive and specific siRNAs, using multiple oligonucleotide duplexes
and multiple time points to correctly interpret the results. The
lowest possible concentration of the most active siRNAs should
be used. Moreover, we provide in the present study the use
of an appropriate control for silencing: targeting a mutant and
non-functional expressed gene. This study confirms and extends
previous strategies for an optimal interpretation of RNAi and/or
ASO approach. It is therefore crucial to examine with caution the
possible side-effects of such powerful techniques in order to study
gene function, or to use ASO and siRNA as potential therapeutic
agents.
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