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RNA interference (RNAi) is an evolutionarily conserved mechanism
in plant and animal cells that directs the degradation of messenger
RNAs homologous to short double-stranded RNAs termed small
interfering RNA (siRNA). The ability of siRNA to direct gene silenc-
ing in mammalian cells has raised the possibility that siRNA might
be used to investigate gene function in a high throughput fashion
or to modulate gene expression in human diseases. The specificity
of siRNA-mediated silencing, a critical consideration in these ap-
plications, has not been addressed on a genomewide scale. Here
we show that siRNA-induced gene silencing of transient or stably
expressed mRNA is highly gene-specific and does not produce
secondary effects detectable by genomewide expression profiling.
A test for transitive RNAi, extension of the RNAi effect to se-
quences 5� of the target region that has been observed in Caeno-
rhabditis elegans, was unable to detect this phenomenon in human
cells.

RNA interference (RNAi) is an evolutionarily conserved
mechanism of gene silencing that is thought to inhibit the

replication and expression of selfish DNA elements and viruses
(reviewed in refs. 1 and 2). In Caenorhabditis elegans, RNAi was
first observed as a silencing of endogenous genes homologous to
injected double-stranded RNA (dsRNA) (3). Studies over the
last several years have demonstrated that RNAi is mediated by
the generation of 21- to 23-nt dsRNA molecules, termed small
interfering RNA (siRNA). dsRNA molecules are processed by
the RNaseIII-like enzyme Dicer to generate siRNAs, and the
siRNAs direct the recognition and subsequent degradation of
homologous mRNAs by a multiprotein complex. The enzymatic
machinery for generating siRNA also appears to be used for the
production of a second class of endogenously encoded, small
RNA molecules termed microRNAs (miRNAs). miRNA are
processed from endogenous transcripts that form hairpin struc-
tures, and miRNAs are thought to mediate the translational
control of other genes by binding to the 3� ends of their
messenger RNAs in animals (1, 2).

Because RNAi can, in principle, allow the silencing of a gene
given its sequence, RNAi has become a popular research tool to
annotate gene function. In particular, once the genome of an
organism has been sequenced, it may be feasible to design RNAi
experiments to target every gene in the genome and screen for
specific phenotypes (4) (5). In mammalian cells, the utility of
RNAi had been limited by the innate immune response triggered
by dsRNA; long dsRNAs induce the IFN response, which leads
to the inhibition of protein translation by the PKR pathway, and
activation of RNase L (6). These responses inhibit gene expres-
sion generally and significantly alter the cell physiology. The
recent demonstration that synthetic siRNAs can trigger se-
quence-specific RNAi in mammalian cells has stimulated inter-
est in using siRNAs to annotate gene function in human cells and
as therapeutic agents (7, 8). However, although siRNAs are too
short to induce the IFN response, the specificity of the gene
silencing induced by siRNAs in mammalian cells has not been
systematically examined. For instance, we do not know whether
siRNAs can trigger additional antiviral mechanisms that signif-
icantly alter cell physiology, nor how the introduction of exog-

enous siRNAs might impact the processing and regulation of
endogenous miRNAs and the genes that miRNAs control.

The cardinal features of RNAi in C. elegans are the potency
and persistence of gene silencing. RNAi can be successfully
induced in C. elegans with a few molecules of the trigger dsRNA
per cell, and the silencing effect is propagated to the progeny of
the treated animals (3). These results suggested the presence of
amplification mechanisms in RNAi. Recently, ‘‘degradative
PCR’’ was proposed as a mechanism underlying amplification in
RNAi in Drosophila embryos and C. elegans (9) (10). In this
model, the antisense strand of siRNA hybridizes to the target
mRNA and primes an RNA-dependent RNA polymerase reac-
tion to generate double stranded RNA 5� of sense sequence. The
newly synthesized dsRNA are then subject to Dicer digestion and
generate many secondary siRNAs from the extended regions
that can target additional mRNA molecules for degradation.
This model explains the catalytic efficiency and potency of
RNAi, but it presents potential problems for the specificity of
RNAi as a research tool. A consequence of the generation of the
secondary siRNAs is the spreading of the RNAi specificity to
sequences 5� to the original target sequence in the mRNA. This
phenomenon, termed transitive RNAi, has been demonstrated
in vivo in C. elegans (10). Transitive RNAi poses the possibility
of silencing of a significant number of unintended genes within
the genome with each siRNA experiments, and it is a greater
concern with human cells because of the increased complexity of
domain structures in the human proteome. Thus, an understand-
ing of the specificity of siRNA-mediated gene silencing in human
cells will be essential for the appropriate design and interpre-
tation of RNAi experiments and RNAi-based therapeutic strat-
egies (11, 12).

In this report, we evaluated the properties of siRNA-mediated
gene silencing on a genomic scale. We assessed the specificity of
siRNAs in human cells by using global gene expression profiling.
Because the activity of the genome as a whole reflects the
interplay of all of the cell’s metabolic and regulatory pathways,
the global gene expression pattern is a highly sensitive indicator
of alterations in the cell’s physiology. Finally, we formally tested
for transitive RNAi activity in human cells by using an experi-
mental design closely similar to one that elicited the phenome-
non in C. elegans.

Materials and Methods
Cells and Reagents. Human embryonic kidney (HEK) 293 cells
(American Tissue Culture Collection) and 293-derived Phoenix
amphotropic packaging cell line (G. Nolan, Stanford University,
Stanford, CA) are obtained from the indicated sources. Single
stranded dTdT RNA oligonucleotides (Dharmacon) were an-
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nealed to generate siRNAs: E1 [begins at 435th nucleotide (nt),
sequences in Fig. 1], E2 (begins at 441th nt, sequences in Fig. 1)
and E3 (begins at 2nd nt, 5�-UGGUGAGCAAGGGCGAG-
GAdTdT-3� and 5�-UCCUCGCCCUUGCUCACCAdTdT-3�)
that target the indicated coding sequences of eGFP. Stable
GFP-expressing Phoenix cells were produced by transient trans-
fection of pMIGR (gift of W. Pear, University of Pennsylvania,
Philadelphia) into amphotropic Phoenix cells and followed by
two rounds of fluorescence-activated cell sorting (FACS) selec-
tion of GFP� cells. The resultant cells were �95% GFP� and
remained so subsequently without additional selection. Con-
structs: eGFP-N3, dsRED, yellow fluorescent protein (YFP)-
actin, and pSEAP2-control (CLONTECH), and pGL3 luciferase
(Promega) were obtained from indicated sources. The XhoI–
BamHI actin fragment from YFP-actin was released by restric-
tion digestion and cloned into eGFP-N3 and pGL3-control
to generate ActinS-GFP, ActinAS-GFP, and Luciferase-actin
constructs.

siRNA Experiments. Expression constructs and siRNAs were trans-
fected by using Lipofectamine 2000 (Invitrogen) as described
(7). GFP expression was assayed by either FACS or fluorescence
microscopy 48–72 h after transfection. Transfection efficiency
was normalized by dividing GFP or luciferase fluorescent units
with the secreted placental alkaline phosphatase activity gener-
ated from cotransfected pSEAP2-control plasmid.

Microarray Procedures and Statistical Methods. Messenger RNA
was purified with oligo(dT) beads by using Fastrack (Invitrogen)
following the manufacturer’s instructions. A reference mRNA
standard prepared by pooling RNA from 11 cell lines was used
in all experiments. The mRNAs were used to synthesize fluo-
rescent cDNA probes by reverse transcription with oligo(dT)
primers and Cy3 or Cy5 dUTPs. The fluorescent probes were
competitively hybridized without fragmentation on cDNA arrays
as described (13, 14). The gene expression data from three sets
of siRNA experiments were derived from 27 microarrays and
were analyzed separately in three data sets. In each data set,
genes were considered well measured if the reference channel
had �1.5-fold of signal intensity over background and was
present for �80% of data set. The three sets of genes were each
analyzed by multiclass comparison by using significance analysis
of microarrays (SAM) (15), and the predicted false discovery
rate for the top 10 SAM-selected genes was calculated. The top
10 genes from each data set were collated, and the expression
data for this set of 30 genes from each data set were retrieved and
grouped by hierarchical clustering (16).

Results
Global View of Gene Silencing by siRNA. To evaluate the specificity
of siRNA, we used a target gene that has no normal role or
known physiological effects in the cell, so that its presence or
absence would not otherwise perturb the transcriptome. We
chose the enhanced GFP of Aequoria victoria as a model target
because the protein level is easily monitored, it is an exogenous
protein that has no normal function in human cells, and it is
relatively nontoxic and known to be well tolerated in normal
development. Transient transfection of HEK293 cells with GFP
and the two siRNAs directed toward GFP sequences (termed E1
and E2) suppressed the level of GFP activity by �80%, but
cotransfection of GFP with scrambled siRNAs matched for
nucleotide content (termed C1 and C2, respectively) did not
affect GFP activity compared with mock-transfected cells, which
were not exposed to siRNA (Fig. 1). C1 and C2 did not have
significant homology to any human gene or ESTs in the nonre-
dundant and EST database when analyzed with BLAST program
in NCBI. The transfection efficiency was �80% as judged by
GFP fluorescence. To address the specificity of RNAi against an
integrated and nuclear gene, we established a population of cells
stably expressing a GFP gene that was introduced by retroviral
transduction (Materials and Methods). Transfection of these
stable GFP-expressing cells with the E1 siRNA silenced GFP
expression by �70%, but GFP expression was unaffected by
mock or C1 transfection (Fig. 1 B and C).

The global gene expression patterns of cells after mock
transfection, silencing of transiently expressed or stably ex-
pressed GFP by E1 or E2 siRNA, and control silencing by C1 or
C2 siRNA were determined by using human cDNA microarrays.
The microarrays contained �43,000 elements, corresponding to
�36,000 genes based on Unigene data. Because even small
differences in cell passage or media metabolism can lead to
differences in global gene expression pattern, control and siRNA
experiments were always performed in parallel in sets of three
and in triplicate as described above. To search for gene expres-
sion responses associated with RNA interference, we performed
a statistical test (SAM) to identify genes whose expression varied
accordingly in response to the experimental manipulations we
tested (15). SAM is a permutation-based technique that permits
the estimation of a false discovery rate (FDR) for set of genes
identified (15). The FDR is analogous to P value in standard
statistical tests, but the FDR can accommodate the effects of
nonnormal distribution in the data and multiple testing (15). For
each of the three sets of gene expression data, none of �20,000
well measured mRNAs was consistently affected by the siRNA
treatments, with a FDR �0.05 (Fig. 2A). The 10 genes that

Fig. 1. Silencing of a model gene by siRNAs. (A) Silencing of transiently
expressed and integrated GFP gene by siRNAs. Sequences of the siRNAs used
are indicated on the left. For silencing of transiently transfected GFP, 0.3 �g of
pGFP was transfected with 1 �g of pSEAP2-control and 12 picomoles of the
indicated siRNA in HEK293 cells. For silencing of an integrated GFP gene,
HEK293-derived Phoenix cells expressing GFP after retroviral transduction
(Materials and Methods) were transfected with the 12 picomoles of the
indicated siRNA and 1 �g of pSEAP2-control. GFP expression was determined
by FACS 48 h (transient GFP target) or 72 h (integrated GFP target) after
transfection. The mean fluorescence intensity was normalized for transfection
efficiency by the alkaline phosphatase activity of pSEAP2-control (Materials
and Methods). The experiments were done in triplicate, and the means (�
standard deviation) of GFP fluorescence intensity relative to mock transfected
cells (no siRNA) are shown. (B) Fluorescence photomicroscopy and FACS plots
of cells stably expressing GFP and transfected with the indicated siRNAs.
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showed the most consistent changes in expression with the
experimental manipulations had estimated FDRs that ranged
from 0.19 to 0.30 in the three experiments. Fig. 2B displays the
top 10 genes identified by SAM in all three data sets. We note
that the genes that showed the largest apparent responses in the
three sets of experiments did not overlap, and the magnitude of
the changes in expression of any of these genes was small (mostly
�2-fold). Moreover, these small variations in gene expression
did not consistently distinguish the siRNA-silenced samples
from the mock treated samples (Fig. 2B). Among all of the genes
that showed variation in expression in the experiments identi-
fying either transiently or stably GFP, none showed a consistent
response pattern. Thus, we believe that the small observed
variations are likely to be caused by experimental noise, rather
than resulting from the siRNA treatment. Collectively, we
interpret these results to indicate that no consistent ‘‘off-target’’
gene expression perturbation is associated with the process of
siRNA-mediated gene silencing. To the detectable limits of our
cDNA array method, siRNA-mediated gene silencing in the
tested cells appears to be highly sequence-specific.

Evaluation of Transitive RNAi in Human Cells. Although siRNAs
appear to be highly sequence-specific, the extension of RNAi-

mediated silencing to sequences 5� to the mRNA sequence
complementary to the siRNA could generate secondary siRNAs
that could potentially target other mRNAs with sequence sim-
ilarity. Such a phenomenon, termed ‘‘transitive RNAi’’ has been
shown to occur in C. elegans (10). To test for the occurrence of
transitive RNAi in human cells, we cotransfected into HEK 293
cells two sets of reporter genes (GFP�YFP and luciferase) with
sequence overlap engineered by fusing a sequence for the actin
gene to both sets of constructs (Fig. 3A). We used siRNA to
target the first reporter genes (GFP or YFP, which contain the
same cognate sequence) and verified the RNA silencing by
monitoring the fluorescence of transfected HEK293 cells. If
transitive RNAi were active in 293 cells, silencing of GFP�YFP-
actin fusion mRNA should generate secondary siRNAs targeting
the actin sequences and thereby initiate the silencing of the
second reporter gene, luciferase-actin, resulting in diminished
luciferase activity. Because transitive RNAi in C. elegans dem-
onstrated polarity (that is, diminished effect with greater dis-
tance), we designed a siRNA E3 that target the first 21 nucle-
otides of GFP coding regions (Fig. 3A) and �20 nt 3� of actin
sequences in both actin-GFP fusion proteins. We tested the

Fig. 2. Global gene expression changes associated with RNAi. (A) Summary
of gene expression data. Global gene expression patterns in three siRNA
experiments were analyzed; in each set, the gene expression of cells that were
mock transfected (no siRNA), transfected with GFP siRNA, or cognate control
siRNA were determined in parallel in triplicate. Data sets: E1, HEK293 cells with
transiently expressed GFP target treated with E1, C1, or no siRNA; E2, HEK293
cells with transiently expressed GFP target treated with E2, C2, or no siRNA;
stable, Phoenix cells stably expressing an integrated GFP gene treated with E1,
C1, or no siRNA. Genes that had signal intensity �1.5-fold of the local spot
element background in the reference channel and were present for �80% of
the data set were considered well measured. The number of well measured
genes are shown on the second column; these genes were analyzed in the
multiclass comparison by using SAM (15). The number of genes that had an
estimated FDR of �0.05 and the FDR of the top 10 performing genes for each
data set are shown on the right two columns. (B) Minimal gene expression
changes associated with siRNA-mediated RNAi. The 10 genes with the most
consistent changes in expression in response to the experimental manipula-
tion, in each of the three siRNA experiments, were collated into a nonredun-
dant gene list. The expression changes of this group of genes in all experi-
ments are displayed in matrix format (16). The expression ratios were
mean-centered within each data set, and the gene expression changes are
indicated by the color scale as indicated below.

Fig. 3. Test of transitive RNAi in HEK293 cells. (A) Experimental strategy for
transitive RNAi. The square indicates the original trigger siRNA, and the
dashed lines indicate secondary siRNAs. The regions of GFP targeted by E1 and
E3 are indicated by arrows. (B) Effect of siRNAs (E1 and E3) on expression of
GFP fusion constructs. HEK293 cells were transfected with the indicated
constructs and siRNAs and photographed by fluorescence microscopy 48 h
after transfection. (C) Effect of siRNAs on luciferase-actin expression. The
luciferase activity in cells transfected with the indicated constructs and siRNA
(E1 or E3) were compared with those of corresponding constructs and control
siRNA (C1); the values shown are the means of relative activity (E1�C1 or
E3�C1) � standard deviation of triplicate experiments.
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transitive effects of silencing GFP expressed alone or in the form
of fusion transcripts with actin fused at either the 3� end of
YFP-actin, or at the 5� end of GFP in both orientations
(ActinS-GFP, ActinAS-GFP) with E1 and E3 compared with
control siRNA C1. Fluorescent microscopy confirmed that
siRNA-mediated RNA silencing of the primary target gene was
achieved for all pairs of different fluorescent proteins (Fig. 3B).
In all experiments, the luciferase activity in the cells silenced by
GFP siRNA (E1 or E3) was not lower than that in cells treated
with control siRNA (C1) (Fig. 3C). These results indicate that
transitive RNAi, at least on the scale demonstratable in C.
elegans, does not occur during siRNA-mediated silencing in 293
cells. This result may be related to the relatively inefficient
silencing mediated by siRNA in mammalian cells compared with
that seen in C. elegans.

Discussion
By using DNA microarrays to profile global gene expression, we
have demonstrated that siRNA-mediated gene silencing has
exquisite sequence specificity for the target mRNA and does not
induce detectable secondary changes in the global gene expres-
sion pattern. We tested for transitive RNAi by using paired,
highly expressed transcripts with overlapping sequence identity,
conditions that easily afforded detection of transitive RNAi in C.
elegans (10). The lack of robust transitive RNAi in human cells
is consistent with published reports of selective targeting of
splicing isoforms using siRNA (17, 18), the lack of an obvious

RNA-dependent RNA polymerase in the human genome, and
the dispensability of priming activity of siRNAs for RNAi in
Drosophila and mammalian cells (19–22). Although it will be
important to examine the possibility that different mammalian
cell types might respond to siRNAs differently, these results
provide further impetus for using siRNA-mediated RNAi as a
research and therapeutic tool. The high specificity observed in
these experiments, if confirmed for additional cell types and
target genes, should increase the confidence with which pheno-
types observed with siRNA-mediated silencing can be ascribed
to the targeted genes. The results are also encouraging for the
prospects that siRNA-based therapeutic agents could have use-
ful molecular specificity. Because the process of siRNA-
mediated silencing does not appear, in general, to produce
nonspecific gene expression changes, global changes of gene
expression patterns may provide an assay with which to study and
annotate the function of unknown genes, especially based on
comparisons to gene expression patterns of mutants in known
pathways (23).
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