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ABSTRACT

Short interfering RNAs (siRNAs) directed against dif-
ferent regions of genes display marked variation in
their potency in mediating mRNA degradation.
Various factors have been proposed to affect the effi-
cacy of siRNA. We explored some of the factors by
evaluating in cultured human cells 28 randomly
selected siRNAs targeting the GPR39 and MGC-
29643 transcripts derived from the same genetic
locus but transcribed in opposite directions. Twenty
of the 24 siRNAs targeting the overlapping regions of
the transcripts simultaneously reduced the levels of
both transcripts. Single nucleotide changes in either
of the siRNA strands significantly reduced the gene-
silencing efficiency of the siRNA on targeted sense
transcript without affecting the antisense transcript.
Overall, we observed a greater gene-silencing effi-
ciency on the MGC29643 transcript than on the
GPR39 transcript in HeLa cells. Since MGC29643
transcript is more abundant than the GPR39 tran-
script [0.24 versus 0.008% relative to 100% for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)], the
results suggest that the abundance of the mRNA
affects the efficiency of silencing. Two additional
observations supported this hypothesis. First,
GAPDH whose intracellular level is the highest of
the three was the most efficiently silenced. Second,
a reversal of gene-silencing efficiency was observed
in U-138 MG cells in which the relative abundance
of the GPR39 and MGC29643 transcripts is also
reversed. Our study suggests that low-abundant tran-
scripts are less susceptible to siRNA-mediated degra-
dation than medium- and high-abundant transcripts.

INTRODUCTION

RNA interference (RNAi) is a post-transcriptional gene-
silencing process induced in diverse organisms by double-
stranded RNAs (dsRNAs) homologous in sequence to the
silenced genes (1,2). In mammalian cells, the introduction

of long dsRNAs (>30 bp) led to the activation of a global,
sequence-nonspecific response resulting in the blockage of
protein synthesis and mRNA degradation (3). Small dsSRNAs
of 21-23 nt in length, however, can bypass the sequence-
independent response of mammalian cells and induce
sequence-specific degradation of target mRNA (4-6). These
small dsRNAs, termed small interfering or short interfering
RNAs (siRNAs), act as ‘guides’ within a nuclease complex,
the RNA-induced silencing complex (RISC), to direct cleav-
age and degradation of target mRNA (7-11). Target recogni-
tion is a highly sequence-specific process mediated by the
siRNA complementary to the target mRNA (12).

Ever since the demonstration that siRNAs mediate
sequence-specific gene silencing in cultured mammalian
cells, the siRNA-based technology has been successfully
used to down-regulate the expression of mammalian genes
and various infectious agents (13-20). Gene silencing by
siRNA is commonly carried out by transient transfection of
cells with synthetic siRNAs or by using expression vectors to
produce cells that transiently or stably express siRNAs or short
hairpin RNAs. The relative ease of generating synthetic
siRNAs, either by chemical synthesis or by in vitro transcrip-
tion, coupled with the immediate effectiveness makes transient
transfection with synthetic siRNAs the preferred method in
conducting large-scale analysis of siRNAs in readily transfect-
able cells.

One difficulty in the application of siRNA-based technology
is that siRNAs display a wide range of activities reducing
target mRNA or protein expression by 0% to >90%. Only a
fraction of siRNAs result in a significant reduction of targets
(21,22). Significant progress has been made in recent years
toward understanding some of the determinants that affect
siRNA efficacy. One group of determinants relates to the
nature of the siRNA sequences. For example, it has been
reported that nucleotide mismatches created at various posi-
tions in the siRNAs have varying effects on the specificity of
target recognition (21,23-25) and that siRNA duplex asym-
metry and internal stability play a critical role in determining
the function and longevity of some siRNAs (26,27). The sec-
ond group relates to the properties of the target mRNA. It is
suggested that extensive secondary structure in the mRNA, the
presence of RNA-associated proteins and the specific subcel-
lular localization of the mRNA may render the transcript
inaccessible to siRNA-incorporated RISC binding (21).
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The turnover rate of mRNA is often considered a factor, but
how the intracellular level of mRNA affects the effectiveness
of an siRNA is unclear. The third group relates to the proper-
ties of the target cells: variations in transfection efficiency,
growth confluence, passage number, differentiation status and
the toxicity of the transfection reagents all play a role in
determining the outcome of gene silencing by siRNA.

To eliminate many of the variables, especially those per-
taining to the last group, we evaluated the relative gene silen-
cing of a pair of sense and antisense transcripts in the same
cells. In the last few years, a number of prokaryotic and eukar-
yotic genes have been found to have a naturally occurring
antisense transcript (28,29). The sense and antisense tran-
scripts of these genes are transcribed from opposite DNA
strands of the same locus and their sequences overlap in the
protein-coding and/or non-coding regions. Some of the anti-
sense transcripts encode for proteins involved in diverse bio-
logical functions. Non-coding antisense transcripts have also
been described and their role appears to be associated with the
regulation of gene expression (30). The scope of antisense
transcription occurring in the human genome has been
explored (31,32). A recent study that integrated computational
tools with experimental methods estimated that at least 8%
of the predicted 40 000 human genes have an antisense
partner (32).

In the present study, we evaluated the relative gene-
silencing efficiency of a pair of sense and antisense transcripts,
GPR39 and MGC29643, in cultured human cells. GPR39 is a
member of the G-protein-coupled receptor family and may be
involved in the regulation of growth hormone release in the
brain (33). MGC29643 encodes a 165 amino acid protein
whose function is currently unknown (34). Nucleotide
sequence alignment demonstrates that these transcripts are
derived from the same genetic locus on chromosome 2q21-
222 but transcribed in opposite directions. The overlapping
region encompasses 1261 nt between the 3’ external exons of
these genes. We also evaluated the silencing efficiency of the
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene, as an example of a highly expressed transcript (35). Our
study demonstrates that siRNAs can induce the degradation of
a sense and an antisense transcript simultaneously and that the
strand-specific activity of an siRNA can be altered by single-
base mismatches. The study also reveals a correlation between
the silencing efficiency of siRNA and the intracellular tran-
script levels.

MATERIALS AND METHODS
siRNA design and synthesis

Sequence information of the target mRNAs was obtained from
the NCBI Entrez nucleotide database: GPR39 (accession no.
NM_001508, AC079773), MGC29643 (accession no.
NM_144586), and GAPDH (accession no. M33197). All
siRNAs were designed according to the general guidelines
described by Elbashir et al. (36). Briefly, using the siRNA-
designing tool (www.ambion.com), the entire length of the
mRNA sequences was scanned for the 21 nt sequences that
contain the AA(N19) motif (N for any nucleotide). The 21 nt
sequences with ~50% of G/C and with no significant homo-
logy to other human genes were selected as the target

sequences. The target sites of the siRNAs directed against
each of the three transcripts are fairly evenly distributed
and span the entire length of the transcripts. The ranges of
G/C content of the siRNAs are 38.1-66.7% for GPR39 and
42.9-57.1% for both MGC29643 and GAPDH.

The target sequences of siRNAs begin at the following
positions corresponding to each of the three transcripts (count-
ing from the translation initiation codon ATG): GPR39
(siRNAs GPR39-1 through GPR39-14): 196, 616, 895, 925,
1018, 1206, 1230, 1264, 1321, 1362, 1462, 1567, 1632 and
1826; MGC29643 (siRNAs MGC-1 through MGC-14): 86,
170, 280, 397, 576, 641, 655, 747, 885, 903, 1003, 1174,
1324 and1360; GAPDH (siRNAs GAP-1 through GAP-12):
25,163,208, 415, 433, 445, 515, 655,775, 910, 946 and 1033.
The target sequence for the nonspecific control siRNA is
5'-AAA CGT GGT CTC GAA CAT GCA. The siRNA duplex
was synthesized by a transcription-based method using the
Silencer™ siRNA Construction Kit (Ambion, Austin, TX)
(37,38). Successful synthesis of the 21mer siRNA duplexes
was verified by non-denaturing PAGE and siRNA was quan-
tified by spectrophotometry. The antisense strands of the siR-
NAs are the reverse complements of the target mRNAs, and
the sense siRNA strands have the same sequences as the target
mRNAs. A UU dinucleotide sequence was incorporated at the
3’ end of the sense siRNA strands during in vifro transcription.
The end product is an RNA duplex consisting of two 21mer
RNAs with 19 complementary nucleotides and 3’ terminal
non-complementary dimers of uridine. A chemically synthe-
sized siRNA targeting the GAPDH transcript, GAP-Ambion,
was obtained from Ambion.

Cell culture and siRNA transfection

Human HeLa cervical cancer cell line and human U-138 MG
glioma cell line (ATCC, Manassus, VA) were grown at 37°C
in RPMI 1640 complete growth medium (GIBCO/Invitrogen,
Carlsbad, CA) supplemented with 10% fetal bovine serum, 1x
glutamine and 1% penicillin and streptomycin. Twenty-four
hours before siRNA transfection, the cells were trypsinized
and seeded in a T25 tissue culture flask in a fresh medium at
the following cell densities: 4 x 10* cells/ml for HeLa (2 x 10°
cells per flask) and 5 x 10* for U-138 MG (2.5 x 10’ cells per
flask). After 24 h, when a cell confleunce of 40-50% was
reached, three identical T25 flasks of cells were transiently
transfected with the sequence-specific siRNAs and the
sequence-nonspecific control siRNA using oligofectamine
(Invitrogen Inc., Carlsbad, CA) according to the manufac-
turer’s instructions. The final concentration of siRNA in
the culture medium was 10 nM. For quantitative real-time
RT-PCR, the cells were harvested ~48 h after transfection
at a confleunce of 70-80%. Total cellular RNA was isolated
from the cells using the RNeasy Mini Kit (QIAGEN Inc.,
Valencia, CA), quantified by spectrophotometry and stored
in —80°C until use.

Determination of siRNA gene-silencing efficiency

Quantitative real-time RT-PCR (TagMan assay) was carried
out to determine the extent of siRNA-mediated target mRNA
degradation. Dual-labeled fluorogenic probes and primers were
synthesized at Integrated DNA Technologies, Inc. (Coralville,
IA) and their sequences are as follows: 5'-/56-FAM/CCC TGT



CCT GCA AGC TGC ACA CTT/3BHQ-1/3' (GPR39 probe),
5-GGA ATC CCC TGA CCA CGT CC (GPR39 forward
primer), 5-AGC TGC AGG CCT CGA AGA G (GPR39
reverse primer), 5'-/56-FAM/AAG TGC CGG GAT CAT
GTA CCG CAA G/3BHQ-1/3" (MGC29643 probe), 5'-CAT
GTG TCA GAA AGA AGT GAT GGA G (MGC29643 for-
ward primer), 5-GCC GCT GAT GAT GCA CAG
(MGC29643 reverse primer), 5'-/56-FAM/TTG GTC GTA
TTG GGC GCC TGG TC/3BHQ-1/3" (GAPDH probe), 5'-
GGT GAA GGT CGG AGT CAA CG (GAPDH forward pri-
mer) and 5-AGA GTT AAA AGC AGC CCT GGT G
(GAPDH reverse primer). A one-step real-time RT-PCR
was carried out using an ABI PRISM 7700 sequence detection
system (Applied Biosystems, Foster City, CA). The 50 pl
reaction contained the following components: 1x Taq poly-
merase buffer A, 0.8 mM of dNTPs, 5.5 mM of MgCl,, 12.5U
of M-MLV reverse transcriptase, 1.25 U of AmpliTaq Gold
DNA polymerase, 0.2 UM of probe and each of the primers and
5-500 ng of total cellular RNA. All reagents except the probes
and primers were purchased from Applied Biosystems (Foster
City, CA). Negative control reactions omitting either RNA or
reverse transcriptase were run with all assays. The one-step
real-time RT-PCR, performed in a 96-well plate, consists of
cycles at 48°C for 30 min (cDNA synthesis), 95°C for 10 min
(inactivation of reverse transcriptase and activation of DNA
polymerase), and 95°C for 15 s and 60°C for 1 min for
40 cycles (real-time PCR). Each RNA sample was run in
triplicates. Real-time PCR data were collected using the
ABI PRISM 7700 sequence detection system.

Relative quantification of the target mRNAs was achieved
according to the principle of the standard-based quantitative
PCR method (39). Briefly, an RNA stock expressing the
appropriate target was used as a calibrator to generate a stan-
dard curve. The target quantity of test samples was derived
from the standard curve through the comparison of the values
of fluorescent signal intensity. The amplification of a ‘house-
keeping’ gene transcript, 18S rRNA, was carried out to stan-
dardize the amount of RNA added to a reaction. The amount of
a target transcript was divided by the amount of 18S rRNA to
obtain the normalized target quantity.

Regular RT-PCR and gel electrophoresis of amplified pro-
ducts were also carried out to provide visual examples of gene
silencing with selected RNA samples. The primers used in the
study were synthesized at Integrated DNA Technologies Inc.
(Coralville, TA) and their sequences are as follows: 5'-TCC
AGT GCT ACC AGT GTG AAG (MGC(C29643 forward pri-
mer), 5-GGC TGG AAG AAC AAT GCA G (MGC29643
reverse primer), 5'-GCT GAT GAT GCA CAG GAC TTG
(GPR39 forward primer), 5'-GTG CCT GTC TCT TTC ACC
ATC (GPR39 reverse primer), 5-CGC TGA GTA CGT CGT
GGA GTC (GAPDH forward primer) and 5'-GGT GGC AGT
GAT GGC ATG GAC (GAPDH reverse primer). A one-step
RT-PCR was carried out using a GeneAmp PCR system 9600
(Applied Biosystems). The 50 ul reaction contained the fol-
lowing components: 1x Taqg polymerase buffer A, 0.8 mM of
dNTPs, 2.5 mM of MgCl2, 12.5 U of M-MLYV reverse tran-
scriptase, 2.5 U of AmpliTaq Gold DNA polymerase, 0.4 uM
of each of the primers and 500 ng (for MGC29643 and GPR39)
or 50 ng (for GAPDH) of total cellular RNA. All reagents
except the primers were purchased from Applied Biosystems
(Foster City, CA). The one-step RT-PCR consists of cycles at
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48°C for 30 min (cDNA synthesis), 95°C for 10 min (inactiva-
tion of reverse transcriptase and activation of DNA polymer-
ase), 95°C for 30 s, 60°C for 1.5 min and 72°C for 30 s for 28
cycles (PCR), and 72°C for 7 min. After RT-PCR, 5 pul of the
amplified MGC29643 and GPR39 products were mixed in a
tube and were separated by electrophoresis in a 1.5% agarose
gel containing ethidium bromide along with a 100 bp DNA
ladder (Invitrogen) as the size marker. Used as an internal
control, 5 ul of the amplified GAPDH product were also sepa-
rated by electrophoresis in a 1.5% agarose gel. The gel image
was obtained by exposure of the gel to an ultraviolet (UV)
transilluminator (302 nm) and recorded using the Kodak
EDAS 290 digital camera.

RESULTS

Genomic organization and transcript levels of
GPR39 and MG(C29643

The cloning of the cDNAs for GPR39 and MGC29643 has
been reported previously (33,34). A schematic diagram depict-
ing the genomic organization of these genes is shown in
Figure 1. The GPR39 gene is composed of two exons separated
by alarge intron of ~228 kb. A bacterial artificial chromosome
(BAC) clone that includes exon 2 and the presumptive
3/_untranslated region (3’-UTR) of the gene (accession no.
ACO079773) was identified by sequence alignment. The gene
is localized to chromosome 2q21-q22 (33). The full-length
cDNA for MGC29643 was isolated from human cDNA
libraries of diverse sources (34). The cDNA clone of
MGC29643 contains the 498 nt coding sequence flanked by
a273 nt 5-UTR and a 1119 nt 3’-UTR. The MGC29643 gene
consists of four exons and encodes a 165 amino acids protein
of unknown function. Nucleotide sequence alignment of
GPR39 and MG(C29643 transcripts shows that they are derived
from the same genetic locus but transcribed from opposite
directions. The transcripts overlap in their 3’ external exons
by 1261 nt.

The relative transcript abundance of GPR39, MGC29643
and GAPDH in HeLa and U-138 MG cells was determined by
quantitative real-time RT-PCR. The primers and probes used
in the study were designed to hybridize to the non-overlapping
regions of the transcripts to ensure the detection of only the
corresponding transcript. The relative transcript abundance is
expressed as the percentage of the target transcript level to that
of the housekeeping gene GAPDH. The average values of five
independent RNA preparations were used to calculate the
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Figure 1. Genomic organization of human GPR39 and MGC29643 genes. The
GPR39 and MGC29643 genes are localized to the same site on human
chromosome 2q21-q22 but transcribed in opposite directions. The boxes
represent the exons and the lines represent the introns. Shaded boxes show
the overlapping regions between the 3’ extreme exons of the genes. The
locations of translation initiation (ATG) and termination (TGA) codons are
indicated.
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transcript abundance. In HeLa cells, the GPR39 and
MGC29643 mRNA levels were 0.008 and 0.24% respectively,
relative to GAPDH mRNA (set arbitrarily at 100%). Thus,
MGC29643 mRNA is ~30 times more abundant than the
GPR39 mRNA in these cells. In U-138 MG cells, the
GPR39 and MGC29643 mRNA levels were 0.07 and
0.005% relative to GAPDH mRNA, respectively. Therefore,
GPR39 mRNA is 14 times more abundant than the MGC29643
mRNA in these cells. The GAPDH mRNA level in HeLa cells
is ~60% of the level of GAPDH mRNA in U-138 MG cells.

Gene-silencing efficiency of siRNAs targeting GPR39,
MGC29643 and GAPDH in HeLa cells

A schematic map depicting the target sites of siRNAs along
the three transcripts is shown in Figure 2. The efficiency of
gene silencing is measured by the percentage of target mRNA
reduction in siRNA-transfected cells relative to mock-
transfected cells. The average transcript levels from six inde-
pendent siRNA transfection experiments are shown in Figure 3.
Consistent with other reports, our study found that siRNAs
directed against each of the three endogenous mammalian
transcripts vary in their potency, reducing the transcript
level from 0 to 90%. As expected, the siRNAs that target
the unique (non-overlapping) regions of these transcripts
(Figure 3A and B; siRNAs MGC-1, MGC-2, GPR39-1,
GPR39-2) only induced the reduction of the corresponding
transcripts. Twenty of the 24 siRNAs targeting the overlapping
regions of GPR39 and MGC29643 reduced the levels of both
transcripts. The MGC29643 transcript was effectively
silenced, with 36% (5/14) of the siRNAs reducing the tran-
script level by at least 70% (Figure 3A). In contrast, only 14%
(2/14) of the siRNAs reduced the level of GPR39 transcript by
70% or more (Figure 3B). Surprisingly, the MGC29643 tran-
script was more efficiently down-regulated even by siRNAs
originally selected based on the GPR39 sequence. Six of the 12
(50%) overlapping GPR39-targeted siRNAs reduced the
MGC29643 transcript level by 70% or more (Figure 3B). In
contrast, none of the 12 overlapping MGC29643-targeted siR-
NAs reduced GPR39 by 70% (Figure 3A). In total, 18 of the 24
(75%) overlapping siRNAs induced a greater reduction of the
MGC29643 transcript than the GPR39 transcript; only 3 of the
24 (13%) siRNAs induced a greater reduction of the GPR39
transcript (Figure 3A and B; siRNAs MGC-4, GPR39-5,
GPR39-6). The global silencing efficiency of the siRNAs
appears to correlate with the cellular levels of these transcripts,

ATG

as MGC29643 is expressed at moderate levels, while GPR39 is
expressed at very low levels. The siRNAs targeting the highly
expressed GAPDH transcript were the most effective, with
58% (7/12) of them reducing the transcript level by 70% or
more; the rest of the siRNAs reduced the transcript level by at
least 40% (Figure 3C).

To provide visual examples of gene silencing by siRNA, we
performed regular RT-PCR to amplify the GPR39 and
MGC29643 transcripts from total RNA isolated from HeLa
cells transfected with selected siRNAs. The primers used in
the study were designed to amplify the non-overlapping
regions of the transcripts to ensure the detection of only the
corresponding transcript. The amplified products were then
separated by electrophoresis in a 1.5% agarose gel containing
ethidium bromide (Figure 3D). The intensity of the amplified
products correlated well with the degree of transcript reduction
determined by real-time RT-PCR (Figure 3A). The amplifica-
tion of the GAPDH transcript was used as an internal control.

Reversal of siRNA gene-silencing efficiency in
U-138 MG cells

To further investigate whether the difference in gene-silencing
efficiency might correlate with transcript abundance, we
sought to identify other human cell lines that express the
opposite levels of the transcripts. A reversal of the relative
gene-silencing efficiency of the siRNAs against these tran-
scripts in such cell lines would lend further support to the
hypothesis that low-abundant transcripts are less susceptible
to siRNA-mediated degradation.

Using quantitative real-time RT-PCR, a human glioma cell
line, U-138 MG, was identified that expresses the GPR39 tran-
script at a level that is 14-fold higher than the level of the
MGC29643 transcript (see previous section). We then evaluated
in this cell line a subgroup of the siRNAs that induced a greater
reduction of the MGC29643 transcript than the GPR39 tran-
script in HeLa cells. A total of 10 siRNAs were evaluated,
including five siRNAs designed for GPR39 and five siRNAs
designed for MGC29643. For each transcript, four of the five
siRNAs were directed against the overlapping region and the
other siRNA was against the non-overlapping region. A partial
or a complete reversal of the gene-silencing efficiency of these
siRNAs was observed (Figure 4A and B). Four of the eight
siRNAs (MGC-8, MGC-13, GPR-4, GPR-13) induced a
greater reduction of the GPR39 transcript than the
MGC29643 transcript (Figure 3A and B for comparison).
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Figure 2. Locations of siRNA target sites on the transcripts of GPR39, MGC29643 and GAPDH genes. The lines represent the three transcripts. Solid lines represent
the sequence-unique regions and dotted lines represent the sequence-overlapping regions. Small arrows show the relative positions of siRNA target sites. The
numbers above and below the small arrows correlate with the siRNA codes described in the Materials and Methods. The locations of the translation initiation (ATG)

and termination (TGA, TAA) codons are indicated.
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Figure 3. Reduction of target mRNA levels in HeLa cells induced by siRNAs targeting MGC29643, GPR39 and GAPDH (A-C). Quantitative real-time RT-PCR was
carried out to determine the extent of target mMRNA reduction induced by siRNAs. Mean fluorescence is reported from six independent transfection experiments. Error
bars show variations among the experiments as the standard deviation of the mean. The extent of target mRNA reduction is measured by the percentage of the
transcript level in sSiRNA-transfected cells relative to the transcript level in mock-transfected cells. (A) Reduction of MGC29643 (solid bars) and GPR39 (empty bars)
mRNA levels induced by siRNAs directed against MGC29643. (B) Reduction of MGC29643 (solid bars) and GPR39 (empty bars) mRNA levels induced by siRNAs
directed against GPR39. (C) Reduction of GAPDH mRNA level induced by siRNAs directed against GAPDH. (D) RT-PCR and gel electrophoresis of amplified
products. The sizes of the amplified products are 402 bp (MGC29643), 220 bp (GPR39) and 280 bp (GAPDH). Lane 1: 100 bp ladder DNA size marker. Lane 2:
no-template RT-PCR negative control. Lane 3: HeLa cells transfected with buffer instead of siRNA. Lane 4: HeLa cells transfected with nonspecific siRNA. Lane 5:
HeLa cells transfected with MGC-1 siRNA. Lane 6: HeLa cells transfected with MGC-3 siRNA. Lane 7: HeLa cells transfected with MGC-4 siRNA.

The other four siRNAs (MGC-3, MGC-7, GPR-7, GPR12)
induced the degradation of both transcripts to a similar extent.
As expected, the siRNAs targeting the non-overlapping
regions of the transcripts, MGC-1 and GPR-1, induced the
reduction of only the corresponding target.

Alteration of strand-specific activity of siRNA by single
base mutations

The siRNA MGC-5 induces degradation of both MGC29643
and GPR39 transcripts by ~50% in HeLa cells (Figure 3A). To
evaluate the effect of sequence mismatches on the strand-
specific activity of siRNA, we introduced single nucleotide

changes near the center of the siRNA in one or both siRNA
strands (Figure 5A). The siRNA MGC-5a consists of a C to G
change at position 12 in the antisense strand (counting from
the 5’ end of this strand) and a wild-type sense strand. When
base paired with its targets, the antisense strand forms a G/G
mismatch at position 12 with the MGC29643 transcript, while
the sense strand perfectly matches with the GPR39 transcript.
The siRNA MGC-5b consists of an A to U change at position
12 in the sense strand (counting from the 5" end of this strand)
and a wild-type antisense strand. When base paired with its
targets, the sense strand forms a U/U mismatch at position 12
with the GPR39 transcript, while the antisense strand perfectly
matches with the MGC29643 transcript. The siRNA MGC-5a/b
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Figure 4. Reduction of target mRNA levels in U-138 MG cells induced by
siRNAs targeting MGC29643 and GPR39. Quantitative real-time RT-PCR was
carried out to determine the extent of target mRNA reduction induced by
siRNAs. Mean fluorescence is reported from six independent transfection
experiments. Error bars show variations among the experiments as the
standard deviation of the mean. The extent of target mRNA reduction is
measured by the percentage of the transcript level in siRNA-transfected
cells relative to the transcript level in mock-transfected cells. (A) Reduction
of MGC29643 (solid bars) and GPR39 (empty bars) mRNA levels induced by
siRNAs directed against MGC29643. (B) Reduction of MGC29643 (solid bars)
and GPR39 (empty bars) mRNA levels induced by siRNAs directed against
GPR39.

consists of both mutant strands and should form the same mis-
matches with the MGC29643 and GPR39 transcripts. Both the
parental siRNA and the sequence-modified siRNAs were intro-
duced into HeLa cells and their ability to induce target degrada-
tion was evaluated. In contrast to the parental siRNA (MGC-5),
MGC-5a and MGC-5b mediated the degradation of only those
transcripts that are complementary to the wild-type siRNA

A MGC-5:
5’ -AGAGCUCGGUAAAGCAUUCUU
UUUCUCGAGCCAUUUCGUAAG-5"

MGC-5a:
5’ -AGAGCUCGGUAAAGCAUUCUU
UUUCUCGAGGCAUUUCGUAAG-5"

MGC-5b:
5’ -AGAGCUCGGUAUAGCAUUCUU
UUUCUCGAGCCAUUUCGUAAG-5"

MGC-5a/b:

5" -AGAGCUCGGUAUAGCAUUCUU
UUUCUCGAGGCAUUUCGUAAG-5"
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Figure 5. Alteration of siRNA strand-specific activity by mutation (A)
Sequences of wild-type (MGC-5) and mutated (MGC-5a, MGC-5b, MGC-
Sa/b) siRNAs. The top strands are complementary to GPR39 mRNA and
the bottom strands are complementary to MGC29643 mRNA. The bold and
underlined letters indicate the modified nucleotides. (B) Reduction of
MGC29643 (solid bars) and GPR39 (empty bars) mRNA levels induced by
siRNAs, determined by quantitative real-time RT-PCR. Mean fluorescence is
reported from six independent transfection experiments. Error bars show
variations among the experiments as the standard deviation of the mean.

strands but not the transcripts complementary to the mutant
siRNA strands. As would be expected, siRNA MGC-5a/b did
not induce the degradation of either of the transcripts
(Figure 5B).

DISCUSSION

Synthetic siRNAs cleaved sense as well as antisense target
RNAs in Drosophila melanogaster lysate (5,23). Our study
extended this finding to an in vivo system and showed that
siRNAs can simultaneously induce sequence-specific degra-
dations of two endogenous mammalian transcripts oriented in
opposite directions. Since 8% human genes have been esti-
mated to have an antisense partner (32), our results suggest



that when selecting siRNA target sites, it would be useful to
examine the possible existence of an antisense mRNA that
overlaps with the sense mRNA. Toward this end, it may be
desirable to avoid targeting the 5'- and 3’-UTRs of the genes
as ~70% of the overlapped sequences encompass the 5'- and
3'-UTRs (32).

Studies with synthetic siRNAs demonstrate that each
siRNA duplex cleaves the target RNA at a single site in the
center of the region covered by the siRNA duplex (5,23).
Based on the analysis of the effect of single- and double-
nucleotide mismatches created at various positions in
siRNA duplexes, the RNAi machinery seems to be more dis-
criminative in base pairing between target mRNA and siRNA
in the center of the duplex than at the 5 and 3’ ends
(21,22,40,41). Several reports showed that mismatches at or
near the center of the siRNA duplex resulted in partial or
complete loss of the ability of the siRNAs to reduce mRNA
or protein expression levels (21,22,40,41). A careful examina-
tion of the sequence modifications in siRNA duplexes, pro-
duced either by chemical synthesis (21,22,40) or by in vitro
transcription (41), revealed that some of the mutations created
on one siRNA strand (antisense strand) were compensated by
complementary changes on the other strand creating perfectly
matched siRNA duplexes (21,22,40,41). On the other hand,
some of the mutations were not compensated for by comple-
mentary changes, producing imperfectly matched siRNA
duplexes (21,22). In the present study, the sequence changes
in siRNAs MGC-5a and MGC-5b were made on only one
siRNA strand, resulting in mismatched siRNA duplexes.
Our results provide new information that such mismatched
siRNA heteroduplexes can induce the degradation of the
mRNA complementary to the wild-type siRNA strand, but
sparing the mRNA complementary to the mutant siRNA
strand. Expression profiling studies show that the sense strand
of an siRNA can direct off-target gene silencing (42). Thus,
our observation suggests that the use of siRNA heteroduplexes
can be useful in gene silencing to confer selectivity of sense or
antisense transcripts as well as minimize the off-target effects
of siRNA.

Work on Caenorhabditis elegans and Drosophila indicate
that the effective concentration of siRNA within cells can be
substoichiometric, such that a target mRNA in great excess of
the dsRNA is completely destroyed (1,43). Such striking effi-
cacy is thought to be due in part to the ability of the cells to
regenerate the trigger RNAs through the catalysis of the
enzyme RNA-dependent RNA polymerase (44,45). Till
date, evidence suggesting the existence of a similar mechan-
ism in mammals is lacking. In cultured mammalian cells,
RNAI induced by synthetic siRNAs is transient and the reduc-
tion of target mRNA level lasts for only a few days. Thus,
maintaining an effective cellular concentration of siRNA is a
key to achieving efficient and sustained gene silencing in
mammalian cells. By analogy to siRNA, a similar dependence
on the cellular concentration of target RNA would be
expected. It has been reported that highly expressed endogen-
ous mammalian genes can be effectively silenced by siRNAs
(13). A recent report suggests that a possible difference in
mRNA levels between human HeLa cells and mouse
SW3T3 cells might be responsible for the differences in
lamin A/C silencing by siRNA (46). At present, the overall
effectiveness of siRNAs in silencing low-abundant transcripts
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is unclear. Given the stoichiometric nature of the RNAIi pro-
cess in mammalian cells, it may be envisaged that the effi-
ciency with which siRNA/RISC interacts with target mRNA is
dictated by a threshold concentration of mRNA. If this was
true, the transcripts that are present at a level below the thresh-
old would be expected to be less susceptible to siRNA-
mediated degradation.

In the present study, we explored the presumptive effect of
transcript abundance on the effectiveness of siRNA
by employing the quantitative real-time RT-PCR method
(TagMan assay) known to be highly sensitive and specific
in determining specific mRNA levels (39,47). Our study sug-
gested that low-abundant transcripts are less susceptible to
siRNA-mediated gene silencing than intermediate- or high-
abundant transcripts, based on two lines of evidence. First, the
global gene-silencing efficiency of randomly selected siRNAs
correlated with the cellular expression levels of three tran-
scripts in HeLa cells in that the transcript with the highest
abundance (GAPDH) was silenced most effectively and the
transcript with the lowest abundance (GPR39) was silenced
least effectively. Second, the relative gene-silencing efficiency
of the siRNAs targeting the overlapping regions of the GPR39
and MGC29643 transcripts also correlated with the cellular
expression levels of the transcripts. In particular, regardless of
the cell types, the transcript with higher abundance
(MGC29643 in HeLLa and GPR39 in U-138 MG) was silenced
more effectively than the transcript with lower abundance
(GPR39 in HeLa and MGC29643 in U-138 MG). It is
worth noting that the use of siRNAs that target both a
sense and an antisense transcript simultaneously is of parti-
cular value as certain experimental and biological variables
that could potentially affect the results could be avoided.
These variables include the transfection -efficiency of
siRNA, the toxicity of reagents and the biological status of
cultured cells.

Recent studies revealed that siRNA duplexes can be func-
tionally asymmetric, with one of the two strands being able to
induce a greater degree of target RNA degradation (26,27). It
has been shown that such functional asymmetry was deter-
mined mainly by the thermodynamic stabilities at the 5" ends
of the two siRNA strands. In general, the more effective
siRNA strand possesses a less stable 5’ end than its less effect-
ive counterpart (more A/U base pairs than G/C base pairs). In
an attempt to assess the potential contribution of siRNA
duplex asymmetry to the relative silencing efficiencies of
the sense and antisense siRNA strands targeting the GPR39
and MGC29643 transcripts, we examined the base composi-
tion of the first 4 nt at the 5" end of both siRNA strands. A
recent study (26) has indicated that mismatches at positions 1
to 4 of siRNA strands (counting from 5 end) were most
influential to the relative loading of the siRNA strands into
RISC and therefore to the relative silencing efficiency of these
strands. Our preliminary analysis revealed a fairly random
nucleotide composition at the 5’ ends for the majority of
the siRNA duplexes, suggesting that duplex asymmetry on
the whole did not play a significant role in determining the
relative gene-silencing efficiency of the siRNAs. However, the
analysis did reveal a strong correlation between duplex asym-
metry and the relative silencing efficiency in a pair of ‘outlier’
siRNAs (MGC-4 and GPR-6). These two siRNAs induced a
greater reduction of the low abundance GPR39 transcript than
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the higher abundance MGC29643 transcript in HeLa cells
(Figure 3). Sequence analysis indicated that the 5’ ends of
the siRNA strands that target the MGC29643 transcript
(MGC-4: 5-UGGC; GPR-6: 5-GGAG) were more stable
than the 5 ends of the opposite strands that target the
GPR39 transcript (MGC-4: 5'-AUUA; GPR-6: 5'-AAAA).
Future work is planned to determine if introduction of desta-
bilizing mismatches at the 5’ ends can reverse the relative
gene-silencing efficiency of these and other siRNAs, and
whether rationally designed siRNAs with asymmetrical duplex
ends would still display a relative silencing efficiency that
correlates with target mRNA abundance. The latter may pro-
vide an indication to the relative importance of target mRNA
expression and properties of the siRNA for gene silencing.

Two additional factors may provide alternative explanations
to the observation that low-abundant transcripts are less sus-
ceptible to siRNA-mediated degradation than medium- and
high-abundant transcripts. One is the possibility that the sense
and antisense transcripts form hybrids due to their sequence
complementarity. If this were the case, most of the lower
abundant transcripts may be present in a double-stranded
structure, which is more refractory to RNAI than the single-
strand transcript. A comparison of the relative abundance and
silencing efficiency of transcripts not known to have antisense
partners should help address this issue. A second potential
factor is the difference in the half-lives of these transcripts.
However, we do not have information regarding the half-life
of the GPR39 and MGC29643 transcripts currently.

A recent study (21) found that siRNAs with intermediate
activities were unable to deplete the transcript of the endo-
genous human tissue factor gene, but were more effective on
depleting the transcript of an exogenous transgene. Although
the transcript levels were not determined in this study, it may
be assumed that the endogenous transcript is at a lower level
than the transcript from the transgene. Our observation would
support the general conclusion that low-abundant transcripts
are less susceptible to siRNA-mediated degradation. This
observation should have important implications in the appli-
cation of siRNA-based technology. In order to achieve sig-
nificant silencing of genes that are expressed at low levels, it
may be necessary to target multiple sites on the transcripts and/
or increase the effective intracellular concentration and stabi-
lity of siRNA. It should be emphasized that the efficiency of
siRNA-mediated gene silencing is affected by a combination
of factors. A thorough understanding of these factors should
help the design of highly functional siRNAs that can effect-
ively silence all of the transcripts, regardless of their cellular
expression levels.
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