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The gene-silencing activity of a small interfering RNA (siRNA) is determined by various factors. Considering
that RNA interference (RNAi) is an unparalleled technology in both basic research and therapeutic applications,
thorough understanding of the factors determining RNAi activity is critical. This report presents observations
that siRNAs targeting KRT7 show cell-line-dependent activity, which correlates with the expression level of
KRT7 mRNA. By modulating the target mRNA level, it was confirmed that highly expressed genes are more
susceptible to siRNA-mediated gene silencing. Finally, several genes that show different expression levels in a
cell-line dependent manner were tested, which verified the expression-level-dependent siRNA activities. These
results strongly suggest that the abundance of target mRNA is a critical factor that determines the efficiency of
the siRNA-mediated gene silencing in a given cellular context. This report should provide practical guidelines
for designing RNAi experiments and for selecting targetable genes in RNAi therapeutics studies.

Introduction

Small interfering RNA (siRNA) is an effector mole-
cule of RNA interference (RNAi), and consists of an

RNA duplex with length between 19 and 21 bases (Elbashir
et al., 2001a, 2001b). Once introduced into a cell, siRNA
induces target messenger RNA (mRNA) degradation in a
sequence-specific manner via the RNAi pathway, resulting in
the inhibition of target gene expression (Carthew and Son-
theimer, 2009). In general, potent siRNAs have IC50 values in
the sub-nanomolar range, and treatment with 1–10 nM of
siRNA with the aid of a delivery vehicle is sufficient to
achieve effective target gene silencing in a cell culture model
(Kretschmer-Kazemi Far and Sczakiel, 2003). Accordingly,
siRNA-mediated gene knockdown technique is regarded as a
most powerful tool for in vitro gene function study, and has
a wide range of application, from single gene analysis to
genome-wide screening studies (Dorsett and Tuschl, 2004).

Although there are many aspects to consider in designing
an experiment using siRNA, it is most important that the
siRNA used in the experimental model has potent gene-
silencing activity. For this reason, there have been many ef-
forts to identify features associated with the gene silencing
potency of siRNA since the beginning of siRNA technology
development. A series of reports identified features and al-
gorithms related to the siRNA activity, which helps to design

siRNAs with good gene silencing potency to some extent
(Elbashir et al., 2002; Reynolds et al., 2004; Ui-Tei et al.,
2004; Gong et al., 2006, 2008; Matveeva et al., 2007; Lu and
Mathews, 2008; Naito and Ui-Tei, 2012). Nevertheless,
many studies report the observation of insufficient knock-
down in siRNA experiments. For instance, a large-scale
siRNA experiment reported a group of non-targetable genes
even after testing repeated redesigns of the siRNA sequences
(Krueger et al., 2007). This gene-specific response to siRNA
treatment may be due to the inherent property of the tran-
script. However, identification of the underlying factors is
still under investigation.

It is thought that a number of distinct features are linked to
the siRNA efficacy, and they often work in a combined
manner. These include properties of the siRNA sequence
such as internal stability, as well as features of the target
mRNA such as the secondary structure surrounding the
siRNA target site (Bohula et al., 2003; Khvorova et al., 2003;
Kretschmer-Kazemi Far and Sczakiel, 2003; Overhoff et al.,
2005). In addition to the factors restricted to the interface of
siRNA and target mRNA interaction, features that influence
behavior in an indirect manner have been explored by several
groups. It was suggested that cellular localization and the
RNA-associated protein binding of the target mRNA may
affect siRNA efficacy (Holen et al., 2002). Recently, com-
petition between off-targets and on-targets were investigated,
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and it was reported that the presence of a large number of
off-targets in the siRNA treated cells renders a ‘‘dilution
effect’’ that limits siRNA activity on on-target mRNA (Arvey
et al., 2010). Correlation between siRNA efficacy and target
mRNA turnover rate has also been examined, and it was
suggested that short-lived mRNAs are more insensitive to
siRNA treatment (Larsson et al., 2010). In addition, an
abundance of target transcript was proposed as one of the
features affecting siRNA efficacy, and Xiuyuan Hu et al.
clearly showed that transcripts with low expression levels are
less susceptible to siRNA-mediated degradation through the
analysis of RNAi-mediated knockdown efficiencies of sense
and antisense transcript from the same genetic locus (Hu
et al., 2004).

In this study, an RNAi experiment was designed for the
functional study of the KRT7 gene. Unexpectedly, two in-
dependent KRT7 siRNAs showed dramatic differences in
efficacy between two groups of cell lines. Further analysis
revealed that the two groups of cell lines have different levels
of KRT7 mRNA. Based on this initial finding, correlation
between siRNA efficacy and target mRNA abundance was
investigated with an inducible gene expression model and
additional examples of the endogenous genes. It is proposed
that the abundance of target mRNA is one of the key factors
that determine the gene-silencing efficiency of siRNA in a
given cellular context.

Materials and Methods

siRNAs

Chemically synthesized RNAs were purchased from Bio-
neer and annealed according to the manufacturer’s protocol.
The RNA sequences for each gene and additional information
are provided in Supplementary Table S1 (Supplementary
Data are available online at www.liebertpub.com/nat).

Cell culture and siRNA transfection

A549 (CCL-185), HEK293 (CRL-1573), HeLa (CCL-2),
and SK-N-SH (HTB-11) cell lines were purchased from
ATCC and maintained at 37�C in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% (v/v) fetal bovine
serum (Gibco). Cells were routinely subcultured to maintain
exponential growth. For transfection, cells were plated on 12-
well plates 24 hours before transfection at 30%–50 % con-
fluence in complete medium. Lipofectamine RNAiMAX was
used for siRNA transfection following the manufacturer’s
protocol (Invitrogen). The final concentrations of siRNA
transfected were 1 and 10 nM for KRT7 and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) and 10 nM for
other genes. Cells were harvested 24 hours after siRNA
transfection.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cells using an Isol-RNA
Lysis Reagent (5 Prime) according to manufacturer’s in-
structions. Total RNA (500 ng) was used as a template for
complementary DNA (cDNA) synthesis using a High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems) according to the manufacturer’s protocol. Aliquots
(1/20) of each cDNA reaction were analyzed by quantitative
real-time reverse transcription–polymerase chain reaction

(qRT-PCR) using the StepOne Real-Time PCR System
(Applied Biosystems). Gene-specific primers were mixed
with SYBR Premix Ex Taq (Takara). In the analysis of the
siRNA target gene knockdown efficiency (Figs. 1A, B, 2C,
and 3B), the target genes and TUB1A1 (internal control)
mRNA levels were determined using the relative standard
curve quantitation method. Data from a standard dilution
series of the control sample were used to generate the stan-
dard curve. For the cDNA copy number analysis (Figs. 1C,
3A), the standard curve quantitation method was used. The
PCR product of each gene was purified using a Qiaquick PCR
purification kit (Qiagen), and a series of diluted PCR products
was used for generating the standard curve (Supplementary
Fig. S1). The primer sequences for each gene and additional
information are provided in Supplementary Table S2.

Establishing stable cell lines

Tet-On 3G Tetracycline Inducible Gene Expression Sys-
tems (Clontech) were used for establishing cell lines ac-
cording to the manufacturer’s protocol. Briefly, for
establishing stable cell lines expressing Tet-On 3G, pCMV-
Tet3G was transfected into HEK293 or HeLa cells using
Xfect transfection reagent. G-418 resistant single colonies
were picked after 2 weeks of G-418 selection (800mg/mL for
HEK293 and 400 mg/mL for HeLa, Gold Biotechnology) and
tested for luciferase induction. The resulting HEK293/t3g-9
and HeLa/t3g-9 cell lines were maintained in G-418-
containing media (400mg/mL for HEK293 and 200 mg/mL for
HeLa). For establishing a double-stable cell line, pTRE3G-
Luc and hygromycin linear selection markers were cotrans-
fected into HeLa/t3g-9 cells using Xfect. Hygromycin-resistant
single colonies were picked after 2 weeks of hygromycin
selection (200 mg/mL, Sigma-Aldrich) and tested for lucifer-
ase induction. The resulting HeLa/t3g-luc-24 was maintained
in hygromycin-containing media (100mg/mL).

Luciferase knockdown analysis
of HEK293/t3g-9 cell line

Cells were plated on 24-well plates at 50% confluence in
complete medium. After 24 hours, pTRE3G-Luc (100 ng)
and pRL-SV40 (1 ng, Promega) were cotransfected using
Lipofectamine 2000 reagent following the manufacturer’s
protocol (Invitrogen). For knockdown study, siLuc-targeting
luciferase (10 nM final) is included in the transfection mix-
ture. After transfection, doxycycline (Clontech) was added at
the indicated concentration for 24 hours, and luciferase ac-
tivity was analyzed using the Dual Luciferase Reporter Assay
System (Promega). Results were quantified with the 20/20n

Luminometer (Turner Biosystems).

Luciferase knockdown analysis
of HeLa/t3g-luc-24 cell line

Cells were plated on 24-well plates at 50% confluence in
complete medium. After 24 hours, siLuc (10 nM final) was
transfected using Lipofectamine RNAiMAX according to the
manufacturer’s protocol (Invitrogen). After transfection,
doxycycline was added at the indicated concentration for 24
hours. Luciferase activity was analyzed using the Luciferase
Assay System (Promega), and the results were quantified
with the 20/20n Luminometer.
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FIG. 1. Analysis of KRT7 and GAPDH small interfering RNAs (siRNAs) activities in four different cell lines. (A)
Activities of two siRNAs targeting KRT7 messenger RNA (mRNA). (B) Activities of two siRNAs targeting GAPDH
mRNA. For A and B, siRNAs were transfected into each cell lines and target mRNA levels were analyzed by quantitative
real-time reverse transcription polymerase chain reaction (PCR) 24 hours following transfection. The values plotted as
‘‘relative mRNA levels’’ on the y-axis in the figure were calculated as the target mRNA level divided by the TUBA1A
(control) mRNA level and relative mRNA levels to mock transfection control (reagent only) are presented. All data in the
graph represent mean – SD values of three independent experiments. Student’s t-test was used to compare target mRNA
knockdown efficiency between two cell lines. *P < 0.01. (C) Expression level of KRT7 and GAPDH in four cell lines. Copy
number of KRT7 or GAPDH cDNAs in reaction was analyzed through quantitative real-time PCR. Serial dilutions of
purified PCR product of each gene were used for generating standard curve. All data in the graph represent mean – SD
values of three independent samples.

FIG. 2. Analysis of luciferase and EGR1 (early growth response 1) siRNAs activities in non-induction or induction
conditions. (A) Analysis of luciferase siRNA activities in HEK293/t3g-9 cell line. HEK293/t3g-9 cells were co-transfected
with pTRE3G-Luc and pRL-SV40 and the indicated concentration of doxycycline (0–100 ng/mL) was applied. Twenty-four
hours later, luciferase activity was measured. (B) Analysis of luciferase siRNA activities in HeLa/t3g-luc-24 cell line.
Indicated concentration of doxycycline (0–1000 ng/mL) was treated for 24 hours, and luciferase activity was measured. (A–
B) For knockdown study, siLuc (10 nM final) is transfected for 24 hours and relative luciferase activities to no doxycycline
condition were presented as bar graphs. Three independent experiments were performed in triplicate manner, and data in the
graph represent mean – SD values of one representative experiment. (C) Analysis of siEGR1 activities in A549 cells under
with or without phorbol-12-myristate-13-acetate (PMA) stimulation. A549 cells are transfected with siEGR1 under with or
without PMA stimulation (100 nM, 24 hours) and target mRNA levels were analyzed by quantitative real-time reverse
transcription PCR as described in Fig. 1A. Relative mRNA levels to PMA stimulation and mock transfection condition are
presented. All data in the graph represent mean – SD values of three independent experiments. (A–C) Average percent
knockdown efficiencies are indicated at the bottom of each condition. Student’s t-test was used to compare target mRNA
knockdown efficiency between non-induction and induction conditions. *P < 0.01; **P < 0.05.
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Statistical analysis

Statistical significance was assessed by Student’s t-test.

Results and Discussion

To knock down KRT7 gene expression, two siRNAs
(siKRT7-1 and siKRT7-2) targeting the KRT7 mRNA se-
quence were designed. The transfection of each siRNA into
the HeLa cell line showed efficient reduction of the target
mRNA level at concentrations generally used for RNAi ex-
periments (1 nM and 10 nM). Figure 1A shows that 1 nM
transfection of both siKRT7s reduced *90% of the target
mRNA level. Additional cell lines derived from different
human tissues were then chosen, including A549, HEK293,
and SK-N-SH, and RNAi experiments were conducted using
siKRT7s. The treatment of siKRT7s into A549, a lung car-
cinoma cell line, resulted in similar inhibition of the target
mRNA level. As shown in Fig. 1A, more than 90% knock-
down of the target gene was achieved at 1 nM transfection
using both siRNAs.

However, unlike HeLa and A549 cell lines, significant
down-regulation of KRT7 mRNA could be not observed
using siKRT7s in HEK293 and SK-N-SH cell lines. Seventy
percent of the target mRNA remained under 10 nM siKRT7
transfection conditions For HEK293, a human embryonic
kidney cell line. For SK-N-SH, a neuroblastoma cell line, the
treatment of both siKRT7s achieved merely 20% reduction of
the target mRNA level (Fig. 1A).

Among the factors affecting the efficacy siRNA-mediated
target gene inhibition, the efficiency of siRNA delivery or the
capacity of RNAi machinery might have a role in cell-line-
dependent siRNA activity. Particularly, some cell types such
as human T cell lines are known to have difficulty achieving
high transfection efficiency (Ovcharenko et al., 2005).
However, all four cell lines used in this study are widely used
for RNAi experiments, and multiple reports have described
efficient target gene knockdown by RNAi methods in these
cell lines (Elbashir et al., 2001a; Chiu and Rana, 2002; Truss
et al., 2005; Ren et al., 2009).

We checked transfection efficiency of the four cell lines
through the quantification of delivered siRNAs and the re-
sults showed similar level of transfected siRNAs in four cell
lines (Supplementary Fig. S2A). Fluorescence visualization

of the Cy3-labeled siRNA after transfection further con-
firmed the similar transfection efficiency of the siRNA
molecules (Supplementary Fig. S2B). In addition, an RNAi
experiment using two siRNAs targeting the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) gene (siGAPDH-1
and siGAPDH-2) showed potent RNAi activity in both
HEK293 and SK-N-SH cell lines. As shown in Fig. 1B, si-
GAPDHs showed comparable target gene silencing in SK-N-
SH cell lines compared to either HeLa or A549 cell lines. Up
to 90 % reduction of the GAPDH mRNA level in the HEK293
cell line was also observed. These results confirm that the
differences in RNAi activity among different cell lines can-
not explain differences in KRT7 RNAi efficiency among the
cell lines tested.

Larsson et al. investigated the relationship between the
efficacy of siRNA and the turnover rate of mRNA targets.
They showed that genes with high turnover rates are more
resistant to siRNA-mediated silencing (Larsson et al., 2010).
However, examination of the KRT7 mRNA half-life in four
cell lines revealed that KRT7 mRNA in HeLa cell has the
highest turnover rate among the cell lines tested. The half-life
of KRT7 mRNA is 7 hours in HeLa cells; it is more than 24
hours in other cell lines (data not shown). Thus, the turnover
rate factor also cannot explain the cell-line-dependent KRT7
siRNA efficacy observed.

Interestingly, real-time PCR raw data showed significant
differences in cycle threshold (CT) values between siKRT7-
responsive cell lines (HeLa and A549) and nonresponsive
cell lines (HEK293 and SK-N-SH). In the experimental
conditions, the CT values of KRT7 for HeLa and A549 were
18.1 and 16.7, respectively. For the HEK293 and SK-N-SH
cell lines, KRT7 showed CT values of 30.1 and 27.6, re-
spectively (For no-template control, PCR amplification sig-
nal was not detected and CT value was not determined). On
the other hand, all tested cell lines have similar CT values of
GAPDH, ranging from 15 to 16.

In general, the CT value in real-time PCR data directly
reflects the amount of PCR targets, so the findings suggest
that cell-line-specific siRNA activity correlates with the
abundance of target mRNA level in the cell line tested. The
copy number of each cDNA in reverse transcribed samples
was analyzed, and the results revealed that HeLa and A549
cells contain a much higher number of KRT7 transcripts than

FIG. 3. Analysis of cell line specific siRNA activity. (A) Expression level of five genes in A549 and SK-N-SH cell lines.
Copy number of each gene cDNA was analyzed and presented as described in Fig. 1B. (B) Activities of five siRNAs in
A549 and SK-N-SH cell lines. siRNAs targeting each gene were transfected and target mRNA levels were analyzed as
described in Fig. 1A. All data in the graphs represent mean – SD values of three independent samples. Student’s t-test was
used to compare target mRNA knockdown efficiency between two cell lines. *P < 0.01; **P < 0.05.
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SK-N-SH and HEK293 cells with a difference of three orders
of magnitude (Fig. 1C).

The experimental observations using KRT7 siRNAs led to
the examination of the correlation of target mRNA abun-
dance and siRNA efficacy. To provide identical experimental
conditions except for the target mRNA abundance, an ex-
perimental model that uses a tetracycline-inducible expres-
sion system was set up (Gossen and Bujard, 1992). In this
system, the transcription of a gene of interest can be regulated
by an induction molecule (doxycycline) in a dose-dependent
manner. HEK293/t3g-9 cell line stably expressing Tet-On 3G
Transactivator Protein was established. The transient trans-
fection of pTRE3G-Luc vector along with doxycycline
treatment caused more than a 2,000-fold difference of lu-
ciferase activity in HEK293/t3g-9 cells (Fig. 2A). siRNA
targeting luciferase (siLuc) and pTRE3G-Luc vector were
cotransfected in either non-induction or induction condi-
tions. Reduced luciferase activity resulting from the siLuc-
mediated target mRNA knockdown was analyzed. The
results showed the correlation of siRNA efficacy and target
abundance. As shown in Fig. 2A, knockdown level of lucif-
erase activity by siLuc varied from 45.6% to 96.9% as the
target gene expression level increased.

Further tests were conducted using a double stable cell
line, HeLa/t3g-luc-24, which expresses Tet-On 3G activator
protein and luciferase under the control of a PTRE3G pro-
moter. The doxycycline-dose-dependent induction of lucif-
erase activity in the cell line was confirmed, and an influence
of the target gene level on siRNA efficacy was observed. In
non-induction conditions, siLuc transfection resulted in
49.1% reduction of luciferase activity. On the other hand,
1000 ng/ml of doxycycline treatment resulted in 60-fold in-
duction of luciferase activity, and siLuc treatment showed
98.1% reduction of luciferase activity in these conditions
(Fig. 2B).

A model using an endogenously expressed gene was also
tested. Early growth response protein 1(EGR1) is a stress-
responsive gene, and the expression of EGR1 is induced by
various stimulations (Adamson and Mercola, 2002; Thiel and
Cibelli, 2002). The induction of EGR1 mRNA expression
under phorbol-12-myristate-13-acetate (PMA) treatment
conditions was tested in A549 cells. As shown in Fig. 2C,
EGR1 showed low transcript level in basal conditions, and
PMA treatment for 24 hours resulted in a 54-fold increase of
the EGR1 mRNA level. siRNA targeting EGR1 was then
transfected with or without PMA treatment conditions, and
the siEGR1 target gene knockdown efficiency was analyzed.
Similar to the doxycycline induction model experiment, it
was confirmed that siERG1 showed target gene expression
level-dependent efficiency. In non-inducing conditions,
about 56.4% of the target mRNA remained 24 hours after
siRNA treatment. On the other hand, siEGR1 treatment under
PMA stimulation reduced the target mRNA level to 17.1%.

As a next step, additional genes that show differential
expression levels between two cell lines were examined. The
genome-wide transcript level of RNA in A549 and SK-N-SH
cell lines was obtained from The Encyclopedia of DNA
Elements (ENCODE) project RNA-seq data (Rosenbloom
et al., 2012), and 5 genes showing distinct transcript levels
between A549 and SK-N-SH cell lines were selected.
CXCL5, HGD, and FGA are referred to as the ‘‘A549 genes’’
because they show high expression levels in the A549 cell

line but low expression levels in the SK-N-SH cell line. The
‘‘SK-N-SH genes,’’ MME and POSTN, have an opposite
expression pattern in the two cell lines (Fig. 3A). siRNAs
targeting each gene were designed, and the target knock
down efficiencies of individual siRNAs in the two cell lines
were examined.

As expected, the results showed cell-line-dependent siR-
NA activities in accordance with the expression levels. As
shown in Fig. 3B, the A549 genes, CXCL5, HGD, and FGA,
showed efficient gene knockdown ranging from 92.1% to
95.2% in the A549 cell line. The same was true for the SK-
N-SH genes in the SK-N-SH cell line (the knockdown
efficiencies of MME and POSTN are 90.3% and 93.7%, re-
spectively). In contrast, the transfection of the siRNAs tar-
geting A549 genes in SK-N-SH cells and the siRNAs
targeting SK-N-SH genes in A549 cells merely achieved
47% knockdown at most (Fig. 3B). The results further sup-
port the hypothesis that the resistance of a gene to siRNA
treatment is frequently caused by low transcript level.

In the present study, dramatic differences in KRT7 siRNA
efficacies between two groups of the cell lines led us to
survey the correlation between siRNA efficacy and target
mRNA abundance. Experimental model systems were then
established to examine the relationship. In the same cellular
context, target gene expression was manipulated and siRNA
efficacy was analyzed. The results from the model systems
using both exogenous (luciferase) and endogenous (EGR1)
genes support the hypothesis that a low abundance of target
mRNA leads to an inefficient knockdown by siRNA treat-
ment. Five additional genes that show distinct expression
levels in A549 and SK-N-SH cells were selected and the
results showed siRNA efficacies that were dependent on the
gene expression level.

Previously, Xiuyuan Hu et al. analyzed the correlation
between the target transcript and siRNA efficacy and pro-
vided evidence that low-abundant transcripts are less sus-
ceptible to siRNA-mediated degradation. (Hu et al., 2004).
However, to our knowledge, detailed, quantitative criteria of
target transcript abundance that could be a practical guideline
for siRNA experiments have not been provided. In this study,
the correlation between target mRNA abundance and siRNA
efficacy was explored by testing nine genes, and the results
provide the range of non-targetable transcript level. In the
experimental conditions, genes with cDNA numbers from 13
(MME in A549) to 420 (CXCL5 in SK-N-SH) were generally
non-targetable by siRNA treatment. In contrast, genes with
cDNA numbers higher than about 46,440 (MME in SK-N-
SH) were readily targeted by siRNA.

More recently, the influence of gene expression level on
siRNA silencing potential was explored through a large-scale
siRNA validation screening (Krueger et al., 2007). The DCT

values between the CT values of the target gene and GAPDH
gene were used for indicators of the target gene abundance.
Krueger et al., observed efficient knockdown in a set of genes
with DCT > 10, demonstrating that a low abundance of target
gene does not have an effect on siRNA potency. In the present
study, siEGR1 study showed similar results. Under PMA
treatment conditions, DCT of EGR1 to GAPDH was 11.8, and
efficient target gene knockdown was observed. However,
under un-stimulated conditions with DCT of 16.5, similar
knockdown efficiency was not achieved by siEGR1 treatment
(Fig. 2C). The result suggests that genes with DCT to GAPDH
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ranging from 10 to 12 have sufficient number of transcripts to
show efficient knockdown by siRNA treatment. CT values of
the tested genes were also inspected, as shown in Fig. 3,
which showed that all non-targetable transcripts have DCTs
higher than 16. This result indicates that DCT higher than 16
to GAPDH may serve as an indicator of potential non-
targetability in siRNA experiment.

The assessment of the target gene transcript level is a
relatively straightforward process, and the data suggests that
the evaluation of target gene abundance is an indispensable
step in designing siRNA experiments. The validation of a
sufficient target gene level prior to conducting siRNA ex-
periments is expected to increase the success rate of target
gene silencing, and by providing information for selecting an
adequate experimental model, it may prevent misinterpreta-
tion of data from RNAi experiments. It is also believed that
the inspection of target gene abundance is a useful process to
exclude false positives in large-scale siRNA experiments
such as genome-wide RNAi screening.
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