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The analysis of dose response curve comes in useful
for the assembly of multi-siRNAs expressing
cassettes
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Summary
The construction of vectors that would allow the simultaneous expression of multiple siRNAs targeted against
different genes is hampered by the competition between siRNAs. In this work, the simultaneous knock-down of four
genes involved in smooth muscle cells activation, migration and proliferation was considered. We used the knockdown of EGFP reporter assay to evaluate the dose response curves of the four shRNA expressing plasmids. We
found that each siRNA reached the highest acitivity (as evaluated from the plateau phase) with different kinetics (as
evaluated from the KD). Due the specificity of KD, the mono-specific plasmids were tested against their targets by
the addiction of saturating amounts of each of the other shRNA-expressing plasmid. In this way, stronger from
weaker shRNAs were distinguished and KD seemed to account for it. Moreover, when stronger shRNAs were
assembled, the resulting plasmid was able to simultaneously transcribe active shRNAs genes. These results indicate
that expression cassettes for different siRNAs having similar KD can be efficiently and rapidly assembled into
multi-specific multi-siRNA plasmids. A practical correlate of these observations is that, in order to obtain effective
multi-gene knock down, only siRNAs with similar inhibitory kinetics need to be delivered to the cells.

different regions of the same RNA do not always show
additive/synergistic effects (Holen et al, 2002; Kawasaki
et al, 2003; Hsieh et al, 2004) and that inactive siRNAs
decrease the efficiency of active ones (McManus et al,
2002; Wunsche and Sczakiel, 2005). Hence, the
construction of vectors that would allow either the
expression of shRNA targeted against different regions of
the same gene, in order to increase target gene knockdown efficiency, or the simultaneous expression of
multiple siRNAs targeted against different genes is highly
dependent on the competition between siRNAs. Insulinlike growth factor I receptor (IGF-IR), platelet-derived
growth factor receptor β (PDGF-Rβ), urokinase type
plasminogen activator (uPA) and αv integrin genes are
involved in the control of arterial of smooth muscle cell
activation, proliferation and migration (Kopp and de

I. Introduction
Since the demonstration that synthetic siRNAs can
be used to successfully knock-down gene expression,
several efforts have been made to prolong their temporally
limited activity. For this purpose, different RNA
polymerase III-dependent siRNA expression cassettes
have been developed and inserted into retroviral, lentiviral
and adenoviral vectors (Brummelkamp et al, 2002). In this
context, the possibility to construct vectors for the delivery
of multiple siRNAs represents a further challenge in RNAi
applications (Elbashir et al, 2002; Leirdal and Sioud,
2002; Anderson et al, 2003; Yu et al, 2003; Schuck et al,
2004). One of the concerns that arises when multiple
siRNAs are present inside the cells is their possible
competition for the RNAi machinery. Indeed, it has been
reported that pools of active siRNAs targeted against
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Martin, 2004). In order to achieve the simultaneous downregulation of these genes as a therapeutic approach for
prevention of arterial restenosis, it is crucial to know if
active siRNAs targeted against these genes compete or not
with to each other. We have already identified active
siRNAs against these genes on the basis of functional
asymmetry (Schwarz et al, 2003) and internal instability
(Khvorova et al, 2003) and proved that they are active
against their own targets (Poliseno et al, 2004). The
reasons are that the antisense strand is loaded in RISC
complex more efficiently if its stability is lower than that
of sense strand, while a low stability in the middle of the
antisense strand facilitates the mRNA cleavage.
However, these parameters seem inadequate to
predict also if the selected siRNAs compete to each other,
in that we found no clear relationship between them and
competition. Titration experiments by using exogenously
added siRNAs have already indicated that the efficacy of
RNAi results from the equilibrium between the number of
target mRNA molecules produced by the transcription

machinery and the number of molecules that are
effectively cleaved (Elbashir et al, 2002; Holen et al,
2002). We reasoned that each siRNA challenged against
its own target should generate a specific dose-response
curve. This was true since we distinguished stronger
(higher KD values) from weaker (lower KD values)
shRNA. We also demonstrated that shRNA with similar
dose-response curves can be assembled in a plasmid to
give an effective multi-gene knock-down.

II. Materials and methods

A. shRNA expressing plasmids
The position of the siRNAs targeted against porcine genes
(I, P, U and A siRNA) is shown in Figure 1A. Plasmids
expressing the shRNAs under the control of the H1-RNA
promoter (pI, pP, pU, pA pMCSpSUPER plasmids) are depicted
in Figure 1B. They were constructed according to the procedure
described in the legend of Figure 4 (first-third step).

Figure 1. Activity of shRNA expressing plasmids. (A) Target genes involved in arterial restenosis (Kopp and de Martin, 2004),
location of target sequence and siRNA nicknames. (B) Schematic representation of the 300 bp siRNA expression cassettes.
pMCSpSUPER plasmids expressing I shRNA (pI), P shRNA (pP), U shRNA (pU) and A sRNA (pA) are depicted. The 600 bp spacer is
reported on the right. Arrows indicate the direction of transcription. (C) Schematic representation of the reporter pEGFP-C1 hybrid
plasmids used for the EGFP knock-down reporter assay. Indicated fragments of porcine genes were obtained by RT-PCR amplification
from porcine coronary smooth muscle cells and cloned downstream of EGFP open reading frame in pEGFP-C1 plasmid. The forward
primer contained a stop codon in order to ensure correct translation of the EGFP protein (Poliseno et al, 2004). Dotted box: CMV
promoter; light gray box: EGFP ORF; white box: pIGF-IR porcine gene fragment; dashed box: pPDGF-R β porcine gene fragment; dark
gray box: puPA porcine gene fragment; black box: αν porcine gene fragment.
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bands was performed using OptiQuant Acquisition and Analysis
software.

B. Reporter genes
To assess shRNA activity against their respective targets,
we applied an already developed EGFP knock-down reporter
assay (Poliseno et al, 2004). Briefly, a fragment of the target
gene obtained by RT-PCR amplification from porcine coronary
smooth muscle cells was cloned downstream of the EGFP open
reading frame in pEGFP-C1 plasmid. The forward primer
contained a stop codon in order to ensure translation of wt EGFP
protein. Any shRNA targeting the resulting hybrid transcript
determines a decrease in cellular fluorescence, which is then
quantified by flow cytometry. The hybrid plasmids used as
targets in the EGFP knock-down reporter assay are reported in
Figure 1C.

III. Results
A. Dose response curves of shRNAexpressing plasmids
We tested the dose-response effect of different
concentrations of the four single-copy shRNA-expressing
plasmids against a fixed concentration of their respective
targets. We observed that the maximal activity was
reached at ~8 pM for all the four plasmids. It corresponded
to a 83.9, 89.2, 78.2 and 84.2% decrease of EGFP
fluorescence for pI, pP, pU and pA respectively (Figure
2).
Of interest, when analyzing the relative efficiencies
of the four plasmids at lower concentrations, we observed
that KD (the concentration at which 50% of the maximal
activity of each plasmid was obtained) was 1.73, 2.19,
2.40 and 6.11 pM for pP, pI, pU and pA respectively
(insert of Figure 2). These results highlight that each
shRNA reached the highest acitivity (as evaluated from
the plateau phase) with different kinetics (as evaluated
from KD).

C. Recipient cells and transfection
HEK293T human embryonic kidney cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) +10% Fetal
Bovine serum (FBS) at 37°C in a humified atmosphere
containing 6% CO2. The cells to be transfected were seeded at a
density of 6x105 cells/30-mm dish. After 24h, 40 pM hybrid
plasmids were cotransfected in HEK293T cells with the indicated
amounts of the appropriate shRNA expressing plasmid using
Polyfect (Quiagen, Hilden,D) according to manufacturer’s
recommendations. At 36 h post transfection, fluorescence was
measured by flow cytometry (FACScalibur, Becton Dickinson,
San Josè, CA) using 104 cells per sample.

B. Competition between shRNAs

D. Northern blotting

The efficacy of the mono-specific plasmids against
their targets in the presence of saturating amounts of all
the other siRNA-expressing plasmids is shown in Figure
3. The activity of pI against pIGF-IR reporter gene was
reduced by 19% by pP, by 23% by pU and by 24% by pA.
The activity of pP against its pPDGF-Rβ reporter gene
was almost unaffected by the co-transfection of any of the

The pI, pP and pIP plasmids (40 pM) were transfected into
HEK293T cells, as reported above. After 3 days, total RNA was
extracted an analyzed by Northern blotting according to an
established procedure (Czauderna et al, 2003). [32P]-5'-endlabelled ssDNA oligonucleotides probes were used to detect
hairpin I siRNA (5’-tctcttgaaggaaatgacagttctctcc-3’), and P
siRNA (5’-tctcttgaagtcgcagatcttgaccagc-3’). Cellular tRNA Val
(5'-gaacgtgataaccactacactacggaaac-3') was used as a control.
After PhosphoImager scanning, quantification of the radioactive

Figure 2. Dose response curves. 40pM hybrid plasmids were cotransfected in HEK293T cells with the indicated amounts of pI (,-), pP
(,ααα), pU (,-) and pA (◊,--) plasmids. The mean ± SD of at least 3 independent experiments is reported. The 1 to 8pM
concentration range is expanded in the inserted graph.
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Figure 3. Effects of competition among the different shRNA-expressing plasmids. Each shRNA expressing plasmid (160 pM) was
transfected into HEK293T cells with its EGFP hybrid reporter plasmid (40 pM) and with each of the other shRNA expressing plasmids
(160 pM). The intensity of cellular EGFP fluorescence was measured at 36 h after transfection. The results are expressed in percentage
relative to the fluorescence of cells transfected with the each of the reporter-effector pair together with empty pMCSpSUPER plasmid.

other siRNA plasmids. Most notably, however, the activity
of pU (puPA reporter gene) was reduced by 54% and that
of pA (pαν reporter gene) was virtually abolished by the
simultaneous expression of pI or pP. Taken all the
combinations of Figure 3, the results clearly indicate that
“stronger” siRNAs (pP and pI) work at the detriment of
“weaker” ones (pU and pA).

C. Construction and
bispecific shRNAs vector

validation

the 2-copy plasmid were as effective as those from the
one-copy plasmids to knock-down EGFP expression
(Figure 5C).

IV. Discussion
Short interfering RNAs are successfully employed to
knock-down gene expression for both functional genomics
and therapeutic purposes. The possibility to construct
vectors for the expression of siRNAs targeted against
more than one gene would be a further challenge in RNAi
applications. All the isoforms of the same gene or a cluster
of genes involved in the same pathway could be knockeddown at once, with a conceivable increase in efficiency,
especially in the study of complex signal transduction
cascades and in the therapy of multifactorial diseases. This
implies that to construct a multi-shRNA expression
plasmid, the knowledge whether the selected siRNAs
compete or not to each other is crucial.
In this work, we considered four genes the
simultaneous downregulation of which would be
beneficial for the prevention of restenosis.
Using the knock-down of the EGFP reporter gene, we
determined dose response curves of shRNA expressing
plasmids against their own target genes. From each curve
we derived the maximal activity and KD. By ordering
activity values (P>A>I>U) and KD values (P>I>U>A), it
came out that the two ranks are not coincident, indicating
that KD accounts for some other characteristic of siRNAs.

of

As the order of KD values correlates with the
hyerarchy established by the competition experiments, we
assembled pP and pI with the expectation that transcripts
of the bi-specific pIP plasmid should be still active in
achieving optimal gene knock-down of target mRNA.
Hence, we started out by adapting the cassette
multimerization procedure of Robinett (Robinett et al,
1996) to the construction of the bi-specific plasmid pIP
(Figure 5A), which derives from the assembly of pI and
pP. The procedure is described in the legend of Figure 4.
To demonstrate that the bi-specific plasmid is able to
simultaneously deliver transcriptionally active shRNAs
genes, we measured the expression of shRNAs and their
efficiency to knock-down the reporter gene when
expressed from both the single-copy and the multi-copy
plasmid. We observed that the P shRNA and the I shRNA
were transcribed from the 1-copy and the 2-copy plasmids
at comparable level (Figure 5B) and that trascripts from
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Interestingly, the rank established by the competition
experiments (P>I>U>A) well correlated with that of KD
values (P>I>U>A), so that stronger shRNAs were those
with lower KD (pP = 1.73pM and pI =2.19 pM), whereas
weaker siRNAs were those with higher KD (pU = 2.40pM
and pA = 6.11pM). All together these findings indicate
that shRNA with very close KD values can be used for the

simultaneous expression inside cells. Indeed, when we
assembled pP and pI to construct the bi-specific plasmid
pPI, it resulted that both cassettes were transcribed and
that the transcripts were comparably active. This indicates
the feasibility of the multi-copy shRNA cassette delivery
approach and its efficacy in achieving optimal knockdown
efficiency.

Figure 4. Construction of a multishRNA
expressing
plasmid.
Schematic representation of the
strategy used to construct the bispecific pIP plasmid. First Step:
Cloning of the pSUPER expression
cassette (Brummelkamp et al, 2002)
into the pMCS’3 plasmid using Eco RI
and Sal I restriction sites, to obtain
pMCSpSUPER plasmid. pMCS’3
contains a multiple cloning site (MCS)
flanked by Not I restriction sites in the
pCMV-MCS backbone (Stratagene).
Second Step: Cloning of the 600 bp
spacer. An irrelevant 600 bp DNA
PCR product, containing restriction
sites for Sal I at one end and for Xho I
and Bam HI at the other end, was
cloned into pMCSpSUPER using the
Sal I and Bam HI restriction sites. Sal I
and Xho I restriction products are
compatible
for
ligation
and
reconstitute a site that cannot be re-cut
by either enzyme. As a consequence,
both Sal I and Xho I are maintained as
unique sites within the spaced
pMCSpSUPER plasmid. Third Step:
Cloning of the hairpin I siRNA and P
siRNA sequence into the pSUPER
cassette of spaced pMCSpSUPER, to
obtain pI and pP, respectively. Fourth
Step: The pP cassette was extracted
using the Sal I and Bam HI restriction
sites and cloned into the pI plasmid by
using the Xho I and Bam HI restriction
sites. The fourth step can be repeated,
each time leading to the duplication of
the number of the shRNA cassettes
contained within the pMCS’3 plasmid.
For all cloning steps, the recA - E. coli
strain Stbl2 was used. By using the
Not I restriction sites in the MCS, an
insert containing all the shRNA
cassettes can be easily extracted and
cloned into any other suitable vector
for in vivo transduction. White box:
300 bp pSUPER expression cassette;
dark gray box: hairpin I siRNA
sequence; light gray box: hairpin P
siRNA sequence; dashed box: 600 bp
spacer.
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Figure 5. Multi-specific multi-shRNA plasmid transcription and activity. (A) Schematic representation of the bi-specific pIP
plasmid. Arrows indicate the direction of transcription. (B) Northern blot of hairpin I and P siRNA transcripts. HEK293T cells were
transfected with 450 pM of the mono-specific pI and pP and the bi-specific pIP plasmid. After three days, total RNA was extracted and
analyzed by northern blotting. A representative experiment of three is reported. (C) 40pM hybrid pIGF-IR (upper part) or pPDGF-R β
(lower part) reporter plasmid were cotransfected into HEK293T cells with their respective mono-specific shRNA plasmid or with the bispecific pIP shRNA plasmid (160 pM). Cellular fluorescence was evaluated 36 h after transfection. The values are the mean ± SD of
three independent experiments and represent the reduction in fluorescence expressed in percentage relative to the cells transfected with
the mono-specific shRNA expressing plasmid.

In conclusion, this work demonstrates that KD
accounts for the competition between siRNAs and that
expression cassettes for different shRNAs can be
efficiently and rapidly assembled into a multi-specific
multi-shRNA plasmids. A practical correlate of these
observations is that, in order to obtain effective multi-gene
knock-down, only siRNAs with similar inhibitory kinetic
need to be delivered into cells. The goal of selecting such
siRNAs can be easily met by the systematic analysis of
their dose-response curves.
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