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VIV TH A 7m0, MECEEROBIX
IERAEG T TTGP2KE L-REH 2
TRIBIZFRL THLITILENHH. D
I ICM DR p e hRELVD, BR
R FIERPICBEE SN TV APEPER
FLE) ERALVERMRFETIIERLED
HERIBONLEPoTEDTHS.
KizhpZEhru—T7 74— HR)IZX2
3D HuSE/2MBICIBA L. CD
YAF ARATFREROLD, BRI
YATADVEDTHBHY, BLFa—TD
izl O—RA 75— FEOHFE £ v
FEREV2—VHERZLTEY, HHEM
RIZESEL LTRLF2—TEBPLE
Ja—W~NEATE. FO0OH, BELAICX
h HF 9 Iz 8 R Mfa 2 50 5 = & THFRRE
AN 4 FEEREES(E5). £0O0
LHF %2 YT, FOWAF %127 < V¥R
2 NVFTL— Oy 2 VATE bR A &
Mm% AV CiEE S €2 HEET S
(H5). BAE—2DY = VIZ2KT—HKOHF
PIERET X, MRS EEREMMARFICIZ3 X 10
DSEBETHAH. FTTIORTHEELL:
HuS-E/2#154 % FJ v» T M i 1 3 HCV 0 & 4
HWMERE LA E6AIKRLTHELHIC
M CcHMEL7-0b, 38, 58, 7H MR
PMOHCVRNAR X EF L (ML, oMl
TIIZEA < MHERHCVA IES LT
BIENHELhERoL. TAHFEERI
EMEEH R ESUHF S ICSRET
X570, MEOALLTHRELROEES
BIDPBESHTHAH. + 2 CHEHPICHFET
ZHCV-RNARZBIELAEZ A, FITHE
A ®HCVRNA & R0 /4y — » TR
HMIMLTWwaZ b o7(E6A). D
Z ED G Z ORRFR T BE M RO RS
HHCVA FA AP ICEEENTWVS

EAEEESNAYD, TOHCV-RNALX &
EELERFEPLBEL-OL, HLCHE
L7- HF ¥ HuSE/2Ml0sgicmz, £
DR E R L7, LREARICERN M
BAOHCV-RNAR * R 3 5 L AE#3H,
5 B IH & » 2 A 5 v/ (E6B).
ZOZ EIRFWIEE R ICRN A E
EENTWAZLZB(TBTILOTH
5. LLEDO#RES S HF % B>/ HuSE/2#
fa o> 3D He R 13 B E M 13RO HCV A 3
L, ML, BEENFERHETEZEVD
HCVOAER* BHBT A ME 2 3D MAEE
RELTHFEATAIENTRTHAZLER
2% (FAS

BHHIC

~J

BE, 4 DFEGTMEHEDOHCV O
Piiil, FLCREEY/ VRADEEIZOW
TELRLBITEED TS, ZORIEL
OBEMHEHEOHCVORSHM A BERT
BIENTENIEZ, ThETHLIIIEST
Whhro B BEHROHCV LMD
HEERICHT 2R D2 Z & A5THRIC
h, 7 EELBEHCVERZRICOLER
THAHZ LiZMBV 2V, TR ICHE
ATFHEN TV D EHHEHRLPLR 2 5HCV
BECHE L - EREOBR 2 LICHES NS
TENHIRTES.
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ABSTRACT: Vector-based RNA interference (RNAi) has attracted great interest,
because of its more prolonged gene silencing effect compared with small interfering
RNA (siRNA). However, the intensity and duration of vector-based RNAi effect has
received little attention. In this study, the gene silencing kinetics of short hairpin
RNA (shRNA)-expressing plasmid DNA (pDNA) driven by U6, H1 or tRNA promoter
(pU6-shLuc, pH1-shLuc, and ptRNA-shLuc) was studied in melanoma cells expressing
firefly luciferase. A bootstrap method-based moment analysis was performed to statis-
tically and quantitatively evaluate the profile of gene silencing. The analysis showed
that pUB-shLuc induced a significantly greater and longer gene silencing than that
produced by other promoter-driven shRNA expression vectors. In addition, it was found
that pU6-shLuc was at least 100-fold more potent in gene silencing than siRNA
targeting the same gene on a numerical basis. These statistical considerations demon-
strated that UB promoter-driven shRNA expressing pDNA is the most effective in
inducing gene silencing effect as far as the intensity and duration of RNAi effect is
concerned. © 2008 Wiley-Liss, Inc. and the American Pharmacists Association J Pharm Sci 98:74—
80, 2009

Keywords: RNA interference; RNA polymerase III promoter; moment analysis;

bootstrap method

INTRODUCTION

Small interfering RNA (siRNA) molecules are a
powerful inducer of a sequence-specific gene
silencing event called RNA interference (RNAi).'*
siRNA is expected to be used as a new treatment
for various diseases as well as an experimental
tool, because its intensity of gene silencing is
greater than that of other conventional molecules,
such as antisense oligodeoxynucleotides and
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ribozymes.** The temporal nature of siRNA-
mediated gene silencing has led to the develop-
ment of methods to extend the duration of its
action, such as chemical modification of siRNA
and the use of vectors expressing siRNA or
short hairpin RNA (shRNA). In the latter case,
the promoter that drives shRNA is a major factor
determining the intensity and duration of gene
silencing.®®

The RNAI effect has often been evaluated using
the maximum inhibition of the expression of
target genes. Although this approach is effective
for selecting the target sequence for effective
induction of RNAI, it is not suitable for selecting
suitable RNAI effectors. Instead, a kinetic ana-
lysis of the time-course of RNAI can be a useful
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method to select a suitable molecule for gene
silencing. We and other groups have already
reported about gquantitative analytical methods
for the kinetics of siRNA-mediated RNAi."®
Although shRNA-expressing plasmid DNA (pDNA)
shares the mRNA degradation pathway with
siRNA, it requires additional steps, such as
transeription of shRNA from pDNA in the nucleus,
export of shRNA to the cytoplasm and the pro-
cessing of shRNA into siRNA. More importantly,
some of these processes are saturable ones and
dependent on the concentration of pDNA, shRNA,
or siRNA. Therefore, such model-dependent ana-
lyses as those of Bartlett et al.® and Raab et al.? are
difficult to apply to the evaluation of the kinetics of
shRNA-expressing vectors.

In our previous study, we solved this problem by
applying a model-independent moment analysis,
and succeeded in a quantitative evaluation of
the kinetics of siRNA-mediated gene silencing.’
We defined the area under the concentration
curve (AUC) and the mean residence time (MRT)
of gene silencing after siRNA transfection as
the indicators of the intensity and duration of gene
silencing, respectively. Statistical comparisons
were successfully performed by calculating the
mean, standard deviation (SD) and standard
error (SE) of the AUC and MRT, using a computer
program MOMENT(BS).'?

In the present study, this model-independent
moment analysis was applied to the kinetics of
shRNA-expressing pDNAs after transfection to
cultured cells. Three types of frequently used RNA
polymerase III promoters, human small nuclear
RNA U6 (U6), human RNase P RNA H1 (H1), and
human tRNA"™ (tRNA) promoters, were selected
and their activity was statistically compared
in terms of the intensity and duration of gene
silencing. A melanoma B16-BL6 clone that stably
expresses firefly and renilla luciferases was used
to evaluate the gene silencing effect by simply
calculating the ratio of the firefly and renilla
luciferase activities.'!

MATERIALS AND METHODS

Cell Culture

A murine melanoma cell line B16-BL6 and a
murine colon carcinoma cell line Colon26 were
obtained from the Cancer Chemotherapy Center
of the Japanese Foundation for Cancer Research
(Tokyo, Japan). B16-BL6/dual Luc, a cell line that
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expresses both firefly and renilla luciferases, was
constructed from B16-BL6 cells by genetically
labeling with firefly and renilla luciferase genes
as described previously.!! B16-BL6/dual Lue cells
were cultured in Dulbecco’s modified Eagle’s
minimum essential medium (Nissui Pharmaceu-
tical, Tokyo, Japan) supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin/
L-glutamine (PSG) at 37°C and 5% CO,. The firefly
and renilla luciferase activities of B16-BL6/
dual Luc cells were about 3 and 10 RLU/s/cell,

respectively.

shRNA-Expressing pDNA and siRNA

pDNA expressing shRNA targeting firefly luci-
ferase under the control of human U6 promoter
(pU6-shLuc) was constructed from piGENE hU6
vector (iIGENE Therapeutics, Tsukuba, Japan)
according to the manufacturer’s instructions as
described previously.'' pU6-shLuc transcribes a
single-stranded RNA 5-GUG CGU UGU UGG
UGU UAA UCC UUC AAG AGA GGG UUG GCA
CCA GCA GCG CAC UUU U-3, which forms
stem-loop-structured shRNA, targeted to firefly
luciferase mRNA (targeted sequence: GTG CGC
TGC TGG TGC CAA CCC), with loop sequences
of UUCAAGAGA. Plasmids expressing the
same shRNA under the control of human H1
promoter (pH1-shLuc) or tRNA promoter (ptRNA-
shLue) were constructed by subcloning the
shRNA sequence into the BamH I/Kpn I site of
pBAsi-hH1 DNA (Takara Bio, Otsu, Japan) or
into the BamH I/Pst 1 site of piGENE tRNA
Hyg vector (iGENE Therapeutics), respectively.
Empty piGENE hUB6 vector was used as a control
pDNA throughout the present study. Each pDNA
was amplified in the DH5a strain of Escherichia
coli and purified using a QIAGEN Endofree
Plasmid Giga Kit (QIAGEN GmbH, Hilden,
Germany). Synthetic siRNA targeting the mRNA
of firefly luciferase (target sequence: GTG CGC
TGC TGG TGC CAA CCC) was purchased from
Takara Bio.

Transfection

B16-BL6/dual Luc cells were plated on 24-well
culture plates (at a density of 2x 10* cells/
well). After an overnight incubation, transfection
of pDNA was performed using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. In brief, 1 pg pDNA
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was mixed with 3 pg Lipofectamine 2000 at a
final concentration of 2 pg pDNA/mL dissolved in
OPTI-MEM I (Invitrogen). Control pDNA was
used to adjust the amount of pDNA. The resulting
complex was added to the cells and the cells
were incubated with the complex for 4 h. Cells
were washed with PBS and further incubated
with the culture medium as described above for
specified time periods.

Luciferase Assay

To determine luciferase activity, B16-BL6/
dual Luc cells were lysed using the cell lysis
buffer of an assay kit (PiccageneDual, Toyo Ink,
Tokyo, Japan) at the indicated time points after
transfection. Then, samples were mixed with
the luciferase assay buffer of the kit, and the
chemiluminescence produced was measured in a
luminometer (Lumat LB9507, EG and G Berthold,
Bad Wildbad, Germany).

Data Analysis

The firefly luciferase activity of a sample was
divided by the renilla luciferase activity of the
same sample, which was then normalized using
the value of control cells to obtain the parameter
Rgg, the ratio of gene expression. Differences
in each pair of Rgg values were statistically
evaluated by Student’s ¢-test with a significance
level at p < 0.05, The time-course of (1 — Rgg) was
used to calculate the area under the curve of the
inhibitory effect (AUC;g) and the MRT of the
inhibitory effect (MRTg) as described previously.”
For the calculation of AUC;g and MRTyg, Ree
values over 1 were assumed to be 1. The mean and
SE of AUCg and MRT ¢ were calculated using the
bootstrap method.'?

To detect any significant differences in AUCg
and MRT,g between different groups, the normal
distribution test was performed using the follow-

ing equation:

2 = D) - Dy
\/SE} + SE}

where @, and @, are the means of a parameter,
and SE; and SE; are the SEs in group 1 and 2,
respectively. If Z;>1.96 (confidence interval
p < 0.05), the difference between groups 1 and
2 is assumed to be significant.

(1)
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Taking shRNA-expressing pDNA as a drug and
AUC or MRT as the response to the drug, we
assumed that AUCre and MRT g versus the initial
concentration of shRNA-expressing pDNA (Cy)
could be expressed by the following linearized
equation, which is known to describe the dose-
response curves of drugs.

..i or _Cu_ —
AUC  MRTi

Co

B
a a

(2)

The parameters a and b were estimated by
linearizing the plots. The correlation constant a
corresponds to the maximum response, that is,
AUC, . and MRT,,,,. The correlation constant
b corresponds to the required dose of RNAi effector
to obtain the response half of AUC,,,,, or MRT,,,.;
Cy. ICs0, a concentration required to obtain
Rgg value of 0.5, was calculated by assuming that
concentration-Kge curves between the experi-
mental values which across Rgg value of 0.5were
linear.

RESULTS

Time-Courses of Gene Silencing after Transfection
of shRNA-Expressing pDNA

Figure 1 shows the time-courses of the ratio of
gene expression (Rgg) in B16-BL6/dual Luc cells
after transfection of shRNA-expressing pDNAs
at an indicated initial concentration (Cy). When
pH1-shLuc and ptRNA-shLuc were transfected
at a Cy of 0.01 or 0.1 nM, the Rgg decreased with
time, and reached a minimum at 2 days after
transfection. At the highest concentration of 1 nM
for pH1-shLuc or 0.7 nM for ptRNA-shLuc, the
Rgg exhibited an almost flat trough from days 1 to
5 for pH1-shLuc and from days 1 to 6 for ptRNA-
shLue, respectively. Because the plasmid size of
ptRNA-shLuc was about 1.5-fold larger than those
of pU6-shLuc and pH1-shLuc, the highest con-
centration of ptRNA-shLuc was set at 0.7 nM. In
the case of pU6-shLuc, at a C; of 0.1 or 1 nM, the
R exhibited an almost flat trough from days 1 to
8 for 0.1 nM and from days 1 to 10 for 1 nM,
respectively, indicating that almost all target
mRNA was degraded under these conditions. In
other words, a fraction of siRNA produced would
not contribute to the gene silencing, so that the
level of gene silencing does not reflect the amount
of effective siRNA within cells. Therefore, AUCg
may not be proportional to the initial concentra-
tion of shRNA-expressing pDNA. The suppression
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Figure 1. Time-courses of the ratio of gene expres-
sion (Rgg) following transfection of shRNA-expressing
pDNAs. B16-BL6/dual Luc cells were transfected with
pDNA expressing shRNA under the control of H1 (a),
tRNA (b), or U6 (c) promoter at different initial con-
centrations: (circle symbols) 0.01 nM, (square symbols)
0.1 nM, and (triangle symbols) 0.7 nM (ptRNA-shLuc)
or 1 nM (pH1-shLUC, pU6-shLuc). Luciferase activities
were determined at the indicated times after transfec-
tion. The results are expressed as mean + SD (n = 3).

was significant (p < 0.05) until days 4, 4, and 3 for
0.01 nM, days 8, 4, and 4 for 0.1 nM, and days 10,
7, and 6 for the highest concentration of Cy of pUB-
shLue, pH1-shLuc, and ptRNA-Luc, respectively.

Moment Parameters for the Kinetics of Gene
Silencing by shRNA-Expressing pDNAs

Figure 2 shows the means and SE of AUCg
and MRTye. All the shRNA-expressing pDNAs
showed a Cy-dependent increase in both AUCg
and MRTyg. Table 1 summarizes the significant
differences (p <0.05) between two groups.
pU6-shLuc showed a greater AUCg and MRTg
compared with the other shRNA-expressing
pDNAs except for the MRTg at a C of 0.01 nM.
For all shRNA expressing pDNA, the AUCg and
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Figure 2. AUC and MRTg of gene silencing by
shRNA-expressing pDNAs. (a) AUCyg and (b) MRT g
of the gene silencing by shRNA-expressing pDNAs were
calculated using MOMENT(BS), at different initial con-
centrations: (closed bars) 0.01 nM, (striped bars) 0.1 nM
and (open bars) 0.7 nM (ptRNA-shLuc) or 1 nM (pUs6-
shLUC, pH1-shLuc). Results are expressed as the com-
puter-calculated mean + SE,

MRT}g increased with an increasing concentra-
tion of pDNA. pUB-shLuc showed the greatest
values for both parameters, suggesting its super-
iority over the other vectors.

Linearized Plot of Co/AUC; and Cy/MRT ¢ Versus G,

Figure 3 shows the plots of Co/AUC g and Cy/
MRT}g against the C; of three different shRNA-
expressing pDNAs. The correlation coefficients (r)
of both Cy/AUCg and Co/MRTx versus C, were
more than 0.99 in all cases, indicating successful
linearization of Co/AUC;g and Cy/MRT g versus
Cy by Eq. (2). The concentration-dependent in-
crease in AUCz and MRT g was clearly repre-
sented in the inserts of Figure 3. Table 2
summarizes the parameters AUC, .., MRT ..,
and Cyp calculated from the linearized plots. In
all cases examined, C;» values calculated were
between 0.01 and 0.1 nM, two of the three
initial concentrations used in the present study.
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Table 1. Statistical Comparison of Two Groups by the
Normal Distribution Test

Pairs for Comparison

Promoter of Concentration
pDNA (nM) AUC MRT]E
U6 vs. H1 0.01 6.29° 0.0658
0.1 18.2° 20.3°
1 10.17 7.66°
U6 vs. tRNA 0.01 15.9° 1.89
0.1 20.6° 18.3°
1(0.7) 7.34° 4917
H1 vs. tRNA 0.01 10.9" 1.81
0.1 8.81° 217
1(0.7) b.T9" 3.32°
uUe 0.1 vs. 0.01 20.7° 20.3°
1vs 0.1 11.5° 9.07"
H1 0.1 vs. 0.01 18.7° 1.61
1vs. 0.1 124" 9.23°
tRNA 0.1 vs. 0.01 11.2° 1.54
0.7 vs. 0.1 18° 16.0°

"The difference was assumed to be significant (p < 0.05)
between the groups, based on the normal distribution test
described in Eq. (1) (Z;>1.96). The highest concentration
was set at 0.7 nM for ptRNA-siLuc and 1 nM for the others.

Therefore, the parameters obtained can be con-
sidered reliable to be used for the comparison of
the gene silencing by various types of shRNA-
expressing pDNA. pU6-shLuc showed a greater
AUC,.« and MRT,,,, and a smaller C,; for both
AUC and MRT;g compared with the other
shRNA-expressing pDNAs, suggesting that the
U6 promoter generates a greater numbers of
shRNA for a longer period of time compared with
the other promoters.

These parameters of shRNA-expressing pDNA
were compared with those of siRNA targeting
firefly luciferase (siLuc). To this end, the para-
meters AUC 4y, MRT .., and C 5 of siLuc were

Figure 3. Linear plots of C/AUCg or Co/MRT g ver-
sus Cy. (a) Cy/AUC and (b) Co/MRTye were plotted
against the initial concentration: (square symbols) pU6-
shLuc, (triangle symbols) pH1-shLue, (circle symbols)
ptRNA-shLuc. Coefficients a (AUCpax, MRTay) and b
(Cys2), which were calculated from the straight regres-
gion lines, are shown in Table 2. In the inserts, (a)
AUCg and (b) MRTig were plotted against the initial
concentration of shRNA-expressing pDNA.

calculated using the experimental results re-
ported in our previous paper.” The AUC,,,x and
MRT 45 of siluc were calculated to be 6.73 and
4.21, respectively, both of which lay between those
of pU6-shLuc and pH1-shLuc (Table 2).

Table 2. Maximum Response and Concentration Required for Half of the Maximum Response Caleulated from the

Linearized Plots
AUC MRT
RNAi Effector a (AUC ) b (Cyg) r a (MRT,,.) b (Cyp) r
pU6-shLuc 8.05 0.0341 0.999 5.3 0.0186 0.999
pH1-shLuc 5.74 0.0595 0.998 4.03 0.0343 0.999
ptRNA-shLuc 4.74 0.0959 0.995 3.51 0.0278 0.998
silue 6.73 4.35 0.999 4.21 3.2 0.999
a and b are parameters described in Eq. (2). r is the correlation coefficient of the linear plots.
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 98, NO. 1, JANUARY 2009 DOI 10.1002jps
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Gene Silencing after Transfection of
siLuc and pUé-shLuc

To compare the gene silencing effects of siLuc and
shRNA-expressing pDNA, Rgg in B16-BL6/dual
Luc cells were determined after the transfection of
siLuc or pU6-shLuc at various initial concentra-
tions (Fig. 4). The sampling time was fixed to be
2 days after transfection because Hgg reaches
minimum values at this time point in the both
cases, ICsq of siLuc and pU6-shLuc were calcu-
lated to be 0.0625 and 0.00417 nM, respectively,
indicating that the pU6-shLuc is about 15-fold
more potent than siLuc as far as the ICj, values
estimated using the RGE at 2 days after
transfection were used for the calculation.

DISCUSSION

Because siRNA-mediated gene silencing is tran-
sient, vector-based RNAI attracts much interest
as it may achieve prolonged gene silencing.
The promoter that drives shRNA expression is
a major factor determining the intensity and
duration of gene silencing by shRNA-expressing
pDNAs. RNA polymerase IIT (pol III) promoters
are frequently used for plasmid-based RNAI,
because these promoters are suitable to transcribe
large amounts of short RNAs and their sites of
transcription initiation and termination are well
understood. There have been several literatures
concerning about the effect of pol III promoters
on the efficiency of gene silencing by shRNA-
expressing pDNAs.561% Kawasaki et al.'? reported

12 r

0001 001 0.1 1 10 100
Co

Figure 4. Ratio of gene silencing (Rgg) following
transfection of siRNA or shRNA-expressing pDNA.
B16-BL6/dual Luc cells were transfected with (solid
triangles) siLuc or (empty triangles) pU6-shLuc at
the indicated initial concentrations (Cy). Luciferase
activities were determined at 2 days after transfection.
The results are expressed as mean + SD (n = 3).
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that tRNA promoter pDNA and U6 promoter
pDNA could suppress target gene expression
almost equally by using cell lines stably integrated
with these pDNAs. Wooddell et al.5 compared the
efficiency of shRNA-expressing pDNA driven by
human H1, human U6, or murine U6 promoter,
and found that shRNA-expressing pDNA contain-
ing the human H1 promoter was significantly less
effective in mice than those containing any U6
promoter, although both types of promoter func-
tioned equally in cultured cells. Boden et al®
demonstrated that a modified tRNA™".derived
promoter could induce HIV-1 specifice RNAi more
efficiently than the other promoters used: U6, H1
and CMV promoters. However, these previous
studies compared the promoter-dependent gene
silencing effect at a single time point after
transfection. Unlike these studies, we have inves-
tigated the time-course of gene silencing until
the RNAi effect became undetectable with time
after transfection. Moreover, we have successfully
applied the bootstrap method-based moment ana-
lysis to statistically compare the importance and
differences of the promoters as far as the intensity
and duration of gene silencing is concerned. By
calculating the means and SE of parameters for the
intensity and duration of gene silencing, AUCg
and MRTyg, we have shown that gene silencing
effect of U6 promoter-driven shRNA-expressing
pDNA is more potent and durable than those of H1
and tRNA promoter-driven shRNA-expressing
pDNA. This result is partly in agreement with
previous studies reported by Wooddell et al. and
Kawasaki et al., and different from that reported
by Bodent et al. The modified tRNA™*-derived
promoter used by Bodent et al. might be more
potent than the tRNA"*-derived promoter used
in the present study. In addition, the AUC,ux,
MRT,,ux, and Cy values estimated also indicated
that gene silencing by U6 promoter-driven shRNA-
expressing pDNA is more potent than that by
H1- or tRNA promoter-driven shRNA-expressing
pDNA. Because there parameters are estimated
based on the AUCy and MRTz values that
were obtained after a single transfection of each
shRNA-expressing pDNA to cells, AUC,,,, and
MRT,,,, values could depend on the stability of
pDNA, transcription activity of promoters, intra-
cellular behavior of shRNA and target sequence
of shRNA. These pharmacokinetic considerations
of this current study suggest that U6 promoter
generates more shRNA molecules than the
other promoters under the same experimental
conditions,
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Calculation of the parameters AUC; .,
MRT,, .y, and Cys of siLuc revealed that AUC,,,,,
MRT, ... of siLuc was comparable to those of
shRNA expressing pDNAs. These results indicate
that vector-based RNAi does not always induce a
prolonged gene silencing compared with siRNA-
mediated RNAi. On the other hand, a large
difference was detected in the Cy; of AUCg and
MRT;z between siRNA and shRNA-expressing
pDNAs. The largest difference in C,p was
observed between siLuc and pU6-shLuc. The
Cy2 of AUCg and MRTg of siLuc were about
120- and 170-fold greater than those of pU6-
shLue, respectively. However, the ICg of siLuc
was calculated to be only about 15-fold greater
than that of pU6-shLuc. This discrepancy would
be explained by the fact that the Cyo of AUCg and
MRT}g were obtained from the total profile of gene
silencing whereas the ICs, values were calculated
using data at a single time point. Therefore, these
results clearly indicated from the kinetic view
point that comparison of gene silencing effect by
different RNAi-effectors at one time-point is not
suitable for the evaluation of the intensity and
duration of gene silencing effect.

In conclusion, we have successfully applied
the bootstrap method-based moment analysis
to quantitatively compare the gene silencing
by pDNA expressing shRNA under the control
of different promoters. We found that the U6
promoter-driven shRNA-expressing pDNA showed
a significantly greater and longer gene silencing
effect than the H1- and tRNA promoter-driven
ones. Moreover, moment analysis was proven to
be useful for the quantitative comparison between
siRNA and shRNA-expressing pDNA, and we
clearly showed that the U6 promoter-driven
shRNA-expressing pDNA possesses at least 100-
fold greater gene silencing activity compared
with siRNA on a numerical basis. Our statistical
evaluations of gene silencing can be a powerful
method to optimize RNAi effectors and other
conditions that may affect the final output of gene
silencing for pursuing effective application of
RNAi-based gene silencing.
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Gene silencing of f-catenin in melanoma cells retards their growth
but promotes the formation of pulmonary metastasis in mice

Yuki Takahashi, Makiya Nishikawa, Tetsuya Suchara, Naomi Takiguchi and Yoshinobu Takakura®
Department of Biopharmaceutics and Drug Metabolism, Graduate School of Pharmaceutical Sciences,

Kyato Universiry, Sakyo-ku, Kyoto, Japan

Altered expression of -catenin, a key component of the Wnt sig-
naling pathway, is involved in a variety of cancers because
increased levels of f-catenin protein are frequently associated
with enhanced cellular proliferation. Although our previous study
demonstrated that gene silencing of fi-catenin in melanoma B16-
BL6 cells by plasmid DNA (pDNA) expressing short-hairpin RNA
hrguln?. gene (pshf-catenin) markedly suppressed their
growth in vivo, gene silencing of f-catenin could promote tumor
metastasis by the rearranging cell adhesion complex. In this study,
we Investigated how silencing of [-catenin

aspects of melanoma cells. Transfection of B16-BL6 cells with
pshfi-catenin significantly reduced the amount of cadherin protein,
a cell adhesion molecule binding to f-catenin, with little change in
its mRNA level. Cadberin-derived fragments were detected in cul-
ture media of B16-BL6 cells transfected with pshr&:tmla. sug-
gesting that cadherin is shed from the cell su when the
expression of p-catenin Is reduced. The mobility of B16-BL6 cells
transfected with pshfi-catenin was greater than that of cells trans-
fected with any of the control pDNAs. B16-BL6 cells stably trans-
fected with psh) enin (B16/ tenin) formed less or an
equal number of tumor nodules in the lung than cells stably trans-
fected with other plasmids when injected into mice via the tail
vein. However, when subcutaneously inoculated, B16/pshp-catenin
cells formed more nodules in the lung than the other stably trans-
fected cells, These results raise concerns about the gene silencing
of fi-catenin for inhibiting tumor growth, because it promotes tu-
mor metastasis by reducing the amount of cadherin in tumor cells.
© 2008 Wiley-Liss, Inc.

Key words: P-catenin; cadherin; RNA interference; pulmonary
metastasis; melanoma

B-catenin is a key component of the Wnt signaling pathway,
which transmits proliferative and survival signals to cells,' Aber-
rant Wnt signaling, including the stabilization and nuclear translo-
cation of B-catenin, has been observed in various types of cancers,
such as colon, lung, skin, breast, liver and pancreas cancers.” Nu-
clear translocation of B-catenin is followed by its cooperation with
the T cell factor/lymphocyte-enhancer binding factor family and
activation of the expression of genes related to cell proliferation
and survival. Previous studies have shown that fi-carenin plays an
important role as an oncogene to promote tumor cell growth. ™

These lines of evidence support cancer therapy based on the sup-
pression of f-catenin expression. In our previous study, we demon-
strated that delivery of plasmid DNA (pDNA) expressing short-hair-
pin RNA (shRNA) targeting B-catenin (psh-catenin) or hypoxia in-
ducible factor- la (HIF-1a; pshHIF-1a) to a murine melanoma B16-
BL6 (B16) tumor could suppress the corresponding target gene
expression. Moreover, suppression of f-catenin expression in B16
tumor inhibited the tumor growth, To our surprise, however, we also
noticed that the lungs of mice that had received intratumoral admin-
istration of pshB-catenin had more tumor nodules compared with
those of the control mice despite the fact that the growth of primary
tumor was suppressed by the administration of pshf-catenin. On the
other hand. suppression of HIF-/x expression in B16 tumors also
inhibited tumor but promoted hardly any pulmonary metas-
tasis of tumor cells. These results suggest the possibility
that gene silencing of f-carenin in B16 cells not only suppresses pri-
mary tumor growth but also promotes tumor metastasis.

B-catenin links E-cadherin and the actin cytoskeleton through
interaction with a-catenin.” E-cadherin is the member of the cad-
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herin family and plays a critical role in cell-cell adhesion.® There-
fore, B-catenin also plays an imponant role in cell—<ell adhesion
as @ major structural element. Disruption of the cadherin—catenin
complex has been observed in various types of cancers and its cor-
relation with tumor malignancy has been reported, because such a
disruption increases the amount of B-catenin_in the cytosol and
activates PB-catenin-dependent transcription.”® Regarding the
effect of B-catenin on E-cadherin function, Kawanishi et al.
showed that the function of E-cadherin was abolished in a gastric
cancer cell line, HSC-39 cells, because of the mutation in B-cate-
nin, and that forced expression of wild type B-catenin led to the re-
covery of E-cadherin function in HSC-39 cells.” Therefore, we
hypothesized that a reduction in B-catenin expression affects the
expression or function of cadherin and results in changes in cell
adhesion and promotion of tumor cell dissociation from the pri-
mary tumor. In this study, we investigated whether gene silencing
of B-catenin in B16 cells promotes their metastasis.

Material and methods
Plasmid DNA

pDNAs expressing shRNA (pshRNA) targeting green fluores-
cent protein (GFP), B-catenin or HIF-la were constructed from
piGENE hU6 vector (iIGENE Therapeutics, Tsukuba, Japan) as
described previously.” The target sites in GFP, murine HIF-1a and
murine f-catenin genes are as follows: GFP, 5'-GGCTACGTC
CAGGAGCGCA-3'; HIF-1a, 5'-GACACAGCCTCGATATGAA-
3,  B-catenin, 5-GAATGAGACTGCAGATCTT-3'. These
pDNAs transcribe a stem-loop-type RNA with a loop sequence of
ACG UGU GCU GUC CGU. In a previous study, we confirmed
that pshHIF-1a and pshB-catenin were effective in suppressing
the mRNA expression of corresponding target genes in the pri-
mary tumor tissue of B16 cells in mice as well as in cultured B16
cells. piGENE hU6 vector, which transcribes a nonrelated
sequence of RNA with partial duplex formation, was used as a
control pDNA throughout the present study. pCMV-Luc encoding
firefly luciferase and neomycin-resistant gene were constructed as
described previously.'® Each pDNA was amplified in the DH5a
strain of Escherichia coli and purified using a QIAGEN Endofree
Plasmid Giga Kit (QIAGEN GmbH, Hilden, Germany).

Cell culture
A murine melanoma cell line B16-BL6 (B16) was obtained
from the Cancer Ch Center of the Japanese Foundation

1 N
for Cancer Research.'' A B16 cell line that stably expresses firefly
luciferase and sea pansy luciferase (B16/dual Luc) was con-
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structed as reported previously.'? Cells were cultured in Dulbec-
co's modified Eagle's minimum essential medium (Nissui Phar-
maceutical, Tokyo, Japan) supplemented with 10% fetal bovine
mmm and penicillin/streptomycin/i-glutamine at 37°C and 5%

Animals

National Institutes of Health Guide for the Care and Use of Labo-
ratory Animals. The protocols for animal experiments were
approved by the Animal Experimentation Committes of Graduate
Pharmaceutical Sciences of Kyoto University,

Pulmonary metastasis of subcutaneously inoculated
Bl6 cells in mice

Primary tumor tissue of Bl6/dual Luc cells inoculated into the
back of syngeneic C57/BL6 mice received intratumoral injections
of control pDNA, pshHIF-la or pshf-catenin as described previ-
ously.* In brief, tumor-bearing mice received intratumoral injec-
tions of 30 ug pDNA followed by electroporation at day 7, 10 and
19 after tumor inoculation. Thirty-seven days after tumor inocula-
tion, mice were euthanized by cervical dislocation and the lungs
were excised and homogenized in a lysis buffer (0.1 M Tris (pH
7.8). 0.05% Triton X-100, 2 mM EDTA), and centrifuged at
13,000¢ for 20 min at 4°C. The supemnatant was mixed with a lu-
ciferase assay buffer (Picagene, Toyo Ink. Tokyo. Japan), and the
light produced was measured with a luminometer (Lumat LB
9507, EG and G Berthold, Bad Wildbad, Germany). The luciferase
activity of the lung was converted to the number of B16/dual Luc
cells using a regression line as previously reported.*

In vitro transfection

B16 cells were plated on culture plates. After an overnight incu-
bation, transfection of pDNA was camied out using Lipofectamine
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. In brief, 0.1 pg pCMV-Luc and 0.9 ug pshRNA was
mixed with 3 pg Lipofectamine 2000 at a final concentration of
2 ug pDNA/m! dissolved in OPTI-MEM I (Invitrogen). The result-
ing complex was added to the cells and the cells were incubated
with the complex for 4 hr. Then, cells were washed with PBS and
further incubated with the culture medium as described earlier.
Twelve hours after transfection, the culture medium was supple-
mented with | mg/ml neomycin to select the cells that were trans-
fected with pDNAs and cells were incubated for specified time
periods up to | week after transfection.

Construction of cell lines stably expressing shRNA

B16 cells were transfected with pCMV-Luc and one of the
pshRNAs as described earlier, and the cells were selected using
1 mg/ml neomycin for 14-20 days to obtain a clone stably trans-
fected with pshRNAs. B16 cells stably transfected with control
pDNA, pshGFP, pshHIF-la or pshB-catenin were named as B16/
control, B16/pshGFP, Bl6/pshHIF-la or B16/pshR-catenin,
respectively. The selected clone showed continuously suppressed
protein expression of the corresponding target genes.

To evaluate the growth rate of the established cell lines, B16
and Bl6-derived cells were on 24-well culture plates at a
density of 1 % 10° cells/well and cultured under the conditions
described earlier for specified time periods up to 96 hr. The cell
numbers at the indicated time points wene determined by MTT
assay as described previously.'*

mRNA quantification

Total RNA was isolated using Mug::nm MFX-2100 and a
MagExtractor RNA kit (TOYOBO, . Japan) following the
manufacturer's protocol. To eliminate DNA contamination, the
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Figurg 1 - Effect of intratumoral delivery of pshf-catenin on pulmo-
is from a subcutaneous B16 tumor. Mice bearing subcuta-
neous B16/dual Luc tumor received intratumoral of 30 ug
control A, .la or pshB-catenin followed by electroporation
at day 7, 10 19 after tumor inoculation. Mice were cuthanized on
duﬂ.nﬂ&ehmmcdhuaﬂ.mmmdmuﬂuﬁ-
muad% the luciferase activities of mouse lungs.
circles (D) indicate the tumor cell number in the lung of indivi
mice, and bars indicate the average of cach (b) Typical examples
of the lungs from wmor-bearing mice. [ can be viewed in
the online issue, which is available at www.intemscience.wiley.com. |

total RNA was treated with DNase | (Takara Bio, Otsu, Japan)
prior to reverse transcription. Reverse transcription was performed
using a SuperScript 11 (Invitrogen) and dT-primer following the
f: s p 1. For quantitative mRNA expression anal-
ysis, real time PCR was carried out with total cDNA using a
LightCycler instrument (Roche Diagnostics, Basel, Switzerland).
The sequences of the primers used for amplification were as fol-
lows: GAPDH forward, §-CTGCCAAGTATGATGACATCAA
GAA-3, reverse, 5'-ACCAGGAAATGAGCTTGACA-3; B-cate-

TTGGATGACACA-3'. Amplified products
via intercalation of the fiuorescent dye SYBR green (LightCycler-
FastStart DNA Master SYBR Green 1 kit, Roche Diagnostics).
The cycling conditions were as follows: initial activation
at 95°C for 10 min, followed by 55 cycles at 95°C for 10 sec,
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