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Efficient Silencing ofbcr/abl Oncogene by Single- and Double-Stranded siRNAs
Targeted against b2a2 Transcripts
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ABSTRACT: In this work, double- and single-stranded small-interference RNAs (siRNAs) were designed
to knock down thebcr/abl oncogene in leukaemia KYO-1 cells. The siRNA molecules were targeted
against two distinct sites encompassing the b2a2 junction obdhabl transcripts. The siRNAs were

able to reduce the levels of bobitr/abl mMRNA and protein p21&R/ABL, Conversely, control siRNAs
bearing 3 or 4 base-pair substitutions did not produce any inhibitory effect. The designed siRNAs were
also found to be active in KCI22 cells, which harbor the b2a2 junction, but not in K562 cells, which, by
contrast, harbor the b3a2 junction. The anti-b2a2 siRNAs promoted biological effects on KYO-1 cells,
because thbcr/abl suppression resulted in the inhibition of cell growth and colony formation in agar and
activation of apoptosis and upregulation of the cell-cycle inhibitor p27 protein. The bioactivity of the
designed siRNAs is discussed in terms of internal stability of the RNA duplexes. Our data suggest that
siRNAs can be considered strong tools for functional analysiscofibl and for developing molecular
therapeutic approaches to leukaemia.

A reciprocal translocation between chromosomes 9 and of proteins pertaining to different cellular pathwabpsy/abl
22, 1(9;22), is found in more than 95% of patients with represents a fundamental target to set up molecular therapies.
chronic myeloid leukaemia (CME)and in about 20% of  Because b2a2 and b3a2 junctions are present only in CML
patients with acute lymphoblastic leukaemia (ALLL)~3). cells, the corresponding transcripts are attractive targets.

This translocation fuses the 5or'tion of thebcr gene ?n Previous attempts to suppress the expressiobcogbl
chromosome 22 with th_e’f:portlon of the abl gene in with antisense §-10), ribozyme (1), PNA (12), and
chromosome 9, generating an aberrant chromosome 22gntigene oligonucleotide18) have not been completely
named Philadelphia chromosome, which contains the chi- gatistactory, neither for therapeutic purposes, nor for func-
n?encbcr/abl gene ¢, 5). Breakpoints in thebl gene occur  tjonal genomic studies. Recently, it has emerged that specific
5'to exon 2.ablexons 2-11 (called az-all) are transposed  genes can be knocked down by double-stranded RNAs. This
into the major breakpoint cluster region otr, located g 5 patural phenomenon called RNA interference (RNAI),
between exons 12 and 16 (called bl and bS) (The occurring in plants and animals, that probably has the
breakpoint irbcr occurs Sbetween b2 and b3 of Between  fnction to defend organisms against virusb$«17). Ever
b3 and b4. A chimeribcr/abl gene with either a b2a2 or a  gjnce Tuschl and co-workerg4) demonstrated that synthetic
b3a2 junction is form_edGQ. It enqodes for a protein of 210 gmall-interference RNA (siRNA) duplexes, long 223
kDa (p21G°F8), which is localized in the CytODL‘/ﬁT_a”d nucleotides, are able to trigger the RNAI pathway, the use
involved in the leukemogenesig)( Protein p218© IS of synthetic RNA duplexes for post-transcriptional gene
a tyrosine kinase, like ABL, but while the latter is normally silencing is rapidly growing. Indeed, they enable gene
regulated, the former shows an uncontrolled activity that nction studies without the need to produce knockout mice,
usurps the physiological functions of the ABL protein. \hich are expensive and difficult to obtain. Recently, we
Protein p218°R8t assumes a dimeric conformation and have ysed siRNA to inhibit the expression loér/abl in
interacts Wltf_l a variety of molecules result_lng in a deregulated | ;kaemic cells. Although a couple of studies propose useful
cellular proliferation, a reduced apoptotic response t0 mu- gidelines for the selection of highly effective siRNAs, the
tagenic stimuli, and a decreased adherence of leukaemic cellgyentification and validation of efficient RNAI targets remains
to borgg/ miarrow stromar). Because the cellular effects of 5 fyngamental step to obtain an efficient suppression of the
p21C are exerted through its interaction with a number (596t gene. Some recent reports describe the use of SIRNAs
to suppress oncogerxr/abl in leukaemic cells 18—20).
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CAAUAAGGUACAUGCCCUUTT

TTGUUAUUCCAUGUACGGGAA siRNA (cl)
CAAUAAGGAAGAAGCCCUUTT
0 S O e
TTGUUAUUCCUUCUUCGGGAA SiRNA (dx1)

5‘..AGCGCBUUCCGCUGACCAUCAAUAAGGAA#AAGCCCUUCAGCGGCCAGUAGC..3'

ber

T &bl

3’ -TTAUUCCUUCUUCGGGAAGUC
UAAGGAAGAAGCCCUUCAGTT-3/  siRNA (dx2)

3’ -TTAUUCGUUCGGCGGCAAGUC
UAAGCAAGCCECCRUUCAGTT-3'  siRNA(c2)

3’ -TTAUUCCUUCUUCGGGAAGUC

siRNA (AS-54)

3’ -TTAUUCCUUCUUCGGGAAGUC SiRNA (AS)
5’ ~-UAAGGAAGAAGCCCUUCAGTT SiRNA (S)
5’ -AAGGGCUUCUUCCUUAUUGTT SiRNA (c3)

Ficure 1: Sequences of thecr/abl b2a2 junction and designed anti-

b2a2 [siRNAL, siRNA(dx2), siRNA(AS-S4, and siRNAAS)] and

control [SIRNA(Y), siRNA(c2), siRNA(c3), and siRNAE)] siRNAs. The siRNA targets ohcr/abl mRNA are shifted by three nucleotides,
one with respect to the other. TT indicateso8erhang deoxythymidine dimers: &nd 3 ends of siRNAAS-S4 each contain two

phosphorothioate linkages (underlined bases).

specifically suppress b2a2 transcripts of CML cells. In our
work, we tested in different cells the bioactivity of both

with or without oligofectamine and with electroporation.
Aliquots of the cell populations after transfection were spun

double- and single-stranded siRNAs designed to recognizedown by centrifugation at 1000 rpm and®@, washed and

specific targets within the b2a2 junction. Our results show
that both double- and single-stranded siRNAs efficiently
silence thebcr/abl gene, because the levels of b2a2 mRNA
and protein p21%RABL are strongly suppressed in the treated
cells. Moreover, we show that the suppressiorbof/abl

induces apoptosis and impairs cell growth in KYO-1 cells.
Our data suggest that siRNAs offer a new approach to
molecular cancer therapy and also provide a formidable tool
to knockout gene expression for functional genomic studies.

MATERIALS AND METHODS

Cell Culture CML cells K562 (a gift of Dr. M. Giunta,
Genetic Unit, University of Udine, Italy), KYO-1, and KCI22
(a gift of Dr. C. M. Broughton, Department of Hematology,
University of Liverpool, U.K.) were maintained in expo-
nential growth in RPMI 1640 medium containing 100 units/
mL penicillin, 100 mg/mL streptomycin, 200 mM.-
glutamine, and 10% fetal bovine serum (FBS) (Celbio, Milan,
Italy), which was heat-inactivated at 3€ for 20 min.

siRNA The siRNAs used in this study, specific for the
b2a2 junction region ofbcr/abl were purchased from

resuspended in phosphate-buffered saline (PBS), and ana-
lyzed by flow cytometry (Becton Dickinson).

Confocal MicroscopyAfter transfection with fluorescein-
conjugated siRNA, the cells were harvested at 5 and 24 h,
centrifuged, washed twice with PBS, spun on a glass slide,
and fixed with 3% paraformaldehyde (PFA) in PBS for 20
min. After the cells were washed with 0.1 M glycine,
containing 0.02% sodium azide in PBS, to remove PFA, and
Triton X-100 (0.1% in PBS), they were incubated with 24
ug/mL propidium iodide and 0.4 mg/mL RNase A for 30
min at 37 °C to stain the nuclei. Then, coverslips were
mounted on the glass slide with mowiol 4-88 and DABCO
(2.5%). The cells were analyzed using a Leica DM IRBE
confocal imaging system. Diaphragm and fluorescence
detection levels were adjusted to minimize any interference
between the fluorescein and propidium iodide channels.

Cell Proliferation Assay The cells were counted daily,
and the viability was assessed by trypan blue exclusion,
following a standard procedure.

RNA Transcript Isolation and cDNA SynthesitRNA was

PROLIGO Primers and Probes (Paris, France). Their se-isolated using GenoPrep Direct mRNA Kit by GenoVision
quences are illustrated in Figure 1. The annealing of sense(NO-0884, Oslo, Norway). cDNA synthesis was performed

and antisense strands to form the RNA duplexes (&0
was performed in the hybridization buffer (25 mM Tris-HCI
at pH 7.5 and 100 mM NaCl) by heating the samples to 68
°C for 10 min and slowly cooling to room temperature. Cell
transfection was performed with Oligofectamine Reagent
(Invitrogen, Life Technologies, Milano, Italy), according to
the optimized procedure recommended by M. Wild&)(
and by electroporation (2&F, 500 V,« Q) using an Bio-

as follows: a volume of &L of MRNA solution in DEPC-
treated water was heated at 70 and cooled on ice. The
solution was added to 20,8 of cDNA mix [10 uL of 5x
buffer and 5uL of 0.1 M dithiothreitol (Life Technologies,
Milan, Italy), 2 uL of a 12.5 pmol primer AZ (5
CCATTTTTGGTTTGGGCTTCACACCATTCC; MWG Bio-
tech), 0.6uL of 40 units/mL RNAse inhibitor (Life Tech-
nologies, Milan, Italy), and kL of 200 units of M-MLV

Rad gene pulser. In every experiment, the dose of differentreverse transcriptase (Life Technologies)]. The reactions (50

SiRNA used is 100 nM.
Flow CytometryTo study the cellular uptake KYO-1 cells
were transfected with FITC-labeled single- and double-

uLtube) were incubated fol h at 37°C. As a negative
control, the reverse transcription reaction was performed with
5 uL of DEPC-treated water. The cDNA was stored-&0

stranded siRNAs, in the same way as the other experiments’C.
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Polymerase Chain Reaction (PCH) volume of 5uL of cells, in triplicate, were seeded at a concentration of 5
cDNA, heated at 98C for 5 min, was mixed with 1@L of 10* cells (25ulL/well) into a 96-well plate. Then, Homoge-
ber/abl mix [5 uL of 10x Taq polymerase buffer (Euro- neous Caspase-3/7 Reagent (the substrate was diluted 1:100
Clone), 0.75uL of 25 mM MgCl,, 1 uL of 12.5 pmoliL with the provided buffer) was added maintaining a 1:1 ratio
primer EA122, 5GTTTCAGAAGCTTCTCCCTG, luL of of the reagent to the sample. The measure of fluorescence
12.5 pmolkL primer EA500, 5TGTGATTATAGCCTAA- of each well was read at an excitation wavelength of 485
GACCCGGAG (MWG-Biotech), L of 5 mM dNTPs with 20 nm and an emission wavelength of 58@5 nm (Spectra
equimolar amounts of dTTP, dCTP, dATP, and dGTP (Euro- Max Gemini XS, Molecular Devices Corporation, CA).

Clone), and 0.2%L of 5 unitsL. Taq DNA polymerase Colony AssayTwo days after transfection with the various
(Euro-Clone)]. Amplification was carried out on an auto- sjRNAs, for each sample, 1@ells were plated in 1 mL of
mated DNA thermal cycler (Progene) as follows: 35 cycles semisolid medium (2% agar, RPMI containing 20% FCS)

of denaturation (94C for 30 s), annealing (68C for 30's),  in 35 mm dishes. Colonies containing more than 20 cells
and extension (72C for 30 s).abl amplification (annealing  were counted 12 days after plating.

at 55°C) was carried out with primers EA500 and ABL1A,
5-CCTCTCGCTGGACCCAGTGA. The effect of SiRNAon RESULTS
the level of b2aZcr/abl mMRNA in siRNA-treated KYO-1
cells was quantified by competitive reverse transcriptase We designed for the b2a2 transcripts expressed in human
(RT)-PCR. Messanger RNA extracted from an equal number KYO-1 cells two double-stranded [siRN&X1) and siRNA-
of K562 (competitor) and anti-b2a2 siRNA-treated KYO-1 (dx2] and one single-stranded [SiRNAS-SJ| siRNAs
(target) cells was subjected to RT-PCR, using primers EA122 (Figure 1). The two double-stranded siRNAs have been
and EA500. Two amplifiebcr/abl bands of 387 and 312  synthesized with typical'3verhang deoxythymidine dimers
bp were obtained from K562 and KYO-1 cells, respectively (14). Their mRNA targets encompassed the b2a2 junction,
(22). As a control, we amplified a 128-bp DNA fragment of and one was shifted three nucleotides aside with respect to
abl, using primers ABL1A and EA500. the other. Additionally, we synthesized two control SIiRNA
Western BlottingWestern blot analyses were performed duplexes, siRNA¢1) and siRNA€2), with 3 and 4 base-
on total protein lysates in a2Laemmli sample buffer [3.3%  pair substitutions, respectively. Single-stranded SiRABY(
sodium dodecy! sulfate (SDS), 22% glycerol, 1.1 M Tris- S4 corresponded to the antisense (AS) strand of siRIX&(
HCI at pH 6, 0.001% bromophenol blue, and 1@Hmer- To enhance its resistance to the endogenous nucleases, two
captoethanol]. Samples were heated at@%or 10 min and contiguous phosphodiester groups at both strand termini were
loaded in 8.5% reso|ving, 3.5% stacking S-aﬁ)|yacry|a- replaced with two phosphorothioate84I. To efficiently
mide gel. Electrophoresis was carried out at 100 V for 20 deliver the designed siRNAs into CML cells, we tested
min and 150 V for 2 h. The relative concentration of the Several liposome transfection reagents and also conducted
protein lysates in each sample was estimated by a Markwell€lectroporation experiments. We found by flow cytometry
test Q3) as well as by e|ectr0phoresis' Equa| amounts of that FITC-labeled single- and duple-stranded SiRNAs, com-
lysates were transferred to a nitrocellulose membrane (Sar-Plexed with oligofectamine, were taken up by more than 90%
torius, Germany) using a Dry Blot Transfer (EBU 202, of the cell population, without significant reduction of cell
C.B.S. Scientific Co.). The nitrocellulose membrane was Viability (Figure 2A). When the FITC-labeled siRNAs were
colored with Ponceau and cut at the 27, 45, 210 kDa delivered without liposome, a lower fraction of cells (about
molecular weight levels. Each membrane was used to detec60%) appeared to have internalized the synthetic RNAs. To
p27, f-actin, andbcr/abl, by means of a double antibody —€Xxclude the fact that the fluorescence associated to the cells

procedure. The membranes were incubated under agitatiorvas not due to the RNA molecules attached to the cell
for 1 h atroom temperature in b|ocking solution (PBS membranes, we analyzed the siRNA-treated KYO-1 cells by
containing 5% dry milk and 0.1% Tween 20) and then at confocal laser microscopy. Figure 2B shows KYO-1 cells
room temperature f&® h inc-ABL (Ab-3, 1:40, Calbiochem)  treated with FITC-labeled siRNAkY) in the presence (a
and S-actin monoclonal antibodies (Ab-1, 1:5000 Calbio- €) and absence (¢f) of oligofectamine. a and d show the
chem) p27 (Ab-2, 1:80, Calbiochem). The antibody solution huclei stained in red with propidium iodide of siRNA-treated
was removed, and the membranes were washed 3 times witteells. b and e show the fluorescent light emitted by FITC-
PBS containing 0.1% Tween 20. The membranes were thenlabeled siRNA@x1), while ¢ and f show the superimposition
incubated (1 h at room temperature under agitation) with of a2 and b and d and e. When the images are taken together,
horseradish peroxidase-conjugated goat anti-mouse IgG (1they show that siRNA{x]) is poorly taken up by KYO-1
10 000) (Calbiochem) for the Ab-3 and Ab-2 and goat anti- Cells in the absence of liposome, while with oligofectamine,
mouse IgM (1:10 000) (Calbiochem) for tfieactin antibody. ~ SIRNA(dx1) appears located mainly in the cytoplasm. Similar
Chemiluminescence was detected immediately as describedesults were obtained with single-stranded FITC-labeled
by the manufacturer (Super Signal West Pico and Dura Trial; SIRNA(AS (not shown). We also delivered siRNAs to
Pierce). Films were exposed for about 10 min for the BCR/ KYO-1 cells by electroporation and observed that with a
ABL protein, 45 min for p27, and 1 min fg8-actin. Band ~ double pulse (500 V, 2BF,  €2) most of the cells imported
intensities were measured with a LKB Ultrascan XL the RNA molecules (not shown).
Enhanced Laser Densitometer (Bromma). KYO-1 cells were treated with 100 nM anti-b2a2 and
Apoptotic AssayWe performed Caspase activity assays control siRNAs, and the level dfcr/abl mRNA was first
using Apo-ONE Homogeneous Caspase-3/7 Assay (Prome-measured by competitive RT-PCR. In brief, mRNA extracted
ga), according to the protocol of the manufacturer. Forty- from equal amounts of treated KYO-1 (expressing b2a2
eight hours following transfection, siRNA-treated KYO-1 transcripts, target) and untreated K562 (expressing b3a2
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Ficure 2: (A) FACS analysis of untreated and FITC-siRNA-treated
KYO-1 cells. FITC-siRNA¢x1) and siRNAAS-S4 (100 nM) were
delivered to the cells with or without oligofectamine. The fluores-
cence associated to KYO-1 cells is plotted against the number of

cells. Peak a, basal fluorescence associated to untreated cells; peak

b, acquired fluorescence because of the FITC-labeled siRNA
delivered to the cells without lipofection; and peak c, acquired
fluorescence because of the FITC-labeled siRNA delivered to the
cells with oligofectamine. (B) Confocal laser micrographs of KYO-1
cells treated fo5 h with FITC-labeled siRNA{x1) in the presence

of oligofectamine (&-c) and in the absence of oligofectamine-(d

f) (a and d, propidium stained cells; b and e, fluorescence light
emitted by FITC-labeled siRNAs; c and f, overlay of a and b and
d and e).

transcripts, competitor) cells was transformed into cDNA and

amplified by PCR. Because the target and competitor shared‘;’1

the same primer recognition sites, the amplification gave rise
to one DNA fragment of 387 bp from K562 and one of 312
bp from KYO-1 cells, in virtue of their different junction
(Figure 3A). The ratio between the 312 and 387 bp fragments
provided an estimate of the amount of b2a2 transcripts
relative to b3a2 transcripts. The efficiency of the PCR
reaction was estimated by amplifying a 128-bp DNA
fragment from wild-typeabl. Figure 3B shows a typical RT-
PCR experiment at 24 h following transfection, while Figure
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Ficure 3: (A) Schematic representation of the competitive RT-
PCR. mRNA from an equal number of untreated K562 (competitor)
and siRNA-treated KYO-1 cells was extracted and subjected to RT-
PCR. Using EA122 and EA500 primers, from K562 (b3a2 junction)
nd KYO-1 (b2a2 junction) cells, two amplifidetr/abl bands of

87 and 312 bp were obtained, respectively. When the KYO-1 cells
were treated with siRNAIx1), sSiRNA(dx2), or siRNa@AS-S4, the
intensity of 312 bp but not that of 387 bp was significantly reduced,
compared to the band obtained by treating KYO-1 cells with control
siRNAs. (B) Typical competitive RT-PCR (24 h following trans-
fection) showing that single- and double-stranded siRARSS,
siRNA(dx1), and siRNagx2) suppressed the level bEr/fabl mMRNA

in the treated KYO-1 cells. As the loading control, a 128-bp
fragment from wild-typeabl was amplified in each sample. (C)
Histograms at 24, 48, and 72 h following transfection, showing
the level ofbcr/abl b2a2 transcripts in siRNA-treated KYO-1 cells.
The ordinate reports the (T/G) 100, where C is the 312/387 bp

3C shows a histogram summarizing the results obtained atyaio in the control cells and T is the 312/387 bp ratio in SiRNA-

24,48, and 72 h. Three observations can be done: (i) SIRNA-

treated cells. The results shown are the meanstandard error

(dx2 suppresses b2a2 transcripts at an earlier time than(SE) of four independent experiments. A standatesbt versus the

SiRNA(dx2); (ii) like siRNA(dx1), the single-stranded and
thioated sSiRNAAS-S4 activates the RNAI pathway; (iii)

SIRNA(AS-SJ catalyses a transcript suppression up to 48
whereas its double-stranded cognate siR#A] catalyses

a longer-lasting effect (at least up to 72 h).

Next, we examined by immunoblotting the level of protein
p210BCRABL in treated KYO-1 cells. To this purpose, the
level of p21GCRABL was measured at 55, 72, and 96 h
following transfection (Figure 4). The percent treated (T)/
untreated (C) ratio between pZt6/48- andg-actin in T and
C KYO-1 cells are reported in the enclosed plot. It can be
seen that 55 h following transfection siRNix@ strongly
suppressed p286RABL whereas siRNA{x1) did not. Con-
versely, after post-transfection for 72 h, both anti-b2a2 RNA
duplexes knocked down ther/abl gene to 26-30% of the
control. Ninety-six hours post-transfection, i.e., after four cell

h,

control was performed (**p < 0.01; *, p < 0.05)

divisions, the RNAI effect appeared reduced, although the
effect promoted by siRNAIXx2) is still significant (b2a2
transcripts about 60% of the control). It is however clear
that, over the three times considered, siRN¥]) exhibited

a stronger capacity to inhibitcr/abl than siRNA@x1). The
inhibition promoted by the two siRNAs was highly specific,
because the level of expressionfhctin was not affected
by anti-b2a2 or control siRNAs. To further test the specificity
of the designed siRNAs, we transfected K562 cells, which
express b3a2 transcripts, with the two anti-b2a2 siRNA
duplexes. We found that, 72 h following transfectidacy/

abl was not inhibited, confirming that the designed siRNAs
promoted a gene-silencing process highly specific for the
b2a2 transcripts (Figure 5). In addition, we transfected KCI22



16138 Biochemistry, Vol. 43, No. 51, 2004

55h
QD N
N @ @) @}

'\\9?-
AN r

£
e

la— her/abl

p— - |e— B-actin

v Aa— ber/abl

et D B-actin

Rapozzi and Xodo

72h
DN g P
NEEORCERGRS
o & NS
&L LS
=
] - | |- e ber/abl
- ..
- | s < P-actin
®  SiRNA(EX1)
O giRNA(dx2)
/% siRNA(c1)
( " RNA(cZ)
0

0 20 40 60 80 100
time (h)

FIGURE 4. Western blot analysis showing at 55, 72, and 96 h following transfection the level o#$2€0 in KYO-1 cells treated with
100 nM anti-b2a2 [siRNAqx1) and siRNA@x2)] or control [siRNA(C1) and siRNa¢2)] siRNAs. The siRNAs were delivered to the cells
complexed with oligofectamine. As the loading and specificity control, we measured in each sample the fieaetinf The plot shows
the level of p218CR/ABL expressed as % T/C, where T is the ratio between BZIA¥L andS-actin in siRNA-treated cells and C is the same
ratio in untreated cells. Data uncertainty evaluated from two experiments is abel5%@
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FiGUrRE 6: Western blot after two electroporations (the second 24
h after the first). (A) Protein levels 24 h following the second
electroporation with single-stranded siRM¥-S4, double-stranded
siRNA(dx2), and control siRNAs. (B) Histogram showing the level
of p21(PCRABL at 24 and 48 h following the second electroporation.
Protein level is expressed in terms of % T/C, where T is the ratio
between p21%R/ABL and-actin in treated KYO-1 cells and C is
the ratio in untreated KYO-1 cells. Data uncertainty evaluated from
two experiments is about +15%.

electroporation treatments. The level of p2a/¥ Bt 24 h
after the second electroporation, was reduced to 28% of the
control by siRNAAS-S4 and to 83% of the control by
SiRNA(dx2) (Figure 6A). It is noteworthy that the single-

cells, which by contrast express b2a2 transcripts, and found.siranded oligoribonucleotide with all phosphodiester linkages,

as expected, that both siRN&(1) and siRNAEIx2) signifi-
cantly reduced the level of protein pZ£§/8- (Figure 5).

SiRNA(AS), was almost not functional, probably because it
is susceptible to nuclease degradation. The western analysis

Because single-stranded siRNA is also able to trigger the was repeated 48 h after the second electroporation and all

RNAI process 25), we compared the ability of SIRNAS-
S4 and of its double-stranded cognate siRNHARL) to down-
regulatebcr/abl. Considering that (i) single-stranded siRNA-
(AS-S4, although partially thioated, may undergo some
nuclease degradation; (ii) SIRNAS-S4 exhibits maximal
activity on the mRNA level 24 h following transfection, as
shown by RT-PCR; (iii) p21&~48 has a long half-life f 40

h (26)], we delivered the siRNAs to KYO-1 cells by two

of the results obtained are shown in the histogram of Figure
6B. It can be noted that siRNAS-S4 activates the
suppression dbcr/abl at an earlier time than double-stranded
siRNA(dx1), because the entry in the RNAI pathway of the
former is facilitated with respect to the latte27j.

We then examined whether the depletion of gZE@8L
had any biological consequences on KYO-1 cells. We
observed that the siRNA treatment had an effect on the cell
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Ficure 7: (A) Proliferation assay. 1: SiRNA (c2); 2: siRN&X1); 3: siRNA@x2); 4: siRNA(AS-S-4); 5: siRNA(c3). siRNAIxD),
siRNA(dx2) and siRNAQAS-S4 inhibits the proliferation of KYO-1 cells. The antiproliferative effect was measured by trypan blu counting
of dead cells, at three post-transfection times (24, 48 and 72 h). siRNA(c3) is a single-stranded 20-mer oligonucleotide with a random
sequence used as control; (B) Inhibition of colony formation in agar of KYO-1 cells 48 h post-transfection with diNa{d siRNA-
(dx2. 1: KYO-1+ oligofectamine; 2: KYO-H siRNA(dxD); 3: KYO-1+ siRNA(cl); 4: KYO-1+ siRNA(dx2); 5: KYO-1+ siRNA(c2);
KYO-1 + siRNA(AS-S%; (C) Apoptose assay showing that a 48 h following transfection, siFi$/84, siRNA(dx1) and siRNA@Xx2)
significantly enhance in KYO-1 cells the caspase activity. 1: KYO-1; 2: KY®-aligofectamine; 3: KYO-1+ siRNA(cl); 4: KYO-1

+ siRNA(xD); 5: KYO-1 + siRNA(dx2); 6: KYO-1 + siRNA(c2); 7: KYO-1+ siRNA(AS-S%; (D) Western blots at 72 h post-transfection
showing that downregulation di/abl by siRNA(dx2), results in upregulation of p27: a protein inhibitor of the cell cycle. The data shown
in panels A, B and C are meardsSE of several independent experiments. A stantiaegt versus control was performed (**: £0.01;

* P < 0.05).

viability. The percent ratio of viable cells between T and C the expression of unrelated genes (including the housekeep-
cells is shown in the histogram of Figure 7A. Note that the ing parentakbl gene). We have performed our study using
anti-b2a2 siRNAs reduced the number of viable cells by 30  Philadelphia positive KYO-1 and KCI22 cells, which express
40% compared to the control, 48 h following transfection. a bcr/abl mRNA with the b2a2 junction, with the purpose
The effect on growth appeared stronger when we measuredf validating efficient siRNA targets to suppress the b2a2
the capacity of colony formation in agar of the KYO-1 cells, transcripts. Although both double-stranded siRbb&L) and
48 h following treatment with the anti-b2a2 and control siRNA(dx2) were found to be able to knock dovirer/abl,
siRNAs. Counting the colonies with at least 20 cells, we the latter showed a significantly stronger silencing capacity
found that both siRNA{x1) and siRNA(x2 reduced the  than the former. This different behavior can be rationalized
number colonies 5-fold (Figure 7B). We then addressed thein terms of structural features of the double-stranded siRNAs.
question whether the growth inhibition promoted by the It has been shown that siRNA functionality strongly cor-
designed siRNAs was due to apoptosis. To this purpose, werelates with flexibility at the duplex end containing the 5
measured the caspase activity in KYO-1 cells, 48 h following AS sequence and with the internal stability across thé®
treatment with sIRNA¢x1), siRNA(dx2), siRNA(AS-S3, or nucleotide region 30—32). The internal stabilities of
control siRNAE1) and siRNA€2). Apoptosis was measured  pentameric subsequences measured from t#&S5end of
by the appearance of a fluorescent product generated by theyoth siRNA duplexes were determined using available
caspases. Figure 7C shows that siRN¥g) induced a level  nearest-neighbor stacking energies for duplex RB®).(The
of caspase activity that was about 2.5-fold higher than that data obtained are shown in Figure 8. It can be seen that the
observed with control siRNAg), suggesting that siRNA-  5.AS end of siRNA@x1) (~10 kcal/mol) is more stable,
(dx?) triggers apoptosis in KYO-1 cells. A lower caspase thus, less flexible, than the corresponding end in siRNA-
activity was induced by siRNAKD) and siRNAQS-S2. (dx2) (~7.4 kcal/mol) by 2.6 kcal/mol. The average internal
Finally, Figure 7D shows that the down-regulationtsi/ stability across bases-d4 is similar in both siRNA
abl by siRNA(dx2), the more efficient of the two double-  quplexes, 6.8: 0.4 kcal/mol. Khovorova et al3() and Ue-
stranded siRNAs used in this study, results in upregulation Tej et al., 82) showed that enhanced flexibility at the-5
of protein p27, an inhibitor of protein cdk2 that regulates As sequence strongly correlates with SiRNA functionality,
the entry into the cell cycle28—29). because siRNA, after binding to RISC, undergoes unwinding
to form an active RISERNA complex. Because thé-BS
DISCUSSION sequence of siRNAK?2) is less stable by 2.6 kcal/mol
Small interfering RNAs offer a potent tool to analyze gene compared to that of SiRNAk1), the formation of an active
function and to downregulate the expression of disease-RISC—RNA complex is easier with siRNAk2) than with
associated genes. In this study, we demonstrate that thesiRNA(dx1). This should explain why siRNA¥2) showed
leukaemicbcr/abl-fused gene can be specifically targeted a higher activity than siRNA{x1). Although the internal
by double- and single-stranded siRNAs, without affecting stability across the 914 region seems to be important in
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Internal energy

®  SiRNA (dx2)
O siRNA(dx1)

AG (kcal/mol)
&

il '
i | _IS’AS
T

~-6-7 kcal/mol siRNA(dx2)
~ =10 kcal/mol siRNA(dx/])

Ficure 8: Internal stability profiles of siRNA{x1) and siRNA-
(dx2. Standard Gibbs free energies of siRMA]) and siRNa-

(dx2 duplexes, calculated according to available near-neighbor-

stacking energy data. The pentamer subsequence of SERA(
containing the 5AS end is more flexible {6—7 kcal/mol) than
the pentamer subsequence of siRNA&L) (—10 kcal/mol).

the RNAI process, in this case, it is not discriminatd3@-¢
32).
Single-stranded siRNAS-S4is found to promote a short-

lasting silencing effect compared to that triggered by its

double-stranded cognate siRN#{). This may correlate
with the fact that SIRNAAS-S4, although partially thioated,

Rapozzi and Xodo

which is an essential cell-cycle kinase regulating the entry
into the S phase28—29).

The capacity to efficiently suppress the level of pZRGE-
has an enormous therapeutic significance. Since 1998,
imatinib has been used in the treatment of leukaerdi (
This drug inactivates the tyrosine kinase activity of gZRrO8-
and interrupts signal transmission to the nucl@@}. (n vitro
studies have shown that cells may develop resistance to
imanitib, throughocr/abl amplification and/or overexpression
(36). These observations suggested that imatinib used alone
is less efficacious against CML or ALL than when used in
conjunction with molecules that are able to down-regulate
the expression dicr/abl. In this context, anti-b3a2 and anti-
b2a2 siRNAs may be promising drugs to be associated to
imanitib therapy.

ACKNOWLEDGMENT

We thank Dr. C. M. Broughton, Department of Haema-
tology, University of Liverpool (U.K.) for the KYO-1 cells.

REFERENCES

1. Daley, G. Q., van Etten, R. A., and Baltimore, D. (1990) Induction
of chroinic myelogenous leukemia in mice by the p2id/abl
gene of the Philadelphia chromosonszience 24,7824-830.

2. Faderl, S., Talpaz, M., Estrov, Z., O'Brien, S., Kurzrock, R., and
Kantarjian, H. M. (1999) The biology of chronic myeloid
leukemia,New Engl. J. Med. 241164-172.

3. Druker, B. J., Talpaz, M., Resta, D. J., Peng, B., Buchdunger, E.,
Ford, J. M., Lydon, N. B., Kantarjian, H., Capdeville, R., Ohno-
Jones, S., and Sawyers, C. L. (2001) Efficacy and safety of a
specific inhibitor of the BCRABL tyrosine kinase in chronic
myeloid leukemiaNew Engl. J. Med. 3441031-1037.

4. Nowell, P. C., and Hungerford, D. A. (1960) A minute chromo-

may undergo some degradation by the endogenous nucleases some in human chronic granulocytic leukaenSieience 1321497.

(24). This is in accordance with the observation that the full

phosphodiester analogue, siRM¥gj, which is expected to

5. Rowley, J. D. (1973) A new consistent chromosomal abnormality
in chronic myelogenous leukaemia identified by quinacrine
fluorescence and Giemsa stainifpture 243 290-293.

be more susceptible to nuclease degradation, was not found 6. Kurzrock, R., Gutterman, J. U., and Talpaz, M. (1988) The

to be active.

In a previous study from this laboratory, we demonstrated
that an AS PNA was able to suppress in KYO-1 cells the
b2a2 transcripts to 35% of the control, 48 h following PNA
treatment (1@&M) (12). In this study, we obtained a stronger
suppression of b2a2 transcripts up to 72 h, by using a duplex
RNA, siRNA(dx2), at a concentration 2 orders of magnitudes
lower (100 nM). To our knowledge, this is the first report
describing the validation of a strong RNAI target specific

molecular genetics of Philadelphia-positive leukaermiisy Engl.
J. Med. 319990-998.

7. Goldman, J. M., and Melo, J. V. (2003) Chronic myeloid
leukemia—Advances in biology and new approaches to treatment,
New Engl. J. Med. 3491451-1464.

8. Bhatia, R., and Verfaillie, C. M. (1998) Inhibition of BCR/ABL
expression with antisense oligodeoxynucletides restore b1 integrin-
mediated adhesion and proliferation inhibition in chronic myel-
ogenous hematopoietic progenitoBipod 91, 3114-3422.

9. Clark, R. E. (2000) Antisense therapeutics in chronic myeloid
leukaemia: The promise, the progress, and the problesngemia
14, 347—-355.

for the b2a2 transcripts expressed in leukaemic cells. Inthe 14 \jaran, A, Waller, C. F., Paranjape, J. M., Li, G., Xiao, W., Zhang
literature, there are three studies on the site-directed targeting K., Kalaycio, M. E., Maitra, R. K., Lichtin, A. E., Brugger, W.,

of ber/fabl MRNA by siRNAs, but all are specific for b3a2
transcripts 18—20). The inhibition effect reported is roughly
similar to that find in this work (reduction of the protein

level up 80%).

Previous studies have shown that the development of CML

Torrence, P. F., and Silverman, R. H. (1998%20ligoadenylate-
antisense chimeras cause RNase L to selectively degatibl
mRNA in chronic myelogenous leukemia cel&pod 92 4336—
4343.

11. Kato, Y., Kuwabara, T., Toda, H., Warashina, M., and Taira, K.
(2000) Suppression of BCRABL mRNA by various ribozymes
in HelLa cells,Nucleic Acids Symp. Ser. 4283—284.

and the resistance of leukaemic cells to chemotherapy i, Rapozzi, V., Burm, E. A., Cogoi, S., van der Marel, G. A., van

correlate with the potent antiapoptotic activity of p24%BL
(34). Our data indicate that the down-regulationbaf/abl

by siRNA makes KYO-1 cells susceptible to apoptosis. In

fact, sSIRNA@x2 and, to a lesser extent, sSiRN#x1) and

SiIRNA(AS-S4, induce higher levels of caspase activity with
respect to the control, resulting in significant inhibition of
cell growth and capacity of colony formation in agar. Another

interesting aspect that emerged is that the suppressimer/of

abl results in up-regulation of p27, an inhibitor of cdk2,

Boom, J. H., Quadrifoglio, F., and Xodo, L. E. (2002) Antipro-
liferative effect in chronic myeloid leukemia cells by antisense
peptide nucleic acids\lucleic Acids Res. 3B712-3721.

13. Rapozzi, V., Cogoi, S., Spessotto, P., Risso, A., Bonora, G. M.,
Quadrifoglio, F., and Xodo, L. E. (2002) Antigene effect in K562
cells of a PEG-conjugated triplex. Forming oligonucleotide
targeted to thddcr/abl oncogeneBiochemistry 41502—-510.

14. Elbashir, S. M., Harborth, J., Lendeckel, W., Yalcin, A., Weber,
K., and Tuschl, T. (2001) Duplexes of 21-nucleotide RNAs
mediate RNA interference in cultured mammalian cellafure
411, 494-498.



bcr/abl Suppression by siRNAs

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E.,
and Mello, C. C. (1998) Potent and specific genetic interference
by double-stranded RNA iG@aenorhabditis elegandlature 391
806-811.

Hammond, S. M., Bernstein, E., Beach, D., and Hannon, G. J.
(2000) An RNA-directed nuclease mediates post-transcriptional
gene silencing irDrosophilacells, Nature 404 293-296.

Zamore, P. D., Tuschl, T., Sharp, P. A., and Bartel, D. P. (2000)
RNAI: Double-stranded RNA directs the ATP-dependent cleavage
of MRNA at 21 to 23 nucleotide interval€ell 101 25—33.

Wilda, M., Fuchs, U., Wossmann, W., and Borkhardt, A. (2002)
Killing of leukemic cells with a BCR/ABL fusion gene by RNA
interference (RNAi)Oncogene 215716-5724.

Scherr, M, Battmer, K., Winkler, T., Heidenreich, O., Ganser, A.,
and Eder, M. (2003) Specific inhibition &icr/abl gene expression

by small intereference RNABlood 101 1566-1569.

Wholbold, L., van der Kuip, H., Miething, C., Vorlocher, H.-P.,
Knabbe, C., Duyster, J., and Aulitzy, W. E. (2003) Inhibition of
ber/abl gene expression by small interference RNA sensitises for
imatinib mesylate (STI571Blood 102 2236-2239.

Melo, J. V. (1996) The molecular biology of chronic myeloid
leukaemialLeukemia 10751-756.

Moravcova, J., Lukasova, M., Stary, J., and Haskovec, C. (1998)
Simple competitive two-step RT-PCR assay to monitor minimal
residual disease in CML patients after bone marrow transplanta-
tion, Leukemia 121303-1312.

Markwell, M. A., Haas, S. M., Bieber, L. L., and Tolbert, N. E
(1978) A modification of the Lowry procedure to simplify protein
determination in membrane and lipoprotein samphewl. Bio-
chem. 87206-210.

Xodo, L., Alunni-Fabbroni, M., Manzini, G., and Quadrifoglio,
F. (1994) Pyrimidine phosphorothioate oligonucleotides form
triple-stranded helices and promote transcription inhibitiurleic
Acids Res. 223322-3330.

Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R., and
Tuschl, T. (2002) Single-stranded antisense siRNAs guide target
RNA cleavage in RNAICell 110 563-574.

Spiller, D. G., Giles, R. V., Broughton, C. M., Grzybowski, J.,
Ruddell, C. J., Tidd, D. M., and Clarke, R. E. (1998) The influence
of target protein half-life on the effectivenesse of antisense
oligonucleotide analogue-mediated biological respoAsésense
Nucleic Acid Drug De. 8, 281—-293.

27.

28.

29.

30.

31.

32.

33.

Biochemistry, Vol. 43, No. 51, 200416141

Holen, T., Amarzguioui, M., Babaie, E., and Prydz, H. (2003)
Similar behaviour of single-strand and double-strand siRNAs
suggests they act through a common RNAI pathwaugleic Acids
Res. 312401-2407.

Gesbert, F., Sellers, W. R., Signoretti, S., Loda, M., and Griffin,
J. D. (2000) BCR/ABL regulates expression of the cyclin-
dependent kinase inhibitor p27Kipl through the phosphatidyli-
nositol 3-kinase/AKT pathwayl. Biol. Chem. 27539223-39230.
Jonuleit, T., van der Kuip, H., Miething, C., Michels, H., Hallek,
M., Duyster, J., and Aulitzky, W. E. (2000) BCRABL kinase
down-regulates cyclin-dependent kinase inhibitor p27 in human
and murine cell linesBlood 96 1933-1939.

Khvorova, A., Reynolds, A., and Jayasena, S. D. (2003) Functional
siRNAs and miRNAs exhibit strand bia€ell 115 209-216.
Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W.
S., and Khvorova, A. (2004) Rational siRNA design for RNA
interferenceNat. Biotechnol. 22326—330.

Ui-Tei, K., Naito, Y., Taakahashi, F., Haraguchi, T., Ohki-
Hamazashi, T., Ohki-Hamazaki, H., Juni, A., Ueda, R., and Saigo,
K. (2004) Guidelines for the selection of highly effective SIRNA
sequences for mammalian and chick interferehggleic Acids
Res. 32936-948.

Freier, S. M., Kierzek, R., Jaeger, J. A., Sugimoto, N., Caruthers,
M. H., Neilson, T., and Turner, D. H. (1986) Improved free-energy
parameters for predictions of RNA duplex stabiliBroc. Natl.
Acad. Sci. U.S.A83, 9373-9377.

. McGahon, A., Bissonette, R., Schmitt, M., Cotter, K. M., Green,

D. R., and Cotter, T. G. (1994) BCRABL maintains resistance
to chronic myelogenous leukaemia cells to apoptotic cells death,
Blood 83 1179-1187.

.Warmuth, M., Danhauser-Riedel, S., and Hallek, M. (1999)

Molecular pathogenesis of chronic myeloid leukaemia: Implica-
tions for new therapeutic strategiésnn. Hematol. 7849—64

. Mahon, F. X., Deininger, M. W., Schultheis, B., Chabrol, J.,

Reiffers, J., Goldman, J. M., and Melo, J. V. (2000) Selection
and characterization of BCRABL positive cell lines with
differential sensitivity to the tyrosine kinase inhibitor STI571:
Diverse mechanisms of resistan&good 96 1070-1079.

B1048634W



