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committee. Sixty female C57BL/6] mice (4 weeks of age; CLEA Japan,
Tokyo, Japan) and 40 male ICR mice (2 months of age; Japan SLC,
Shizuoka, Japan) were utilized. The mice were initially anesthetized with
ketamine (50 mg/kg) and the analgesic xylazine (5 mg/kg). A postaur-
icular approach was used to expose the tympanic bony bulla. A small
opening (2 mm) in the tympanic bulla was carefully made to allow access
to the round window membrane. In the tested groups, 5 ul AAV vector
solution (§ x 10 gc) was microinjected into the cochlea through the
round window over 10 min with a glass micropipette (40 ym in diameter)
fitted on a Univentor 801 syringe pump (Serial No. 170182, High
Precision Instruments, Univentor Ltd., Malta) [19]. A small plug of
muscle was used to seal the cochlea and the surgical wound was closed
in layers and dressed with antibiotic ointment. Five mice of each strain
received control cochlear perfusions with artificial perilymph (145 mM
NaCl, 2.7 mM KCl, 2 mM MgSOy, 1.2 mM CaCl,, 5 mM Hepes) alone.
Each AAV-EGFP serotype was injected into five mice of each strain.
Another 20 C57BL/6] mice were injected with the AAV3 vector to study
long-term expression.

Cochlear function assessment using ABR. To assess the physiological
status of experimental ears, auditory thresholds were determined with
multiple frequency and intensity tone bursts by performing ABR audio-
metry with Tucker-Davis Technologies and Scope v3.6.9 software (Power
Lab/200; ADInstruments, Castle Hill, Australia). Tone pipes were intro-
duced into the operated ears of the anesthetized mice, and evoked
potentials were recorded using needle electrodes inserted through the
skin. ABR were elicited and measured 256 times at 4, 8, 12, 16, 20, and
24 KHz frequencies with tone bursts in systematic 5-dB steps. The rise/fall
times for the tone bursts were 0.1 ms rise/ms flat (cosine gate). Free-field
system was used as a calibration procedure. Wave 1 was measured to
analyze the activity from the cochlea. The lowest stimulus level that
yielded a detectable ABR waveform was defined as the threshold. ABR
were tested in the infused ear prior to surgery and 10 days postsurgery.
Data were statistically analyzed using repeated-measures analysis of
variance followed by paired Student’s t test performed with StatView
5.0 software (SAS Institute Inc., Cary, NC, USA). Values of P < 0.05 were
considered significant.

Histology. Cochlear transgene expression patterns were determined for all
AAV serotypes by visualizing EGFP expression. The animals were
sacrificed 10 days after injection, and intracardiac perfusion was
performed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer,
pH 7.4. The cochleae were harvested and the stapes footplates were
removed. For AAV3-mediated transduction, the animals (five mice for
each time point) were sacrificed 1, 2, 4, 8, or 12 weeks after inoculation.
Postfixation was carried out in 4% PFA for 4 h at 4°C, and decalcification
was performed in 10% EDTA for 12 days at room temperature. The
cochlear half-turns were microdissected and processed and the other half-
turns were prepared by cryosection (10 pm) to detect EGFP expression by
using an Olympus IX70 (Olympus Corp., Tokyo, Japan) fluorescence
microscope with a standard fluorescein isothiocyanate filter set and
Studio Lite software (Olympus Corp.). Cells that exhibited fluorescence
were considered positive for transgene expression. The level of expression
was graded by fluorescence intensity on a four-point scale (+, ++, +++,
++++) depending on the pixel/unit area count. Hair cell counts were
carried out with dissected cochlea.
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We report the identification and characterization of a potent
regulator of genomic integrity, mouse and human FRAGT gene, a
conserved homolog of replication factor C large subunit that is
homologous to the alternative replication factor C subunits Elg1,
Ctf18/Chl12, and Rad24 of budding yeast. FRAGT was identified in
a search for key caretaker genes involved in the regulation of
genomic stability under conditions of replicative stress. In response
to stress, Atr participates in the down-regulation of FRAGT expres-
sion, leading to the induction of apoptosis through the release of
Rad9 from damaged chromatin during the S phase of the cell cyde,
allowing Rad9-Bcl2 association and induction of proapoptotic Bax
protein. We propose that the Frag1 signal pathway, by linking
replication stress surveillance with apoptosis induction, plays a
central role in determining whether DNA damage is compatible
with cell survival or whether it requires cell elimination by
apoptosis.

genomic integrity | Bel2 | RadS | Atr | Rb

R eplicative stress causes replication fork stalling or arrest, which
can occur in yeast at naturally occurring sequences, such as
replication fork barriers and replication slow zones (1). When
damage is severe or the natural order of DNA replication is
perturbed, DNA double-strand breaks can occur (2). Such events
can trigger cellular checkpoints, allowing time for repair of damage
before cell cycle progression (2). When the breaks are fixed or the
damage is compatible with cell survival, double-strand breaks can
give rise to the fixed chromosomal aberrations observed in cancer
cells, such as translocations, inversions, amplifications, and dele-
tions. Accumulated aberrations of caretaker pathways in concert
with alterations of gatekeeper tumor suppressors give rise to
transformed cells that acquire selective growth and survival advan-
tages (3). Thus, the pathology of stalled or collapsed replication
forks is important for understanding the role of faithful regulation
of replication in preventing carcinogenesis.

Genotoxic stress-induced replication stalling activates check-
point-signaling pathways that block cell cycle progression, control
DNA repair, or trigger apoptosis (4) through membrane death
receptors and the endogenous mitochondrial death pathways (5).
Rad9 protein is involved in the control of the DNA damage-induced
checkpoint (6). Studies in yeast and human cells have shown that
Rad9 interacts with Hus1 and Radl in the 9-1-1 complex, which is
a heterotrimeric complex and acts as a proliferating cell nuclear
antigen-like sliding clamp (4, 7). In response to DNA damagg, the
9-1-1 complex is loaded around DNA lesions by Rad17, which binds
to chromatin before damage (8) and facilitates Atr-mediated
phosphorylation and activation of Chkl kinase to arrest cell cycle.
Rad9 can participate in signaling apoptosis by interacting with
antiapoptotic Bcl-2 family proteins Bel-2 and Bel-X;. but not with
proapoptotic Bax and Bad (9). The interaction of Bel2 with Bax
prevents Bax from inducing cytochrome ¢ release and cell death,

www.pnas.org/cgi/doi/10.1073/pnas. 0504222102

and the Bax/Bel2 ratio is crucial for regulation of apoptosis (10).
Because the 9-1-1 clamp is also involved in DNA repair (7), the
Rad9 complex is thought to play a key role in coordinating multiple
functions of checkpoint activation, DNA repair, and apoptosis.

In this study, we report the identification and characterization of
the FRAGI gene, which encodes a 1,820-aa mouse and 1,844-aa
human conserved, uncharacterized protein homolog of the large
replication factor C (RFC) subunit Rfcl (861 aa) and the alterna-
tive RFC subunits Elgl (791 aa), Ctf18 /Chl12 (741 aa), and Rad24
(659 aa; Radl7 in human) in budding yeast. Elgl (enhanced levels
of genome instability), a RFC homolog, which forms an alternative
RFC complex with Rfc2-Rfc5, was discovered through budding
yeast genome-wide synthetic genetic interaction screening of mu-
tants of replication fork-progression genes (11) and through the
study of mutants exhibiting high levels of Ty recombination (12, 13).
The Elgl complex is distinct from RFCs for DNA replication, the
DNA damage checkpoint, and sister chromatid cohesion (11-14).
We have now isolated the mammalian FRAGI gene, characterized
the function of Fragl protein in higher eukaryotes, compared it
with homologous DNA replication and damage response proteins
of simpler organisms, and shown that itis involved in a Rad9-related
damage checkpoint, a pathway that is important in determining
whether DNA damage will be tolerated or whether the damaged
cells will be eliminated by apoptosis.

Materials and Methods

Cell Culture. For synchronization by double thymidine block, after
culture in medium with 10% FCS/DMEM containing 2.5 mM
thymidine for 24 h (the first block), cells were washed with PBS,
grown for 10 h in fresh DMEM/10% FCS, cultured 16 h in 2.5 mM
thymidine (the second block) and then incubated as indicated
without thymidine. Flow cytometric analysis after BrdUrd incor-
poration showed that >90% cells entered S phase 2-8 h after
release. Cell viability was assessed by visnalization of cell morphol-
ogy, trypan blue, or erythrosine B exclusion, Hoescht 33342 vital
staining, and flow-assisted cytometric analysis.

Genotoxic Stress and Colony Assay. For synchronized cells, 0.4 uM
aphidicolin (Sigma) in 0.2% DMSO was included in the thymidine
medium for 16 h of the second synchronization. Medium was
exchanged for thymidine-free medium containing 2.2 uM caffeine
{Sigma) and 0.4 uM aphidicolin for an indicated period. For DNA

Abbreviations: MEF, mouse embryonic fibroblast; MMS, methyl methanesulfonate; RFC,
replication factor C; siRNA, short interfering RNA,

Data deposition: The sequencesreported in thispaper have been deposited in the GenBank
database {(accession nos. AY557610 and AYS557611).
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damage, the DNA alkylating agent methyl methanesulfonate
(MMS) (15) was added in the medium at indicated conditions. For
UV irradiation, 60-70% confluent monolayer cells were irradiated
with UV-C emitted by germicidal lamps (GL-15, NIPPO Elec-
tronic, Tokyo, Japan) emitting at predominantly 254 nm. For colony
assay, cells were cultured in medium with MMS for 1 h, washed, and
plated in DMEM/10% FBS with 1.5% methylcellulose; colonies
were counted 10 days later. For radiation, cells were exposed to
137Cs [661 keV (1 eV = 1.602 X 10719 J) at indicated doses] and
assessed as indicated.

Plasmids and Small Interfering RNAs (siRNAs). pcDNA4VS DNA
(Clontech), was ligated in-frame with F1 (nucleotide positions from
the first coding methionine, 1-1440), F2 (1400-1839), F3 (1794~
3177), F4 (2697-3975), or FZ (3972-5535) DNA fragments of
human Fragl cDNA. Wild-type pBJF-FLAG-ATR (pBJF-FLAG-
ATRwt), kinase-dead pBJF-FLAG-ATR (pBJF-FLAG-ATRkd)
[from S. Schreiber (Harvard University, Cambridge, MA) and K.
Cimprich (Stanford University, Stanford, CA)], HA-Rad9, Flag-
N-terminally deleted Rad9 [Rad9-8N; from H-G. Wang (Univer-
sity of South Florida, Tampa)], and pCAGGS-hbel-2 [from Y.
Eguchi and Y. Tsujimoto (Osaka University, Osaka, Japan)] were
used for transfection. GST-fusion (Amersham Pharmacia) was used
for protein expression.

Construction of siRNA-expression plasmids was based on the U6
siRNA expression vector (Takara, Mie, Japan), which includes a
mouse U6 promoter, a puromycin-resistance gene, and two BspMI
sites. Two sets of the sense and antisense oligonucleotides (Table 1,
which is published as supporting information on the PNAS web site)
were annealed and ligated into the vector. U6 siRNA-Frag] plas-
mids were transfected into cells by using TransIT-TKO transfection
reagent (Mirus, Madison, WI) and selected in 1 ug/ml puromycin.
Colonies were picked, and expression was evaluated by RT-PCR
and immunoblot analysis. siRNA espression vectors with EGFP
antisense or without inserts were used as controls (Takara). Oligo
siRNAs for mouse p73, Atr, and luciferase were used as recom-
mended (Santa Cruz Biotechnology).

cDNA Isolation and RNA Analysis. RNAs were extracted with a
Qiagen (Valencia, CA) kit and cDNAs synthesized from 2 ug of
poly(A)* RNA with Superscript II reverse transcriptase and oli-
go(dT) and random primers (Invitrogen). Differentially expressed
genes were isolated with a cDNA subtraction kit (Clontech). After
two rounds of hybridizations, cDNAs were amplified, ligated to
vector, and sequenced.

For hybridization, 5-ug RINAs were fractionated by agarose gel
electrophoresis, transferred to Nylon membrane, and hybridized
with the following probes: cDNAs of the peptide coding region of
FRAGI (N- and C-terminal), RFCI, CTFI8, DCC, and RADI7,
which were amplified by RT-PCR, subcloned, and sequenced.
Filters were washed and exposed to x-ray film.

Protein Analysis and Fractionation. For immunoprecipitation, cells
were harvested and 500-ug samples of cell lysates, after being
precleared with protein G-Sepharose beads, were incubated with
3-4 ug of specific antibody overnight. Antigen-antibody complex
was immobilized on protein G-Sepharose beads, and the beads
were washed five times in lysis buffer. Bound proteins were eluted
by boiling and subjected to SDS/PAGE and immunoblotting.
Immunofluorescence staining and confocal analysis were per-
formed by culturing cells in chambered slides, followed by methanol
fixation, 0.05% Triton X-100 treatment, and staining with first and
secondary antibodies. Primary antibodies used were anti-human
P53 (BD Biosciences), phosphorylated p53 (Ser-15) (BD Bio-
sciences), Mdm2 (Santa Cruz Biotechnology), Rb (BD Bio-
sciences), Rad9 (Santa Cruz Biotechnology), phospho-H2AX (cat-
alog no. 07-164; Upstate Biotechnology, Chicago), mitochondria
(Chemicon), Bax (catalog no. 2772, Cell Signaling Technology;

9656 | www.pnas.org/cgi/doi/10.1073/pnas.0504222102

N-20, Santa Cruz Biotechnology), Atr (ab-2, EMD Biosciences, San
Diego; catalog no. sc-1887, Santa Cruz Biotechnology), Orc2 (BD
Biosciences), cytochrome ¢ (Pharmingen), phospho-H2AX (cata-
log no. 05-636; Upstate Biotechnology), Grb2 (BD Biosciences), V5
(Invitrogen), Flag (Sigma), and actin (ICN, Irvine CA), which were
detected with secondary antisera in an enhanced chemilumines-
cence system (ECL, Amersham Biosciences). Rabbit polyclonal
anti-Fragl antiserum was developed against peptide sequences
mouse 345 CSLSDPENEQPVQKRKSN 362 and affinity-purified.
In vitro transcription/translation was performed with a rabbit
reticulocyte system (Amersham Biosciences) by labeling cDNAs
cloned by RT-PCR amplification with [**S]methionine (Amersham
Biosciences). Proteins were incubated in 100 ul of binding buffer
containing 150 mM NaCl,0.1% Tween 20,0.75 mg/ml BSA, 50 mM
TrissHCI (pH 8.0), 5 mM EDTA, and 10% (vol/vol) glycerol. For
pulling down, glutathione—agarose bead-bound proteins were sub-
jected to SDS/PAGE after being washed five times, and the gels
were exposed to x-ray film. Cellular fractions were prepared as
described in ref. 16.

Results and Discussion

Identification of FRAG1, a Gene Differentially Expressed After Repli-
cation Stress. DNA replication guarantees the duplication of the
genome and requires concerted, dynamic changes of expression of
specific gene products, which regulate the integrity of replication
and surveillance of the genome for damage (17). When replication
forks encounter damage in the DNA strands, stalling or arrest can
result, leading to stimulation of the downstream checkpoint to
initiate cell cycle arrest or apoptosis (1); however, the molecular
mechanisms that sense stalled replication are not understood fully.
To study differentially expressed genes in conditions of replication
stress, synchronized mouse embryonic fibroblasts (MEFs) were
exposed to aphidicolin, a DNA polymerase inhibitor, and harvested
4 h (in mid-S phase) after release from a double thymidine block.
RINA was extracted from MEFs, and subtractive cDNA hybridiza-
tion was performed to identify genes differentially expressed in the
presence or absence of aphidicolin (Fig. 74, which is published as
supporting information on the PNAS web site). BLAST database
searches indicated that 155 clones that we isolated and sequenced
included 86 clones (55%} identical to mouse ESTs (>95% homol-
ogous over 200 bp). The 86 clones included redundant clones; 13
clones corresponded to an overlapped cDNA contig (denoted as
FRAGI1/N), seven clones corresponded to a contig (FRAGL/C),
and five clones corresponded to RFCI ¢cDNA. Interestingly, data-
base searches indicated that FR AG1/N and FRAG1/C are located
adjacent to each other (C130052G03Rik, GenBank accession no.
XM_282980; Gm17, GenBank accession no. XM_111221) on mouse
chromosome 11. Database searches for human orthologs of the
mouse clones showed that the orthologs are parts of a continuous
gene, FLJ12735 (GenBank accession no. NM.024857), at human
chromosome 17q11.2. RT-PCR amplification indicated that those
“two” mouse transcripts span a gene, suggesting that the two
transcripts, FRAG1/N and FRAGI1/C came from one gene,
FRAGI (Ctf18/Rad24/Elgl-related gene 1). We have focused on
characterization of the FRAGI gene.

Alteration of FRAG1 Expression. Northern blot analysis was per-
formed with replication-related genes RFC1, RAD17, and CTF18,
as well as FRAGI/N and FRAGI/C as probes. Synchronized
MEFs were treated with aphidicolin or MMS (a DNA alkylating
agent), agents that cause stalled DNA replication (15). Expression
of FRAG1/N and FRAG1/C was markedly down-regulated by
aphidicolin or MMS treatment, whereas the effect on RFC1, Radi7,
and CTF18 genes was less apparent after MMS treatment (Fig. 14).
RNA blot with cDNA probes of N- and C-terminal portions of
FRAGI (FRAGI/N and FRAGI1/C) (Fig. 1C) detected a pre-
dominant transcript of =9 kb expressed ubiquitously in 12 murine
cell lines (Fig. 1B). To assess the stability of the FRAGI transcript,
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Fig. 1. Expression of the FRAGT gene. (A) RNA blot analysis. Synchronized
MEFs were treated with aphidicolin, and 20 pg of each of the total RNAs were
loaded on the gel, transferred to membrane, and hybridized to probes as
indicated. (B) Frag1 expression in various mouse cell lines. Shown are poly(A)*
RNA from the following sources: lane 1, PU5-1.8 {lymphoid tumor); lane 2,
RAW?264.7 (leukemia-virus induced tumor); lane 3, K-BALB (Kirsten murine
leukemia virus-transformed fibroblast); lane 4, 3T3 (fibroblast); lane 5, L-M
(murine L cells, transformed adipose connective tissue); lane 6, P19 (terato-
carcinoma); lane 7, Hepa 1-6 (hepatoma); lane 8, R1.1(T cell lymphoma); lane
9, L1210 (lymphocytic leukemia); lane 10, P388D1 (lymphoma); lane 11, P815
(mastcytoma); and lane 12, NB41A3 {neuroblastoma). (C) A map of Fragl
fragments. F1, F2, F3, F4, and FZ are ¢cDNA fragments used in the study.
Location of probes Frag1/NandFrag1/Cinthe cDNA are indicated. Rb binding
motif LxCxE and two putative Atr-phosphorylation sites are located near a
region homologous to the AAA family. Two locations of ¢DNA fragments,
which were isolated through subtractive hybridization (nucleotide positions
from the first methionine, 321-1835 and 3750-5388) are shown, and two
probes for RNA blot analysis, which were synthesized by PCR amplification
(nucleotide positions from the first methionine, 1580-1830 and 5130-5380)
are shown, NLS, nuclear localization motifs.

cells treated with actinomycin D to inhibit de novo RNA synthesis
in medium with or without aphidicolin were harvested at serial time
points and assessed for FRAGI/N, FRAGI/C, CTFI8, RFC, and
RAD17 mRNA, indicating that the half-life of FRAGI mRNA
appears to be <4 h after exposure to aphidicolin. In contrast, the
half-life of CTF18, RFC, and RAD17 mRNAs was >15 h, suggesting
that FRAGI mRNA appeared less stable than transcripts of the
other replication-related genes examined (Fig. 7 B-E).

Database searches indicated that the putative Fragl protein has
a conserved region homologous to a large subunit of RFC, which
is considered an ortholog of the alternative RFC subunits, Elgl,
Ctf18/Chl12, and Rad24 (Radl7 in fission yeast and human) of
budding yeast (Fig. 1C) (11-14). Fragl has a conserved AA A family
motif, a hallmark of the ATPase family associated with various
cellular activities, including chaperone-like functions that assist in
the assembly, operation, or disassembly of protein complexes.
Comparison of the mouse and human Fragl amino acid sequences
indicated that they conserve putative Atr-phosphorylation sites
(mouse Fragl at Ser-1150 and Ser-1168 and human Fragl at
Ser-1169 and Ser-1187) (18, 19), and a putative Rb binding site with
a Leu-x-Cysx-Glu (LxCxE) motif (amino acids 1409-1413 of
mouse and 1428-1432 of human) (20).

Reduction of Frag1 Protein Increases Sensitivity to DNA Damage.
Studies of budding yeast have shown that elglA mutants are
sensitive to DNA damage, suggesting that Elgl-RFC functions in
the DNA damage response (11, 12). To study the effect of reduced
expression of mammalian Fragl protein, we performed siRNA
experiments to inhibit expression of endogenous Fragl. RT-PCR
and immunoblot study showed that cells transfected with the siRINA
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Fig. 2. Down-regulation of Fragl expression sensitizes cells to replicative

stress. {A) Down-regulation of FRAGT by siRNA. MEFs were transfected by U6
SIRNA expression vector against FRAG1 and grown in selective medium. RNAs
and protein lysates were extracted and analyzed by RT-PCR and immunoblot.
Results of two independent experiments of FRAGT siRNA clones (#403 and
#406) are shown. C, mock control siRNA. (B) Colony survival assay after
exposure to MMS. Synchronized (Right) or asynchronized (Left) cells (1 < 108)
were cultured in thymidine-free medium for 2 h to allow S-phase entrance.
(Upper) MMS was added at the indicated concentrations for an additional 1 h,
and cells were washed. (Lower) For radiation, cells were exposed at the
indicated doses. Cells were plated in DMEM containing 1.5% methylceliuiose,
and colonies were counted 10days after treatment. The percentage of survival
was determined relative tothe numbers of colonies from untreated cells. Lines
labeled a and b indicate experiments with two independent siRNAs; lines
labeled w indicate mock.

vector and selected in puromycin medium showed a marked
reduction of Fragl gene product (Fig. 24). FRAGI siRNA trans-
fectants were exposed to MMS or to y-irradiation, and colony
survival was assayed. Compared with contro] siRNA transfectants,
two independent FRAG! siRNA transfectants showed enhanced
sensitivity to replication stress, which was apparent in synchronized
MEFs, suggesting that the damage activated the S phase checkpoint
(Fig. 2B). The difference between siRNA knock-down and control
cells after MMS treatment is more pronounced than differences
observed after y-irradiation. It is suggested that reduction of Fragl
increased the sensitivity to MMS.

Fragl siRNA Inhibition Leads to Activation of Caspase and BAX.
Immuunoblot analysis of Fragl protein expression showed that
Fragl was reduced 2-6 h after exposure to aphidicolin or MMS, a
reduction more rapid than for actin or Radl17 in MMS (Fig. 34).
Because involvement of Fragl in cellular responses to DNA dam-
age is suggested, we assessed the activation of proapoptotic pro-
teins. Immunoblot analysis showed caspase 7 activation in FRAGI
siRNA transfectants but not in control siRNA transfectants (Fig.
84, which is published as supporting information on the PNAS web
site). Bax protein expression with slow mobility was induced in two
independent FRAGI siRNA transfectants 8 h after release from
double thymidine cell cycle block and was markedly induced in
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Fig. 3. Fraglis involved in genotoxic response. (A) Frag1 down-regulation
by genotoxic stress. MEFs were cultured in medium with 0.4 nM aphidicolin or
0.01% MMS for the indicated times. Cells were harvested, and lysates were
subjected to SDS/PAGE and immunoblot analysis with antisera as indicated.
(B) Frag1 knock-down sensitizes cells to genotoxic stress. Two independent
Frag1 siRNA MEF clones (#403 and #406) synchronized in Gy and grown in
thymidine-free medium with or without exposure to MMS were harvested at
the indicated times after release in thymidine-free medium. Protein lysates
were immunoblotted with antibodies as indicated. Mismatched siRNA served
as control.

those FRAGI siRNA transfectants at all times after MMS expo-
sure. In sharp contrast, Bax induction was not apparent in control
siRNA transfectants in the conditions examined (Fig. 3B).

Upon activation by DNA damage-induced or oncogene-
induced signaling pathways, phosphorylation of pS3 at Ser-15
increases its half-life, accumulation, and tumor suppressing
activity (21). Phosphorylation of p53 at Ser-15 leads to reduced
interaction of p53 with its negative regulator, the oncoprotein
Mdm2, and impairs the ability of Mdm2 to inhibit p53-dependent
transactivation (21). Our analysis of two independent Fragl
siRNA transfectants showed that phosphorylation of p53 at
Ser-15 was induced in cells after MMS exposure and at 4 (Fig.
3B, #406) and 8 h (Fig. 3B, #403 and #406) without MMS. In
control siRNA transfectants, phosphorylation of p53 at Ser-15
was induced in cells after, but not before, exposure to MMS,
showing that, even without MMS, the reduction of Fragl can
stimulate Bax induction in synchronized cells (at 4 or § h),
emphasizing that reduction of Fragl sensitizes cells to genotoxic
response. Alteration of Mdm?2 expression was less apparent.
Taken together with the observation by microscopy that cyto-
chrome ¢ was released from mitochondria when Fragl expres-
sion was inhibited by sSIRNA or when cells were exposed to MMS
(Fig. 8C), it is suggested that reduction of Fragl may be required
for sensitizing cells to DNA damage and activating Bax-related
cell death.

p53 translocates to mitochondria, where it directly induces Bax
activation and cytochrome ¢ release upon DNA damage (22). To
determine whether p33 is involved in the induction of Bax expres-
sion in our siRNA transfectants, Trp-53-deficient MEFs were
analyzed. Results of siRNA Fragl inhibition showed that Bax was
induced in Trp-53*/~ and Trp-53~/~ transfectants of MEFs and
phosphorylation of p53 at Ser-15 was increased in Trp-53*/~
transfectants after exposure to MMS, suggesting that Bax was
activated regardless of p53 status and that p53 is dispensable for Bax
induction in the Fragl replication stress pathway (Fig. 8B). Re-
cently, two pS3 homologues have been identified, p73 and p63, that
have high amino acid identity, suggesting shared function (23).
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Fig. 4. Fragl is involved in the Rad9-Bcl2 pathway. (A) Coimmunoprecipi-
tation of Frag1, Rad9, and Bcl2. MEFs were grown in medium with 0.4 uM
aphidicolin (Aphi) or 0.01% MMS for 24 h or exposed to 8 J/m? UV radiation
and cultured for 24 h before harvesting. The leftmost lane is without treat-
ment. Protein lysates were extracted and immunoprecipitated {IP) with anti-
Rad9 or normal rabbit serum (NRS), followed by immunoblot with Frag1l,
Rad9, or Bcl2 antisera. (B) Pull down of in vitro transcribed and translated
(IVTT)YF1, F2, F3, F4, and FZ fragments of Frag1 by GST-Rad9 fusion protein. in
vitro transcribed and translated products were labeled with [35S]methionine
and incubated with GST-Rad9 fusion protein. The bound samples were pulled
down with glutathione-agarose beads, which were subjected to SDS/PAGE,
and gels were exposed to x-ray film. (Upper) Pull-down assay. (Lower Left)
PAGE and exposure of in vitro transcribed and translated F1, F2, F3, F4, and FZ
fragments (input), shown by asterisks. (Lower Right) Immunoblot with anti-
GST. (C} Assay of colony survival of MEF transfectants after MMS exposure.
MEFs transfected with pcDNA expression vector with F1, F2, F3, F4, or FZ ¢cDNA
andselected in G418 medium were subjected to colony survival assay, similarly
to that shown in Fig. 28. Error bars show standard deviations. (D) Cell death
after MMS exposure. (Upper) Rad9, Rad9-8N (Rad9Ndel), and Bcl2 plasmids
were introduced with selection plasmids in F2 transfectants and grown in
selection medium for hygromycin resistance. Apoptotic cells were evaluated
48 h after MMS exposure by erythrosine B staining exclusion. (Lower) Immu-
noblot with anti-V5 tag (F2), anti-HA tag (Rad9), anti-HA tag (Rad9Ndel), and
anti-Bcl2 antisera.

Indeed, like p53, p73 can trigger several promoters, including Bax
and p21 promoters, and is able to trigger cell death in response to
the DNA damage. Introduction of p73 oligo siRNA into Fragl
siRNA vector transfectants of Trp-537/~, reduced Bax induction
(data not shown), suggesting a role for p73 in the stimulation of the
Fragl—Bax pathway.
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Fig. 5. Frag1 involvement in the DNA damage response. (A} Synchronized
MEFs were cultured in growth medium with or without MMS (0.01%) for the
indicated times, and cellular protein was extracted. Protein expression was
studied by immunoblot with the indicated antibodies before and after im-
munoprecipitation {IP) with Rad9 antibody. (B) LxGxK, LxGxE, or wild-type
(Wt) Frag1 transfectants that were synchronized at G; were released from Gy
in thymidine-free medium with or without MMS (0.01%) as indicated and
subjected to immunoblot with anti-V5 (tag) or anti-actin antibody before and
after immunaprecipitation with Rb antibody. (C) MEFs were transfected with
Atr siRNA. A day after transfection, cells were cultured with or without MMS
(0.01%) for 4 h, and protein lysates were immunoprecipitated and immuno-
blotted as indicated. (D) Subcellular localization of Frag1 and Rad9 after MMS
treatment. Cellular components were fractionated from MEFs before and
after exposure to MMS and subjected to immunoblot. Immunoblot with
antibodies against Grb2 and Orc2, membranous and chromatin-bound pro-
teins, are shown as controls. P1, whole-cell pellet; $2, cytosol and nucieosol; P2,
detergent-insoluble nuclei; $3, DNase l-extracted nuclei; P3, DNase |-resistant
fraction; S4, containing chromatin; P4, nuclear matrix. CB, Coomassie brilliant
blue staining.

Frag1 Associates with Rad9 and Is Involved in the Bcl2 Pathway. It was
shown that proapoptotic Bax can form heterodimers with antiapo-
ptotic Bel2 in cells (24), which prevents Bax conformational changes
required for apoptosis induction (10). Activated Bax proteins
oligomerize and are stabilized in the mitochondrial membrane and
induce cytochrome ¢ release, an important process for the induction
of cell death (10). After DNA damage, Rad9 plays a role in
induction of apoptosis by associating with antiapoptotic Bel2, which
results in the inhibition of Bel2 function (9). To investigate the
Fragl signal pathway, we have used coimmunoprecipitation anal-
yses (Fig. 94, which is published as supporting information on the
PNAS web site) to define Fragl associations with partner proteins
involved in responses to replicative stress. Immunoblots probed
with anti-Fragl after immunoprecipitation with anti-Rad9 indi-
cated their association in growing cells. Aphidicolin or MMS
exposure resulted in reduced Fragl expression and concomitant
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Fig. 6. The Frag1 response to DNA damage. {(A) Association of Frag1 and
Rad9 in response to DNA damage. Wild-type (Wt) and Fragl mutant MEF
transfectants synchronized at Gy were released from Gy in thymidine-free
medium with 0.01% MMS for 4 or 8 h, Cellular lysates were extracted and
subjected to immunoblot with anti-V5 (tag) or anti-actin antibody before and
after immunoprecipitation (IP) with Rb antibody. (B} Viability of cells express-
ing wild-type and Frag! mutants after MMS exposure. Wild-type and Fragl
mutant-expressing MEFs were cultured in medium with 0.01% MMS for the
indicated times, and apoptotic cells were evaluated by erythrosine B staining
exclusion,

reduction of the association with Rad9. Conversely, an increase of
Rad9 association with Bcl2 was observed after genotoxic stress (Fig.
4A4). In vitro pull-down assay using recombinant GST-Rad9 fusion
protein detected association with in vitro transcribed-translated
Fragl-F2 fragment, corresponding to the RFC homologous region.
Other Fragl fragments did not associate with Rad9 (Figs. 1C and
4B), suggesting that the F2 fragment binds Rad9 and regulates
apoptosis induction.

Colony formation assays of MEF transfectants expressing spe-
cific Fragl peptides indicated that more colonies formed after F2
expression compared with other Fragl peptides after genotoxic
stress (Fig. 4C), suggesting that the F2 region of Frag! functions to
regulate apoptosis by interacting with Rad9. The stable F2 trans-
fectants, in which MMS-induced apoptosis was inhibited, were
transfected with Rad9 and selected for hygromycin resistance (Fig.
4D Upper, compare F2 and C). Overexpression of Rad9 in the F2
expressors caused an increase in apoptosis (Fig. 4D, +RAD9).
Usage of Rad9-8N, which is defective in Bel2 association (9),
inhibited apoptosis (Fig. 4D, +Rad9Ndel). Furthermore, introduc-
tion of antiapoptotic Bel2 into F2 transfectants resuited in profound
inhibition of apoptosis (+Bcl2). Confocal microscopy showed that
in F2 transfectants release of cytochrome ¢ after exposure to MMS
was inhibited (Fig. 9B). Results of these experiments strongly
suggest that Fragl modulates Rad9 association with Bel2 and
thereby induces DNA damage-induced apoptosis.

Atr Regulates Frag1-Rad9 Association and the Release of Rad9 from
Frag1in S Phase. To further define Fragl function, we examined the
cell cycle-dependence of Fragl association with Rad9 in synchro-
nized cells exposed to MMS. Association of Fragl with Rad9 was
weak in synchronized Gy cells and increased in strength during
progression into S phase. After exposure to MMS, the Fragl-Rad9
association was reduced, leading to an increase of Rad9-Bcl2
association (Fig. 54). The data are consistent with the conclusion
that Fragl is involved in sensitizing Rad9 to genotoxic stress during
S phase through their association. Confocal microscopic observa-
tion indicated that Fragl and Atr are colocalized 8-12 h after
exposure to MMS, whereas Fragl seems to form foci before Atr
focus formation (Fig. 10, which is published as supporting infor-
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mation on the PNAS web site), suggesting a role for Fragl in the
Rad9 pathway via Atr response to DNA damage.

To study further the involvement suggested by the Fragl motif
search (Fig. 1C) of Atr and Rb in the Fragl-Rad9 pathway, we
prepared wild-type and mutant human Frag]l expression vectors by
substituting the putative Atr phosphorylation sites, Ser-1169 and
Ser-1187 with Ala residues, and the Rb-binding site, LxCxE-1432
with IxGxK-1432 or LxGxE-1432. Transfected wild-type Fragl, but
not LxGxE and LxGxK mutants, associated with Rb, as was more
apparent in synchronized G; than S phase cells (Fig. 5B). After
MMS, wild-type Fragl expression was undetectable, whereas
IxGxK, and to a lesser extent LxGxE, mutant proteins were
detectable. The Fragl-Rb association was undetectable in wild type
and two Rb-site mutants after MMS. In summary, it is suggested
that Fragl might play a role in pre-sensitizing cells to genotoxic
stress during replication, i.e., in S phase, whereas Fragl predomi-
nantly associates with Rb in Gy phase.

To examine the role of Atr, endogenous Atr was inhibited by
siRNA (Fig. 5C). Whereas MMS damage reduced endogenous
Fragl in control cells, reduction of Atr inhibited the down-
regulation of endogenous Fragl in response to DNA damage.
Immunoprecipitation showed that, in response to MMS exposure,
inhibition of Atr markedly reduced the association of Rad9 with
Fragl, a reduction in siRNA ATR-treated cells that was more
appreciable than in control cells. Thus, Atr stimulated two sepa-
rable events: association of Rad9 with Fragl and down-regulation
of Fragl in response to DNA damage.

Cellular components before and after MMS exposure were
fractionated, and proteins were analyzed by immunoblot to study
the translocation of Rad9 in response to DNA damage (Fig. 5D).
After exposure to MMS, the amount of Rad9 in detergent-insoluble
nuclei (P2) was significantly reduced, and the proportion of slow
mobility Rad9 was increased in DNase I-extracted nuclei (S3),
whereas reduction but not translocation of Fragl was detected,
suggesting that a predominant fraction of Rad9 translocated from
chromatin to soluble fraction. These results suggest that Fragl has
a role in loading activated Rad9 onto damaged chromatin and
stimulating its translocation.

To determine whether phosphorylation and Rb-binding of Fragl
are involved in the association and release of Rad9 (Fig. 64), stable
transfectants expressing Fragl or Fragl mutants were exposed to
MMS, and protein lysates were analyzed by immunoblot. Associ-
ation of Fragl with Rad9 was reduced 4 and 8 h after cells were
released from Gj block and exposed to MMS; however, the
reduction was inhibited in the Ser-1169A and LxGxK mutants and,
to a lesser extent, in Ser-1187A and LxGxIZ mutants, suggesting that
Atr phosphorylation stimulates the dissociation of Rad9 and that
Rb binding is also involved, directly or indirectly, in Rad9 activation.
The evaluation of apoptotic cells showed that the mutants, espe-
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cially Ser-1169A and IxGxK, had DNA damage-resistant pheno-
types compared with wild-type transfectants (Fig. 6B), emphasizing
the importance of the Fragl-Rad9 association to apoptosis induc-
tion. We finally assessed cotransfectants with Fragl and wild-type
or kinase-dead ATR. Immunoblot analysis showed that, after MMS
exposure, down-regulation of Fragl was inhibited by kinase-dead
ATR but not by wild-type ATR (data not shown), supporting the
conclusion that phosphorylation by Atr plays a role in the Fragl-
Rad9-regulated DNA damage response.

As for a mechanism, our data showed that Fragl amino acids
Ser-1169 and Ser-1187 play critical roles in the regulation of Rad9
release and cell death in response to DNA damage. Ser-1169 and
Ser-1187 are putative phosphorylation sites for Atr, which is a
sensor of stalled or collapsed replication forks at mid-S phase
checkpoint (19). Overexpression of a Rad9-associated Fragl
polypeptide inhibited Bel2 family-mediated apoptosis, suggesting
that Fragl functions as a platform for loading Rad9 to damaged
lesions. As shown in the present study of ATR siRNA, after
genotoxin exposure, reduction of Atr inhibited the down-regulation
of endogenous Fragl and markedly reduced association of Rad9
with Fragl, suggesting that the loading of Rad9 onto damaged
chromatin by Fragl may require Atr and that Atr could down-
regulate Fragl through phosphorylation sites Ser-1169 and Ser-
1187. As for the activation of Rad9, earlier studies showed several
mechanisms for recruiting Rad9 to damaged lesions, including
Abl-mediated phosphorylation of Rad9, which induced binding of
Rad9 to antiapototic BelxLL (25); PKC8 phosphorylation of Rad9
after genotoxin exposure (26); and MEC1 and TEL1 of budding
yeast, homologues of Atr and Atm, which regulate Rad9 hyper-
phosphorylation (27). Thus, Atr, in concert with those molecules,
can play a direct or indirect role in recruiting Rad9 onto Fragl. Full
execution of the steps could lead to the stimulation of the Rad9-
Bcl2 cell death pathway. We propose a schema in which each step
participates in sensing damage, activating checkpoint, and execu-
tion of apoptosis; the multisteps may compose the machinery for
the pathway, which determines the fate of cells with perturbations
in DNA replication progression, i.e., whether the DNA damage is
compatible with cell survival or requires elimination by apoptosis
(Fig. 11, which is published as supporting information on the PNAS
web site).
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Abstract

The combination of imatinib and a farnesyliransferase inhibitor might be effective for reducing the number of BCR/ABL-positive
leukemia cells. In this study, we examined the differences in the mechanisms of the growth inhibitory effect of the combination of imatinib
and R115777 (Zarnestra™) among BCR/ABL-positive cell lines. Steel and Peckham isobologram analysis indicated that this
combination had a strong synergistic inhibitory effect on growth in all imatinib-resistant cell lines and their parental cell lines. Levels
of cleaved caspase 3 were increased by the combination treatment in all cell lines. However, both the level of cleaved PARP and the
number of annexin-V-positive cells were much less increased in KCL22 and KCL22/SR celis than in K562, KU812, K562/SR and KU812/
SR cells. The combination treatment promoted pZ7KIPI accumulation and induced a significant increase in the percentage of G0/G1
KCL22 and KCL22/SR cells. In other cell lines, the percentage of GO/G1 cells was not increased but rather decreased. The results indicate
that induction of apoptosis and blockage of the cell cycle were major mechanisms of the synergistic inhibitory effect of the combination
treatment, but the relative importance of these mechanisms differed among cell types. Additional treatment for overriding the Gl

checkpoint may be required to eradicate leukemia cells, in which the combination induces cell cycle arrest.

© 2005 Elsevier Inc. All rights reserved.

Keywords: R115777; Farnesyltransferase inhibitor; Imatinib; BCR/ABL; Chronic myeloid leukemia; Drug resistance

1. Introduction

The ABL tyrosine kinase inhibitor imatinib mesylate
(imatinib, Novartis) has shown a substantial clinical effect
in BCR/ABL-positive leukemia patients [1-4]. It has been
reported that about 50% of patients with aggressive BCR/
ABL-positive leukemia, such as chronic myeloid leukemia
in blast crisis (CML-BC) and acute lymphoblastic leuke-
mia (ALL), exhibit a hematological response to treatment
with imatinib alone [3,4]. However, most patients with
such leukemia relapse soon after showing a response to
imatinib; thus, long-term remission is not obtained with
imatinib treatment alone. Furthermore, it is possible that
many patients with CML-BC will have primary resistance
to imatinib because imatinib may already have been admi-

* Corresponding author. Tel.: +81 285 58 7353; fax: +81 285 44 5258.
E-mail address: t-nagai@jichi.ac.jp (T. Nagai).

0006-2952/$ ~ see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.bep.2005.02.021

nistered in the chronic phase in many cases. Previous
studies have demonstrated that BCR/ABL gene amplifica-
tion, point mutations in the ATP-binding pocket of the
BCR/ABL gene, increased expression of BCR/ABL pro-
tein, up-regulation of P-glycoprotein (P-gp) belonging to
the ABC transporter family, increased concentration of
serum ol acid glycoprotein and up-regulation of Nrf2-
mediated gene expressions may be involved in the acquisi-
tion of resistance to imatinib [5~14]. Several recent studies
have indicated that imatinib-resistant cells with a point
mutation in the BCR/ABL gene may be present prior to
treatment with imatinib in BCR/ABL-positive leukemia
patients [5,15-17]. Therefore, to obtain a sufficient clinical
effect, it is important to reduce the number of imatinib-
resistant leukemia cells by initial treatment targeting
aggressive BCR/ABL-positive leukemia. Recently, a
new generation of BCR/ABL kinase inhibitors has been
developed [18-21] and has been shown to be effective
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against imatinib-resistant cells with point mutations in
vitro [18]. However, none of these inhibitors are currently
available for clinical use. At present, one attractive ther-
apeutic strategy is combination therapy with imatinib and
other anti-leukemia reagents. Cytotoxic effects of various
combinations on leukemia cells have been investigated
[22,23].

Some cellular proteins, including Ras family proteins,
require posttranslational modifications to become active.
Prenylation, which is involved in these modifications, can
be performed by adding a 15-carbon farnesyl isoprenoid
group mediated by farnesyltransferase. An alternative
prenylation reaction, geranylgeranylation, can be per-
formed by transferring a 20-carbon geranylgeranyl iso-
prenoid to proteins by geranylgeranyl transferases.
Because prenylation is required to transfer Ras proteins
to the cellular membrane, farnesyltransferase inhibitors
(FTIs) were initially expected to suppress Ras function,
leading to tumor growth inhibition [24,25]. An FTI
showed significant anti-tumor activity via inhibition of
H-Ras function in an activated H-Ras-induced breast
cancer model [26]. However, N-Ras and K-Ras can be
transferred to the cellular membrane by geranylgeranyla-
tion, even if farnesylation is inhibited, suggesting that
inhibition of the processing of other target proteins is
involved in the anti-tumor effects of FTIs. Such target
proteins may include the small GTP-binding protein
RhoB and the centromere-associated proteins CENP-E
and CENP-F [27,28].

FTIs have been shown to have anti-leukemia effects on
BCR/ABL-positive cultured cells and in BCR/ABL-posi-
tive murine models [29,30]. Moreover, Hoover et al.
reported that an FTI, SCH66336, inhibited proliferation
of imatinib-resistant cell lines and colony formation by
hematopoietic progenitors from imatinib-resistant CML
patients [31]. These findings suggest that FTIs have
potential as agents for treatment of imatinib-resistant
BCR/ABL-positive leukemia. The results of clinical
studies on an FTI, R115777 (ZarnestraTM, Titusville,
NI), indicate that it is moderately effective against
CML [32,33]. However, R115777 alone does not seem
to be sufficiently effective against aggressive CML [33].
Phase I studies using combination therapy with R115777
and imatinib for treatment of refractory or resistant
BCR/ABL-positive leukemia have been conducted
[34,35].

In this study, we investigated the mechanisms under-
lying the inhibitory effect of the combination of R115777
and imatinib on growth of BCR/ABL-positive cells. Our
isobologram analysis revealed that this combination has a
significant synergistic inhibitory effect on growth of ima-
tinib-resistant cell lines and imatinib-sensitive cell lines.
We also found that this effect was due to both induction of
apoptosis and blockage of the cell cycle, but the relative
importance of these two mechanisms differed among cell
lines.

2. Materials and methods
2.1. Cell lines

We previously established an imatinib-resistant clone,
KCL22/SR, from the KCL22 human BCR/ABL-positive
cell line [36]. To obtain other imatinib-resistant clones, we
treated K562 and KU812 cells (BCR/ABL-positive cell
lines established from peripheral blood of CML patients in
blast crisis) with step-wise increasing concentrations of
imatinib (0.1-1.0 wM) and cultured them on a medium
containing methylcellulose, followed by selection and
cloning of individual colonies. These newly cloned ima-
tinib-resistant cell lines were designated K562/SR and
KUB12/SR, respectively. All imatinib-sensitive parental
cells and imatinib-resistant cells were grown in RPMI1640
medium supplemented with 10% fetal bovine serum and
split every 4 days.

2.2. Cytotoxic effects of a combination of R115777 and
imatinib

The farnesyltransferase inhibitor R115777 was kindly
provided by Johnson & Johnson Pharmaceutical and
Development (Philadelphia, PA). Imatinib was purchased
from Novartis Pharma (Basel, Switzerland). Cells were
incubated with various concentrations of each reagent for 4
days and then cell numbers were counted using a Cell
Counting Kit-8 (Wako Pure Chemical Industries Ltd.
Osaka, Japan) in accordance with the manufacturer’s
instructions. The cytotoxic effect of the combination of
R115777 and imatinib was evaluated by a Steel and
Peckham isobologram as described previously [37,38].
When the points were outside the left margin of the
envelope formed by two broken lines, the combination
treatment was considered to have a synergistic effect on
cell growth inhibition. If the points were plotted within the
envelope, the combination treatment was considered to
have an additive effect.

2.3. Western blot analysis

Whole cell lysates were prepared from 1 x 107 cells
according to a method described previously [39]. Then
10 g of whole cell lysate was separated electrophoreti-
cally using 10% polyacrylamide gel. Immunoblotting and
detection by enhanced chemiluminescence were per-
formed as described previously [40]. Mouse anti-glycer-
aldehyde-3-phosphate dehydrogenase monoclonal anti-
body and anti-phospho-tyrosine antibody were purchased
from Chemicon International (Temecula, CA) and Santa
Cruz Biotechnology (Santa Cruz, CA), respectively. Anti-
cleaved caspase 3, anti-PARP, anti-p44/42 (ERK1/2) MAP
kinase and anti-phospho p44/42 (ERK1/2) MAP kinase
rabbit polyclonal antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Mouse anti-
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1)27KIpl and anti-HDJ-2 monoclonal antibodies were pur-

chased from BD Biosciences (San Jose, CA) and Neomar-
kers (Fremont, CA), respectively.

2.4. Flow cytometry

Apoptotic cells were evaluated by counting annexin-V-
positive cells using a MEBCYTO-Apoptosis Kit (MBL,
Nagoya, Japan) in accordance with the manufacturer’s
instructions. Briefly, the cells were collected and rinsed
once with phosphate-buffered saline (PBS). The cells were
then incubated with annexin-V-FITC and propidium iodide
for 15 minand analyzed by flow cytometry using a FACScan
Analyzer (Becton Dickinson, San Jose, CA). For cell cycle
analysis, the cells were incubated with propidium iodide for
30 min and analyzed by flow cytometry using a FACScan/
CellFIT system (Becton Dickinson, San Jose, CA).

3. Results

3.1. Development of imatinib-resistant
BCR/ABL-positive cell lines

We used an imatinib-resistant clone, KCL22/SR, and its
parental BCR/ABL-positive cell line, KCL22 [36]. In
addition, we cloned two other imatinib-resistant clones,
K562/SR and KU812/SR, from the BCR/ABL-positive cell
lines K562 and KU812, respectively. As shown in Table 1,
ICsg values of imatinib against the three imatinib-resistant
clones were 5-9-fold higher than that against each corre-
sponding parental cell line. No amplification of or point
mutation in the BCR/ABL gene was found in these ima-
tinib-resistant clones. Consistent with our previous find-
ings [36], imatinib treatment resulted in a significant
decrease in the level of phosphorylation of BCR/ABL
protein in all imatinib-resistant clones as well as parental
cell lines (data not shown). These results suggest that
deregulation of processes downstream of BCR/ABL kinase
is involved in the acquisition of resistance to imatinib in
these imatinib-resistant clones.

3.2. Combined treatment of BCR/ABL-positive cells
with R115777 and imatinib resulted in synergistic
inhibition of cell growth

To confirm that the farnesyltransferase inhibitor
R115777 inhibits farnesylation in BCR/ABL-positive

Table 1
ICsq values of imatinib against the imatinib-sensitive and the imatinib-
resistant cell lines

1Cs0 values(pM)

KCL22 0.199 £+ 0.037
K562 0.218 +0.091
KU812 0.216 £ 0.076

KCL22/SR 1.779 4 0.934
K562/SR 1.245 3 0.419
KU812/8R 1.526 + 0.308

Ratio x8.940
Ratio x5.711
Ratio x7.065

cells, we examined the level of the chaperone protein
HDJ-2, which is a substrate of farnesyltransferase, by
Western blot analysis using an anti-HDJ-2 antibody
[41]. Treatment of cells with R115777 resulted in signifi-
cant accumulation of unprocessed HDJ-2 in all cell lines
(data not shown), suggesting that farnesylation is effec-
tively inhibited by R115777 in both imatinib-sensitive and
imatinib-resistant BCR/ABL-positive cells. To determine
whether a combination of R115777 and imatinib effec-
tively inhibits growth of BCR/ABL-positive cells, we
examined the time courses of changes in cell count after
treatment with ICsq concentrations of imatinib, R115777
and a combination of these two reagents. The combined
treatment resulted in greater suppression of cell growth
than did treatment with either of the reagents alone in all
parental and imatinib-resistant cells (data not shown). To
determine whether the growth inhibitory effect was syner-
gistic or additive, we next performed Steel and Peckham
isobologram analysis, which provides very strict and reli-
able results [38]. Combined treatment of parental cells
(KCL22, K562 and KUS812) with R115777 and imatinib
resulted in clear synergistic inhibition of cell growth
(Fig. 1A). This combination also synergistically inhibited
the growth of imatinib-resistant cells, KCL22/SR, K562/
SR and KU812/SR (Fig. 1A). These results indicate that
the combination of R115777 and imatinib has a synergistic
inhibitory effect on growth of BCR/ABL-positive cells,
regardless of sensitivity to imatinib.

R115777 was initially expected to be an inhibitor of Ras
function. We investigated the levels of phosphorylation of
ERK1/2, a Ras-mitogen-activated protein kinase (MAPK),
to determine whether the synergistic inhibitory effect was
mediated by alteration of Ras signaling. However, the
levels of phopho-ERK1/2 were not decreased by
R115777 treatment in any of the cell lines (data not
shown). These results suggest that inhibition of Ras-
MAPK signaling is not involved in the inhibitory effect
of R115777 on BCR/ABL-positive cells.

3.3. R115777 and imatinib synergistically inhibited the
growth of leukemia cells from a patient in blast crisis

We next examined the effect of combined treatment on
the growth of primary leukemia cells from a 53-year-old
male patient in imatinib-resistant blast crisis. Written
informed consent for the examination was obtained from
the patient. Leukemia cells from peripheral blood of the
patient, with no mutation in the BCR/ABL gene, were used
for Steel and Peckham isobologram analysis. The patient
showed no response to imatinib after conversion to blast
crisis. The ICsg of imatinib to these cells was 0.71 pM,
which is high compared with those of imatinib-sensitive
CML cell lines. Combined treatment of these cells with
R115777 and imatinib resulted in a synergistic inhibitory
effect on growth (Fig. 1B). These results suggest that this
combination treatment is effective against primary imati-
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Fig. 1. Effect of combination of R115777 and imatinib on growth inhibition. (A) Steel and Peckham isobologram analyses of the combination of R115777 and
imatinib in BCR/ABL-positive cell lines were performed as described in Section 2. Most points are plotted in the area representing synergistic effects in all
BCR/ABL-positive parental cell lines (a) and imatinib-resistant cell lines (b). (B) Mononuclear cells from peripheral blood of a patient with imatinib-refractory
blast crisis were first seeded at a density of 1 x 10° cells/ml and cultured in RPMI1640 media for 72 h. Steel and Peckham isobologram analysis of the
combination of R115777 and imatinib was performed as described in Section 2. Most points are plotted in the area of synergistic effects.

nib-resistant BCR/ABL-positive cells in patients in blast
crisis.

3.4. Induction of apoptosis by combination of
R115777 and imatinib

To clarify whether the combination of R115777 and
imatinib inhibits cell growth due to induction of apop-
tosis, we examined the levels of cleaved caspase 3,
cleaved PARP and the number of annexin-V-positive
cells with or without the combination treatment. The
combination treatment increased the level of cleaved
caspase 3 in all parental and imatinib-resistant cell lines
(Fig. 2A). In K562, K562/SR, KU812 and KU812/SR
cells, the level of cleaved PARP, which is one of the
downstream molecules of caspase 3, was also signifi-
cantly increased. Consistent with these results, the com-
bination treatment markedly increased the number of
annexin-V-positive K562, K562/SR, KU812 and
KU812/SR cells, whereas addition of ICsq concentrations
of imatinib or R115777 alone only slightly increased the
number of annexin-V-positive cells (Fig. 2B). In contrast,
the level of cleaved PARP was much less increased by the

combination treatment in KCL22 and KCL22/SR cells
(Fig. 2A). Furthermore, induction of annexin-V-positive
cells was much less pronounced in KCL22 and KCL22/
SR cells at 72 h (Fig. 2B), 48 h and 96 h (data not shown)
after addition of R11577 with imatinib. These results
indicate that the combination of R11577 and imatinib
induces apoptosis in both imatinib-sensitive and imati-
nib-resistant cells, but the contribution of apoptosis to the
synergistic inhibitory effect on cell growth is relatively
low in KCL22 and KCL22/SR cells because of insuffi-
cient activation of PARP.

3.5. Effect of the combination of R115777 and
imatinib on the cell cycle

Since the combination treatment only slightly increased
the number of annexin-V-positive cells in KCL22 and
KCL22/SR cells, we hypothesized that the synergistic
growth inhibition was mainly caused by induction of cell
cycle blockage in these cells. To investigate the function of
the G1 checkpoint, we first examined the level of p27KIP1.
Consistent with our previous findings, p27KIPl expression
was up-regulated by treatment with imatinib alone in
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Fig. 2. Induction of apoptosis by a combination of R115777 and imatinib. (A) Cells were cultured in the absence of any reagent for 3 days prior to the treatment
and then treated with a combination of ICsy concentrations of imatinib and R115777 for 6, 12 and 24 h. Total cell lysates were prepared and subjected to Western
blot analysis using anti-cleaved casepase-3 and anti-PARP antibodies. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was examined
as an internal control. The levels of cleaved caspase 3 and cleaved PARP normalized on the basis of GAPDH levels are shown. (B) Cells were cultured in the
absence of any reagent for 3 days prior to treatment and then treated with ICsq concentrations of imatinib, R115777 or a combination of imatinib and R115777
for 72 h. The number of annexin-V-positive cells was counted by flow cytometry as described in Section 2.

KCL22 and KCL22/SR cells (Fig. 3A). In these cells,
the combination treatment with ICsy concentrations of
R115777 and imatinib also promoted p27KH)1 accumula-
tion and significantly increased the percentage of GO/G1
cells (Fig. 3A and B). To determine whether a higher
concentration of imatinib could induce cell cycle progres-
sion and thus lead cells to apoptosis, we next examined the
effect of combined treatment with 5 M imatinib and ICsq
concentration of R115777 on p275*! expression and GO/
G1 accumulation. The results showed that the combination
of the reagents at these concentrations increased p27Klpl
level and the percentage of GO/G1 cells to the same level
and percentage as those in the case of ICsq concentrations
of R115777 and imatinib (data not shown). These findings
suggest that the combination could not abrogate the ima-
tinib-induced activation of G1 checkpoint and that induc-
tion of cell cycle arrest rather than induction of apoptosis
was thus the main cause of synergistic growth inhibition in

KCL22 and KCL22/SR cells. In contrast, the percentage of
GO/G1 cells among K562, KU812, K562/SR or KU812/SR
cells was not increased but rather decreased by combina-
tion treatment (Fig. 3B). Consistent with these results, the
levels of cycline D1 were decreased after combination
treatment in K562, KU812, K562/SR and KU812/SR cells
(data not shown). The pZ’]KIpl level in KU812/SR cells was
slightly increased and maintained for 24 h by treatment
with imatinib alone, whereas the level was increased at
6 h but declined afterward in K562, K562/SR and KU812
cells (Fig. 3A). Interestingly, combination treatment with
R115777 and imatinib had no inhibitory effect on the
imatinib-mediated induction of p27%" expression in these
cells (Fig. 3A). These results suggest that GO/G1 accumu-
lation was not induced in these cells, unlike in KCL22 and
KCL22/SR cells, despite G1 checkpoint activation, prob-
ably due to the significant induction of apoptosis after
combination treatment.
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Fig. 3. Effect of combination treatment with R115777 and imatinib on the cell cycle. (A) Changes in 1}27KIPl protein levels in cells treated with imatinib alone
or with a combination of R115777 and imatinib. Cells were cultured in the absence of any reagent for 3 days prior to the treatment and then treated with I1Csq
concentrations of imatinib alone or a combination of ICsy concentrations of imatinib and R115777 for 6, 12 and 24 h. Total cell lysates were prepared and
subjected to Western blot analysis using anti-p2752 ! antibody. Anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was used as a control for
loading (lower panel). (B) Combination treatment of R115777 and imatinib changed the ratios of cell cycle stages. After 24 h of incubation of cells with ICsq
concentrations of imatinib and R115777, the cells were harvested and incubated with propidium iodide for 30 min and analyzed by flow cytometry with a

FACScan/CellFIT system (Becton Dickinson, San Jose, CA).

4. Discussion

Previous studies showed that sustenance of BCR/ABL
kinase activity mediated by mechanisms including
increased expression of and point mutations in the BCR/
ABL gene is a major cause of acquisition of resistance to
imatinib [5-14]. In fact, BCR/ABL gene mutations have
been found in many clinical imatinib-resistant cases [5-9].
However, there are some cases in which no mutation
is found. In the latter cases, deregulation of processes
downstream of BCR/ABL kinase may be involved in the
resistance to imatinib. Thus, resistance to imatinib can

apparently be obtained in both BCR/ABL kinase activity-
related and activity-unrelated manners. Imatinib-resistant
cell lines examined in the present study exhibited no
upregulation of BCR/ABL protein or point mutations in
the BCR/ABL gene (data not shown). Moreover, phos-
phorylation of BCR/ABL was significantly suppressed by
imatinib treatment, suggesting that these cells provide a
good model of imatinib resistance via a BCR/ABL kinase
activity-unrelated mechanism.

FTIs are reagents that may target abnormally activated
cellular signaling downstream of BCR/ABL kinase. Pre-
vious in vitro studies showed that combinations of FT1s and
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imatinib are effective against BCR/ABL-positive cells, but
it is unclear whether this effect is additive or synergistic.
The present results indicate that combination of R115777
and imatinib synergistically inhibits growth of BCR/ABL-
positive cell lines, as indicated by a Steel and Peckham
isobologram, which is one of the most reliable methods of
analysis for evaluating cell growth inhibition (Fig. 1A).
Notably, this synergistic inhibitory effect was also
observed in both imatinib-resistant cell lines and leukemia
cells from an imatinib-refractory patient (Fig. 1A and B).
These results strongly suggest that this combination would
have therapeutic value for patients with aggressive BCR/
ABL-positive leukemia. It is important to clarify whether
the combination treatment is also effective against cells
that have resistance-associated mutated BCR/ABL protein,
whose kinase activity is not effectively inhibited by ima-
tinib [42]. On the other hand, the contribution of upregula-
tion of P-gp to acquisition of resistance to imatinib is still
controversial [43,44]. Fortunately, the effect of the com-
bination treatment may not be influenced by overexpres-
sion of P-gp, because the growth of KU8I2/SR cells
(which express P-gp at a level 12.7-fold higher than that
in parental KU812 cells) was effectively inhibited by the
combination treatment, as was the case with other cell
lines.

FTIs were initially developed as inhibitors of posttran-
slational processing of Ras proteins. However, numerous
previous studies suggest that inhibition of the processing of
other target proteins such as RhoB, CENP-E and CENP-F
is involved in FTI-mediated inhibition of tumor cell pro-
liferation {27,28]. In the present study, R115777 alone had
no effect on the levels of phopho-ERK1/2 in any of the
BCR/ABL-positive cell lines examined. Taken together
with the finding that overexpression of MEK1 (a down-
stream kinase in the Ras pathway) in KCL22 cells did not
restore the cytotoxic effect of the combination treatment
(data not shown), this suggests that inhibition of abnor-
mally activated signaling other than Ras-MAPK signaling
is involved in synergistic growth inhibition by the combi-
nation treatment. We previously found by DNA microarray
analyses that RASAP1 and RhoA, which affect or engage
in cross talk with cellular signaling, are expressed at higher
levels in KCL22/SR cells than in KCL22 cells [36]. Itis of
interest to clarify whether the effect of the combination
treatment is mediated by expression of such molecules.

It has been shown that imatinib induces apoptosis in
CML cells [45]. In K562, KU812, K562/SR and KU812/
SR cells, R115777 significantly augmented the imatinib-
induced increase in the number of annexin-V-positive cells
(Fig. 2B). Consistent with these results, the levels of both
cleaved caspase 3 and cleaved PARP were increased by the
combination treatment. These resnlts suggest that the
combination effectively induces apoptosis in these cells.
In contrast, the induction of annexin-V-positive cells was
extremely low in KCL22 and KCL22/SR cells despite the
increase in the level of cleaved caspase 3 by the combina-

tion treatment (Fig. 2A and B). One possible explanation
for these results is that apoptosis signaling was blocked
downstream of caspase 3 in KCL22 and KCL22/SR cells.
In fact, the level of cleaved PARP, which is one of the
downstream molecules of caspase 3, was much less
increased in KCL22 and KCL22/SR cells than in other
cell lines (Fig. 2A). Although it is also possible that other
unknown mechanisms critically contribute to the blockage
of apoptosis, these results suggest that the apoptosis-induc-
tion system may break down and that even the combination
could not overcome the resistance for the induction of
apoptosis in these cells. It is of importance to elucidate the
possible unknown mechanisms of apoptosis signaling
blockage, and such efforts are now being made in our
laboratory.

p27F! expression was up-regulated by imatinib alone
in all cell lines examined in this study. These results are
consistent with our previous findings that imatinib induced
cell cycle arrest at the GO/G1 phase, accompanied by up-
regulation of p27%%!, in KCL22 cells [46]. Addition of
R115777 resulted in no suppression of imatinib-induced
up-regulation of p275F1 expression in all cell lines, sug-
gesting that the combination could not inhibit imatinib-
dependent activation of the G1 checkpoint. It is noteworthy
that R115777 alone increased the p27* level (in K562,
KU812, KCL22 and KCL22/SR cells) or had no effect on
the p27%™F! level (in K562/SR and KU812/SR cells) (data
not shown). Since FTIs have been shown to induce cell
cycle arrest via inhibition of farnesylation of CENP-E
protein [47,48], it is possible that CENP-E was a target
molecule of R115777 in these cells. Since the apoptosis
signal was blocked downstream of caspase 3, the percen-
tage of GO/G1 cells was significantly increased with G1
checkpoint activation after the combination treatment in
KCIL.22 and KCIL.22/SR cells (Fig. 3A and B). Therefore, it
is concluded that cell cycle blockage was mainly involved
in the synergistic cell growth inhibition by the combination
treatment in KCL22 and KCL22/SR cells. We previously
showed that treatment of KCL22 cells with 20 pM ima-
tinib also resulted in GO0/G1 accumulation but not in
induction of apoptosis [46]. In this study, combined treat-
ment of KCL22 and KCL22/SR cells with R115777 and a
higher concentration (5§ wM) of imatinib also resulted in
GO/G1 accumulation (data not shown). These results sug-
gest that a high concentration of imatinib could not over-
come G1 checkpoint activation in these cells.

The other cell lines, K562, KU812, K562/SR and
KUS812/SR, exhibited different responses. Although the
level of p275F! was increased by the combined treatment,
the percentage of GO/G1 cells was not increased but was
rather decreased. The reason for these discrepant phenom-
ena may be the significant induction of apoptosis in these
cells. It is likely that apoptosis is induced in the cells before
they are led to a GO/GI1 state. These results suggest that the
induction of apoptosis but not cell cycle blockage plays an
important role in the synergistic growth inhibition of K562,
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KCL22, KCL22/SR
R115777 | _ _,.
imatinib
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(B)

o G0/G1
4 G1 checkpoint accumulation
\/\

Apoptosis

> | G1 checkpoint

Apoptosis

Fig. 4. Hypothetical scheme of the different responses to the combination of R115777 and imatinib in BCR/ABL-positive cells. (A) The combination treatment
activates the G1 checkpoint, leading to G0/G1-phase accumulation in KCL22 and KCL22/SR cells, in which apoptosis signaling breaks down. (B) K562,
KU812, K562/SR and KU812/SR cells undergo apoptosis with the combination treatment without induction of GO/G1 accumulation.

KUS812, K562/SR and KU812/SR cells. A model for the
different responses to the combination freatment is pre-
sented in Fig. 4. This predicts that the G1 checkpoint
remains active but apoptosis signaling breaks down under
the condition of combination treatment, leading to GO/G1-
phase accumulation in KCL22 and KCL22/SR cells. In
contrast, K562, KU812, K562/SR and KUS812/SR cells
mainly undergo apoptosis by the combination treatment. It
is interesting that the imatinib-resistant clone and each
corresponding parental cell line showed similar responses
to the combination treatment. Therefore, the different
pattern of responses might be due to some original cell
characteristics, which remain even after acquisition of
resistance to imatinib.

The results of this study suggest that the combination
treatment of R115777 and imatinib effectively reduce the
number of leukemia cells regardless of the sensitivity to
imatinib. The finding that the relative importance of the
two major mechanisms involved in synergistic inhibition,
induction of apoptosis and cell cycle blockage, differed
among cell types may have important implications for
clinical application of the combination treatment. Since
primitive, quiescent BCR/ABL-positive cells may be resis-
tant to imatinib [49], it is likely that KCL22 or KCL22/SR-
type leukemia cells, the cell cycles of which are induced to
a standstill, may survive after the combination treatment
and grow later in the clinical course. Therefore, additional
treatment for overriding the G1 checkpoint may be
required to eradicate these types of leukemia cells.
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ABSTRACT

Rodent and human clinical studies have shown that
transplantation of bone marrow stem cellsto the ischemic
myocardium results in improved cardiacfunction. In this
study, cynomolgus monkey acute myocardial infarction
was generated by ligating the left anterior descending
artery, and autologous CD34" cells were transplanted to
the peri-ischemic zone. To track the in vive fate of trans-
planted cells, CD34"* cells were genetically marked with
green fluorescent protein (GFP) using a lentivirus vec-
tor before transplantation (marking efficiency, 41% on
average). The group receiving cells (2 =4) demonstrated
improved regional blood flow and cardiac function com-
pared with the saline-treated group (n=4)at 2 weeks after
transplant. However, very few transplanted cell-derived,

GFP-positive cells were found incorporated into the vas-
cular structure, and GFP-positive cardiomyocytes were
not detected in the repaired tissue. On the other hand, cul-
tured CD34* cells were found to secrete vascular endothe-
lial growth factor (VEGF), and the in vivoregional VEGF
levels showed a significant increase after the transplanta-
tion. Theseresults suggest that the improvementisnot the
result of generation of transplanted cell-derived endo-
thelial cells or cardiomyocytes; and raise the possibility
that angiogenic cytokines secreted from transplanted
cells potentiate angiogenic activity of endogenous cells.
STEM CELLS 2005,23:355-364

INTRODUCTION

Recent clinical studies have shown that the introduction of
bone marrow cells canrestore blood flow in ischemic myo-
cardium and ameliorate cardiac function [1-6]. Despite

enthusiasm for these studies, it is unclear how transplanted
bone marrow cells contribute to the clinical improvement.
Because endothelial progenitor cells are identified in bone
marrow cells [7], these cells might participate in the repair
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of vascular tissue. On the other hand, it has been reported
that hematopoietic stem cells differentiate into endothelial
cells and cardiomyocytes when transplanted into the isch-
emic myocardium in mice [8]. More recently, however, it
has been reported that hematopoietic stem cells do not give
rise to nonhematopoietic cells in the ischemic myocardium
inmurine models [9-11].

In vivo tracking and plastic properties of hematopoietic
stem or progenitor cells have not been examined in primate
cardiac ischemia. We have transplanted genetically marked
autologous CD34* cells to the ischemic myocardium in
a nonhuman primate (cynomolgus macaque) model and
tracked the in vivo fate of the cells. We have used CD34*
cells because the cells are widely used as a fraction of hema-
topoietic stem cells in clinical and nonhuman primate stud-
ies [12]. In addition, CDD34* cells contain vascular endothe -
lial progenitor cells [7]. Thus, the present study can address
the question of whether transplanted CD34* cells really give
rise to endothelial cells and cardiomyocytes in ischemic

myocardium in primates.

MATERIALS AND METHODS

Animals

Eight cynomolgus macaques bred in the Tsukuba Primate
Center (Ibaraki, Japan) were enrolled in the present study.
This study strictly adhered to the rules for animal care and
management of the Tsukuba Primate Center, as well as the
guiding principles for animal experiments using nonhu-
man primates formulated by the Primate Society of Japan.
The protocols of animal experiments were approved by the
animal welfare and animal care committee of the National

Institute of Infectious Diseases (Tokyo).

Preparation of CD34* Cells

Cynomolgus bone marrow (50 ml) was aspirated from the
iliac crest under an isoflurane-induced general anesthe-
sia. From the bone marrow. a nucleated cell fraction was
obtained atter red blood cell lysis with addition of ACK buf-
fer (Biosource. Camarillo, CA). CD34* cells were isolated
using magnetic beads conjugated with anti-human CD34
(clone 561; Dynal. Lake Success. NY), which cross-reacts
with cynomolgus CD34 [13]. The purity of CD34* cells at
harvest ranged from 90% to 95%. as assessed with another
anti-human CD34 (clone 563; PharMingen, San Diego)
that cross-reacts with cynomolgus CD34 [13]. The purity
remained at the same levels after the 1-day transduction

culture, which is discussed next.

Plastic Properties of CD34* Cells

Lentiviral Transduction
A simian immunodeficiency virus (8IV)-based lentivirus
vector carrying enhanced jellyfish green fluorescent pro-
tein (GFP) (Clontech, Palo Alto, CA) was used for transduc-
tion. The vector was prepared as previously reported [14.
15]. Allrecombinant DNA experiments were approved by
the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

CD34* cells (1 x 10°) were seeded in six-well plates in
2 ml of StemSpan serum-free expansion medium (Stem
Cell Technologies, Vancouver) supplemented with recom-
binant human thrombopoietin (100 ng/ml; Kirin, Tokyo),
recombinant human stem cell factor (100 ng/ml; Biosource,
Camarillo, CA), recombinant human F1t-3 ligand (100 ng/
ml: Research Diagnostics, Flanders. NJ). and antibiotics
(100 U/m!lof penicillinand 0.1 ng/mlof streptomycin; Meiji,
Tokyo). The cells were transduced twice each for 12 hours
(total, 24 hours) with the SIV vector at 50 transducing units
per target cell. After transduction, cells were cryopreserved
with 10% dimethylsulfoxide (Wako, Osaka, Japan) and 1%
Dextran 40 (Yoshitomi, Osaka, Japan) in a controlled-rate
programmable freezer (Kryo 10: Planer Biomed, Middle-
sex, UK) until transplantation. The viability of cells after
thawing was 53.0 £ 6.5%, as assessed by trypan blue stain-
ing. An aliquot of transduced cells was assessed for GFP
expression at48 hours after transduction by flow cytometry
using a FACScan (Becton Dickinson, Franklin Lakes, NJ)
with excitation at 488 nm and fluorescence detection at 530
+30nm.

In Vitro Endothelial Differentiation

CD34* cells were seeded on fibronectin-coated plates (Bec-
ton Dickinson) in M199 medium (Invitrogen, Carlsbad,
CA) with20% fetal calf serum and bovine pituitary extracts
(Invitrogen) as previously described [7]. After 7 days in
culture, cells were examined for the uptake of Dil-acety-
lated low-density lipaprotein (LDL) and for the expression
of CD31, von Willebrand factor (yWF), vascular endothe-
lial (VE)-cadherin, and vascular endothelial growth factor
receptor(VEGFR)-2. Briefly, adherentcells were incubated
with 1 ng/ml of Dil-acetylated LDL (Molecular Probes,
Eugene, OR) for4 hours at 37°C. For immunofluorescence
staining, after fixation in ice-cold 4% paraformaldehyde
for 10 minutes and blocking in 1% bovine serum albumin
(BSA) for 15 minutes, cells were incubated with a primary
antibody: mouse anti-human CD31 (VM-59; Becton Dick-
inson), rabbit anti-human vWF (DakoCytomation, Glos-
trup, Denmark), mouse anti-human VE-cadherin (55-7HL;
Becton Dickinson), or rabbit anti-mouse VEGFR2 (Santa
Cruz Biotechnology, Santa Cruz, CA) for 1 hour at room
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