n v
A §E
+ %

+APD
oy

g 10 11 12

FRAGI/N g FRAGIN | - '

FRAG1C

7 ACTIN
rracuc| @

RFC1 | C  __isotatedcDNA isalated cDNA
probe-N Rict logou prObE‘c
RADIT Fragt [HEE | Bl l\ ]
& Rb binding
' F1 [9!]]:]) AAA family motif
18 1 2]
CTF18 NLS =Y — 1) Atr phosphao. site
GAPDH F4
FzH__1

ACTIN

Fig. 1. Expression of the FRAGT gene. (A) RNA blot analysis. Synchronized
MEFs were treated with aphidicolin, and 20 g 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 tumeor); 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 Frag1
fragments. F1, F2, F3, F4, and FZ are ¢<DNA fragments used in the study.
Location of probes Frag1/NandFrag1/Cinthe cDNAare indicated. Rb binding
motif LxCxE and two putative Atr-phosphorylation sites are located near a
region homologous to the AAA family. Two locations of ¢cDNA 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, FRAGI1/C, CTF18, RFC, and
RADI7 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 AAA 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 Leux-Cys-x-Glu (IxCxE) motif (amino acids 1409-1413 of
mouse and 1428~1432 of human) (20).

Reduction of Frag1l Protein Increases Sensitivity to DNA Damage.
Studies of budding yeast have shown that elglA mutants are
sensitive to DNA damage, suggesting that Elg]1-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 1h,
and cells were washed. (Lower) For radiation, cells were exposed at the
indicated doses. Cells were plated in DMEM containing 1.5% methylceliulose,
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 control siRNA transfectants,
two independent FRAGI 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.

Frag1l 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 Rad17 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 fransfectants 8 h after release from
double thymidine cell cycle block and was markedly induced in
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Fig. 3. Frag? is involved in genotoxic response. (A) Frag1 down-regulation
by genotoxicstress. 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
siRINA transfectants in the conditions examined (Fig. 3B).

Upon activation by DNA damage-induced or oncogene-
induced signaling pathways, phosphorylation of p53 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 Mdm?2 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 siRNA 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 p53 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 p53 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 M
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 Frag1,
Rad9, or Bci2 antisera. (B) Pull down of in vitro transcribed and translated
(IVTT)F1, 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 puiled
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. 2 8. Error bars show standard deviations. (D) Cell death
after MMS exposure. (Upper) Rad9, Rad9-6N (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. Fragl involvement in the DNA damage response. (4) 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) Frag’l transfectants that were synchronized at G were released from G4
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 immunaoprecipitation 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 nucleosol; P2,
detergent-insoluble nuclei; $3, DNase l-extracted nuclei; P3, DNase I-resistant
fraction; 54, containing chromatin; P4, nuciear matrix. CB, Coomassie brilliant
blue staining.

Frag1 Associates with Rad9 and Is Involved in the Bcl2 Pathway. [t was
shown that proapoptotic Bax can form heterodimers with antiapo-
ptotic Bel2 in cells (24), which prevents Baxconformational changes
required for apoptosis induction (10). Activated Bax proteins
oligomerize and are stabilized in the mitochondrial membrane and
induce cytochrome c 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
imvolved 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. (4) Association of Fragl and
Rad9 in response to DNA damage. Wild-type (Wt) and Frag! mutant MEF
transfectants synchronized at G 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 Frag1 mutants after MMS exposure. Wild-type and Frag1
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 Bel2 was observed after genotoxic siress (Fig.
44). 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
41), 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 Fragl functions to
regulate apoptosis by interacting with Rad9. The stable F2 trans-
fectants, in which MMS-induced apoptosis was inhibited, were
ransfected 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, +RAD?Y).
Usage of Rad9-8N, which is defective in Bcl2 association (9),
inhibited apoptosis (Fig. 4D, +Rad9Ndel). Furthermore, introduc-
tion of antiapoptotic Bel2 into F2 transfectants resulted 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 Gp 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-Bcel2
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 Fragl expression vectors by
substituting the putative Atr phosphorylation sites, Ser-1169 and
Ser-1187 with Ala residues, and the Rb-binding site, IxCxE-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 Gy than S phase cells (Fig. 5B). After
MMS, wild-type Fragl expression was undetectable, whereas
IxGxK, and to a lesser extent IxGxE, 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 Frag]l mutants were exposed to
MMS, and protein lysates were analyzed by immunoblot. Associ-
ation of Fragl with Rad9 was reduced 4 and § h after cells were
released from G; 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 LxGxE 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 BelxL (25); PKCS 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, Afr, 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 farnesyltransferase 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 cells than in K562, KU812, K562/SR and KU812/
SR cells. The combination treatment promoted p275F! accumulation and induced a significant increase in the percentage of GO/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 G1

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

© 2005 Elsevier Inc. All rights reserved.

Keywords: R115777; Farnesyliransferase 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 © 20035 Elsevier Inc. All rights reserved.
doi:10.1016/1.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 fransferases.
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 (ZamestraTM, Titusville,
NJ), indicate that it is moderately effective against
CML [32,33]. However, R115777 alone does not secem
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 pM) 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 KS562/SR and
KUS812/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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p27%%! 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 min and 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, KCI.22/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,
ICsq 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
ICsg values of imatinib against the imatinib-sensitive and the imatinib-
resistant cell lines

ICsp values(pM)

KCL22 0.199 4+ 0.037
K562 0.218 £ 0.091
KU812 0.216 & 0.076

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

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

cells, we examined the level of the chaperone protein
HDJ-2, which is a subsirate 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 HDIJ-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 ICsy 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 KU812) 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 ICsq 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, KUS812 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 p27<™™.
Consistent with our previous findings, p27°%! 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 ICsg 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 ireatment 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 p2
tion and significantly increased the percentage of G0/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 ICsg
concentration of R115777 on p2
(1 accumulation. The results showed that the combination
of the reagents at these concentrations increased p27KIPl
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 p27m})1 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 p275* 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.

78PL accumula-

751 expression and GO/
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Fig. 3. Effect of combination treatment with R115777 and imatinib on the cell cycle. (A) Changes in p275F! 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 ICs
concentrations of imatinib alone or a combination of ICso concentrations of imatinib and R115777 for 6, 12 and 24 h. Total cell lysates were prepared and

subjected to Western blot analysis using anti-p27<F*

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 FTIs 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 KU812/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]. It is 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 results 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.

p27KIPI 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 p275F! 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 p27KIPl level (in K562,
KU812, KCL22 and KCL22/SR cells) or had no effect on
the p27%"** 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
KCL22 and KCL22/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 GO/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
KUB12/SR, exhibited different responses. Although the
level of p275! 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/G1 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
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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 GO/G1-phase accumulation in KCL22 and KCL22/SR cells, in which apoptosis signaling breaks down. (B) K562,
KU812, K562/SR and KUS12/SR cells undergo apoptosis with the combination treatment without induction of G0/G1 accumulation.

KUS812, K562/SR and KU812/SR cells. A model for the
different responses to the combination treatment 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 KU812/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 KCL.22 or KCL.22/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 cells to the ischemic
myocardium results in improved cardiac function. 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 vivo 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 (n =4) demonstrated
improved regional blood flow and cardiac function com-
paredwith the saline-treated group (n =4)at2 weeksafter
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 improvementis not 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 can restore blood flow inischemic 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
in murine 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, CD34* 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 afterred 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
harvestranged 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 (SIV)-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/mlof penicillin and 0.1 ug/mlof streptomycin; Meiji,
Tokyo). The cells were transduced twice each for 12 hours
(total, 24 hours) with the STV vector at 50 transducing units
per targetcell. 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 at 48 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) with 20% 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 lipoprotein (LDL} and for the expression
of CD31, von Willebrand factor (vWF), vascular endothe-
lial (VE)-cadherin, and vascular endothelial growth factor
receptor (VEGFR)-2. Briefly, adherentcells were incubated
with | ug/ml of Dil-acetylated LDL (Molecular Probes,
Eugene, OR) for 4 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 (55-7H1,;
Becton Dickinson), or rabbit anti-mouse VEGFR2 (Santa
Cruz Biotechnology, Santa Cruz, CA) for 1 hour at room
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temperature. Cells were then incubated with a secondary
antibody, Texas red—conjugated horse anti-mouse immuno-
globulin G (IgG) (Vector, Burlingame, CA) or goatanti-rab-
bitIgG (Vector) for 30 minutes atroom temperature.

Myocardial Infarction and Transplantation

All operations on cynomolgus monkeys were performed
under anisoflurane-induced general anesthesia. Thoracot-
omy was conducted, the pericardium was opened, and the
left anterior descending coronary artery was ligated with
5-0 prolene sutures. One to 2 hours after the ligation, GFP-
transduced, autologous CD34* cells in normal saline were
injected with a microsyringe through a 27-gauge needle into
10 sites (5 ul/site) in the peri-ischemic zone. In the control
group, saline alone was injected in the same way. The peri-
cardium and chest were closed. The animals then received
butorphanol tartrate (0.5 mg/kg, intramusculaily) daily for
5 days to alleviate the pain associated with the operation and

myocardial infarction.

Echocardiography
Echocardiographic imaging was obtained using a Sonos
5500 system (Philips Medical Systems, Andover, MA)
before transplantation and at 2 weeks after transplant.
The echocardiography was conducted by independent
technicians irrelevant to our study group. In one animal
(BM97080), it was additionally performed at 12 weeks.
Short-axis two-dimensional images at the midpapillary
level of the left ventricle were stored, and percent fractional
shortening (% FS) was calculated to assess cardiac function.
Myocardial contrastechocardiography (MCE) was per-
formed atday O (just before transplantation) and at 2 weeks
after transplant to assess regional blood flow and blood flow
defect size. In one animal (BM97080), chronic assessment
was performed at 12 weeks after transplant. The electro-
cardiograph-triggered end-systolic intermittent imaging
was conducted in short-axis views at incremental pulsing
intervals (triggering intervals of 1, 2, 3, 4, and 8 beats) using
an S12 probe. Once optimized, the settings of depth (4 cm),
mechanical index (0.9), and focus (3 cm) were fixed. The
contrast agent (perflutren; Yamanouchi, Tokyo) consisted
of lipid-coated microbubbles of perfluorocarbon [16]. Per-
flutren diluted with saline (1:10) was administered intrave-
nously ataconstantrate (0.01 ml/kg per min). For the assess-
ment of regional blood flow, MCE images were analyzed
using ORIGIN 6.0] (Lightstone, Tokyo), and the blood flow
was calculated as previously described [17]. Data are pre-
sented as a blood flow ratio (the peri-infarct versus nonisch-
emic control region or the infarct versus nonischemic con-
trol region). For the assessment of blood flow defect, MCE
images obtained af triggering interval of four beats were
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analyzed using National Institutes of Health Imnage software
(version 1.61). Data are presented as percentdefectcompared
with the total blood flow.

Microspheres

Colored microspheres (15 um + 2% diameter; E-Z Trac, Los
Angeles) were used to evaluate regional blood flow 2 weeks
after transplant [18], with the exception of one animal
(BM97080), in which evaluation was performed 12 weeks
after transplant. A set of microspheres (2 x 10°) was diluted
in 2 ml of saline and injected into the left ventricle over 30
seconds. A reference blood sample was withdrawn at a con-
stantrate of 5 ml/min through the femoral artery. After the
collection of blood samples, monkeys were irrigated with
saline for mercy killing and blood was completely washed
out. The heart was excised from each monkey. Tissue sam-
ples from the infarct, peri-infarct, and nonischemicregions
(one sample per region) were digested, microspheres were
collected, and the blood flow was calculated according to
the manufacturer’s instructions. Dataare presented as blood
flow ratio (the peri-infarct versus nonischemic control

region or the infarct versus nonischemic controlregion).

Immunohistochemistry

Tissue samples from the infarct, peri-infarct, and nonisch-
emic regions at 2 weeks after transplant were embedded in
optimal cutting temperature compound (Sakura, Zoeter-
woude, Netherlands) and frozen in liquid nitrogen. Sections
were prepared (6 um), fixed for 10 minutes at 4°C in 4%
paraformaldehyde in phosphate-buffered saline (PBS), and
blocked with 1% BSA in PBS. The sections were incubated
atroom temperature with a primary antibody, monoclonal
mouse anti-human CD31 (1:200; Becton Dickinson), fol-
lowed by a secondary antibody, biotin-conjugated horse
anti-mouse IgG (1:500; Vector). The sections were then
treated with avidin-alkaline phosphatase (ABC AP kit;
Vector) for 30 minutes. The reaction was developed witha
Vector Red substrate kit (SK-5100; Vector). In the case of
double staining of CD31 and GEP, the above sections were
further incubated with polyclonal rabbit anti-GFP (1:200;
Clontech) followed by biotin-conjugated anti-rabbit IgG
(1:500; Vector) and treated with avidin-peroxidase (ABC
Blite kit; Vector). The reaction was developed with a Vec-
tor SG substrate kit (SK-4700; Vector). The sections were
counterstained with hematoxylin, mounted in glycerol, and
examined underalight microscope.

In Situ Polymerase Chain Reaction

In situ detection of transduced cell progeny was performed
by amplifying proviral sequences as previously reported
[19]. The following primer set for the GFP gene was used:
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5'-CGT CCA GGA GCG CACCAT CTT C-3'and 5-GGT
CTT TGC TCA GGG CGG ACT-3'. The polymerase chain
reaction (PCR) mixture consisted of 420 uM dATP, 420 uM
dCTP, 420 yM dGTP, 378 uM dTTP, 42 uM digoxigenin-
labeled dUTP (Roche, Mannheim, Germany), 0.8 uM of
each GFP primer, 4.5 mM MgCl,, 1 x PCR buffer (Mg
free), and 4 U of Takara Taq DNA polymerase (Takara,
Kyote). Sections were prepared with a Takara slide frame
(Takara) from the infarct, peri-infarct, and nonischemic
regions at 2 weeks after transplant. PCR was performed
using a PTC100 thermal cyclér (MJ Research, Watertown,
MA) with the following conditions: 94°C for 1 minute and
57°C for 1 minute with 10 cycles. The digoxigenin-incor-
porated DNA fragments were detected using horseradish
peroxidase (HRP)-conjugated rabbit F(ab') anti-digoxi-
genin antibody (DakoCytomation). The sections were then
stained for HRP using a Vector SG substrate kit (Vector).
Finally, the sections were counterstained with a Kernech-
trot solution (Muto, Tokyo) that stains nucleotides, mounted
in glycerol, and examined under alight microscope.

ELISA

Vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) levels in tissue lysate or
medium were assessed by ELISA (R&D Systems, Minne-
apolis) according to the manufacturer’s instructions. Tis-
sue lysate was obtained from the peri-infarct region (three
samples from each monkey) at 2 weeks after transplant.

Table 1. Summary of ex vivo transduction and transplantation

Plastic Properties of CD34* Cells

Briefly, tissue was homogenized and suspended in lysis
buffer containing 10 mM Tris-HC1 (pH 8.0), 1% Nonidet
P-40, 150 mM NaCl, and protease inhibitor cocktail tablets
(Complete Mini, Roche). The suspension was rocked at 4°C
for 20 minutes and centrifuged at 16,000g and 4°C for 30
minutes. The supernatant was used for ELISA. The protein
concentration of lysate was determined with DC Protein
Assay (Bio-Rad, Hercules, CA).

REsuLTs

Lentiviral Marking

TheCD34* fractionofautologous bone marrow cells was used
for transplantation in our study (Table 1). Before transplanta-
tion, CD34* cells were genetically marked with GFP using an
SIV-based lentivirus vector. The ex vivo transduction results
are summarized in Table 1. The transduced cells were frozen
until transplantation. An aliquot of the transduced cells was
examined in vitro for the endothelial differentiation ability.
After the differentiation culture, a vessel-like structure was
observed (Fig. 1A). The ability of cells to take up Dil-acety-
lated LDL and the expression of CD31, vWF, VE-cadherin,
and VEGFR-2 suggested the endothelial lineage (Fig. 1B).
We and others have already confirmed the ability of hemato-
poietic differentiation of the cells [20, 21]. Taken together, the
SIV-mediated GFP gene transfer does not spoil the differen-
tiation abilities of CD34* cells. In addition, on average, 41%
of cells fluoresced 48 hours after transduction, and 56% of

Body Harvested Isolated Transplanted % GFP
weight bone marrow CD34% cell cell expression
Sex Age(y) (kg) cell number number number Before*  After?
Saline group
CTRO1061° M 3 4.1 NA
CTR99056 M 3 3
CTR96116 F 5 3.z
CTRO9051 M 5 59
CD34" cell group
BM01052 M 3 39 213 x 108 1.00x 108 0.47x10¢ 49 87
BMO1051¢ M 4.1 396 x 109 5.14 x 109 2.20%x 10¢ 51 54
BMO97080° M 3.9 330% 108 2.35%10°¢ 1.04 x 106 49 67
BM90047 M 13 58 343 x 108 3.10% 108 1L07x 10° 16 14
Average 5 4.3 321x10¢ 2.90x% 108 1.20x 108 41 56

*Before endothelial differentiation of GFP-transduced CD34* cells.

P Atter thein vitro endothelial differentiation.

“CTR01061 died of heart failure § days after myocardial infarction.

4BM01051 developed a ventricular aneurysm after myocardial infarction.
‘BM97080 was killed 12 weeks afterthe treatment. All other animals were killed 2 weeks after the treatment.

Abbreviations: GFP, green fluorescent protein; NA, not applicable.
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endothelial cells still fluoresced afterin vitro differentiation
(Table 1), showing thatthe GFP expression is stable during the
in vitro differentiation to endothelial cells. Thus, GFP was
expected to serve as a good genetic tag after transplantation.

Acute Myocardial Infarction and

Autologous Transplantation

Cynomolgus acute myocardial infarction was generated by
ligating the left anterior descending artery. One to two hours
after the ligation, GFP-transduced, autologous CD34* cells
were injected in the peri-ischemic zone at 10 sites (total,
1.20 £ 0.73 x 10% cells; n =4). In the control group, saline
was injected in the same way (n = 4). We conducted con-
trast echocardiography immediately after the coronary
ligation and found no significant differences in the blood
flow defect size (percent blood flow defect compared with
the total) between the cell-treated and saline-treated groups
(13.0 £ 2.1% versus 12.3 £ 3.5%, p = .75), suggesting that
the initial risk of infarction did not differ between the two
groups. In addition, we tried to assess the cardiac isozyme
of serum creatine kinase (CK) to evaluate the infarct size;
however, either the immuno-inhibition assay or chemical
luminescence immunoassay did not work well for cynomol-
gus monkey samples. We were at least able to show that total
CK values at 24 hours after the ligation did not significantly
differ between the two groups (p =.83).

One of the control monkeys (CTR01061) died of heart
failure 5 days after myocardial infarction, and the other
control monkeys showed a decrease in %FES at2 weeks after
infarction (Fig. 2). Thus, all four control animals showed the
deteriorated cardiac function. In the cell-treated group, one
monkey (*, BM01051) underwent ventricular fibrillation
immediately after the ligation and survived after cardiopul-
monary resuscitation but eventually developed a ventricu-
lar aneurysm. Only this animal showed a decrease in %FS
despite CD34* cell treatment; the other animals receiving
CD34* cells showed an increase in %FS (Fig. 2). CD34* cell
treatment may not be able to rescue such a heavily impaired
heart but otherwise had a significant effect on cardiac func-
tion. Even an old monkey (BM90047, Table 1) showed
improved %FES.

The relative blood flow in the peri-infarct to nonisch-
emic coufrol region was also significantly ameliorated in
the CD34* cell-treated monkeys compared with the saline-
treated ones, as assessed using contrast echocardiography
(Fig. 3A) and colored microspheres (Fig. 3B). An excellent
correlation was found between the two methods (Fig. 3C;
correlation coefficient = 0.93). Two groups (CD34* cell—
treated and saline-treated) were well separated on the panel,
showing an obvious positive effect of CD34* cell injection
on the blood flow in the peri-infarct zone after acute myocar-
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dialinfarction. In fact, the average myocardial blood flow in
the peri-infarct region in the absolute value was 0.988 ml/g
perminute and 0.383 ml/g per minute for the cell-treated and
saline-treated groups, respectively. Of note, the blood flow
in the peri-infarct zone was ameliorated even in the animal
with a ventricular aneurysm. On the other hand, the relative
blood flow in the infarct to nonischemic region did not show

B Acetyiated LDL

Figure 1. In vitro endothelial differentiation of cynomolgus
CD34* cells lentivirally transduced with GFP. The transduced
CD34* cells were differentiated to endothelial cells after 7 days
in culture. (A): Representative vessel-like structure derived
from CD34* cells observed under a phase-contrast microscope
(left) and a fluorescent microscope (right). (B): The transduced
CD34* cells differentiated into fluorescent cells (green) posi-
tive for the cellularintake of acetylated LDL and immunostain-
ing for von Willebrand factor (yWF) (stained in red). Bar = 100
pm. Abbreviations: GFP, green fluorescent protein; LDL, low-
density lipoprotein.
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Figure 2. Improved cardiac function after CD34* cell trans-
plantation. Cardiac function was assessed by echocardiog-
raphy in terms of percent fractional shortening (%FS) before
and 2 weeks after treatment. One monkey in the saline-treated
group (CTRO1061) died of heart failure 5 days after myocardial
infarction and is not included in the figure. One monkey in the
CD34* cell-treated group (*, BM01051) developed a left ven-
tricular aneurysm after myocardial infarction. If this animal
was excluded from the statistical analysis, the cardiac function
was significantly improved in the CD34+ cell~treated com-
pared with the saline-treated groupin terms of the ratio of %FS$
atday 14 versus day O after transplant (p = .017).
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a significantdifference between the CD34+ cell-treated and
saline-treated groups. The peri-infarctregion was the injec-
tion site, and thus the highest degree of change would be
expected there.

All monkeys except one CD34* cell-treated monkey
(BM97080) were examined for cardiac function and blood
flow at 2 weeks after transplantation, and their tissue sections
were finally prepared at this time point (see below). BM97080
was examined at 12 weeks, at which time the cardiac function
was still improved compared with immediately afterinfarc-
tion (data not shown) and the blood flow data were in a posi-
tion similar to the cell-treated group at 2 weeks (Fig. 3C).

In Vivo Tracking of Transplanted Cells

Two weeks after the transplantation, tissue sections were
prepared from the infarct, peri-infarct, and nonischemic
regions. Immunostaining of an endothelial marker CD31
demonstrated more vessels in the peri-infarct region of the
CD34* cell-treated than saline-treated myocardium (Fig.
4A). In fact, the capillary density of the peri-infarct region
was significantly better preserved in the cell-treated than
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Figure 3. Improved regional blood flow after CD34* cell
transplantation, Myocardial contrast echocardiography (A)
and colored microspheres (B) showed a significantly ame-
liorated blood flow ratio (the peri-infarct to nonischemic
control region) in the CD34* cell-treated monkeys (n = 3)
compared with the saline-treated monkeys (n =3) at 2 weeks
after treatment. {(C): An excellent correlation was found
between the two methods. A CD34* cell-treated monkey (f,
BM97080) that was examined at 12 weeks after transplant
isincluded inthe panel (C) but excluded from the statistical
analysis in (A) and (B).

Plastic Properties of CD34* Cells

saline-treated group, although there was no significant dif-
ference in the capillary density of the nonischemic control
regions between the two groups (Fig. 4B).

Double immunostaining with anti-CD31 and anti-GFP
showed that some cells in vessels were positive for both CD31
and GFP in the peri-infarctregion (Fig. SA). The resultclearly
indicates that at least some transplanted CD34* cells gave rise
to endothelial cells. However, we found that the transplanted
cell progeny accounted for only a small fraction of endothe-
lial cells after examining more than 100 sections of the peri-
infarctregion. In situ PCR for proviral GFP sequences also
showed that few CD31-positive endothelial cells contained the
GFP-provirus (Fig. 5B). There were no GFP-positive cardio-
myocytes in more than 100 sections. Most of the transplanted
cell progeny were found notincorporated in vessels (Fig. 5C).
Hematoxylin-eosin staining did not show any noncardiac tis-
sueregeneration in the myocardium.

On the other hand, we found that in vitro conditioned
medium of CD34* cell culture for endothelial differentia-
tion contained high levels of VEGF, whereas unconditioned
medium did not contain detectable VEGF, as assessed

CD34" cell-treated
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Figure 4. Neoangiogenesis in the ischemic myocardium, Tis-
sue sections were prepared at 2 weeks after the treatment. (A):
Representative results of immunostaining with anti-CD31
(stained in brown)in the peri-infarct region of the saline-treated
and CD34* cell-treated myocardium. Bar = 50 pm. (B): The
density of CD31-positive capillaries in the peri-infarct and
control nonischemic regions in the saline-treated and CD34*
cell-treated groups. Five fields for each section were randomly
selected (n = 3 for the saline injection, n = 3 for the CD34* cell
injection), and the number of CD31-positive capillaries was
counted (average =+ standard deviation),
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