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Fig.4. Immunohistochemical study of the macaque liver. Frozen sections of the macaque liver on glass slides were incubated with monoclonal
antibody 3A6 (A), normal mouse IgG (B), sheep polyclonal antibodies to human factor IX (C), or normal sheep IgG (D) and bound antibodies were detected
by the avidin-biotin complex method as described in Materials and methods.

mice. However, there are obvious species differences between
humans and mice, making it difficult under some circumstances
to extrapolate data obtained in mice to human patients. Hemo-
philia B mice (FIX knock-out mice) and hemophilia B dogs
have been used to study gene therapy approaches for treatment
of hemophilia B [3-6]. Better animal models may be required,
however, because there may be significant differences in trans-
duction efficiency of skeletal muscles with AAV2 vectors
between mice and dogs. Primates are used successfully as
models in other disease applications, but there are as yet no
hemophilic primates available. If one can distinguish human
molecules from primate molecules in vivo, primates may be
used for hemophilia gene therapy research, despite the fact that
the genetic abnormality is not indigenous to the species.
Rhesus macaques are proposed to be a good primate model
for studying hemophilia B gene therapy because of the amino
acid sequence similarity between human FIX and macaque FIX
and low immunogenicity of human FIX to rhesus macaque [13].
However, quantification of the human FIX expressed was
difficult due to cross-reactivity of the rabbit anti-FIX antibodies.

© 2003 International Society on Thrombosis and Haemostasis

Rhesus macaques also developed antibodies to human FIX upon
receiving viral vectors carrying the human FIX gene despite the
high amino acid sequence homology [17]. A human FIX-
specific EIA was developed using macaque antihuman FIX
antibodies and EIA quantified human FIX levels in macaque
plasma at 30 ng mL ™! (1% of the normal FIX level). The amino
acid sequence of cynomolgus macaque FIX is identical to that
of rhesus macaque FIX [14], raising the possibility that distin-
guishing the recombinant human molecule expressed in cyno-
molgus macaques in vivo from the endogenous macaque FIX
molecule may be difficult. Thus, seven antihuman FIX mAbs
available in our facilities were screened for their inability to
bind to simian FIX. The 3A6 antibody did not bind to macaque
FIX and an EIA was developed with this antibody to quantify
human FIX in macaque plasma. The EIA was approximately 20-
fold more sensitive than that used in the previous study [13],
detecting human FIX at 1.79 ngmL ™}, or 0.06% of the normal
plasma levels in cynomolgus macaques. The advantage of mAb
3A6 was also confirmed by the data that 3A6 did not react with
macaque FIX in the liver by immunohistochemistry (Fig.4).
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Type 2 AAV vectors were initially considered for expression
of transgenes in skeletal muscle, although there appears to be a
significant difference in transduction efficiency of skeletal
muscles with AAV vectors among different AAV serotypes.
In mice, type 1 AAV vectors appear to be superior to other AAV
serotypes, since types 3 and 5 AAV vectors are less potent than
the type 1 AAV vector but have better skeletal muscle transduc-
tion efficiency than type 2 AAV vectors [18]. It remains possible
that the transduction efficiency of human skeletal muscle by
different AAV vectors differs from that in mice and dogs. It is
also possible that the transduction efficiency of other organs,
such as the liver, by AAV vectors has significant species specificity.

The cynomolgus macaque is native to southern Asia and has
been used as a simian model in medical research, such as in
Parkinson’s disease. As reported previously, human FIX could
be immunogenic to rhesus macaques transduced with adeno-
viral vectors or AAV vectors carrying the human FIX gene and
to cynomolgus macaques that received repeated subcutaneous
injections of human FIX in the presence of Freund’s adjuvant
[13,15]. Thus, as far as antibodies to human FIX develop in
macaques during transduction with vectors carrying the human
FIX gene, the long-term study for human FIX expression is
impossible, but if antibody development to expressed human
FIX is suppressed, macaques may mimic the human situation
more closely and provide a more accurate assessment of viral
vector transduction efficiencies, and we may be able to evaluate
the efficacy of therapeutic FIX gene construction and select
appropriate promoters, vectors, and organs for transgene ex-
pression, taking advantage of monoclonal antibody 3A6.
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Although the adenoviral E1, E2A, E4 and VA RNA regions are required for efficient
adeno-associated virus (AAV) vector production, the role that the individual E1 genes (E7A,
E1B19K, E1B55K and protein IX) play in AAV vector production has not been clearly determined.
E1 mutants were analysed for their ability to mediate AAV vector production in Hela or KB
cells, when cotransfected with plasmids encoding all other packaging functions. Disruption

of E1A and E1B19K genes resulted in vector yield reduction by up to 10- and 100-fold,
respectively, relative to the wild-type E1. Interruption of the E7B55K and protein IX genes had
a modest effect on vector production. Interestingly, expression of anti-apoptotic E1B19K
cellular homologues such as Bcl-2 or Bel-x_ fully complemented E1B19K mutants for
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AAV vector production. These findings may be valuable for the future development of packaging
cell lines for AAV vector production.

Adeno-associated virus (AAV)-based vector systems are
particularly attractive vehicles for clinical applications
requiring long-term in vivo gene expression from post-
mitotic tissues. AAV vectors have been shown to promote
stable expression of a wide variety of transgenes in
numerous tissues, including skeletal and cardiac muscle,
liver, the central nervous system and retina (Rabinowitz &
Samulski, 1998). Overt evidence of inflammation is either
minimal or non-existent in target tissues immediately
following AAV vector administration, Furthermore, cyto-
toxic T-lymphocyte responses are not normally elicited to
transgene products delivered by AAV vectors, even when
such proteins are foreign to the host (Jooss et al., 1998). AAV
vectors are considered to be relatively safe because the
parental virus is non-pathogenic and unable to replicate
in the absence of a co-infecting helper virus. Additionally,
current production methods have reduced the regeneration
of replication competent wild-type AAV during vector
production to undetectable levels (Allen et al., 1997). Finally,
the robust protein capsid of AAV makes AAV vectors
particularly amenable to existing production methods for
protein pharmaceuticals (Gao et al., 2000) and confers upon
them desirable drug stability characteristics.

AAV2, the parent virus from which the vector system is
derived, is replication defective and requires co-infection of

helper viruses to propagate. Adenovirus (Atchinson et al.,
1965) and herpes virus (Buller et al., 1981) act as complete
helpers and vaccinia virus (Schlehofer et al., 1986) acts as a
partial helper. The set of adenoviral (type 2 or 5) genes that
facilitate AAV2 propagation has been defined and consists of
E1A, E1B55K, the VA RNAs, E2A and Edorf6 (Samulski &
Shenk, 1988). E1A acts as a cue to begin virus replication by
up-regulating transcription from the rep gene promoters, P5
and P19 (Tratschin et al,, 1984) and by activating the early
adenovirus promoters. E1A is also required to drive the host
cell into the S-phase of the cell cycle for viral DNA replica-
tion because the AAV encoded proteins are not capable of
this function. An adverse effect of E1A is that it stabilizes
P53, which leads to apoptosis (Lowe et al., 1993). To prevent
this, the E1B55K and the E4orf6 proteins form a complex
with p53 and cause it to be degraded through ubiquitin-
mediated proteolysis (Querido et al., 1997; Steegenga et al.,
1998). Later in infection, E1B55K and Edorf6 form a
heterodimer that causes the preferential export of AAV and
adenoviral late mRNAs from the nucleus while inhibiting
the transit of adenoviral early and cellular mRNAs (Pilder
et al., 1986). The 72 kDa DNA-binding protein encoded by
E2A has functions in viral DNA replication, viral mRNA
processing and export, and AAV promoter regulation
(Carter et al, 1992; Ward et al., 1998; Chang & Shenk,
1990). It causes an increase in the intracellular levels of the
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single- and double-stranded forms of the AAV genome, the
spliced forms of the rep proteins, and dramatically increases
capsid protein production. Lastly, the VA RNAs inhibit the
interferon-inducible eIF-2 protein kinase, thereby circum-
venting this cellular anti-viral mechanism from blocking
viral protein translation (West et al., 1987).

With respect to E2A, Edorf6 and the VA RNAs, the helper
gene requirement for AAV vector and virus production is
identical. We and others, have shown that plasmids encoding
these genes, when cotransfected into 293 cells along with
plasmids encoding rep/cap and a vector, mediate higher levels
of vector production than that produced by adenovirus
infection (Xiao et al., 1998; Matsushita et al.,, 1998). This so-
called ‘triple plasmid’ transfection method forms the basis of
the current scale-up vector production effort at Avigen and
has a respectable mean production efficiency of 1 x 10"
vector genomes produced per 850 cm” roller bottle. A report
was published describing a method for producing AAV vector
in 293 cells using only E4orf6 as the helper gene (Allen et al.,
2000). This method requires the use of a heterologous
promoter to drive the capsid gene and is about 10-fold less
productive than methods using a plasmid encoding all three
adenoviral helper genes (unpublished data).

The genes of the El region have not been analysed for their

contribution to AAV vector production. In this study, we
have investigated the role of the EIA and E1B genes in AAV
vector production by using a series of E1 mutant plasmids
and cell lines that lack adenoviral genes. E1A was required
for efficient vector production. In contrast to the helper
requirements for AAV production, our data indicated that
EIBISK gene greatly augmented vector production, how-
ever, E1B55K gene did not.

The contributions of each of the component genes from the
El region to AAV helper function was assessed by creating a
set of plasmids with mutations in the EIA, E1BI9K, EIB55K
or protein IX genes and then testing them for their ability to
support transfection-based AAV vector production. At least
one truncation or one deletion mutation was made for each
gene (Fig. 1).

For vector construction the plasmid pE1l, which encodes the
E1A, EIBISK, EIB55K and protein IX genes, was created
from Ad2 DNA (Invitrogen). Briefly, the AflII fragment
(nt positions 142-5927) of Ad2 was cloned into the AfIIII
site of pBR322 (New England Biolabs) to generate pEl.
pE1A-825stop was constructed by the insertion of an
adapter (CCGGACTAATTAACTAGT), which includes
a stop codon and an Spel site, into the BspEl site of
pEl. Similarly, pE1B19K-1912stop, pE1B55K-2243stop,

L E1A |

559

pE1 5
142 Afll
pE1A-825stop =

pE1B19K-1912stop &=

pE1B19K-de! (1772-1812) E

1772 Sacl

pE1B55K-2243stop

pE1B55K-2803stop E

pE1B55K-3322stop 22

pE1B55K-del (2803-3322)

pProt.IX-3815stop ==

pPro.IX-del (3654-3915)

{ E1B55K §
2016 3503
1 E1B19K I {_protein IX |
1711 2238 3600 4022

5927 ANl

1912 BstEil

e
3815 Sacll

3654 Spht 3915 Mfel

Fig. 1. Schematic representation of plasmids harbouring adenoviral E1 mutants used in this study. A 5-8 kb DNA fragment of
adenovirus type 2 was cloned into the Afllll site of pBR322. pE1 encodes the entire E1 region, and the E1 mutant plasmids
shown here were derived from it. The vertical flags mark the positions of inserted stop codons. The gaps in pE1A, pE1B19K,

pE1B55K or pProt.IX constructs represent deletions.
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pE1B55K-2803stop and pE1B55K-3322stop were made by
the insertion of oligonucleotides into the BstEI, BsrGI,
HindIII and Bglll sites of pEl, respectively. pE1A-del (616—
933) has a deletion of a 318 bp segment (positions 616~
933 in Ad2). pE1B19K-del (1772-1912) and pE1B55K-del
(2803-3322) have the same deletions as di337 (Pilder
et al., 1984) and di338 (Pilder et al., 1986), respectively, used
by Samulski & Shenk (1988) to examine E1 helper function
for AAV2 production. Briefly, pE1B19K-del (1772-1912)
lacks sequences between positions 1772 and 1912, and
pE1B55K-del (2803-3322) lacks sequences between posi-
tions 2803 and 3322. pProt.IX-3815stop was constructed by
the insertion of oligonucleotides into a Sacll site. pProt.IX-
del (3654-3915) lacks a 262 bp segment (between positions
3654 and 3915 of Ad2).

The helper activities of the various E1 plasmids were assayed
by cotransfecting them with a plasmid encoding both an
AAV CMVliacZ vector and rep/cap (pW4389LacZ), and a
plasmid encoding the adenovirus-2 VA RNA, E2A and E4
regions (PladenoS), into KB or Hela cells, and then
quantifying lacZ vector production as described previously
(Matsushita et al., 1998). AAV vector was harvested 40 or
72 h after transfection and stocks were prepared by the
freeze-thaw method. AAV vector production was quantified
by titration of the vector stocks in 293 cells in the presence of
adenovirus, followed by X-Gal staining and manual counting
by light microscopy. For each experiment, all constructs were
tested using triplicate production cultures, and all experi-
ments were conducted at least three times, independently.

Elimination of the entire El region resulted in 2 (HeLa cells)
to 3 log (KB cells) reduction in vector production relative to
production in the presence of pEl, a plasmid encoding the
entire El region (P<0-01 by Student’s t-test) (Fig. 2a, b).
Disruption of the EIA genes, whether by truncation or
deletion, caused 1 (HeLa cells) to 1-5 log (KB cells)
reduction in vector production (P<0-01). Truncations or
deletions in the EIBI9K gene also resulted in substantial
reduction in vector production, 1 log in HelLa cells and
greater than 2 logs in KB cells (P<0-01). The lesser severity
of the E1B19K mutant in HeLa cells, relative to KB cells, may
be due to the relatively high level of Bcl-2 expression in HeLa
cells (Liang et al., 1995), or the human papilloma virus E6/
E7 genes they harbour. The E6/E7 genes have been shown to
facilitate some of the processes in AAV replication (Walz
et al., 1997). In most cases, disruption of the EIB55K and
protein IX genes had a modest effect on vector production in
either HelLa or KB cells. Two constructs, pE1B55K-2243stop
and pProt.IX-3815stop showed fivefold reduction in vector
yield in KB cells but little reduction in HeLa cells.

Our results differ substantially from those of Samulski &
Shenk (1988) who examined the effect of E1B adenovirus
mutants on AAV2 production, DNA replication, and
mRNA and protein expression. This group found that an
E1B19K adenovirus-2 mutant (dI337) mediated efficient
AAV production from HelLa cells transfected with a plasmid
encoding an AAV wild-type provirus (pSM620) but that

@ PE1()
pEt

pE1A-828stop

pE1A-de] (616-933)
pE1B19K-1912stop
PE1B18K-del (1772-1912)
pE1BS55K-2243stop
pE1BE5K-2803stop
pE1B55K-3322stop
pE1BS5K-del (2803-3322) |
pProt.IX-3815stop

pPro.iX-del (3654-3915) |

10¢ 105 108 107 10%
Functional unit per 1X10% KB celis

®) pEAL

pE

PE1A-825stop |
PE1A-del (616633
PE1B18K-1912stop |

PE1B19K-del (1772-1812

pE1B55K-22435t0,

pE1B55K-2803stop &
PE1B55K-3322sto]
pE1B55K-dol (2803-3322)
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Fig. 2. Comparison of E1 mutant plasmids with respect io
AAV helper function in KB (a) and Hela cells (b) at 72 h after
transfection, or in Hela cells (c) at 40 h after the transfection.
AAV lacZ vector was produced by the transfection of Hel.a or
KB cells with pW4389lacZ (encodes rep/cap and an AAV JacZ
vector) and pladeno 5 (encodes the E2A, E4 and VA RNA
regions), in the presence and absence of the indicated E1
plasmids. AAV vector production was assessed by titration of
lacZ vector in 293 cells. pE1 (-) is identical to pBR322 without
the expression cassette. Each bar represenis the mean value
obtained from triplicate cultures, and the error bar represents
the standard deviation.
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E1B55K (dI338) and Edorf6 (dI355) adenovirus mutants did
not. AAV virion production was measured at a 40 h time
point. The E1B55K and Edorf6 defects were caused by a
delay in AAV mRNA accumulation that resulted in delays in
viral DNA replication, capsid expression and ultimately
virus production. AAV mRNA, DNA and capsid protein
concentrations in cultures infected with E1B55K and E4orf6
mutants eventually reached levels seen in cultures infected
by wild-type adenovirus but at longer time points, 72-96 h
for adenovirus mutants compared with 2440 h for wild-
type adenovirus.

An important difference between our study and that of
Samulski & Shenk (1988) was the timing of AAV/AAV
vector harvest, 40 h in our study versus 72 h in theirs.
Therefore, we examined a subset of the E1 region plasmids
in transfection experiments using the same 40 h time point
for vector harvest (Fig. 2c). The results were essentially
similar to those at the 72 h time point and still differed from
those produced by the adenovirus mutants. This observed
difference in helper gene requirement may be attributable to
technical factors associated with using virus infection or
DNA transfection. A possible explanation for the conclu-
sions reached by Samulski & Shenk (1988) might be the
differences in the growth rates of the adenovirus mutants
tested. The E1B55k mutant, dI338, was reported to grow
inefficiently (100-fold reduced relative to wild-type) in HeLa
cells (Pilder et al., 1986) while the E1B19K mutant, dI337,
was reported to be less defective (about 10-fold reduced
relative to wild-type) (Pilder et al., 1984). The lag in AAV
mRNA, DNA and virus production seen with the E1B55K
mutant may be simply because of a slow growing helper
virus, resulting in low copy numbers of all of the adenovirus
helper genes, and may not be directly due to the lack of the
mutated gene. The observation that E1B19K is apparently
not required for adenovirus mediated AAV production is
harder to explain. It is tempting to speculate that the
transfection-based production system benefits from addi-
tional anti-apoptitic activity provided by E1B19K. If this is
true, this requirement does not appear to be cell-type or
transfection-reagent specific (calcium phosphate and poly-
cation-based transfection reagents both show an E1B19K
effect, data not shown), and may have something to do with
the adenoviral helper gene dose or kinetics of expression.
Other differences between the two methods of identifying
AAV helper function include: transfection method, the
packaging of AAV virus versus a vector, and the use of
replicating helper (AAV) versus non-replicating plasmid
helpers. Full resolution of these issues will require further
experimentation.

The adenovirus EIBI9K gene, and its cellular homologues
Bcl-2 and Bcl-xp, encode anti-apoptotic proteins that
function by inhibiting proapoptotic Bcl-2 homologues,
such as Bax and Bak, by forming inactive heterodimers with
them. To determine whether other anti-apoptotic members
of the Bcl-2 family could augment AAV vector production,
plasmid vectors expressing the EIBI9K, Bcl-2 or Bcl-x; gene

(a)

pTKBcl-2 |

TK promoter ] ‘ hBel-2 ] poiyA ]

C-intron

pTKBclx, | TK promoter ] hBelx, [ polyA”|

C-intron

PTKE1B19K | TK promoter [T e polyA

C-intron

()

PE1()
pEt

pE1819K-del

pE1B19K-del
+pTKBcl-2 |

PE1B19K-del
+ pTKBcl-x,

pE1B19K-del
+pTKEAB19K

104 105 108 107

Functional unit per 1 X10¢ Hel a cells

Fig. 3. (a) Schematic representation of Bcl-2, Bclx_  and
E1B19K expression plasmids. TK promoter, HSV-tk promoter;
C-intron, chimeric CMV/-globin intron; polyA, SV40 late poly-
adenylation signal; hBcl-2, human Bcl-2 cDNA; hBcl-x, human
Bel-x. cDNA; and E1B19K, adenovirus type 2 early region 1B
19 kDa protein gene. (b) Bcl-2 family members complement
the vector production defect of an E1B19K mutant in Hela
cells. AAV JacZ vector was produced by the transfection of
Hela cells with pW4389lacZ (encodes rep/cap and an AAV
lacZ vector), pladeno 5 (encodes the E2A, E4 and VA RNA
regions), and pE1B19K-del (1772-1912), in the presence and
absence of the indicated plasmids expressing Bcl-2 family
genes, including E1B19K. AAV vector production was
assessed by ftitration of /acZ vector in 293 cells. Each bar
represents the mean value of triplicate cultures and the error
bar represents the standard deviation.

products were tested for their ability to complement the
vector production defect of the E1B19K deletion mutant,
pEIBI9K-del (1772-1912) (Fig. 3a). pTKPRMCS was
assembled by the removal of a Renilla luciferase (Rluc)
reporter gene from pRL-TK (Promega) (between the Nhel
and Xbal sites) and insertion of a multiple cloning site
(between the Kpul and Xbal sites) from pBluescript II
(Stratagene). pTK-Bcl-2 and pTK-Bcl-xp were created by the
insertion of human Bcl-2 and Bcl-x; cDNA sequences,
respectively, into pTKPRMCS. pTK-E1B19K was con-
structed by the insertion of the E1B19K fragment into
PTKPRMCS. As shown in Fig. 3(b), plasmids expressing
E1B19K, Bcl-2 or Bcl-x restored vector production of the
EIB19K deletion mutant to levels equivalent to that
produced by the wild-type pEl plasmid. The use of the
medium strength HSV-tk promoter to drive the expression
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of the Bcl-2 homologues was essential for helper function.
CMV-driven constructs produced low vector yields in a
dominant fashion and caused a substantial increase in
apoptosis (data not shown).

The fact that EIB19K mutants can be complemented by
similarly anti-apoptotic cellular homologues such as Bcl-2
or Bcl-xy, suggests a common mechanism, the inhibition of
Bak/Bax-mediated apoptosis. Interestingly, no increase in
DNA ladder formation is seen in Hela cells when trans-
fected with E1B19K mutant plasmids relative to wild-type
plasmids (data not shown). Consequently, the mechanism
of vector production augmentation is not clear.

Current transfection-based AAV vector production meth-
ods are sufficient to commercially support gene therapy
applications with large doses and small patient populations
(e.g. haemophilia, other genetic diseases) or applications
with small doses and large patient populations (e.g.
Parkinson’s disease). Applications with large doses and
large patient populations (e.g. heart failure) will be a
challenge for transfection-based production methods that
scale linearly. Consequently, the construction of a producer
cell line that is both helper virus-free, and suspension
culture-adaptable, is of great interest. This is a formidable
task since many of the viral helper proteins are toxic to the
cell either alone (e.g. E2A) or in combination with other
helper functions (e.g. E4orf6 and E1B55K, E1A and rep). The
task is further complicated by genes such as EIB19K that
must be expressed in a rather precise manner. Packaging
cell lines containing inducible E1 genes, along with the
E2a, VA and E4 regions, and an integrated AAV vector have
been produced but were found to suffer from relatively low
vector yield and substantial production instability (Qiao
et al., 2002). Both of these problems were likely due to, or
exacerbated by, helper gene toxicity. Our data indicates
that one source of toxicity, the inhibition of host mRNA
nuclear export mediated by the E4orf6/E1B55K hetero-
dimer, could be eliminated by not including the E1B55K
gene in packaging cell lines.

Defining the minimum set of helper genes necessary for
efficient vector production is the first step in creating
suitable packaging cell lines for AAV vectors. Using our
transfection-based assay, we define that set to be EIA,
E1BI19K, the VA RNAs, E2A and Edorf6 genes.
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Ber-Abl kinase is known to reverse apoptosis of cytokine-dependent cells due to cytokine deprivation,
although it has been controversial whether chronic myeloid leukemia (CML) progenitors have the potential to
survive under conditions in which there are limited amounts of cytokines. Here we demonstrate that early
hematopoietic progenitors (Sca-1* ¢-Kit™ Lin™) isolated from normal mice rapidly undergo apoptosis in the
absence of cytokines. In these cells, the expression of Bim, a proapoptotic relative of Bel-2 which plays a key
role in the cytokine-mediated survival system, is induced. In contrast, those cells isolated from our previously
established CML model mice resist apoptosis in cytokine-free medium without the induction of Bim expression,
and these effects are reversed by the Abl-specific kinase inhibitor imatinib mesylate. In addition, the expression
levels of Bim are uniformly low in cell lines established from patients in the blast crisis phase of CML, and
imatinib induced Bim in these cells. Moreover, small interfering RNA that reduces the expression level of Bim
effectively rescues CML cells from apoptosis caused by imatinib. These findings suggest that Bim plays an
important role in the apoptosis of early hematopoietic progenitors and that Ber-Abl supports cell survival in

part through downregulation of this cell death activator.

In the chronic phase, chronic myeloid leukemia (CML) is
characterized by massive proliferation of granulocytes in the
peripheral blood and their progenitors in the bone marrow.
Abnormal hematopoietic stem cells harboring the Ber-Abl chi-
meric gene still differentiate into mature granulocytes with
apparently normal function but gradually come to occupy the
hematopoietic space. They subvert the system controlling their
homeostasis in the body and thus accumulate in large numbers.
Because cytokines are considered to play critical roles in this
homeostasis, dysregulation of cytokine-mediated cell death,
cell survival, or cell division by Ber-Abl may be responsible for
leukemogenesis. Indeed, among multiple systems regulating
diverse cell functions, including cell proliferation, differentia-
tion, and apoptosis, which are dysregulated by Bcer-Abl, the
reversal of apoptosis caused by cytokine deprivation is one of
the most consistently observed effects (reviewed in references
15 and 23). This finding has been repeatedly demonstrated by
use of different experimental systems that include murine in-
terleukin-3 (IL-3)-dependent Baf-3 and 32D cells (8, 9, 11, 22,
28, 32, 37, 39).

We and others have investigated this cytokine-dependent
cell survival system in hematopoietic progenitors by using IL-
3-dependent cells and demonstrated that two distinct signaling
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pathways support cell survival. One pathway emanates from
the membrane-proximal region of the common receptor chain
(Bc chain) shared by IL-3 and granulocyte-macrophage colony-
stimulating factor, which activates JAK-STAT pathways and
transcriptionally upregulates Bel-x; expression (14, 45, 46).
The other pathway functions via the distal portion of the B¢
chain and activates Ras pathways (26, 27, 30). Because exper-
iments using Baf-3 cells expressing truncated forms of the B¢
chain revealed that signals from its proximal portion support
cell survival only transiently, signals from its distal region,
especially the activation of Ras pathways, were considered to
be indispensable for long-term cell survival supported by cyto-
kines (26; also reviewed in reference 35).

Recent progress has revealed that cell death decisions are
implemented through an evolutionarily conserved mechanism
(or general apoptosis program) in which members of the Bcl-2
superfamily play the central roles (reviewed in references 1 and
7). The anti- or proapoptotic family members regulate the
translocation of cytochrome ¢ from mitochondria to the cy-
tosol, an event that ultimately activates the caspase cascade,
while members of the BH3-only subfamily of cell death acti-
vators inhibit the function of the antiapoptotic Bcl-2 family
members by binding to them. In mammals, more than three
factors have been identified to be members of each subfamily.
Redundancy in each category of the Bcl-2 superfamily has
been explained, at least partially, by the tissue- and/or stimu-
lus-specific response of each family member. We therefore
concentrated on identifying the major Bcl-2 superfamily mem-
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TABLE 1. Primers used in this study for real-time quantitative RT-PCR

Gene product Product size (bp)

Forward primer

Reverse primer

Al 168 GGGAAGATGGCTGAGTCTGAGCTCATG
Bad 233 CCACCAACAGCTATCATGGAGGCGC
Bax 162 AATATGGAGCTGCAGAGGATGATTG
Bel-2 261 GTGGTGGAGGAACTCTTCAGGGATG
Bel-xp. 293 GTAGTGAATGAACTCTTTCGGGATGG
BimEL 324 AGTGGGTATTTCTICTTTTGACACAG
Bim(si) 119 AATGTCTGACTCTGACTCTCGGAC

Mcl-1 259 GTAATGGTCCATGTTTTCAAAGATG
DP5/Hrk 189 AGACCCAGCCCGGACCGAGCAA

28S rRNA 324 ACGCAGGTGTCCTAAGGCGAGCTC

TGACTTCAGATTCTITITCAACTTC
GCTCTTTGGGCGAGGAAGTCCCTTG
GCACTTTAGTGCACAGGGCCTTGAG
GGTCTTCAGAGACAGCCAGGAGAAATC
ACCAGCCACAGTCATGCCCGTCAGG
TCAATGCCTTCTCCATACCAGACG
TCTCCGCAGGCTGCAATTGTCTAC
AAGCCAGCAGCACATTTCTGATGCC
AATAGCACTGGGGTGGCTCT
CACGACGGTCTAAACCCAGCTCAC

ber that is regulated by signals from the distal portion of the B¢
chain, especially via Ras pathways. We and others have found
that mRNA and protein expression levels of Bim, a member of
the BH3-only death activator subfamily, are downregulated by
IL-3 through either the Ras/Raf/mitogen-activated protein ki-
nase (MAPK) or the Ras/phosphatidylinositol 3-kinase
(PI3-K) pathway in Baf-3 cells (13, 44). Bim was isolated in-
dependently by two groups that exploited its ability to bind
Bel-2 or Mcll (20, 36). Alternative splicing gives rise to three
variants, BImEL, BimL,, and BimS, each of which contains the
BH3 domain and functions as a death inducer. It was shown
that Bim was induced in Baf-3 cells by IL-3 deprivation but not
by other apoptotic triggers, such as DNA damage or Fas, and
that enforced expression (but not overexpression) of each form
of Bim induced apoptosis in Baf-3 cells even in the presence of
IL-3 (44). In addition to Bim induction in hematopoietic cells,
the induction of Bim by deprivation of nerve growth factor
(NGF) in primary cultures of rat sympathetic neurons, as well
as in neuronally differentiated rat pheochromocytoma PC-12
cells, has been reported (5, 40, 49). These findings suggest that
the level of Bim expression is a major determinant of cell fate
regulated by cytokines.

In addition to its role as a key intracellular factor for cyto-
kine-mediated cell survival, Bim was demonstrated to be an
essential regulator of the total number of white blood cells by
analysis of Bim-deficient mice (6). Bim-deficient mice have
increased numbers of mature monocytes, granulocytes, and
lymphocytes but not erythrocytes in the peripheral blood, with
overgrowth of hematopoietic precursors in the bone marrow.
This prompted us to investigate the roles of Bim as a possible
downstream target of Ber-Abl by using our previously estab-
lished transgenic (tg) mice in addition to the conventional
experimental systems for CML, such as cell lines established
from patients in the blast crisis (BC) phase and cytokine-
dependent cells expressing Ber-Abl. In these tg mice, Ber-Abl
is expressed under the control of the tec tyrosine kinase pro-
moter that is active in immature myeloid progenitors (16, 17,
33). Virtually all of these mice develop CML-like disease,
namely, proliferation of mature myeloid precursors and
megakaryocytes in the bone marrow with increased granulo-
cytes and platelets in the peripheral blood and progressive
anemia, within 8 months of birth. They generally die of the
disease within 15 months (18). Moreover, when they are inter-
crossed with p53 haplo-deficient mice, they develop T-cell leu-
kemia and lack functional p53 (19), indicating that this model
mimics human CML in both the chronic and BC phases. Here

we show that Bim plays an important role in the apoptosis of
early hematopoietic progenitors and that Ber-Abl supports cell
survival in part through the downregulation of this cell death
activator.

MATERIALS AND METHODS

Mice. p210°%*! tg (BCR-4ABL*'~) mice were previously described (18). Be-
cause the founder mice were generated by using ova derived from (C57BL X
DBA)F, (BDF,) mice and the tg progeny were generated by intercrossing the tg
mice with BDF; mice, the genetic background of the BCR-ABL®™ mice was a
mixture of C57BL/6 and DBA. We used the normal littermates of these mice
(BCR-ABL™'™) as controls in this study.

Primary culture and isolation of cytokine-dependent hematopoietic progeni-
tors. Mice that were 8 to 12 weeks of age were sacrificed, and bone marrow cells
were harvested by a standard procedure. Cells were cultured for 5 days in
serum-free medium (SF-O2; Sanko Junyaku, Tokyo, Japan) containing 10 ng of
thrombopoietin (TPO) per ml and 50 ng of stem cell factor (SCF) per ml. After
Ficoll gradient centrifugation to separate dead cells and mature granulocytes,
cells expressing lineage-specific markers (CD4, CD8, CD11b, CD41, or Gr-1)
were eliminated by using magnetic beads conjugated with specific antibodies
(Miltenyi Biotec, Bergisch Gladbach, Germany). More than 90% of lineage
marker-negative (Lin™) cells obtained by this procedure were positive for ¢-Kit.
These cells were further divided into Sca-1-enriched (Sca-1* ¢-Kit* Lin™) and
Sca-1-depleted (Sca-17 c-Kit™ Lin™) fractions by using magnetic beads conju-
gated with Sca-1 antibody. Viable cell counts were determined by trypan blue dye
exclusion in triplicate assays. Morphology was determined by using cytospin
preparations stained with May-Giemsa solution.

TUNEL analysis. Cells in the Sca-1-enriched fraction were cultured in cyto-
kine-free medjum for different periods. Cells were harvested and fixed with 4%
paraformaldehyde for 20 min, and a terminal deoxynucleotidyltransferase-medi-
ated nick end labeling (TUNEL) assay was performed with an apoptosis detec-
tion kit according to the manufacturer’s directions (Promega, Madison, Wis.).
Cells were then stained with 1 pg of propidium iodide per ml. Cytospin prepa-
rations were made, and the incorporation of dUTP was analyzed with a laser
cytoscan (Olympus, Tokyo, Japan).

Real-time quantitative RT-PCR. Total cellular RNA was isolated with an
Isogen kit according to the manufacturer’s instructions (Wako Pure Chemicals,
Osaka, Japan). RNA was reverse transcribed with Superscript 11 reverse tran-
scriptase (Invitrogen, Carlsbad, Calif.). Real-time PCR was carried out with an
ABI 7700 instrument and SYBR green PCR master mix (Applied Biosystems,
Weiterstadt, Germany), which allows real-time monitoring of the increase in
PCR product concentration after every cycle based on the fluorescence of the
double-stranded-DNA-specific dye SYBR green. The number of cycles required
to produce a product detectable above background levels was measured for each
sample and used to calculate differences (n-fold) in starting mRNA levels for
each sample. Because we had observed that levels of B-actin and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) mRNA, which are generally used
for monitoring equal loading of RNA, were rapidly downregulated in the course
of apoptosis by cytokine deprivation in murine IL-3-dependent cell lines (data
not shown), we used 28S rRNA as an internal control. The gene primers, selected
to cross introns, are listed in Table 1. The real-time reverse transcription (RT)-
PCR products were resolved on a 2% agarose gel containing ethidium bromide
to confirm that only single bands of the predicted size were visible.
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RNA interference. K562 cells were cultured in medium containing 1 uM
imatinib for 24 h. Cells (2 X 10°) were then transfected with 5 pg of double-
stranded Cy3-labeled Bim small interfering RNA (siRNA) or control siRNA by
using a hemagglutinating virus of Japan (HVJ) envelope (GenomeONE; Ishi-
hara Sangyo Kaisha, Osaka, Japan) according to the manufacturer’s directions.
Cell culture was continued in the presence of imatinib for 24 h, and then cells
were harvested to isolate RNA and cell lysate. Cells were also stained with
annexin V-fluorescein isothiocyanate (FITC) (Promega), followed by analysis
with flow cytometry. The primers used were the following, according to Reginato
et al. (42): control sense, 5'-(GGCUGUAACUUACGUGUACUU)(TT)-3";
control antisense, 5'-(AAGUACACGUAAGUUACAGCC)d(TT)-3'; Bim
sense, 5'-(GACCGAGAAGGUAGACAAUUG)A(TT)-3; Bim antisense, 5'-(C
AAUUGUCUACCUUCUCGGUC)d(TT)-3".

Immunoblot analysis. Cells were solubilized in Nonidet P-40 lysis buffer (150
mM NaCl, 1.0% Nonidet P-40, 50 mM Tris {pH 8.0]) containing protease inhib-
itor mixture (Complete; Roche Molecular Biochemicals, Mannheim, Germany);
total cellular proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Cell lysates extracted from 10° living cells for hematopoietic
progenitors isolated from primary culture or 10° living cells for Baf-3 or cell lines
established from patients with leukemia were applied to each lane. After their
wet electrotransfer onto polyvinylidene difluoride membranes, the proteins were
detected with the appropriate antibodies by following standard procedures. The
blots were then stained with primary antibodies followed by horseradish perox-
idase-conjugated anti-rabbit or anti-mouse immunoglobulin secondary antibod-
ies and subjected to chemiluminescence detection according to the manufactur-
er’s instructions (Amersham, Little Chalfont, Buckinghamshire, United
Kingdom). Bim-specific polyclonal antibodies were raised against glutathione
S-transferase fusion proteins containing amino acids 9 to 53 of mouse BimL, as
previously described (44). Bel-2 and Bel-x polyclonal antibodies were purchased
from Transduction Laboratories (Lexington, Ky.), a monoclonal antibody against
B-actin was purchased from Chemicon (Temecula, Calif.), and polycional anti-
bodies against total and phosphorylated-specific Akt and MAPK were purchased
from Cell Signaling Technology (Beverly, Mass.).

Experiments using Baf-3 cells. Murine IL-3-dependent cells were cultured in
RPMI 1640 medium containing 10% fetal calf serum, 20 mM HEPES, 50 uM
2-mercaptoethanol, and 0.5% conditioned medium of 10T1/2 cells as a source of
murine IL-3. To deplete IL-3, we washed the cells twice with IL-3-free growth
medium. Cell lines established from patients with leukemia were cultured in
RPMI 1640 medium supplemented with 10% fetal calf serum. Cell viability was
determined by trypan blue dye exclusion. For retrovirus-mediated gene expres-
sion, we constructed a control CD8-expressing vector plasmid (pMX/IRES-CD8)
from the pMX retroviral vector (a gift of T. Kitamura) (38) by inserting an
internal ribosomal entry site (IRES)-CDS8 cassette in which the mouse CD8
c¢DNA was fused in frame to the IRES sequence. The Bcr-4bl gene was ex-
pressed by inserting the cDNA immediately after the 5' long terminal repeat
sequence. The retrovirus was made by the method described by Onishi et al. (38),
using BOSC23 cells. Retroviral infection of Baf-3 cells and the selection of
CD8-positive cells with a CD8 monoclonal antibody and MACS separation
columns (Miltenyi Biotec) were performed according to a method described
previously (27). The selection procedure was repeated until more than 95% of
the cells were positive for CD8 by flow cytometry.

Reagents and statistical analysis. A MAPK inhibitor, PD98059 (PD), and a
PI3-K inhibitor, LY294002 (LY), were purchased from Wako Pure Chemicals
and Sigma-Aldrich (St. Louis, Mo.), respectively. The 2-phenylaminopyrimidine
derivative imatinib mesylate was a kind gift of Elisabeth Buchdunger (Novartis,
Basel, Switzerland). An analysis of variance and the post hoc method were used
to compare viable cell counts in different culture conditions. Significant differ-
ences were defined as having a P value of <0.05.

RESULTS

Amplification and isolation of hematopoietic progenitors
from mouse bone marrow. We initially tested the role of Bim
in the regulation of cell survival by using cytokine-dependent
undifferentiated hematopoietic progenitors isolated from pri-
mary cultures of bone marrow cells from normal mice. Cells
from normal littermates of the Bcer-Abl tg mice (18) were
cultured for 5 days in serum-free medium containing 10 ng of
TPO per ml and 50 ng of SCF per ml. After the elimination of
dead cells, mature granulocytes, and cells expressing lineage-
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specific markers (CD4, CD8, CD11b, CD41, or Gr-1), more
than 90% of the cells were negative for lineage markers and
positive for ¢-Kit (c-Kit* Lin™). These cells were further di-
vided into Sca-1-enriched fractions (Sca-1* ¢-Kit™ Lin~; typ-
ically more than 75% of cells were positive for Sca-1 immedi-
ately after separation) and Sca-1-depleted fractions (Sca-1~
c-Kit* Lin~; less than 5% of cells were positive for Sca-1) by
using magnetic beads coated with Sca-1 antibody. Figure 1A
shows the morphology of Sca-17 ¢-Kit™ Lin~ cells. Typical
yields of Sca-1-enriched and Sca-1-depleted fractions were 5 X
10° and 2 X 107 cells, respectively, pooled from 10 mice.

Cells in both fractions proliferated and differentiated into
mature granulocytes or monocytes when culture was continued
in medium containing TPO and SCF (Fig. 1B). Cell numbers
increased by around 10-fold by 5 days and then decreased, and
cultures died out 10 days later. Although peak cell numbers of
the progeny of Sca-1* ¢-Kit™ Lin™ cells were always greater
than those of Sca-1" ¢-Kit™ Lin™ cells, the time courses were
similar, When culture was continued in the absence of cyto-
kines, Sca-1" c-Kit* Lin~ cells rapidly died within 24 h without
maturation (Fig. 1C, left panel). Sca-1~ ¢-Kit™ Lin™ cells also
died but did so more slowly than Sca-1" ¢-Kit* Lin~ cells, and
nearly half differentiated into mature granulocytes or mono-
cytes (Fig. 1C, right panel). To confirm that the cell death
observed in these experiments was apoptotic, we performed
TUNEL assays (Fig. 1D). When Sca-1"* ¢-Kit™ Lin™ cells were
cultured in the presence of cytokines, there was a substantial
number in S phase with few TUNEL-positive cells among them
(Fig. 1D, left panel). In contrast, in the absence of cytokines,
cells underwent G4/G, arrest with many TUNEL-positive cells
(Fig. 1D, center and right panels). These results indicated that
the cell division and survival of Sca-1-positive early hemato-
poietic progenitors isolated by this method were cytokine de-
pendent.

Upregulation of Bim and downregulation of Bel-2 in cyto-
kine-deprived hematopoietic progenitors. To elucidate the
contribution of Bel-2 superfamily members to cytokine-depen-
dent cell survival in hematopoietic progenitors, expression lev-
els of A1, Bad, Bax, Bcl-2, Bel-x;, BImEL, Mcl-1, and DP5/Hrk
mRNA were assessed by using real-time quantitative RT-PCR
technology. In both Sca-1* ¢-Kit™ Lin™ and Sca-17 c-Kit™
Lin~ cells from normal littermates, rapid downregulation of
Bel-2 and upregulation of BimEL were consistently observed
in independent experiments (Fig. 2A), while mRNA expres-
sion of other Bcl-2 superfamily members did not change sig-
nificantly upon cytokine deprivation (data not shown). Al-
though downregulation of Belx, following cytokine
deprivation has been observed in many cytokine-dependent
cell lines, including Baf-3, FL5.12, and 32D (27, 28, 39), Bel-x;.
expression in hematopoietic progenitors isolated by this
method was not affected by cytokine deprivation (Fig. 2A).
These findings were further supported at the protein level by
immunoblot analysis (Fig. 2B); simultaneous downregulation
of Bcl-2 and upregulation of BimEL were observed, while
Bclx; remained unchanged in both Sca-1* ¢-Kit™ Lin~ and
Sca-17 ¢-Kit* Lin~ cells. Importantly, the levels of the two
antiapoptotic Bcl-2 family members Bel-x; and Bel-2 were 5- to
10-fold lower in Sca-1" ¢-Kit™ Lin™ cells than in Sca-17 c-Kit™
Lin™ cells, possibly explaining the rapid apoptosis observed in
the former (Fig. 1C). These results suggest that the induction
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of Bim by cytokine deprivation plays an important role in
regulating cell fate in Sca-1-positive early progenitors.

Ber-Abl reverses the upregulation of Bim by IL-3 depriva-
tion in IL-3-dependent cells. To test whether Ber-Abl down-
regulates Bim expression, we initially used Baf-3 cells express-
ing Ber-Abl. Baf-3 cells were infected with retrovirus
containing Ber-Abl and mouse CD8 ¢cDNA as a marker (pMX-
Ber-Abl/IRES-CDS; see Materials and Methods), and infected
cells were selected with magnetic beads coated with CD8 an-
tibodies. As reported by others (11, 28), these cells proliferated
in IL-3-free medium at nearly the same rate as they did in
IL-3-containing medium (data not shown). As previously re-
ported (13, 44), the simultaneous downregulation of Bcl-x;
and upregulation of Bim were induced by IL-3 starvation in
wild-type Baf-3 cells (Fig. 3A). In Baf-3 cells expressing Ber-
Abl, Bel-x; expression levels were unaffected, while Bim pro-
tein was induced for 12 h after IL-3 deprivation, and then the
level of Bim declined and returned to its original level within 3
days (Fig. 3B). It was also reported previously that BimEL is
phosphorylated by IL-3 signaling (44), shown here by slower
migrating bands (Fig. 3A, lane 1, and C, top blot). Similar
slower migrating bands were observed in Baf-3 cells expressing
Ber-Abl in the absence of IL-3 [Fig. 3B and C, blots labeled
Bim and Baf-3 (Ber-Abl)], suggesting that Ber-Abl also phos-
phorylates BimEL.

In wild-type Baf-3 cells, it was demonstrated previously that
signals from the distal portion of the B¢ chain independently
downregulate Bim expression through both the classical Ras/
Raf/MAPK and Ras/PI3-K pathways (44). To test whether
Ber-Abl downregulates Bim expression via the same signaling
pathways in this particular celi system, Baf-3 cells expressing
Ber-Abl were cultured in the absence of IL-3 for 3 days, after
which they were treated with the MAPK inhibitor PD, the
PI3-K inhibitor LY, or both. The effects of these inhibitors
were monitored by immunoblot analysis using antibodies rec-
ognizing phosphorylated Akt (pAkt) or phosphorylated
MAPK. When cells were treated with PD, phosphorylated
MAPK but not pAkt decreased, and viability was slightly re-
duced (Fig. 3D and E). When cells were treated with LY or
both PD and LY together, levels of pAkt decreased, and mas-
sive cell death occurred. Immunoblot analysis revealed a mild
enhancement of Bim expression in cells treated with PD, while
a marked elevation was observed in cells treated with LY or
both kinase inhibitors (Fig. 3F). These results suggest that,
although both Raf/MAPK and PI3-K pathways contribute to
cell survival and the downregulation of Bim by Ber-Abl kinase,
PI3-K pathways are more important than Raf/MAPK pathways
in this particular cell system.

Bim expression is downregulated in cells expressing Ber-Abl
from patients with leukemia. To gain insight into the roles of
Bim in the process of human leukemogenesis, we quantified
the levels of Bim and Bcl-x; proteins in cell lines established
from patients in the BC phase of CML (CML/BC) and from
patients with Philadelphia chromosome (Ph')-positive acute
lymphoblastic leukemia (ALL) and compared them with the
levels in patients with human acute myeloid leukemia (AML)
and ALL cell lines that do not express the Ber-Abl fusion gene.
Levels of Bim in all six cell lines established from patients in
CML/BC were low (Fig. 44, lanes 1 to 6) compared with those
in three control AML cell lines (Fig. 4A, lanes 7 to 9). Low
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levels of Bim, especially BimEL, in Ph*-positive cells were also
observed in five cell lines established from patients with ALL
(Fig. 4B, lanes 1 to 5). In contrast, levels of Bcl-x; varied
among cell lines established from patients in CML/BC and
patients with AML (Fig. 4A), as expected based on results
from previous studies reporting that Bel-x; expression levels
differ among AML patients (43). The levels of Bel-x; in all
ALL cell lines with or without Ber-Abl expression seemed
consistently low compared with those in AML cell lines (Fig.
4B).

To test whether the low level of Bim protein expression in
Ph'-positive leukemia cells was due to the potential of Ber-Abl
tyrosine kinase to downregulate it (as shown in Fig. 3B), we
blocked Ber-Abl function by using a specific inhibitor of Abl
kinase, imatinib mesylate (formerly known as STIS71). As pre-
viously reported (12, 24), apoptosis was induced by imatinib in
five cell lines established from patients in CML/BC, and de-
phosphorylation of Akt and MAPK was observed in these cells
(Fig. 5A and B). Increased levels of Bim proteins, especially
BimEL and BimL, were induced by the addition of imatinib to
KOPM30, K562, and BV173 cells (Fig. 5C). Moreover, de-
phosphorylation of BimEL was observed (Fig. 3C), suggesting
that Ber-Abl phosphorylates BimEL or BimL in human Ph*-
positive leukemia cells. Expression levels of Bel-x; were not
altered in KOPM30 and were downregulated only transiently
in K562 and BV173 cells (Fig. 5C). Similar results were ob-
tained with KOPM28 and KOPM53 (data not shown).

To examine whether the upregulation of Bim expression
contributes to apoptosis induced by imatinib, K562 cells were
transfected with Cy3-labeled siRNA oligonucleotides homolo-
gous to the Bim sequence or control siRNA (42). The induc-
tion efficiency was judged to be around 60% based on obser-
vations with fluorescence microscopy (data not shown).
Real-time quantitative RT-PCR analysis using a primer set to
cross the cleavage site [Bim(si)] (Table 1) revealed a 45%
reduction of Bim mRNA by the Bim siRNA when whole cells
were analyzed (Fig. 5D, left panel). Immunoblot analysis re-
vealed a greater-than-60% reduction of Bim protein, while
Bel-x; analyzed as a control was reduced by less than 10% (Fig.
5D, right panel). The percentage of apoptotic cells was deter-
mined with annexin V-FITC. Cells transfected with Bim
siRNA showed a significantly lower percentage of annexin
V-positive cells (68.1% = 7.3% [average * standard devia-
tion]) than those transfected with control siRNA (38.1% =
9.3%) (Fig. 5E). These data suggest that Ber-Abl supports cell
survival in cell lines established from patients in CML/BC
through the downregulation of Bim, although it was not clear
whether the magnitude of Bim induction in these cells was
sufficient to account for all of the apoptosis caused by imatinib.

Prolonged survival of Sca-1-positive early progenitors from
Ber-Abl tg mice in cytokine-free medium. Cell lines established
with cells in CML/BC harbor additional abnormalities that
develop during progression to BC and/or during adaptation to
the ex vivo artificial culture environment. To test whether
Ber-Abl downregulates Bim expression in cells from patients in
the chronic phase of CML, we used progenitors expressing
Ber-Abl from primary cultures of bone marrow cells obtained
from Ber-Abl tg mice that always develop CML-like myelopro-
liferative disease (see the introduction). Their survival and
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FIG. 3. Bim expression is regulated by IL-3 or Ber-Abl through Raf/MAPK and/or PI3-K pathways in Baf-3 cells. EL, BimEL; L, BimL; S,
BimS. (A and B) Expression of Bel-2, Bel-x;, and Bim proteins in wild-type Baf-3 cells (A) and Baf-3 cells expressing Ber-Abl after infection with
a retrovirus vector (B). Cells were cultured in the absence of IL-3 for the indicated times. An immunoblot analysis using antibody specific for each
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is shown as a control. Standard errors are shown when they were greater than 3%.

levels of Bcl-2 superfamily member expression were compared mice. When these cells were cultured in the presence of cyto-
with those of their normal littermates. kines, they proliferated with kinetics similar to those of cells

Sca-1" ¢-Kit* Lin~ and Sca-17 ¢-Kit™ Lin™ cells were iso- from the normal littermates of the tg mice (Fig. 6A), although
lated from primary cultures of bone marrow cells from the tg cell numbers from the tg mice were greater than those from
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FIG. 4. Levels of Bcl-x; and Bim protein in human leukemia cell
lines. Immunoblot analysis using antibody specific for each protein was
performed. EL, BimEL; L, BimL; S, BimS. (A) Lanes 1 to 6, the
KOPM28, KOPM30, KOPMS53, K562, BV173, and KUS812 cell lines,
respectively, established with CML/BC cells; lanes 7 to 9, the HL60
myeloid leukemia, HEL erythroid leukemia, and U937 monocytic leu-
kemia cell lines, respectively, lacking Ph*. (B) Lanes 1 to 5, the KOPN-
55bi, KOPN-57bi, KOPN-66bi, KOPN-72bi, and KOPN-30bi Ph'-pos-
itive pro-B ALL cell lines, respectively; lanes 6 to 9, the 920, 697,
RS4;11, and UOC-B1 pro-B ALL cell lines, respectively, lacking Ph'.

their normal littermates in both fractions (Fig. 1B). When
Sca-1" e-Kit™ Lin™ cells were cultured in cytokine-free me-
dium, they survived for more than 3 days (Fig. 6B, left panel),
much longer than those from normal littermates (Fig. 1C, left
panel). Indeed, virtually no viable cells from normal littermates
were observed 24 h after cytokine deprivation, while cells with
immature and mature morphology from Ber-Abl tg mice sur-
vived even after 48 h in repeated experiments. In contrast,
Sca-17 ¢-Kit™ Lin~ cells underwent apoptosis with kinetics
similar to those of cells from the normal littermates (Fig. 1C,
right panel). To confirm that Ber-Abl prolongs the survival of
Sca-1-positive early hematopoietic progenitors in cytokine-free
medium, we added 1 pM imatinib to the culture medium.
Imatinib did not affect the survival of the Sca-17 ¢-Kit™ Lin~
cells (Fig. 6C, middle panel). In contrast, Sca-1" ¢-Kit™ Lin~
cells rapidly underwent apoptosis (Fig. 6C, left panel). A com-
parison of the numbers of living cells with those of Sca-17"
c-Kit™ Lin~ cells from normal mice (Fig. 1C) revealed that
imatinib seemed not only to reverse the antiapoptotic effects of
Ber-Abl but even to enhance apoptosis at 8 and 16 h. This
finding might be explained in part by the inhibitory effects of
imatinib against c-Kit function, which could persist after the
removal of SCF because imatinib also induced apoptosis in
Sca-1"* ¢-Kit™ Lin~ cells from normal mice at 8 h (not statis-
tically significant; P = 0.14) and 16 h (P < 0.05) after the
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removal of the cytokines (Fig. 6C, right panel). These data
suggest that Ber-Abl protects Sca-1-positive early progenitors,
but not Sca-17 ¢-Kit™ Lin~ cells, from apoptosis caused by
cytokine deprivation. Ber-Abl mRNA expression was detected
by RT-PCR in both fractions (data not shown).

Suppression of Bim induction in cytokine-deprived progen-
itors by Ber-Abl. To clarify the mechanism through which
Ber-Abl prolongs survival of Sca-1-positive progenitors, we
assessed the expression of Bel-2 superfamily members in these
cells. Real-time quantitative RT-PCR revealed that neither
Bcl-2, Bel-x;, nor Bim mRNA expression was altered by cyto-
kine deprivation in either Sca-1-positive or Sca-1-negative
cells, except that Bim mRNA was induced twofold in Sca-1~
¢-Kit™ Lin™ cells (Fig. 7A). These data were confirmed at the
protein level by immunoblot analysis. Bcl-2 and Bel-x; levels
were unchanged by cytokine deprivation, while Bim protein
was barely detectable in either fraction (Fig. 7B), in contrast to
a clear induction of Bim and downregulation of Bcl-2 in pro-
genitors from normal littermates (Fig. 2B).

To further confirm that Ber-Abl downregulates Bim, we
analyzed the expression of the Bcl-2 superfamily members in
cells cultured in cytokine-free medium in the presence of ima-
tinib. Bim was markedly induced, while Bcl-2 was downregu-
lated in Sca-1-positive and -negative progenitors isolated from
Ber-Abl tg mice (Fig. 7C, left and center panels). In contrast,
induction levels of Bim in Sca-1-positive progenitors isolated
from normal littermates were not changed by treatment with
imatinib (Fig. 7C, right panel, and 2A, left panel), suggesting
that the reduction of viable cells in progenitors from normal
littermates by imatinib (Fig. 6C, right panel) was due to mech-
anisms other than Bim induction. Taken together, these data
indicate that Ber-Abl reverses the downregulation of Bel-2 and
upregulation of Bim that are observed in cytokine-starved nor-
mal hematopoietic progenitors.

DISCUSSION

In earlier studies, it was established that the induction of
Bim is an important step in Baf-3 cells undergoing apoptosis
due to IL-3 deprivation (44). Here we demonstrate that Bim
was induced by cytokine starvation in early hematopoietic pro-
genitors (Sca-1" c-Kit* Lin~) isolated by primary short-term
culture of bone marrow cells from normal mice. In contrast,
Bim was not induced by cytokine starvation in early progeni-
tors from CML model mice that were more resistant to apo-
ptosis than those from normal mice. We also found that Ber-
Abl downregulates Bim expression in Baf-3 cells and cell lines
established with cells from patients with Ph'-positive leukemia,
suggesting that Bim is one of the key target factors downstream
of Ber-Ab! that render CML progenitors resistant to apoptosis
caused by cytokine deprivation.

The function of Bim is reported to be regulated by at least
four different mechanisms. First, mRNA expression is down-
regulated by cytokines in mouse IL-3-dependent Baf-3,
FL5.12, and 32D cells through the Ras/MAPK and PI3-K path-
ways, independently (13, 44). Moreover, NGF suppresses Bim
mRNA expression through the inactivation of the c-jun NH,-
terminal kinase in NGF-dependent neuronal cells, including
primary cultures of rat sympathetic neurons and neuronally
differentiated PC-12 cells (5, 40, 49). In addition, serum depri-
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FIG. 5. Effects of imatinib on cell lines established with CML/BC
cells. (A) Cell lines (KOPM28, KOPM30, KOPMS53, BV173, and
K562) established with cells from CML/BC patients were cultured in
medium containing imatinib at a concentration of 1 uM for the indi-
cated times. Viability was determined by trypan blue dye exclusion.
(B) Immunoblot analyses of K562 cell lysate using anti-phosphorylated
form-specific Akt or MAPK, as well as antibodies recognizing total Akt
or MAPK, were performed. (C) Levels of Bel-x; and Bim proteins in
KOPM30, BV173, and K562 cells were determined by immunoblot
analysis. EL, BimEL; L, BimL; S, BimS. (D) K562 cells transfected
with either Bim siRNA (Bim) or control siRNA (Cnt) were cultured in
the presence of 1 wM imatinib for 48 h. The results of real-time
RT-PCR using the Bim(si) primers (left panel) and an immunoblot
analysis using antibodies specific for Bim (upper right panel) or Bel-x;
(lower right panel) are shown. Numbers below the immunoblots indi-
cate the relative intensity of each band measured by densitometry.
(E) K562 cells were cultured in the absence of imatinib (upper left
panel), the presence of 1 WM imatinib for 48 h with mock transfection
(upper right panel), Cy3-labeled control siRNA (lower left panel), or
Cy3-labeled Bim siRNA (lower right panel). Cells were stained with
annexin V-FITC and analyzed by flow cytometry.

vation of CC139 fibroblasts upregulates Bim mRNA via the
classical MEXK/extracellular signal-regulated kinase (ERK)
pathway (48). Second, subcellular localization of Bim is con-
trolled by IL-3 in FDC-P1 cells, another mouse IL-3-depen-
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dent line, and by exposure to UV light in 293 cells (29, 41).
BimEL and BimL, but not BimS, form complexes with an
8,000-molecular-weight dynein light chain, LC8 (also PIN or
Dle-1) (10, 21, 25). The Bim/LC8 complex in the presence of
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FIG. 6. (A and B) Sca-17 ¢-Kit™ Lin™ cells (left panel) and Sca-1~
¢-Kit™ Lin~ cells (right panel) amplified and isolated by primary cul-
tures of bone marrow cells from Ber-Abl tg mice were cultured in the
presence (A) or absence (B) of SCF and TPO. (C) Sca-17 ¢-Kit* Lin™
cells (left and right panels) or Sca-1" ¢-Kit™* Lin~ cells (middle panel)
amplified and isolated by primary cultures of bone marrow cells from
Ber-Abl tg mice (left and middle panels) or their normal littermates
(right panel) were cultured in the absence of SCF and TPO. Imatinib
was added at a concentration of 1 WM. The number of viable cells was
determined by trypan blue dye exclusion. Blast cells (black bars) and
terminally differentiated cells (open bars) were determined by cytospin
centrifugation. The results from one representative study (A) or the
means + standard errors of results from three independent experi-
ments (B and C) are shown.
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IL-3 binds to the intermediate chain of the dynein motor com-
plex on the microtubules. IL-3 withdrawal releases the complex
from sequestration in the cytoplasm by mechanisms not yet
fully understood. In the case of 293 cells exposed to UV,
phosphorylation at Thr-56 of (human) BimL by activated c-jun
NH,-terminal kinase was reported to play an important role in
this process (29). Third, NGF phosphorylates BimEL and
BimL but not BimS through the MEK/MAPK pathway in neu-
ronally differentiated PC-12 cells. Phosphorylation of (rat)
BimEL at Ser-109 and Thr-110, which are adjacent to but
distinct from the phosphorylation residues in 293 cells exposed
to UV as mentioned above, was reported to suppress the pro-
apoptotic function of BimEL without affecting its binding po-
tential to LCS or its subcellular localization (5). Fourth, pro-
teasome-dependent degradation is involved in the regulation
of Bim expression in serum-deprived fibroblasts and macro-
phage colony-stimulating factor-dependent osteoclasts (2, 31).
These somewhat confusing results suggest that the functions of
BimEL and BimL on the one hand and BimS on the other may
be regulated in different ways in certain situations and that the
relative importance of these four mechanisms may differ be-
tween cell types. Indeed, it has been found that the enforced
expression of either BimL or BimS readily induced apoptosis
in Baf-3 and 293 cells, in contrast with five glioma cell lines, in
which a massive amount of BimL did not induce apoptosis, in
spite of the fact that a much lower amount of BimS easily killed
these cells (44, 50).

In this paper, we demonstrated that Bim is downregulated at
both the mRNA and protein levels by cytokines in hematopoi-
etic progenitors isolated from primary cultures of bone marrow
cells (Fig. 2). This finding indicates that the regulation of
mRNA expression is the major mechanism for controlling Bim
function in early hematopoiesis. We also demonstrated that
Ber-Abl reverses the induction of Bim mRNA caused by cyto-
kine deprivation in these progenitors (Fig. 7). Among several
pathways that are reported to regulate Bim mRNA, those
involved in PI3-K are most likely the major pathways for the
downregulation of Bim by Ber-Abl (Fig. 3F). In addition, phos-
phorylation of Bim (as with the third mechanism mentioned in
the previous paragraph) might contribute to the survival of
hematopoietic cells. It was previously reported that BimEL
and BimL are phosphorylated in Baf-3 cells by IL-3 signaling
via the same pathways that control the expression of Bim, i.e.,
the Ras/Raf/MAPK and Ras/PI3-K pathways (44). In this
study, although the phosphorylation of BimEL in early pro-
genitors may not be convincing (Fig. 2B), it was clearly de-
tected in Baf-3 cells expressing Ber-Abl cultured in IL-3-free
medium and in cell lines established from patients in CML/BC
cultured in the absence of imatinib (Fig. 3C). We consider it
unlikely that phosphorylation plays a major role in cytokine-
deprived Baf-3 cells, because cells expressing hyperphospho-
rylated BimEL or BimL in the presence of IL-3 still underwent
apoptosis (44). However, the possibility that phosphorylation
of BimEL and BimL by cytokines or Ber-Abl contributes to cell
survival to some extent in early hematopoietic progenitors or
leukemic cells cannot be excluded.

There are substantial differences between early (Sca-1* c-
Kit™ Lin™) and late (Sca-1~ ¢-Kit* Lin™) progenitors in cyto-
kine dependence and the effects of Ber-Abl kinase. Early pro-
genitors undergo rapid apoptosis without maturation in the
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FIG. 7. Expression of Bcl-2, Bel-x;, and BimEL in Sca-1* ¢-Kit™ Lin~ and Sca-1™ ¢-Kit* Lin~ cells from Ber-Abl tg mice and their normal
littermates. Cells were cultured in cytokine-free medium in the absence (A and B) or presence (C) of imatinib at a concentration of 1 pM for the
indicated times. (A and C) Real-time quantitative PCR was carried out, and the numbers of cycles required to produce a detectable product were
measured and used to calculate the differences (n-fold) in starting mRNA levels for each sample by using 28S rRNA as an internal control. Levels
of mRNA in cells cultured for O (black bars), 3 (gray bars), and 6 (open bars) h without cytokines relative to those in cells in the presence of
cytokines are shown. (B) Levels of three Bcl-2 superfamily members, as well as B-actin proteins, as a control for equal loading were detected by

specific antibodies.

absence of cytokines (Fig. 1C). This could be explained at least
partially by relatively low levels of Bcl-2 and Bel-x; expression
(Fig. 2B), because it is generally accepted that cell fate is
determined by the balance between pro- and antiapoptotic
members of the Bcl-2 superfamily (1). Although Bcl-2 levels
were downregulated by cytokine deprivation in early progeni-
tors, this downregulation is unlikely to be the major cause of
rapid apoptosis, because levels of Bcl-2 in the presence of
cytokines are very low and Bcl-2-deficient mice did not show
apparent abnormalities in myeloid hematopoiesis (34, 47).
Thus, Bim is considered to be the major determinant of cell
fate in Sca-17 ¢-Kit™ Lin™ cells, and downregulation of Bim in
cytokine-deprived Sca-1-positive early progenitors isolated
from Ber-Abl tg mice may result in longer survival (Fig. 6B).
On the other hand, Bim may not be the major determinant of
cell fate in Sca-17 ¢-Kit™ Lin~ cells, which express Bcl-2 and
Bel-x,_at high levels (Fig. 2B). Moreover, half of these cells can
differentiate before undergoing apoptosis (Fig. 1C). Addition-
ally, late progenitors from the tg mice show virtually the same
time course as those from normal littermates in the absence of
cytokines (Fig. 1C and 6B, right panels) in spite of the fact that
there was little induction of Bim in these cells, similar to
Sca-1-positive early progenitors (Fig. 7A and B).

Many reports have maintained that the growth and survival
characteristics of CML progenitors in the chronic phase are
similar to those in healthy bone marrow (reviewed in refer-
ences 15 and 23). In spite of prominent antiapoptotic effects of

Ber-Abl in cytokine-dependent cell lines such as Baf-3, resis-
tance of CML progenitors to cytokine deprivation is contro-
versial. Bedi et al. reported that CD34-positive CML progen-
itors live longer in serum- and cytokine-free medium than
CML progenitors treated with Ber-Abl junction-specific anti-
sense oligonucleotides and normal CD34-positive cells (4), but
Amos et al. did not observe a survival advantage of CML
progenitors under cytokine-free conditions (3). In the present
study, we isolated early hematopoietic progenitors by using
Sca-1, which is one of the most reliable markers for early
progenitors, including stem cells, but is available only for the
study of mouse hematopoiesis. Another advantage of our study
is the use of progenitors isolated from young mice (8 to 12
weeks of age) whose peripheral blood and bone marrow are
still indistinguishable from those of their normal littermates
(18). Taking these advantages, we revealed a relatively small
but distinct difference in apoptosis due to cytokine deprivation
between normal and Ber-Abl-expressing progenitors that cor-
related to the expression levels of Bim (Fig. 1, 2, 6, and 7).
Moreover, Bim was induced by imatinib in CML cell lines
undergoing apoptosis (Fig. 5C), and siRNA that reduced the
expression level of Bim effectively rescued these cells (Fig. SE).
Taken together, these results suggest that Bim is an important
downstream target that supports cell survival of Ber-Abl-ex-
pressing hematopoietic cells. Further studies are necessary to
clarify whether downregulation of Bim by Bcr-Abl contributes
to the massive expansion of myeloid cells observed in CML.
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