THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2000 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 275, No. 50, Issue of December 15, pp. 39223-39230, 2000
Printed in U.S.A.

BCR/ABL Regulates Expression of the Cyclin-dependent Kinase
Inhibitor p27¥'P! through the Phosphatidylinositol 3-Kinase/AKT

Pathway*

Received for publication, August 10, 2000, and in revised form, August 25, 2000
Published, JBC Papers in Press, September 28, 2000, DOI 10.1074/jbc.M007291200

Franck Gesberti§, William R. Sellersi§, Sabina Signorettitl, Massimo Lodai1,

and James D. Griffini§]|

From the tDepartment of Adult Oncology, Dana Farber Cancer Institute and Departments of §Medicine and 1Pathology,
Brigham and Women’s Hospital and Harvard Medical School, Boston, Massachusetts, 02115

Deregulation of cell cycle checkpoints is an almost
universal abnormality in human cancers and is most
often due to loss-of-function mutations of tumor sup-
pressor genes such as Rb, p53, or p16™%42_In this study,
we demonstrate that BCR/ABL inhibits the expression
of a key cell cycle inhibitor, p27¥iP!, by signaling
through a pathway involving phosphatidylinositol 3-ki-
nase (PI3K). p27¥iP! is a widely expressed inhibitor of
cdk2, an essential cell cycle kinase regulating entry into
S phase. We demonstrate that the decrease of p275¥iP! is
directly due to BCR/ABL in hematopoietic cells by two
different approaches. First, induction of BCR/ABL by a
tetracycline-regulated promoter is associated with a re-
versible down-regulation of p27¥iP!, Second, inhibition
of BCR/ABL kinase activity with the Abl tyrosine kinase
inhibitor STI571 rapidly increases p27¥®! levels. The
PI3K inhibitor LY-294002 blocks the ability of BCR/ABL
to induce p27¥P! down-regulation and inhibits BCR/
ABL-induced entry into S phase. The serine/threonine
kinase AKT/protein kinase B is a known downstream tar-
get of PI3K. Transient expression of an activated mutant
of AKT was found to decrease expression of p275¥!, even
when PI3K was inhibited by LY-294002. The mechanism of
p27¥iP! regulation is primarily related to protein stability,
since inhibition of proteasome activity increased p27%P!
levels in BCR/ABL-transformed cells, whereas very little
change in p27 transcription was found. Overall, these
data are consistent with a model in which BCR/ABL sup-
presses p27¥P! protein levels through PISK/AKT, leading
to accelerated entry into S phase. This activity is likely to
explain in part previous studies showing that activation
of PI3K was required for optimum transformation of he-
matopoietic cells by BCR/ABL in vitro and in vivo.

Chronic myelogenous leukemia (CML)' is a myeloprolifera-
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tive disorder associated with expression of the Philadelphia
chromosome (1), a translocation between chromosomes 9 and
22 that fuses the Ber and Abl genes (2—4). Unlike many other
leukemia oncogenes, BCR/ABL does not appear to alter differ-
entiation of granulocyte lineage cells. In contrast, recent stud-
ies have suggested that the major cellular effects of BCR/ABL
are related to increased mitogenic activity (5), reduced sensi-
tivity to apoptosis (6), and altered adhesion and homing of CML
progenitor cells (7).

The BCR/ABL oncogene is associated with both myeloprolif-
erative disease and acute leukemias in human and in murine
models. There are three known breakpoints in the gene, result-
ing in three different protein products, p190, p210, and p230,
which vary in the length of Ber present in the fusion protein (8).
Interestingly, the three proteins tend to be associated with
different leukemias: ALL, CML, and chronic neutrophilic leu-
kemia, respectively, for p190, p210, and p2305CVABL Each of
the BCR/ABL proteins have elevated Abl tyrosine kinase ac-
tivity (9), and this increased kinase activity is necessary for
transformation (3). Although a number of substrates of the
BCR/ABL tyrosine kinase have been identified, including CBL
(10), CrkL (11), Dok (12), STAT5 (13, 14), SHP-2 (15), Shc (16),
and Fak (17), the signaling pathways that result in dysregu-
lated growth, viability, and adhesion are not yet well defined.

The mitogenic effects of BCR/ABL are likely to be important
in the pathogenesis of CML. BCR/ABL reduces growth factor
requirements of primary hematopoietic stem cells (18), con-
verts IL-3-dependent murine hematopoietic cell lines to growth
factor independence (19), and is mitogenic in fibroblasts (20).
When compared with normal progenitor cells, CML progenitor
cells are more likely to be in S phase, both in the marrow and
blood, and the fraction of cells in G, is reduced (21). Thus,
BCR/ABL is likely to deregulate checkpoints at one or more
sites within the cell cycle. Previous studies have shown that
several immediate-early genes are induced by BCR/ABL, in-
cluding myc (22), fos, and jun (23). The rapid induction of these
genes correlates with an enhanced rate of transition from G, to
G;. The increased fraction of cells in S phase suggests that G,/S
transition checkpoints are also suppressed.

A number of molecules play a key role in regulating cell cycle
progression from G; to S, including the G; cyclins, cyclin-de-
pendent kinases (CDKs) and cyclin-dependent kinase inhibi-
tors (CKIs). CKIs can be grouped in two categories based on
similarities of sequence and actions: the INK4 family
(ple™NK4a [15INKb ;1 gINKie and p19™K4d) and the CIP/KIP
family (p21WAFVCIPL 97Kl and p57XiP2), reviewed in Sherr
and Roberts (24). INK4 family members specifically inhibit the
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activity of cdk4 and 6, whereas the CIP/KIP family members
have a broader action. Overexpression of each of these CKI
have been shown to induce a G, arrest. p21°F! has recently
been directly shown to be important for regulating hematopoi-
esis in vivo in mice (25, 26).

Although PI3K and AKT have previously been reported to
play essential roles in BCR/ABL transformation (27), the mech-
anisms and downstream signaling targets have been unclear.
PI3K and AKT have been linked to enhanced cell survival
through the phosphorylation and subsequent inhibition of the
pro-apoptotic molecule Bad (28). However, it has been difficult
to demonstrate phosphorylation of Bad in some cell types
transformed by BCR/ABL, so identification of other down-
stream targets is of interest. In the present study we demon-
strate that BCR/ABL regulates the expression of p27%! in a
proteasome-dependent manner and through activation of PI3K
and AKT.

MATERIALS AND METHODS
Reagents

Anti-Abl monoclonal antibody 3F12 was a gift from R. Salgia (Dana
Farber Cancer Institute). Monoclonal antibodies against p27%iP!
(K25020) and Rb (14001A) were purchased from Transduction Labora-
tories (Pharmingen/Transduction Laboratories, San Diego, CA). Anti-
p85 antiserum (06-195) was obtained from Upstate Biotechnology Inc.
(Lake Placid, NY). Anti-HA monoclonal was purchased from Babco
(Richmond, CA). AKT constructs, inserted in a pCDNA3.1 backbone,
were described previously (29). RNase A, lactacystine, and N-acetyl-
leucyl-leucine norleucinal (LLnL) were purchased from Sigma. E64 and
calpain inhibitors were purchased from Calbiochem.

Cell Lines and Culture Conditions

The IL-3-dependent Ba/F3 cell line was maintained in RPMI 1640
(Mediatech Cellgro, Herndon, VA) supplemented with 10% fetal calf
serum, 1 mg/ml L-glutamine, penicillin-streptomycin, and 10%
WEHI-3B conditioned medium (WEHI-3B-CM) as a source of IL-3.
Ba/F3 is commonly used as a model for BCR/ABL signaling because it
is non-leukemic and factor-dependent in the absence of BCR/ABL-
transformation but becomes leukemic in syngeneic mice and factor-
independent after transformation by BCR/ABL. p210B¢®ABL_trans-
formed Ba/F3 cells (Ba/F3-p210) are maintained in culture in the
medium described above, except without IL-3. All cells were maintained
at 37 °C in a 5% CO, humidified incubator. Ba/F3 cells expressing the
reverse tet-transactivator pUHD172-1 (Ton.B.1) and Ton.B.210 cells in
which p210B“®ABL expression is induced by the addition of doxycycline
were obtained from G. Daley (Whitehead institute, Cambridge, MA)
and grown as described previously (30).

Transfections and Cell Sorting

In experiments using transiently transfected cells, 1 X 107 cells were
transfected by electroporation (Gene-Pulser Bio-Rad, 960 microfarads,
350V). 40 pg of the indicated plasmids were cotransfected with 10 ug of
a pEGFP plasmid (CLONTECH, Palo Alto, CA). 24-h post-transfection,
the green fluorescent protein-expressing cells were sorted on a high
speed cell sorter (Coulter Electronics, Miami, FL). After sorting, cells
were pelleted, resuspended in culture medium, and kept in culture for
24 h with or without treatment as indicated.

Antibodies and Protein Analysis

For protein analysis, cells were harvested, washed in PBS and lysed
at 5 X 107 cells/ml in cold lysis buffer (50 mm Tris, pH 7.5, 150 mm NaCl,
0.5% Triton X-100, 10 mM NaF, 1 mm EDTA, 1 mm EGTA, 1 mMm
phenylmethylsulfonyl fluoride, 1 mmM NaVO;, 1 ug/ml each leupeptin
and aprotinin) for 30 min. Lysates were clarified by centrifugation at
15,000 X g for 20 min at 4 °C. The protein concentration was deter-
mined by Bradford assay, and equivalent amounts of proteins were
separated by gel electrophoresis and transferred to a PVDF membrane
(Millipore, Bedford, MA). Filters were blocked for 2 h at room temper-
ature with either 5% nonfat dry milk or 3% bovine serum albumin in
Tris-buffered saline (TBS), 0.5% Tween (TBS-T). Filters were washed
three times in TBS-T and incubated for 1 h with optimal concentrations
of primary antibodies diluted in TBS, 0.1% Tween. After four additional
washes in TBS-T, filters were further incubated 45 min with horserad-
ish peroxidase-conjugated secondary antibodies (Amersham Pharmacia
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Biotech). Visualization was performed using PerkinElmer Life Sci-
ences, Renaissance system and Kodak X-Omat blue film (Eastman
Kodak Co.).

Cycloheximide Treatment

Ton.B.210 cells were either left untreated or treated with 1 pg/ml
doxycycline for at least 24 h before cycloheximide treatment in RPMI
1640 medium supplemented with 10% fetal calf serum and 10% WEHI-
CM. 8 h before treatment, the cells were harvested, washed twice in 1X
PBS, and resuspended in RPMI 1640 supplemented with 1% bovine
serum albumin at a cell density of 1 X 10° cells/ml with or without
doxycycline. After 8 h of IL-3 deprivation, 10 uM cycloheximide was
added to the culture, and an aliquot of the cells was harvested at the
indicated times. Cells were lysed as described above.

Cell Cycle Analysis

For cell cycle analysis, cells were treated as specified. 1-2 X 10° cells
were harvested, washed once in 4 ml of PBS, and fixed in 1 ml of 70%
ethanol solution. Fixed cells were kept at —20 °C and stained just
before analysis. For staining, fixed cells were pelleted, washed once in
PBS, and resuspended in 1 ml of propidium iodide-staining solution
(PBS, 0.1% Triton X-100, 20 pg/ml propidium iodide, and 100 units/ml
RNase A added extemporaneously). Cells were left in propidium iodide
staining solution for 30 min at room temperature and analyzed imme-
diately. DNA content and hence the cell cycle distribution was deter-
mined by flow cytometry. Repartition of the cells in the various stages
of cell cycle was determined with cell cycle analysis software.

Real Time Quantitative Polymerase Chain Reaction
(Tagman PCR)

Reverse Transcription (RT)—For cDNA synthesis, 1 ug of total RNA
was reverse-transcribed in a 20 pl of reaction mixture containing 250
uM each dNTP, 20 units of RNase inhibitor, 50 units of murine leuke-
mia virus reverse transcriptase, 2.5 uM random hexamers, and 1X
buffer (1.5 mm MgCl,) (all reagents were purchased from PE Applied
Biosystems, Foster City, CA). The reaction mix was incubated at 42 °C
for 45 min and then denatured at 99 °C for 5 min. For each sample, a
control reaction not containing the reverse transcriptase enzyme was
also performed.

Real Time PCR—Specific primers and probe for p27 (forward: 5'-
GGTGGACCAAATGCCTGACT-3'; reverse: 5'-GCCCTTTTGTTTTGC-
GAAGA-3’; probe: 5 AATCTTCTGCCGCAGGTCGCTTCC-3') were de-
signed from sequences in the GenBank™ data base using the Primer
Express 1.0 Software (PE Applied Biosystems). The hybridization probe
spanned an intron to exclude annealing to genomic DNA. The gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as en-
dogenous control to standardize the amount of RNA in each reaction
(Tagman Rodent GAPDH control reagents). All primers and probes
were synthesized by PE Applied Biosystems. PCR was performed on the
c¢DNA samples using an ABI PRISM 7700 sequence detector (PE Ap-
plied Biosystems). The Tagman® PCR Core reagent kit (PE Applied
Biosystems) was used according to the manufacturer’s protocol with the
modification that dUTP was replaced by dTTP, and incubation with
AmpErase was omitted. For each sample tested, PCR reaction was
carried out in a 50-ul volume containing 1 ul of cDNA reaction (equiv-
alent to 50 ng of template RNA) and 2.5 units of AmpliTaq Gold.
Oligonucleotide primers and fluorogenic probe were added to a final
concentration of 100 nm each. The amplification step consisted of 60
cycles of 94 °C for 45 s, 58 °C for 45 s, and 65 °C for 1 min.

In each experiment, additional reactions with 7 serial 2-fold dilutions
of Ton.B.210 ¢cDNA, prepared from cells induced or not with doxycy-
cline, as template were performed with each set of primers and probes
on the same 96-well plate to generate standard curves, which related
the threshold cycle (Cr;) to the log input amount of template. All samples
were amplified in triplicate. The relative amount of p27 transcripts in
each sample was determined by using the standard curve method and
by normalizing for GAPDH mRNA expression levels, as described pre-
viously (ABI PRISM sequence detection system user bulletin No. 2 (PE
Applied Biosystems and Ref. 31).

RESULTS

BCR/ABL Promotes Cell Cycle Progression in Ba/F3 Cells in
the Absence of IL-3—The ability of BCR/ABL to promote sur-
vival and proliferation in the absence of growth factors has
been well documented in certain hematopoietic-derived cell
lines. The Ba/F3 cell line used in our studies is a pre-B cell fully
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Ba/F3-IL3 Ba/F3-p210-IL3
G1  :68.5% G1  :46.9%
5 :30.2% 5 :53.1%
G2m: 1.3% G2M: 0.0%

Ton.B.210-IL3-Dox Ton.B.210+IL3-Dox Ton.B.210-IL3+Dox

G1  :54.0% G1  :37.5% G1 :41.8%
5  41.0% S :60.8% 5 :49.6%
G2/M: 5.0% G2M: 1.7% G2M: 8.6%

Fic. 1. BCR/ABL expression promotes progression into cell
cycle. Parental or BCR/ABL-transformed Ba/F3 cell line (upper panels)
were IL-3-deprived for 12 h. Cell cycle progression was assessed by
propidium iodide staining as described under “Material and Methods.”
Similar experiments were performed with the Ton.B.210 cell line (lower
panels), These cells were maintained in the presence of IL-3 or deprived
as indicated. BCR/ABL expression was induced by addition of doxycy-
cline (Dox) where indicated.

dependent on the presence of IL-3 for survival and prolifera-
tion. IL-3 withdrawal for 16 h induces a partial G; arrest in
parental Ba/F3 cells but not in Ba/F3 cells transformed by
p210BCRABL (Rig 1 upper panels). Similar results were ob-
tained with the previously described Ton.B.210 cell line (Fig. 1,
lower panels). This cell line, derived from Ba/F3 cells, expresses
p210BCRABL i response to the addition of doxycycline in the
culture medium. After withdrawal of IL-3 for 16 h, non-induced
Ton.B.210 cells arrest at Gy/G;, whereas BCR/ABL-expressing
Ton.B.210 cells progress through G, to S phase (Fig. 1, lower
panels). These results demonstrate that BCR/ABL expression
regulates cell cycle progression in hematopoietic cells in a man-
ner similar to cytokine stimulation.

BCR/ABL Activity Induces Down-regulation of p275?1 Pro-
tein Expression—Based on these results, we sought to identify
cell cycle-related proteins that might be regulated by BCR/ABL
activity. The Ton.B.210 cell line was used to assure that
changes were specifically due to BCR/ABL and not due to
unrelated mutations in the cultured cell lines. Cells were left
untreated or stimulated with doxycycline for 24 h and IL-3-
deprived for 16 h. Immunoblotting of p27 on lysates from non-
treated or doxycycline-treated Ton.B.210 cells demonstrated
that resting, non-induced cells expressed a high amount of the
CKI p27%iPl whereas BCR/ABL-expressing cells displayed a
very low amount of p27XiPY(Fig. 24). In addition, p21°P! ex-
pression levels were higher in proliferating cells.(Fig. 24, lower
panel). Discordant expression levels of p21°P! and p27%iP! has
also been described in other proliferating cells (32). In some
circumstances, CKIs can promote rather than inhibit the for-
mation of active cyclin D-cdk4 complexes (33, 34). Our data
would be consistent with a model in which the increased level
of p21©P! expression is enough to participate in the activation
of cyclin D-cdk4 but is not high enough to inhibit cyclinE-cdk2.
In contrast to p27¥iP1, there was no variation of expression of
cyclins A, E, D1, or D3 (data not shown). These results suggest
that regulation of p27%iP! expression by BCR/ABL might be an
important mechanism in BCR/ABL-mediated proliferative
signaling.

To confirm that p2 down-regulation was directly due to
BCR/ABL activity, doxycycline-induced Ton.B.210 cells were
treated for 14 h with increasing concentrations of the small
molecule Abl tyrosine kinase inhibitor STI571 (Fig. 2B). At an
optimal concentration of 1 X 10~ ¢ M STI571, BCR/ABL tyrosine
kinase activity was inhibited, and this was accompanied by a
substantial increase in p27XP! expression. In these experi-
ments, the level of expression of the 85-kDa subunit of PI3K
was used as a control for equal loading of gel lanes.

p27%iP1 Expression and pRb Phosphorylation Are Regulated

7Kip1
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Fi6. 2. BCR/ABL activity induces a decrease of p27¥*! protein
expression. A, Ton.B.210 cells were IL-3-deprived for 8 h, and doxy-
cycline (Dox) was added to the culture medium to induce BCR/ABL
expression. Cells were harvested at the indicated time points, washed,
and lysed as described under “Materials and Methods.” After quantita-
tion, equivalent amounts of lysates were separated by SDS-PAGE,
electro-transferred, and blotted with the indicated antibodies. B, BCR/
ABL-transformed Ba/F3-p210 cells were kept in culture in the absence
of IL-3. Cells were treated for 12 h with the indicated concentrations of
the Abl kinase inhibitor STI-571. Cells were lysed, and lysates were
separated as indicated above. The effect of STI-571 was assessed by
anti-p27 and anti-Abl blotting.

through a PI3K-dependent Pathway—The results described
above indicated that p27%¥i*! might be an important target for
BCR/ABL in deregulating cell cycle control mechanisms, and
therefore, we next sought to identify the signaling pathway
responsible for p27X¥P! expression. As an initial screen, three
drugs that inhibit different signaling pathways were studied:
PD98059, LY-294002, and rapamycin, known to specifically
inhibit mitogen-activated protein kinase, PI3K, and p70S6K
pathways, respectively. Treatment of p210B“®ABL expressing
Ba/F3 cells with carrier alone (Me,SO) or with PD98059 had no
effect on cell cycle progression (Fig. 3A, upper panels), whereas
treatment for 14 h with either LY-294002 or rapamycin in-
duced a Gy/G; arrest, without any significant effect on cell
viability (note the absence of a sub-G; population in Fig. 34,
lower panels). The effects of these three drugs on BCR/ABL-
induced expression of p27¥P! was then investigated (Fig. 3B).
Treatment of Ba/F3p210B°FABL with 1Y-294002 induced a
dramatic increase of p27XiP! expression, whereas a treatment
with rapamycin and PD98059 had no effect. Since rapamycin
effectively induces a G, arrest in these cells, it is unlikely that
the p27%iP! up-regulation induced by LY-294002 is simply a
consequence of cell cycle arrest. As p27%P! is a known inhibitor
of the pRb kinase cdk2, we also sought to determine if pRb was
found in a hyperphosphorylated form in BCR/ABL-expressing
cells and if this phosphorylation was regulated by PI3SK. As
shown in Fig. 3C, hyper- (ppRb) and hypo- (pRb) phosphoryl-
ated forms of Rb can be distinguished by an electrophoretic
shift on a 6.5% SDS-PAGE. Ba/F3 p210 cells displayed almost
exclusively a hyperphosphorylated form of Rb. Although
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Fic. 3. PI3K inhibitor LY-294002 induces cell cycle arrest and
p27¥i*! expression in BCR/ABL-transformed cells. A, BCR/ABL-
transformed Ba/F3 cells were kept in culture without IL-3. Cells were
treated 12 h with solvent alone (Me,SO (DMSO) , upper left), Erk
inhibitor (PD98052, upper right), PI3K inhibitor (LY-294002, lower
left), or FRAP/TOR inhibitor (Rapamycin, lower right). Cells were har-
vested, and cell cycle progression was assessed by propidium iodide
staining as described under “Material and Methods.” B and C, BCR/
ABL-transformed Ba/F3 cells were treated with the indicated drugs as
indicated above. Cells were harvested, washed, and lysed. Equivalent
amount of lysates were separated by SDS-PAGE and electro-trans-
ferred. The filter was probed with the indicated antibodies. Equal
loading was assessed by p85 Western blot. For Rb blot, lysates were
separated on a 6.5% SDS-PAGE. ppRb and pRb indicate the hyperphos-
phorylated and hypophosphorylated forms, respectively, of Rb.
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PD98052, rapamycin, or Me,SO had no or little effect on Rb
phosphorylation, treatment of Ba/F3 p210 cells with the PI3K
inhibitor LY-294002 had a dramatic effect, with Rb reverting to
an almost exclusively hypophosphorylated state. These results
demonstrate that the PISK pathway regulates p27%i*! expres-
sion and Rb phosphorylation, most likely through the well
known ability of p27%iP! to regulate cdk2 activity.

AKT Activation Is Sufficient to Induce Reduction of p275P!
Expression—The serine/threonine kinase AKT/protein kinase
B is a downstream mediator of PI3K activity. In an effort to
determine if AKT activity was sufficient to mediate down-
regulation of p27%¥iP1 an AKT mutant rendered constitutively
active by membrane targeting through the fusion of a CAAX
box (HA-AKT-CAAX), was transiently expressed in the BCR/
ABL-inducible cell line, Ton-B-210. The Ton-B-210 cells were
co-transfected with a plasmid encoding green fluorescent pro-
tein (GFP) and either a wild-type AKT construct (HA-AKT-
WT), as control, or HA-AKT-CAAX construct. Twenty-four
hours after transfection, GFP-positive cells were isolated by
flow cytometry and then maintained in culture for an addi-
tional 24 h either in the absence or presence of doxycycline in
order to induce BCR/ABL expression. The cells were then IL-
3-deprived for 18 h and lysed. As shown in Fig. 4A, IL-3 dep-
rivation of cells without BCR/ABL leads to a dramatic increase
of p27¥iPL expression in cells transfected either with an empty
vector or with a vector encoding for a wild-type form of AKT.
Expression of an activated form of AKT or BCR/ABL, however,
led to a significant and equivalent decrease of p27%P! expres-
sion. These results suggest that activation of AKT, a known
consequence of BCR/ABL signaling, is sufficient in these cells
to regulate p27¥P! expression.

To determine if AKT functions downstream of PI3K in the
regulation of p27¥P! expression in Ba/F3 cells, activated AKT
was expressed in BCR/ABL-transformed cells in which PISK
had been inhibited by LY-294002 (Fig. 4B). Ba/F3-p210 cells
were co-transfected as above with plasmids encoding GFP and
either wild type or the activated form of AKT. After isolation of
GFP-positive cells by flow sorting, the positive cells were al-
lowed to recover for an additional 18 h and then either left
untreated or were treated with LY-294002 or rapamycin. The
expression of the constitutively active form of AKT (HA-AKT-
CAAX) completely inhibited the increase of p27¥iP! expression
induced by LY-294002, whereas the expression of a wild type
form (HA-AKT-WT) had no detectable effect. These results
indicate that AKT can regulate p27XP! expression in hemato-
poietic cells and that it is likely downstream of PI3K activity,
because an activated AKT mutant can override the effect of
PI3K inhibition on p27¥iP! expression.

Molecular Mechanisms of p275%! Down-regulation in BCR/
ABL-transformed Cells—In other cell systems, p27%P! regula-
tion of expression has been shown to occur at both transcrip-
tional and postranscriptional levels (35). In some cells, p27¥iP!
has been shown to be ubiquitinated and thereby targeted for
proteasome-mediated degradation (36-38). To determine if
BCR/ABL-induced p27¥P! down-regulation is mediated by a
protein degradation pathway, we studied several protease in-
hibitors and two different proteasome inhibitors, lactacystine
and N-acetyl-leucyl-leucine norleucinal. As shown in Fig. 54,
after a 5-h treatment, both proteasome inhibitors specifically
induced an increase of p27¥P! expression in Ba/F3-p210 cells,
whereas the protease inhibitors had little or no effect. To fur-
ther investigate possible degradation of p27¥iP!, Ton.B.210
cells, induced or not with doxycycline, were treated with 10 um
ribosomal complex inhibitor cycloheximide. By blocking trans-
lation with cycloheximide, the role of post-translational events
such as degradation in regulating protein levels can be specif-
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Fic. 4. AKT/protein kinase B activity controls p27%*! protein
expression level. A, Ton.B.210 cells were transiently cotransfected
with a GFP-expressing vector and with the indicated vectors expressing
either WT AKT (HA-AKT-WT) or a constitutively active form of AKT by
addition of a CAAX box (HA-AKT-CAAX). After transfection, the cells
were either left untreated or treated with doxycycline (Dox) for 24 h in
the presence of IL-3. The cells were then elutriated on the basis of the
GFP expression and then IL-3-deprived for 16 additional h. Cells were
then harvested and lysed, and equivalent amounts of protein were
separated by gel electrophoresis and transferred to PVDF filter. B,
Ba/F3 cells expressing BCR/ABL were transiently cotransfected with a
GFP-expressing vector and with HA-AKT-WT or HA-AKT-CAAX. 24 h
post-transfection, cells were elutriated on the basis of the GFP expres-
sion. Cells were then treated for 12 h with the indicated drugs. After
lysis, equivalent amounts of lysates were separated and transferred to
a PVDF filter. The filter was probed with the indicated antibodies.
DMSO, Me,SO.

ically evaluated. Lysates of the cells were prepared at different
time points of treatment. Equivalent amounts of protein were
loaded on SDS-PAGE and probed with an anti- p275¥P! anti-
body. As shown in Fig. 5B, we clearly show that the disappear-
ance of p27XiP! protein is faster in BCR/ABL-expressing cells
(Fig. 5B, lower panel) than in non-induced cells (Fig. 5B, upper
panel), suggesting a faster degradation of p27%*! in BCR/ABL-
expressing cells. After densitometry analysis of the bands, the
half-life of p27¥P! was estimated to be longer than 8 h in
non-induced cells and 2 h in BCR/ABL- expressing cells. These
results suggest that p27¥®! protein down-regulation in BCR/
ABL-transformed cells is likely to be due predominantly to
proteasome-dependent degradation and that this process is
regulated by PI3-kinase and AKT.
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F16. 5. p27¥iP! protein expression level is regulated by protea-
some activity. A, Ba/F3-p210 cells were treated for 5 h with either
Me,SO (DMSO) (1/2000), E64 (50 um), N-acetyl-leucyl-leucyl-methional
(100 pm), lactacystine (50 um), N-acetyl-leucyl-leucyl-norleucinal (50
uM), or ethanol (EtOH) 1/1000). After treatment, cells were washed and
lysed as described under “Materials and Method.” Lysates were re-
solved by SDS-PAGE, transferred to PVDF filters, and probed with the
indicated antibodies. Abl and p85 blots were used as equal loading
controls. B, Ton.B.210 cells were left untreated or induced with 1 pug/ml
doxycycline (Dox) 24 h before cycloheximide (Chx) treatment, as indi-
cated under “Material and Methods.” At ¢ = 0, cycloheximide was added
to the culture medium at a final concentration of 10 uM. A fraction of the
cells was harvested at the indicated time. The cells were lysed as
indicated under “Material and Methods,” and an equivalent amount of
protein was loaded on 1 12% SDS-polyacrylamide electrophoresis gel.
After electro-transfer to a PVDF filter, the proteins were probed with
the indicated antibody. The equal loading was assessed by B-actin blot.
Because of the higher expression of p27%*! in non-induced cells and in
order to better demonstrate the difference of half-life, two different
exposures (shorter exposure on upper panel for non-induced cells) of the
same filter are shown.

In other cells, p27¥iP! has also been shown to be regulated at
the level of transcription (35, 39). Therefore, p27¥*1 RNA
levels were compared before and after induction of BCR/ABL in
Ton.B.210 cells using semiquantitative real time PCR, as de-
scribed under “Materials and Methods.” Treatment of
Ton.B.210 cells with doxycycline in presence or in absence of
LY-294002 resulted in a less than 1.5-fold change in p27%¥iP!
RNA levels in two independent experiments in (Fig. 6). These
results suggest that transcriptional regulation is likely to play
a minimal role in this system.

DISCUSSION

The BCR/ABL oncogene encodes an activated tyrosine kinase
(9) that is located in the cytoplasm of hematopoietic cells (40).
The kinase phosphorylates a number of well known signaling
proteins, including She, SHP2, GAB2, DOK, CBL, and CRKL.
Also, BCR/ABL is phosphorylated itself, and it is likely that
complexes of activated signaling intermediates accumulate on
BCR/ABL, resulting in constitutive activation of several signal-
ing pathways normally tightly regulated by growth factors,
extracellular matrix proteins, or other external signals.

The biological consequences of activation of these signal-
ing pathways have been controversial, particularly for
p210BCRABL - Cyrrently, there is reasonable consensus that
p210BCRABL i mitogenic (5), prolongs viability (6), and alters
adhesion and homing of myeloid lineage cells (7, 41). p210B°¥
ABL is also believed to cause genomic instability, although the
mechanism and type of new DNA damage in CML cells has not
been clearly defined (42, 43).
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FiG. 6. Effects of BCR/ABL on p27¥i?! RNA levels. Ton.B.210
cells were either left untreated or induced with doxycycline 24 h before
treatment. The cells were IL-3-deprived for 8 h in RPMI 1640 with 1%
bovine serum albumin in the presence of the indicated drugs. After
treatment, the cells were harvested and total RNA was extracted by
Trizol. A semi quantitative real time PCR for p27 or GAPDH was
performed as described under “Materials and Methods.” Results are
expressed in arbitrary units as a ratio (p27 transcript/GAPDH tran-
script) using the non-induced Ton.B.210 cells as the basal level. DMSO,
Me,SO; LLnL, N-acetyl-leucyl-leucine norleucinal; A.U., absorbance
units.

The mitogenic effects of BCR/ABL are of particular interest
because a hyperproliferative state of myeloid cells in CML is
the most striking feature of the disease. BCR/ABL is known to
activate several signaling pathways associated with prolifera-
tion, including p21™*° (23) and PI3K (27). The nuclear events
associated with enhanced proliferation have not been well
studied. Both c-myc and cyclin D1 have been shown to be
up-regulated by BCR/ABL (22, 44) and are likely to be impor-
tant. The signals leading to activation of these two nuclear
factors have not been elucidated, although up-regulation of
c-myc is believed to require the SH2 domain of ABL (45). The
significance of cyclin D1 in human myeloproliferative disease
needs clarification, since cyclin D1 is not normally expressed
in human hematopoietic cells (46, 47), and mice with cyclin
D1 knock-outs do not have clear defects in hematopoiesis
(48). Cyclins D2 and D3 are expressed in human hematopoi-
etic cells, however, and are good candidates as BCR/ABL target
molecules.

The mitogenic signals from BCR/ABL are likely to ultimately
deregulate cell cycle control in some way, but few direct effects
of BCR/ABL on cell cycle regulatory proteins have previously
been identified. In hematopoietic cells, both the transition from
G, to G; and the transition from G; to S phase are believed to
be key steps in controlling the cell cycle, and most of the known
external influences on cell proliferation are thought to act at
one or both of these sites. Deregulation of Gy/G; and G,/S
checkpoints is an almost universal abnormality in human can-
cers. Mutations of cell cycle regulators such as the retinoblas-
toma protein, Rb, or cdk inhibitors such as p16™K4A po1 WAFL
or p27¥™! are uncommon in stable phase CML (49). Thus,
BCR/ABL is likely to bypass normal controls on the prolifera-
tion of hematopoietic cells by altering expression of cell cycle
regulatory proteins through aberrant activation of upstream
signaling pathways.

In this study, we demonstrate that BCR/ABL regulates ex-
pression of one of the key cell cycle inhibitors, p27¥!, and that
this occurs through the PI3K/AKT pathway. p27¥P! is a mem-
ber of a family of cell cycle regulatory proteins that include
p21€Pt and p57XiP2, p27KiPt g 3 widely expressed inhibitor of
the essential cell cycle kinase regulating entry into S phase
cdk2 (24). High levels of p27¥iP! inhibit the activity of the
cdk2-cyclin E complex and prevent phosphorylation of critical
target molecules necessary for initiation of S phase, including

BCR/ABL Regulates Expression of p27%?!

Rb. Phosphorylation of Rb is necessary for release of seques-
tered transcription factors of the E2F family and induction of
E2F-dependent gene expression (50, 51). In normal cells, pro-
gression through G,/S phase requires that p27%iP! be displaced
from cdk2, either by sequestration in cyclin D-cdk4 complexes,
which are not inhibited by p275"*!, or by down-regulation of the
protein through multiple mechanisms. In cancer cells, the Rb
checkpoint can be bypassed by loss of Rb, loss of p27¥iPt
overexpression of cyclin E or other cyclins, and likely by other
mechanisms as well.

In the studies reported here, expression of BCR/ABL was
shown to specifically and rapidly decrease expression of
p27¥iPL coincident with progression from G, into S phase. The
down-regulation of p27¥P! was shown to be directly due to
BCR/ABL activity by two different approaches. First, induction
of BCR/ABL by a tetracycline-regulated promoter was associ-
ated with a reversible down-regulation of p27¥P!, Second, in-
hibition of BCR/ABL kinase activity with the ABL tyrosine
kinase inhibitor STI571 specifically increased p27%iP! levels.
The STI571 is a 2-phenylaminopyrimidine derivative that was
reported to selectively inhibit the tyrosine kinase activities of
ABL, BCR/ABL, ¢-KIT, and the platelet-derived growth factor
receptor-B (52) and was shown to selectively suppress the
growth of BCR/ABL-positive cell lines (53). Thus, BCR/ABL
activates one or more signaling pathway involving tyrosine
phosphorylation that leads to p27XP! regulation. To identify
intermediate signaling pathways, several additional inhibitors
were used, including chemical inhibitors of the mitogen-acti-
vated protein kinase pathway (PD98052), PI3K pathway (LY-
294002), and S6 kinase pathway (rapamycin). The PI3K inhib-
itor blocked the ability of p210BCRABL t4 signal to p27¥iP! and
inhibited BCR/ABL-induced entry into S phase. These results
suggested that activation of the PISK pathway might be nec-
essary for the cell cycle effects of BCR/ABL through p27%iPt,

The PI3K enzyme is a heterodimer composed by a 110-kDa
catalytic subunit and an 85-kDa regulatory subunit containing
2 SH2 domains and 1 SH3 domain (54). Activation of PI3K by
many growth factor receptors involves recruitment of the en-
zyme to the membrane through binding of one or both of the
SH2 domains to specific pYXXM (pY, phosphorylated tyrosine)
motifs in the receptor or in phosphorylated adapter molecules.
PI3K is known to be activated by v-abl and BCR/ABL, although
the mechanism is unclear since both oncogenes lack motifs for
binding p85 PI3K (55). There is abundant evidence, however,
that activation of PI3K is important for transformation. Skor-
ski et al. (27) used antisense oligonucleotides and the PI3K
inhibitor wortmannin to show that PI3K was required for the
growth and survival of BCR/ABL-transformed cells in vitro.
Furthermore, they showed that one of the targets of PISK, the
AKT kinase, was likely to be involved in BCR/ABL transfor-
mation, since dominant negative mutants of AKT also inhibited
BCR/ABL-induced transformation in vitro and in vivo. Finally,
c-myc was identified as a potential target of AKT and PI3K in
these studies. It is clear, however, that PI3K has a number of
downstream targets, and it is likely that the significance of
various targets is cell type-specific.

Since AKT is known to mediate a number of PI3K actions, we
examined the role of AKT in the signaling of BCR/ABL to
p27¥iP An activated mutant of AKT (AKT fused to a mem-
brane-targeting sequence, HA-AKT-CAAX) was found to sup-
press p27¥iP! Jevels, whereas overexpression of a non-activated
AKT (HA-AKT) had no effect. These results showed that acti-
vation of AKT by itself was capable of regulating p27%¥iP! levels
and are consistent with previous studies linking AKT to
p275P1 in T cells (56), mouse embryonic fibroblasts (57), and
glioblastoma cells (58). We next asked if AKT functioned up-
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stream or downstream of PI3K in the regulation of p27¥P! in
Ba/F3 cells. Expression of the activated AKT mutant, but not
wild-type AKT, down-regulated expression of p27%iP! in cells
exposed to LY-294002 to block PI3K, indicating that AKT func-
tions downstream of PISK. Thus, taking these results together,
a model is proposed in which BCR/ABL activates AKT through
PI3K, resulting in a significant down-regulation of p27%i*! and
accelerated entry into S phase.

The mechanism of down-regulation of p27%¥iP! by PISK/AKT
is likely to be of interest. p27XiP! protein expression level is
known to be regulated by transcriptional, post-transcriptional,
and post-translational mechanisms (35, 59). During progres-
sion through the cell cycle, 27%P! is known to be phosphoryl-
ated by activated cdk2, ubiquinated, and then degraded in the
proteasome (60). Furthermore, degradation of p27¥®! can be
mediated by other types of proteolysis (61). However, this level
of regulation requires activation of cdk2. p27%iP! can also be
regulated by transcription, and recent studies suggest that
Forkhead transcription factors may be important (39). The
Forkhead transcription factors AFX (62), FKHR (63), and
FKHR-L1 (64) are orthologues of DAF-16 of Caenorhabditis
elegans and have previously been shown to be involved in
regulating viability and G; to S progression (65). In addition,
Medema et al. (39) show that AFX up-regulates p27¥®! pro-
moter activity. The Forkhead factors are exported from the
nucleus in response to an AKT-dependent phosphorylation,
thus suggesting the model that transcription of p27¥iP! is de-
creased when AKT or a kinase regulated by AKT phosphoryl-
ates one or more Forkhead transcription factor. However, semi-
quantitative PCR, real time PCR, p27 promoter luciferase
assay, or Northern blot did not suggest that there was any
significant level of transcriptional regulation of p27%iP* in BCR/
ABL-transformed cells.

In contrast, our results indicate that p2 expression is
regulated by BCR/ABL through a proteasome-dependent deg-
radation pathway. A direct consequence of the dramatic de-
crease of p27XiP! expression observed in BCR/ABL-transformed
cells is likely to be deregulated activity of the cyclinE-cdk2
complex and resultant constitutive phosphorylation of Rb.
Strengthening this model, the increase of p27%¥P! expression
due to a PI 3-kinase inhibition by the inhibitor LY-294002 is
also accompanied by a decrease of Rb phosphorylation in
p210BCRABL transformed cells. Our results show that a key
event of the progression of BCR/ABL-transformed cells through
cell cycle is regulated by p27¥!, which in turn regulates the
phosphorylation of endogeneous Rb through ckd2. Kramer et
al. (66) recently suggested that adhesion to fibronectin of BCR/
ABL-transfected murine hematopoietic cells induces prolifera-
tion through a decrease of p27¥P! expression. All our data were
performed in the murine pre-B cell line Ba/F3 and were strictly
reproducible in the murine myeloid progenitor 32D used by
Kramer et al. (Ref. 66; data not shown). However, p27¥ir!
down-regulation described here was not dependent on fibronec-
tin adhesion and was found to be directly due to BCR/ABL
signaling. Proteasome-dependent degradation of other proteins
has also been shown to be important for BCR/ABL transforma-
tion. Pendergast and co-workers (67) recently demonstrated
proteasome-dependent degradation of the inhibitory molecules
ABI-1 and ABI-2.

Overall, the studies reported here describe a new signaling
pathway for BCR/ABL. Although BCR/ABL is known to have
prominent growth promoting effects, the mechanisms used by
this oncogene to bypass normal cell cycle checkpoints have been
unclear. The down-regulation of p27%iP! through PISK and
AKT is likely to be a significant component of this activity.
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