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There is accumulating evidence that mammalian target of
rapamycin (mTOR)-activated pathways play important roles in
cell growth and survival of BCR-ABL-transformed cells. We
have previously shown that the mTOR/p70 S6 kinase (p70 S6K)
pathway is constitutively activated in BCR-ABL transformed
cells and that inhibition of BCR-ABL kinase activity by imatinib
mesylate abrogates such activation. We now provide evidence
for the existence of a novel regulatory mechanism by which
BCR-ABL promotes cell proliferation, involving p70 S6K-medi-
ated suppression of expression of programmed cell death 4
(PDCD4), a tumor suppressor protein that acts as an inhibitor of
cap-dependent translation by blocking the translation initiation
factor eIF4A. Our data also establish that second generation
BCR-ABL kinase inhibitors block activation of p70 S6K and
downstream engagement of the S6 ribosomal protein in BCR-
ABL transformed cells. Moreover, PDCD4 protein expression is
up-regulated by inhibition of the BCR-ABL kinase in K562 cells
and BaF3/BCR-ABL transfectants, suggesting a mechanism for
the generation of the proapoptotic effects of such inhibitors.
Knockdown of PDCD4 expression results in reversal of the sup-
pressive effects of nilotinib and imatinib mesylate on leukemic
progenitor colony formation, suggesting an important role for
this protein in the generation of antileukemic responses. Alto-
gether, our studies identify a novel mechanism by which BCR-
ABL may promote leukemic cell growth, involving sequential
engagement of the mTOR/p70 S6K pathway and downstream
suppression of PDCD4 expression.

Chronic myeloid leukemia (CML)? is a clonal myeloprolifer-
ative disorder, whose hallmark is the presence of the BCR-ABL
oncoprotein, which results from the abnormal bcr-abl fusion
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oncogene (1-3). ber-abl is created by a reciprocal translocation
involving chromosomes 9 and 22, and its abnormal protein
product plays a key and essential role in the pathogenesis of
CML (1-4). The constitutive tyrosine kinase activity of BCR-
ABL mediates phosphorylation of multiple downstream sub-
strates and engagement of various mitogenic pathways that
promote cell growth and survival (1-7). The introduction of
imatinib mesylate in the management of chronic myelogenous
leukemia has had a dramatic impact on the natural history of
the disease (reviewed in Refs. 8 —11). This agent induces long
lasting hematologic and cytogenetic responses in patients with
early and late phase CML (8, 12, 13, 14, 16—18) by its ability to
block activation the BCR-ABL kinase and generation of mito-
genic responses (8 —11).

Although the introduction of imatinib mesylate was a major
breakthrough in the management of CML, there has been
emerging evidence for resistance to its antileukemic properties
invitro and in vivo (19 —22). Such resistance involves a variety of
cellular mechanisms, including mutations of the bcr-abl gene,
amplification of the bcr-abl gene locus, and activation of down-
stream signaling elements, such as Src-kinase-dependent path-
ways (19, 23-28). Research efforts aimed to overcome develop-
ment of imatinib resistance have led to the development of the
second generation BCR-ABL tyrosine kinase inhibitors that
include nilotinib (AMN-107) and dasatinib, both of which are
active against various BCR-ABL kinase mutations associated
with refractoriness to imatinib mesylate (29, 31-42). The
development and application of such agents in the targeting of
BCR-ABL mutations has been a major research breakthrough,
although there is recent evidence indicating that resistance to
their activities can also develop (43, 44).

We and others have recently shown that mTOR-dependent
pathways are constitutively activated in BCR-ABL-transformed
cells (45— 48). These studies have raised the possibility that reg-
ulation of mTOR may be a mechanism by which BCR-ABL
promotes cell growth and survival of leukemic cells, but the
mTOR effectors mediating such responses remain unknown. In
the present study, we demonstrate that BCR-ABL-mediated
mTOR activation results in suppression of expression of pro-
grammed cell death 4 (PDCD4), a tumor suppressor protein
that acts as an inhibitor of cap-dependent translation by block-
ing the translation initiation factor eIlF4A (49 -51). In studies
using the K562, CML-derived, cell line we demonstrate that
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FIGURE 1. Effects of imatinib mesylate on the phosphorylation/activation
status of elements of the mTOR pathway in Ba/F3 cells expressing BCR-
ABL-resistant mutants. A (top), Ba/F3 cells stably transfected with empty
vector, wild type (native) BCR-ABL, or the Y253F, E255K, H396P, or T315I
mutants were incubated with imatinib mesylate (STI571) (1 um) for 2 h, as
indicated. Total cell lysates were resolved by SDS-PAGE and immunoblotted
with antibodies against the phosphorylated form of the p70 S6 kinase on
Thr-389 or against GAPDH, as indicated. Bottom, the signals were quantitated
by densitometry. Data are expressed ratios of phosphorylated p70 S6 kinase
onThr-389 to GAPDH levels and represent means =+ S.E. of three independent
experiments. Paired t test analysis for the phosphorylation of p70 S6 kinase on
Thr-389in wild type BCR-ABL-transfected cells treated with imatinib mesylate
versus control untreated cells showed a p value of 0.023. Similar analysis for
Y253F and H396P transfected cells showed p = 0.475 and p = 0.107, respec-
tively. B (top), Ba/F3 cells stably transfected with empty vector, wild type
(native) BCR-ABL, or the Y253F, E255K, H396P, or T315] mutants were incu-
bated with imatinib mesylate (STI571) (1 um) for 2 h, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies
against the phosphorylated form of the S6 ribosomal protein on Ser-240/244
or against GAPDH, as indicated. The signals were quantitated by densitome-
try. Data are expressed ratios of phosphorylated S6 ribosomal protein on
Ser-240/244 to GAPDH and represent means = S.E. of three independent
experiments. Paired t test analysis for the phosphorylation of Ser-240/244 in
wild type BCR-ABL-transfected cells treated with imatinib mesylate versus
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inhibition of the BCR-ABL/mTOR/p70 S6K pathway results in
enhanced protein expression of PDCDA4. Similarly, inhibition of
BCR-ABL kinase activity in BaF3 cells stably expressing BCR-
ABL or various imatinib-resistant BCR-ABL mutants also
results in up-regulation of PDCD4. Importantly, siRNA-medi-
ated knockdown of PDCD4 reverses the suppressive effects of
nilotinib (AMN-107) or imatinib mesylate on BCR-ABL-trans-
formed cells, indicating an important role for this protein in the
generation of antileukemic responses.

MATERIALS AND METHODS

Cells and Reagents—The CML-derived K562 cell line was
grown in RPMI 1640 medium supplemented with 10% fetal
bovine serum and antibiotics. Imatinib mesylate (STI571) and
nilotinib (AMN-107) were provided by Novartis. Dasatinib was
purchased from American Custom Chemicals Corp. (San
Diego, CA). Cycloheximide was purchased from Sigma. Acti-
nomycin D was obtained from Calbiochem. Antibodies against
the phosphorylated forms of S6 ribosomal protein on Ser-235/
236 and Ser-240/244, against the p70 S6 kinase on Thr-389 and
against the Cleaved form of poly(ADP-ribose) polymerase Asp-
214 were obtained from Cell Signaling Technology (Beverly,
MA). An antibody against PDCD4 was obtained from Rock-
land, Inc. (Gilbertsville, PA). An antibody against HA was
obtained form Covance (Princeton, NJ). The retroviral plas-
mids MIGR1, MIG P210, and MIG P210 KI were provided from
Dr. Rhavi Bhatia (Oregon Health and Sciences University, Port-
land, OR). The PCDNA3 empty vector, PCDNA3 HA-tagged
wild type PDCD4 or HA-tagged PDCD4 (S67A/S71A) were a
gift from Dr. Michele Pagano (Department of Pathology, New
York University). The various Ba/F3 transfectants with differ-
ent BCR-ABL mutants that are known to confer resistance to
Imatinib mesylate have been described elsewhere (52).

Cell Lysis and Immunoblotting—Cells were treated with nilo-
tinib, imatinib mesylate, or dasatinib for the indicated times
and lysed as previously described (53, 54). Immunoblotting
using an enhanced chemiluminescence method was performed
as previously described (53, 54).

Quantitative RT-PCR (TagMan)—Cells were treated with
the indicated concentrations of nilotinib for the indicated
times, and RNA was isolated using the RNeasy kit (Qiagen). 1
pg of total cellular mRNA was reverse transcribed into cDNA
using the Omniscript RT kit and oligo(dT) primer (Qiagen).
Real time reverse transcriptase PCR for the Pdcd4 gene was
carried out by ABI7900 Sequence detection system (Applied
Biosystems) using fluorescein amidite-labeled probes and
primers. Relative quantitation of mRNA levels was plotted as
-fold increase as compared with untreated samples. Glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was used for

control untreated cells showed a p value of 0.029. Similar analysis for Y253F and
H396P transfected cells showed p = 0.113 and p = 0.160, respectively. C, Ba/F3
cells stably transfected with empty vector, wild type BCR-ABL, or E255K mutant
were incubated with imatinib mesylate (STI571) (1 um) in the presence or
absence of rapamycin (20 nwm) for 30, 60, and 90 min, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies
against the phosphorylated forms of the S6 ribosomal protein on Ser-235/236
or Ser 240/244 or against the phosphorylated form of the p70 S6 kinase on
Thr-389 or with an antibody against GAPDH, as indicated.
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FIGURE 2. Effects of nilotinib on the phosphorylation/activation status of elements of the mTOR pathway in Ba/F3 cells expressing BCR-ABL-resistant
mutants. A, growth-inhibitory effects of nilotinib (AMN107) in Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the E255K mutant. Cells
were treated for 7 days with solvent control (Me,SO) or with the indicated concentrations of nilotinib (AMN-107). Results are expressed as percentage of control
(Me,SO-treated) cells. B, Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the Y253F, E255K, H396P, or T3151 BCR-ABL mutants were
incubated with nilotinib (AMN107) (1 um) for 2 h, as indicated. Total cell lysates were resolved by SDS-PAGE and immunoblotted with antibodies against the
phosphorylated forms of the S6 ribosomal protein on Ser-235/236 or Ser-240/244 or against the phosphorylated form of the p70 S6 kinase on Thr-389 or
antibodies against the S6 ribosomal protein or the p70 S6K, as indicated. C, Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the E255K
BCR-ABL mutant were incubated with nilotinib (AMN107) (1 um) for 30, 60, and 90 min as indicated. Total cell lysates were resolved by SDS-PAGE and
immunoblotted with antibodies against the phosphorylated forms of the S6 ribosomal protein on Ser-235/236 or Ser-240/244 or against the phosphorylated
form of the p70 S6 kinase on Thr-389 or against GAPDH, as indicated. D, Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the E255K
BCR-ABL mutant were incubated with nilotinib (AMN107) (1 um), in the presence or absence of rapamycin (20 nm) for 30, 60, and 90 min, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies against the phosphorylated forms of the S6 ribosomal protein on Ser-235/236 or

Ser-240/244 or against the phosphorylated form of the p70 S6 kinase on Thr-389 or an antibody against GAPDH, as indicated.

normalization (55). AC, values (target gene C, minus GAPDH
C,) for each triplicate sample were averaged, and AAC, was
calculated as previously described. mRNA amplification was
determined by the formula 2744 (55).

siRNA-mediated Knockdown of PDCD4 in Leukemic
Progenitors—For the studies to assess the effects of PDC4
knockdown in the induction of nilotinib responses, Ba/F3 cells
expressing native BCR-ABL were transfected with mouse
pdcd4 siRNA (Qiagen) using TransIT-TKO (Mirus, Madison,
WI). The cells were subsequently cultured in a methylcellulose
assay system (56, 57) (MethoCult SF*'*M3236 (StemCell Tech-
nologies), supplemented with 1% fetal bovine serum, and leu-
kemic CFU-blast (CFU-L) colony formation was scored on day
5 of culture. To assess the specificity of the effect of the siRNA-
mediated knockdown of PDCD4 in leukemic progenitors,
Ba/F3 cells expressing native BCR-ABL were transfected with
mouse pdcd4 siRNA (Qiagen) using TransIT-TKO (Mirus) in
the presence or absence of PCDNA3 empty vector or PCDNA3
PDCD4-WT using TransIT-LT1 (Mirus). The cells were sub-
sequently cultured in a methylcellulose assay system (56, 57)
(MethoCult SFP'"M3236), and leukemic CFU-L colony forma-
tion was scored on day 5 of culture.

PDCD4 Overxpression in Leukemic Progenitors—Ba/F3 cells
expressing native BCR-ABL were transiently transfected with

MARCH 28, 2008 +VOLUME 283+NUMBER 13

PCDNA3 empty vector or HA-tagged PDCD4 (S67A/S71A)
using TransIT-LT1 (Mirus). The cells were subsequently cul-
tured in a methylcellulose assay system (56, 57) (MethoCult
SFP'"M3434 (StemCell Technologies)), and leukemic CFU-L
colony formation was scored on day 5 of culture.

RESULTS

In previous studies, we had demonstrated that mTOR is con-
stitutively activated in BCR-ABL-transformed cells and that
imatinib mesylate blocks phosphorylation/activation of mMTOR
and its downstream effector p70 S6K (47). We sought to deter-
mine whether the mTOR pathway is activated in Ba/F3 cells
transformed with various BCR-ABL kinase domain mutants,
known to exhibit resistance to imatinib mesylate (52). Consti-
tutive phosphorylation/activation of p70 S6K was observed in
native BCR-ABL-transformed cells as well as in cells trans-
formed with the ATP binding loop mutants Y253F and E255K
or the H296P and T315I mutants (Fig. 14). Consistent with this,
the S6 ribosomal protein was also constitutively phosphoryla-
ted in cells transformed with either native BCR-ABL or the
various mutants (Fig. 1B). Treatment of Ba/F3 cells expressing
native BCR-ABL with imatinib mesylate resulted in a signifi-
cant decrease in the phosphorylation/activation of both the p70
S6K (paired p = 0.023) (Fig. 1A) and its substrate, S6 ribosomal
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FIGURE 3. Effects of nilotinib on the phosphorylation/activation status of elements of the mTOR pathway and PDCD4 expression in Ba/F3 cells expressing
BCR-ABL-resistant mutants. A, cell lysates from Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the Y253F or E255K or H396P or T315I BCR-ABL
mutants were resolved by SDS-PAGE and immunoblotted with antibodies against PDCD4 or GAPDH, as indicated. B, cell lysates from Ba/F3 cells stably transfected with
MIGR1 empty vector, MIGRI wild type BCR-ABL, or MIG P210 KI mutant were resolved by SDS-PAGE and immunoblotted with antibodies against PDCD4 or GAPDH, as
indicated. C, Ba/F3 cells stably transfected with empty vector or wild type BCR-ABL were incubated with nilotinib (AMN107) (1 um) for 12 h, as indicated. Total
cell lysates were resolved by SDS-PAGE and immunoblotted with antibodies against the phosphorylated forms of the S6 ribosomal protein on Ser-235/236,
against the phosphorylated form of the p70 S6 kinase on Thr-389, against PDCD4, or against GAPDH, as indicated. D, basal expression of mRNA for the pdcd4
gene was evaluated by quantitative RT-PCR (TagMan) in Ba/F3 cells stably transfected with empty vector, wild type BCR-ABL, or the Y253F or E255K or H396P
or T3151 BCR-ABL mutants. GAPDH was used for normalization. Data are expressed as -fold change over Ba/F3 cells stably transfected with empty vector and
represent means = S.E. of three independent experiments. Two-tailed paired t test analysis for the -fold changes of the various transfectants showed the
indicated p values. E, Ba/F3 cells stably transfected with empty vector or wild type BCR-ABL were incubated for 12 h at 37 °C in the absence or presence of
AMN107 (100 nm). Expression of mRNA for the pdcd4 gene was evaluated by quantitative RT-PCR (TagMan). GAPDH was used for normalization. Data are
expressed as -fold increase over AMN107-untreated samples and represent means = S.E. of two independent experiments. Paired two-tailed t test analysis

showed a two-tailed p = 0.045 for AMN107-treated versus untreated wild type BCR-ABL-expressing cells.

protein (paired p = 0.029) (Fig. 1B). On the other hand, phos-
phorylation/activation of p70 S6K and rpS6 was not decreased
in cells expressing E255K and T315I mutants, consistent with
the well established resistance of these mutants to the effects of
imatinib mesylate (52). Some minimal effects in the also resist-
ant (52) mutant H396P and Y253F transfectants were noticea-
ble but were not statistically significant when several experi-
ments were quantitated and analyzed (Fig. 1, A and B). When
cells were treated with imatinib mesylate in the presence of
rapamycin, there was complete abrogation of phosphorylation
of p70 S6K on Thr-389 and the S6 ribosomal protein on Ser-
235/236 and Ser-240/244 in both native and E255K BCR-ABL
transfectants (Fig. 1C), indicating that rapamycin blocks mTOR
activation in cells transformed with imatinib-resistant BCR-
ABL kinase mutants.

Nilotinib (AMN-107) is a second generation BCR-ABL
kinase inhibitor with known activity against imatinib-resistant
BCR-ABL mutants ix vitro and in vivo (34 —40). We examined

8604 JOURNAL OF BIOLOGICAL CHEMISTRY

the effects of this BCR-ABL kinase inhibitor on the activation of
components of the mTOR pathway in cells transformed with
various BCR-ABL kinase mutants. As expected, treatment of
either Ba/F3-BCR-ABL or Ba/F3-BCR-ABL-E255K cells with
nilotinib resulted in suppression of cell growth, whereas cells
transfected with empty vector were not sensitive to its growth-
suppressive effects (Fig. 24). Nilotinib blocked BCR-ABL-de-
pendent phosphorylation of p70 S6K on Thr-389 and rpS6
phosphorylation on Ser-235/236 and Ser-240/244, in the
Y253F, E255K, and H296P mutants (Fig. 2B). On the other
hand, nilotinib did not inhibit phosphorylation/activation of
p70 S6K in Ba/F3 cells transfected with the T315I mutant (Fig.
2B), consistent with previous work that has established that this
mutant is resistant to the effects of nilotinib ix vitro and in vivo
(30, 42, 58). The suppression of activation of the p70 S6K path-
way was fast, occurring within 30 min of treatment of Ba/F3
transfectants (Fig. 2C). When the cells were treated concomi-
tantly with the BCR-ABL inhibitor and the mTOR inhibitor,
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mutants than the Y253F and H396P
mutants (Fig. 34). To examine the
requirement for BCR-ABL tyro-
sine kinase activity in PDCD4 sup-
pression, we used BA/F3 cells sta-
bly expressing wild type BCR-ABL
or kinase-inactive BCR-ABL. As
shown in Fig. 3B, PDCD4 protein
expression was clearly defective in
cells expressing wild type BCR-
ABL as compared with cells trans-
fected with the empty vector or
the kinase-inactive BCR-ABL (Fig.
3B). Importantly, when Ba/F3 cells
transfected with native BCR-ABL
were treated with nilotinib, there
was up-regulation of PDCD4
expression, associated with con-
comitant suppression of phospho-
rylation of p70 S6K and rpS6 (Fig.
3C). We also noticed that the
Pdcd4 mRNA expression was sup-
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FIGURE 4. Up-regulation of PDCD4 protein expression by BCR-ABL kinase inhibitors. A, K562 cells were
incubated with nilotinib (AMN107) (100 nm) for 12 h as indicated. Total cell lysates were resolved by SDS-PAGE
and immunoblotted with antibodies against the phosphorylated form of the S6 ribosomal protein on Ser-235/
236 or the phosphorylated form of the p70 S6 kinase on Thr-389 or PDCD4 or GAPDH, as indicated. B, K562 cells
were incubated with nilotinib (AMN107 100 nm) for 1, 2, 4, 6, 12, and 24, h as indicated. Total cell lysates were
resolved by SDS-PAGE and immunoblotted with antibodies against PDCD4 or GAPDH, as indicated. C, K562
cells were incubated with nilotinib (100 nm), STI571 (1 um), or rapamycin (20 nm) for 12 h as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted with antibodies against PDCD4 or the GAPDH, as
indicated. D, K562 cells were incubated for 12 h at 37 °C in the absence or presence of AMN107 (100 nm).
Expression of mRNA for the pdcd4 gene was evaluated by quantitative RT-PCR (TagMan). GAPDH was used for
normalization. Data are expressed as -fold increase over AMN107-untreated samples and represent means *+
S.E. of two experiments. Paired two-tailed t test analysis showed a two-tailed p = 0.022.

rapamycin, the suppression of 70 S6K activity and phosphoryl-
ation of the S6 ribosomal protein in different sites was almost
complete (Fig. 2D). Thus, both imatinib mesylate and nilotinib
block phosphorylation/activation of the mTOR/p70 S6K in
cells expressing native BCR-ABL, whereas nilotinib also blocks
such phosphorylation in cells expressing imatinib-resistant
mutants, firmly establishing that the engagement of this signal-
ing cascade is BCR-ABL-dependent.

PDCD4 is a tumor suppressor protein that inhibits cap-de-
pendent translation by blocking the activity of e[F4A (49-51),
an RNA helicase that is a component of the translation initia-
tion complex (50, 51). Recent studies have shown that PDCD4
is phosphorylated by p70 S6K and that such phosphorylation
ultimately results in its degradation by the ubiquitin ligase
BTRCP (59). This prompted us to perform studies to determine
whether BCR-ABL engagement of the mTOR/p70 S6K path-
way results in suppression of PDCD4 expression. In initial stud-
ies, the expression of PDCD4 was examined in Ba/F3 cells
transfected with either empty vector or wild type BCR-ABL or
the various BCR-ABL kinase mutants. As shown in Fig. 34,
PDCD4 protein expression was severely suppressed in all BCR-
ABL transfectants as compared with cells transfected with the
empty vector alone. Such suppression was more prominent in
cells transfected with native BCR-ABL and the E255K or T3151

MARCH 28, 2008 +VOLUME 283+NUMBER 13

pressed in the various BCR-ABL
transfectants (Fig. 3D), whereas
treatment of wild type BCR-ABL-
transfected cells with nilotinib
resulted in up-regulation of Pdcd4
mRNA expression (Fig. 3E), sug-
gesting a negative regulatory effect
of the kinase activity of BCR-ABL
on Pdcd4 gene transcription.

To further determine the poten-
tial role of the mTOR/p70 S6K
pathway in regulation of PDCD4
protein expression in BCR-ABL-transformed cells, we per-
formed similar studies using K562 cells that express endoge-
nous BCR-ABL. Similarly to what we observed in the Ba/F3
transfectants, nilotinib treatment resulted in strong up-regula-
tion of PDCD4 protein expression, associated with suppressive
effects on the phosphorylation/activation of the p70 S6K and
rpS6 (Fig. 4A). The up-regulation of PDCD4 protein expression
was time-dependent and was clearly seen at 12—24 h of treat-
ment of the cells with the BCR-ABL kinase inhibitor (Fig. 4B).
When cells were treated in parallel with nilotinib or imatinib
mesylate, we noticed up-regulation of PDCD4 in response to
both inhibitors (Fig. 4C), consistent with the previously dem-
onstrated responsiveness of these cells to imatinib mesylate
(47). Importantly, treatment of cells with the mTOR inhibitor
rapamycin alone also resulted in strong up-regulation of
expression of PDCD4 (Fig. 4C), indicating that inhibition of the
mTOR pathway is the primary event that determines the up-
regulation of protein expression, apparently reflecting its
decreased degradation by BTRCP (59). It should also be pointed
out that, as in the case of Ba/F3-BCR-ABL transfectants, BCR-
ABL inhibition also resulted in enhanced Pdcd4 gene mRNA
expression (Fig. 4D).

To further determine whether the AMN 107-dependent
increase in PDCD4 protein levels reflects negative effects on

AMIT 107
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FIGURE 5. Effect of cycloheximide and actinomycin D on up-regulation of
PDCD4 protein expression by AMN107. A, Ba/F3-BCR-ABL cells were incu-
bated with nilotinib (AMN107) (100 nm) in the presence or absence of cyclo-
heximide (20 wm) for 12 h as indicated. Total cell lysates were resolved by
SDS-PAGE and immunoblotted with antibodies against PDCD4 or GAPDH, as
indicated. B, the signals were quantitated by densitometry, and the ratios of
PDCD4 over GAPDH were calculated. Data are expressed as -fold induction for
PDCDA4 levels normalized to GAPDH, over untreated samples in response to
the indicated treatments and represent means =+ S.E. of three independent
experiments. C, Ba/F3-BCR-ABL cells were incubated with nilotinib (AMN107)
(100 nm) in the presence or absence of actinomycin D (2 ug/ml) for 12 h as
indicated. Expression of mRNA for the pdcd4 gene was evaluated by quanti-
tative RT-PCR (TagMan). GAPDH was used for normalization. Data are
expressed as -fold increase over AMN107-untreated samples and represent
means *+ S.E. of two experiments. D, Ba/F3-BCR-ABL cells were incubated
with nilotinib (AMN107) (100 nm) in the presence or absence of actinomy-
cin D (2 pg/ml) for 12 h as indicated. Total cell lysates were resolved by
SDS-PAGE and immunoblotted with antibodies against PDCD4 or GAPDH,
as indicated. E, the signals for the PDCD4 protein were quantitated by
densitometry, and the ratios of PDCD4 over GAPDH were calculated. Data
are expressed as -fold induction for PDCD4 levels normalized to GAPDH
over untreated samples in response to the indicated treatments and rep-
resent means = S.E. of three independent experiments.

mTOR/p70 S6K, followed by an increase in PDCD4 protein
stability, we examined if AMN 107 increases PDCD4 protein
expression under conditions in which protein synthesis is
blocked by an inhibitor, such as cycloheximide. As shown in
Fig. 5, A and B, although cycloheximide by itself reduced
PDCD4 protein levels, there was no significant effect on nilo-
tinib-induced PDCD4 up-regulation. Similar studies were also
performed using actinomycin D to inhibit transcription. Treat-
ment of Ba/F3 cells expressing native BCR-ABL with actinomy-
cin D resulted in down-regulation of Pdcd4 mRNA expression
(Fig. 5C). However, actinomycin D had only a minimal effect on
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niolotinib-induced PDCD4 protein expression (Fig. 5, D and E),
although there was some decrease at the basal levels of expres-
sion. Altogether, these data strongly suggest that the primary
mechanism of nilotinib-dependent PDCD4 up-regulation
results from mTOR/p70 S6K-inhibition and blocking of pro-
tein degradation, whereas induction of PDCD4 transcription
appears to constitute a secondary mechanism.

We also performed experiments to determine whether
dasatinib, a dual specificity inhibitor that targets both the Abl
kinase domain and Src family kinases regulates the mTOR
pathway in CML cells and induces PDCD4 up-regulation.
Treatment of K562 cells with dasatinib resulted in an increase
in the protein levels of PDCD4 that was comparable with what
was seen in response to nilotinib or imatinib mesylate (Fig. 6, A
and B). Such PDCD4 up-regulation was associated with inhibi-
tion of p70 S6K activity/rpS6 phosphorylation and generation
of a proapoptotic state (Fig. 6, A—D). Thus, all different BCR-
ABL kinase inhibitors target the p70 S6 kinase pathway and
induce PDCD4 expression, suggesting a key role for this path-
way in the generation of antileukemic responses in CML.

To directly assess the functional relevance of PDCD4 up-reg-
ulation in the generation of the antileukemic effects of BCR-
ABL kinase inhibitors, we determined whether siRNA-medi-
ated knockdown of the protein reverses the suppressive effects
of nilotinib on leukemic progenitor colony formation. BaF3/
BCR-ABL cells were transfected with siRNAs specific for
PDCD4, and leukemic CFU-L colony formation was assessed.
As expected, the PDCD4 siRNA blocked nilotinib-dependent
Pdcd4 mRNA expression (Fig. 7A). Interestingly, the ability of
nilotinib to suppress leukemic progenitor colony formation
was partially reversed by PDCD4 knockdown (Fig. 7B), and
such effects were statistically significant (two-tailed p = 0.034,
n = 5). Similarly, siRNA-mediated knockdown of PDCD4 also
resulted in partial reversal of the effects of imatinib mesylate
(Fig. 7C), demonstrating that PDCD4 plays a key role in the
generation of the antileukemic effects of BCR-ABL kinase
inhibitors. To further establish the specificity of the effects of
siRNA-mediated knockdown of the protein on leukemic pro-
genitor colony formation, BaF3/BCR-ABL cells were trans-
fected with mouse siRNAs specific for PDCD4 in presence or
absence of the human PCDNA3-PDCD4-wild type (resistant to
the mouse siRNA knockdown; Fig. 84), and leukemic CFU-L
colony formation was assessed. As expected, the ability of nilo-
tinib to suppress leukemic progenitor colony formation was
partially reversed by endogenous PDCD4 knockdown (Fig. 8B).
However, the effects of nilotinib on leukemic progenitor colony
formation were restored to its maximum in the presence of
HA-tagged wild type human PDCD4 (Fig. 8B).

In other studies, we determined the effects of ectopic PDCD4
overxpression (Fig. 8C) on leukemic CFU-L colony formation.
BaF3/BCR-ABL cells were transfected with HA-tagged degra-
dation-resistant (59) PDCD4 (S67A/S71A) ¢cDNA or control
empty vector, and leukemic CFU-L colony formation was
assessed. Overexpression of PDCD4 S67A/S71A mutant
induced partial, but consistent and statistically significant (p
value = 0.027, n = 5), suppression of growth of BCR-ABL-
expressing leukemic progenitors (Fig. 8D), consistent with
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FIGURE 7. Effects of PDCD4 knockdown on nilotinib-mediated suppression
of leukemic progenitor (CFU-L). A, Ba/F3-BCR-ABL cells were transfected with
control siRNA or PDCD4 siRNA (targeting mouse PDCD4) and were incubated for
12 h, in the presence of nilotinib. Expression of mRNA for the pdcd4 gene was
evaluated by quantitative RT-PCR (TagMan), using Gapdh for normalization. Data
are expressed as percent control siRNA-transfected samples and represent
means = S.E. of two independent experiments. B, Ba/F3-BCR-ABL cells were
transfected with control siRNA or PDCD4 siRNA and subsequently incubated in
methylcellulose, in the presence or absence of nilotinib (100 nm), and leukemic
CFU-L colony formation was assessed. Data are expressed as percentage of con-
trol colony formation of untreated samples for each condition and represent
means = S.E. of five independent experiments. Paired t test analysis comparing
the effects of nilotinib in the presence of PDCD4 siRNA versus control siRNA
showed a two-tailed p = 0.034. C, Ba/F3-BCR-ABL cells were transfected with
control siRNA or PDCD4 siRNA and subsequently incubated in methylcellulose, in
the presence or absence of imatinib mesylate (STI571) (1 um), and leukemic
CFU-L colony formation was assessed. Data are expressed as percentage of con-
trol colony formation of untreated samples for each condition and represent
means * S.E. of five independent experiments. Paired t test analysis comparing
the effects of imatinib mesylate in the presence of PDCD4 siRNA versus control
siRNA showed a two-tailed p = 0.03.
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engaged downstream of mTOR to
control mRNA translation. One
cascade involves activation of p70
S6K, which regulates phosphoryla-
tion of the S6 ribosomal protein and
the initiation factor 4B (60-66).
The other mTOR-regulated cascade
involves hierarchical phosphoryla-
tion of the translational repressor
4E-BP1 on Thr-37/46, Thr-70, and
Ser-65, events that ultimately lead
to its deactivation and dissociation
from the eukaryotic initiation factor
4E, to allow cap-dependent translation (51-57, 67). Activation
of mTOR and its effectors is induced by various cytokines, hor-
mones, and receptor tyrosine kinases, and such activation is
important for the generation of mitogenic and cell proliferative
responses (60— 66). Recently, this pathway has been shown to
be constitutively activated in BCR-ABL-transformed cells (45—
48) and to be inhibited by imatinib mesylate (45—48). Impor-
tantly, the mTOR inhibitor rapamycin was shown to enhance
the suppressive effects of imatinib mesylate on leukemic
progenitors from patients with CML in vitro (47, 48), raising
the possibility that combined use of imatinib mesylate with
mTOR inhibitors may be more effective in inhibiting the in
vivo growth of primary leukemic progenitors than imatinib
mesylate alone (47, 48). Despite these observations, there has
been no direct evidence for a functional role of this pathway
in promoting BCR-ABL-dependent leukemic cell growth
and antiapoptotic effects, whereas the precise downstream
effector mechanisms for the generation of such effects
remain unknown.

In the present study, we provide evidence that second gener-
ation BCR-ABL kinase inhibitors, such as nilotinib and dasat-
inib, target and block engagement of the mTOR pathway in
BCR-ABL-expressing cells. Such effects of BCR-ABL kinase
inhibitors are also observed in cells transformed by imatinib-
resistant BCR-ABL kinase mutants, definitively establishing
that the mTOR/p70 S6K pathway plays a critical role in pro-
moting the leukemogenic effects of BCR-ABL. Importantly, we
identify a novel target of the BCR-ABL-activated mTOR/p70
S6K pathway as the proapoptotic protein PDCD4. Our data
establish that expression of PDCD4 is strongly up-regulated by
inhibition of BCR-ABL kinase activity or by mTOR inhibition
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plated in methylcellulose, and leukemic CFU-L colony formation was assessed. Data are expressed as colony
numbers for each condition and represent means = S.E. of five independent experiments. Paired t test analysis

BCR-ABL-mediated activation of
mTOR, whereas small molecule
inhibitors targeting BCR-ABL gen-
erate their antileukemic effects, in
part, via restoration of PDCD4
expression.

PDCD4 inhibits cap-dependent
translation by negatively regulating
the translation initiation factor
elF4A (49-51), an RNA helicase
that is a component of the transla-
tion initiation complex (50, 51). Sev-
eral recent studies have established
that PDCD4 blocks both the heli-
case activity of eIF4A and its incor-
poration into the elF4F complex
(50, 51, 68). Recently, the crystal
structure of the C-terminal MA3
(cMA3) domain of Pdcd4 was
resolved, and the structural basis for
the inhibition of translation was
defined (68). Such studies have
demonstrated that the cMA3
domain competes with e[F4Gc for
binding to elF4A, resulting in inhi-
bition of translation initiation (68).
It should be noted that PDCD4
is expressed in normal tissues,
whereas there is evidence that its
expression is suppressed in various
tumors (69-74), including lung
cancer (71), breast cancer (72),
hepatocellular carcinoma (73),
and gliomas (74). Such suppressed
expression may have important
consequences in tumorigenesis and

comparing the effects of PDCD4 overexpression versus control empty vector showed a p value of 0.027.

by rapamycin and correlates with suppression of p70 S6K. In
addition, we provide some evidence that the transcriptional
activation of this protein is suppressed by BCR-ABL in both
K562 cells and BaF3/BCR-ABL cells, although this appears to
constitute a secondary/complementary mechanism by which
BCR-ABL suppresses PDCD4 expression. The primary mecha-
nism appears to be directly related to p70 S6K-mediated regu-
lation of the protein and its subsequent ubiquitination (59),
since beyond the BCR-ABL kinase inhibitors, PDCD4 expres-
sion in BCR-ABL-transformed cells by rapamycin alone is
inducible.

To directly examine the functional role of PDCD4 in the
generation of the antileukemic effects of nilotinib or imatinib
mesylate, we used siRNA targeting to knock down its expres-
sion in BCR-ABL-transformed cells. Using such an approach,
we were able to demonstrate that PDCD4 knockdown reverses
the antileukemic effects of nilotinib or dasatinib on leukemic
BCR-ABL progenitors, suggesting a critical role of this protein
in the induction of antileukemic responses. Thus, our data sup-
port a model in which expression of PDCD4 is suppressed by
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neoplastic transformation, since

there is accumulating evidence that
PDCD4 promotes apoptosis and cell differentiation of neoplas-
tic cells (72-75), whereas it also blocks AP-1 activation, malig-
nant transformation, and neoplastic cell invasion in different
systems (15, 76 —78).

Our studies provide the first direct evidence linking suppres-
sion of PDCD4 to BCR-ABL leukemogenesis. They also directly
link restoration of PDCD4 expression and inhibition of leuke-
mic progenitor cell growth by various BCR-ABL kinase inhibi-
tors to suppression of the mTOR/p70 S6K pathway. The fact
that PDCD4 expression in BCR-ABL-expressing cells is
restored by either BCR-ABL targeting or mTOR inhibition is
consistent with recent work that demonstrated that p70 S6K-
mediated phosphorylation of PDCD4 results in BTRCP-medi-
ated degradation of PDCD4 (59) and suggests that a similar
mechanism exists in BCR-ABL-transformed cells. Importantly,
our finding that PDCD4 expression plays a key role in the gen-
eration of the antileukemic effects of BCR-ABL kinase inhibi-
tors has important translational-therapeutic implications for
the treatment of CML. The introduction of imatinib mesylate
and other BCR-ABL kinase inhibitors in the treatment of CML
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was a major breakthrough that transformed the field and
changed the natural history of the disease. Nevertheless, devel-
opment of leukemic cell resistance remains a problem, and
novel approaches to overcome such resistance are necessary.
Our findings identify PDCD4 as a potential target for the devel-
opment of novel therapeutic approaches for CML and, possibly,
other leukemias. Since the function of PDCD4 appears to be
critical for the generation of antileukemic responses, efforts to
develop agents that inhibit the selective targeting and ultimate
degradation of PDCD4 by the mTOR/p70 S6K pathway are
warranted and could result in important alternative/comple-
mentary approaches for the treatment of BCR-ABL-expressing
leukemias.
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