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Constitutively active tyrosine kinases promote leukemogenesis by increasing cell proliferation and inhibiting
apoptosis. However, mechanisms underlying apoptotic inhibition have not been fully elucidated. In many
settings, apoptosis occurs by mitochondrial cytochrome c release, which nucleates the Apaf-1/caspase-9 apop-
tosome. Here we report that the leukemogenic kinases, Bcr-Abl, FLT3/D835Y, and Tel-PDGFR�, all can inhibit
apoptosome function. In cells expressing these kinases, the previously reported apoptosome inhibitor, Hsp90�,
bound strongly to Apaf-1, preventing cytochrome c-induced Apaf-1 oligomerization and caspase-9 recruitment.
Hsp90� interacted weakly with the apoptosome in untransformed cells. While Hsp90� was phosphorylated at
Ser 226/Ser 255 in untransformed cells, phosphorylation was absent in leukemic cells. Expression of mutant
Hsp90� (S226A/S255A), which mimics the hypophosphorylated form in leukemic cells, conferred resistance to
cytochrome c-induced apoptosome activation in normal cells, reflecting enhanced binding of nonphosphory-
latable Hsp90� to Apaf-1. In Bcr-Abl-positive mouse bone marrow cells, nonphosphorylatable Hsp90� expres-
sion conferred imatinib (Gleevec) resistance. These data provide an explanation for apoptosome inhibition by
activated leukemogenic tyrosine kinases and suggest that alterations in Hsp90�-apoptosome interactions may
contribute to chemoresistance in leukemias.

Apoptosis is a cellular suicide program critical for develop-
ment and tissue homeostasis (11). Excess apoptosis is associ-
ated with degenerative disorders, while a failure of apoptosis
contributes to oncogenesis (17, 55). In many cells, chemother-
apeutic agents that cause genotoxic stress promote the release
of cytochrome c from the mitochondria to the cytoplasm (26).
Once cytoplasmic, cytochrome c induces formation of a
caspase-activating complex called the apoptosome, consisting
of cytochrome c, the adaptor protein Apaf-1, dATP/ATP, and
zymogenic caspase-9 (25, 58). Apaf-1 is an adaptor protein
containing a nucleotide-binding domain that binds to dATP/
ATP, flanked by an N-terminal caspase recruitment domain
(CARD) and C-terminal WD-40 repeats (58, 59). Binding of
caspase-9 to Apaf-1 is CARD mediated (25, 34). The binding
of cytochrome c and dATP/ATP to the WD-40 and nucleotide-
binding domain, respectively, induces conformational changes
of Apaf-1 to expose its CARD, thereby recruiting caspase-9
into the apoptosome (7, 21, 46, 59). Activated caspase-9 can
then cleave and activate effector caspases to dismantle the
dying cell. Such apoptotic pathways can be regulated either
through modulation of cytochrome c release or by altering
apoptosome formation.

There is a growing list of apoptosome inhibitors and activa-
tors (40). In most cases, how these apoptosome regulators
modify apoptosome activity is unknown. Several chaperones,
including Hsp90 and Hsp70, have been reported to inhibit the
apoptosome (4). In the case of Hsp90, its binding to Apaf-1
was reported to block Apaf-1 oligomerization and caspase-9
recruitment (35). However, it is unclear how this abundant

cellular protein might be regulated to allow it to alter apopto-
some function in a controlled manner. This is of particular
interest as Hsp90 is often upregulated in cancer cells (22, 52).
Although one consequence of this upregulation is protection
of oncogenic proteins from proteasomal degradation (3), it
may be that apoptosome regulation is an important secondary
effect, enhancing resistance to apoptosis and potentially con-
tributing to chemoresistance.

Constitutively active leukemogenic tyrosine kinases increase
cellular proliferation and inhibit apoptosis. For example, po-
tent apoptotic inhibitors p190Bcr-Abl and p210Bcr-Abl are found
in approximately 25% of adult patients with acute lymphocytic
leukemia (ALL) and more than 95% of patients with chronic
myeloid leukemia (CML). Bcr-Abl inhibits mitochondrial cy-
tochrome c release by promoting the inhibitory phosphoryla-
tion of the proapoptotic Bcl-2 family protein Bad through the
phosphatidylinositol 3-kinase (PI 3-kinase)/Akt pathway (31,
45). Additionally, Bcr-Abl augments expression of antiapop-
totic Bcl-2 family members through the transcription factor
STAT5 (2, 20, 39, 43). We have previously demonstrated that
Bcr-Abl also prevents apoptosis downstream of mitochondrial
cytochrome c release by perturbing caspase-9 recruitment to
Apaf-1 (12). When purified wild-type Bcr-Abl was added to
cytosolic extracts, cytochrome c-induced caspase activation was
prevented. Furthermore, Bcr-Abl-expressing cells exhibited re-
markable resistance to apoptotic death induced by cytochrome
c microinjection. Since Bcr-Abl did not perturb the interaction
of endogenous caspase-9 with the isolated recombinant Apaf-1
CARD, our data suggested that it might be Apaf-1 whose
function was altered by Bcr-Abl. Although inhibitory phosphor-
ylations of caspase-9 by Akt (8) and c-Abl (38) have been
reported, caspase-9 was not phosphorylated in Bcr-Abl-ex-
pressing cells (12).

We report here that Tel-PDGFR� (a fusion protein of the N
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terminus of Tel with the transmembrane and cytoplasmic do-
mains of the platelet-derived growth factor receptor � [14]) and
the activated FLT3 kinase mutants (FLT3/D835Y and FLT3-
ITD [1, 30, 54]), prevalent in CML and acute myeloid leukemia
(AML), respectively, also trigger resistance to cytochrome c-
induced apoptosome formation. In investigating the mecha-
nism of inhibition, we discovered that Hsp90�, a previously
reported apoptosome inhibitor, was hypophosphorylated in
cells expressing leukemogenic tyrosine kinases. Moreover, hypo-
phosphorylation promoted increased binding of Hsp90� to
Apaf-1. In untransformed cells, Hsp90� was phosphorylated
on Ser 226 and Ser 255, while these sites were unphosphoryl-
ated in leukemic cells. Mutation of these residues to nonphos-
phorylatable forms resulted in stronger binding of Hsp90� to
Apaf-1 and increased cytochrome c resistance in untrans-
formed cells. Furthermore, expression of the nonphosphory-
latable mutant conferred imatinib resistance in Bcr-Abl-posi-
tive mouse bone marrow cells. Our data suggest that
modulation of Hsp90�-directed kinases/phosphatases under-
lies resistance to cytochrome c-induced apoptosome activation
in leukemias expressing activated tyrosine kinases. Moreover,
they point to a possible role of Hsp90� in modulating sensi-
tivity of leukemias to chemotherapeutic agents.

MATERIALS AND METHODS

Antibodies and reagents. Anti-caspase-9 (Neomarkers, Fremont, CA), anti-
caspase-9 (mouse specific; Cell Signaling, Danvers, MA), anti-cleaved caspase-3,
anti-caspase-3 (mouse specific), anti-cytochrome c, anti-Abl (BD Biosciences,
San Diego, CA), anti-Apaf-1 (Anaspec, San Jose, CA; Alexis Biochemicals, San
Diego, CA), anti-Hsp70 (Affinity Bioreagents, Golden, CO), anti-Hsp90 (Stress-
gen Bioreagents, Ann Arbor, MI; Upstate Biotechnology, Lake Placid, NY;
Santa Cruz Biotechnology, Santa Cruz, CA), anti-PDGFR� (Upstate Biotech-
nology), anti-FLT3, antiactin (Santa Cruz Biotechnology), goat anti-rabbit Alexa
Fluor 647 (Molecular Probes, Eugene, OR), and anti-FLAG (Sigma, St. Louis,
MO) were used for immunoblotting. Anti-Hsp90� antibody (D-19; Santa Cruz
Biotechnology), anti-FLT3 antibody (S-18; Santa Cruz Biotechnology), and anti-
Apaf-1 antibody (13F11; Alexis) were used to immunoprecipitate the respective
proteins from Ba/F3 cell lysates. Immunoblots were imaged using the Li-Cor
Odyssey IR Imaging System. Imatinib mesylate and PKC412 were purchased
from LC Laboratories (Woburn, MA). Recombinant human FLT3 ligand was
purchased from R&D Systems (Minneapolis, MN). Recombinant casein kinase
2 (CK2) and lambda phosphatase were purchased from New England Biolabs
(Ipswich, MA).

Cell culture. Control and Ba/F3 cells expressing p210Bcr-Abl, FLT3/D835Y, or
Tel-PDGFR� were generous gifts from D. G. Gilliland (Harvard Medical
School). Ba/F3 cells expressing wild-type or T315I p210Bcr-Abl were kind gifts
from G. Q. Daley (Harvard Medical School) (19). Control Ba/F3 cells were
maintained in RPMI medium supplemented with 10% fetal bovine serum (FBS)
and 1 ng/ml interleukin-3 (IL-3), whereas Ba/F3 cells expressing p210Bcr-Abl,
FLT3/D835Y, or Tel-PDGFR� were maintained without IL-3. THP-1, U-937,
and Ku812 cells were cultured in RPMI medium supplemented with 10% FBS.
MV4-11 and SUP-B15 cells were grown in Iscove’s modified Dulbecco’s medium
with 20% FBS. TF-1 cells were cultured in RPMI medium supplemented with
10% FBS and 2 ng/ml recombinant human granulocyte-macrophage colony-
stimulating factor (Sigma).

For stable expression, Ba/F3 cells were transduced with a murine stem cell
virus (MSCV) retroviral vector bicistronically expressing green fluorescent pro-
tein (GFP) with either Hsp90� (S226A/S255A) or Hsp90� (S226E/S255E). GFP-
positive cells were selected by fluorescence-activated cell sorting (FACS). For
IL-3 withdrawal, cells were washed with phosphate-buffered saline and then
cultured in RPMI lacking IL-3 for 20 h.

Cell extracts. Cell lysates were prepared as described previously (26). Cells
were harvested, washed with cold buffer A (20 mM HEPES [pH 7.4], 10 mM
KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 5 �g/ml leupeptin, and 5 �g/ml aprotinin), and
pelleted. Pellets were resuspended in twice the pellet volume of hypotonic lysis
buffer (buffer A containing 250 mM sucrose) and incubated on ice for 30 min.

Cells were then Dounce homogenized and centrifuged at 14,000 rpm for 20 min
at 4°C. Supernatants were assayed for protein concentrations with the Bradford
assay (Bio-Rad, Hercules, CA) and used as the cell-free lysate. In vitro caspase
assays were performed as previously described (12).

Plasmid construction and transfection. Human Apaf-1 and human Hsp90� in
pFastBac were gifts from X. Wang (University of Texas Southwestern) and T.
Takenawa (University of Tokyo), respectively. myc-Bax in pCMV-tag3A vector
was a gift from C. W. Distelhorst (Case Western Reserve University). Caspase-9
(C287A) in pET-23b was obtained from Addgene (Cambridge, MA) (47).
Caspase-9 (C287S) with the N-terminal FLAG tag was generated from human
caspase-9 and cloned into pcDNA3 (Invitrogen, Carlsbad, CA). Apaf-1 and
Hsp90� deletion mutants were cloned into pGEX-KG for production of gluta-
thione S-transferase (GST) fusion proteins. Hsp90� and p210Bcr-Abl (from A. M.
Pendergast, Duke University Medical Center) were also cloned into the MSCV
vector which bicistronically expresses GFP and yellow fluorescent protein (YFP),
respectively (MSCV-Hsp90�-IRES-GFP and MSCV-p210Bcr-Abl-IRES-YFP).
Hsp90 mutants with the N-terminal FLAG tag were cloned into pcDNA3. All
point mutations were generated with the QuikChange mutagenesis kit (Strat-
agene, La Jolla, CA).

Transfection was performed using the Amaxa electroporation system (Nucleo-
fection kit V, program X-01; Amaxa Biosystems, Gaithersburg, MD). Ten
micrograms of empty vector or myc-Bax (or 2 �g of FLAG-tagged Hsp90�
mutants) was transfected to 4 � 106 cells. Cells were fixed by 4% formaldehyde
8 h posttransfection and membrane permeabilized by 90% methanol. The cells
were stained with cleaved caspase-3 antibody and with goat anti-rabbit Alexa
Fluor-647 and subjected to FACS analysis.

siRNA transfection. All small interfering RNAs (siRNAs) were designed and
synthesized by Dharmacon RNA Technologies (Lafayette, CO); four siRNAs
targeting mouse Hsp90� (or four nontargeting siRNAs) were mixed into one
pool and used as single reactions. The target sequences for mouse Hsp90�
(catalog no. L-050742-00) were 5�-GGA CAA GAU UCG AUA UGA G-3�,
5�-UGG AAG AGG UGG AUU AAA G-3�, 5�-GAU CAA AGA GAA GUA
CAU U-3�, and 5�-GGU GUU AUG UAU UGU GGU U-3�. Nontargeting
siRNA pool 1 (catalog no. D-001206-13) was used as a control. The siRNAs were
prepared according to the manufacturer’s instructions. RNA interference was
carried out by electroporation using the Amaxa Cell Nucleofection kit V and
program X-05 (10 �l of 20 �M siRNA stock to 2.5 � 106 Ba/F3 cells per
reaction). Forty-eight hours after the treatment, the cells were subjected to lysis,
resulting in cell-free lysates.

Gel filtration. Ba/F3 cell lysate (5 �g/�l) was incubated in the presence or
absence of 1 mM dATP and 2.5 ng/�l cytochrome c at 37°C for 30 min in a
volume of 250 �l. In vitro reconstitution of apoptosome formation was per-
formed by incubating 0.4 �M Apaf-1 and 0.8 �M caspase-9 (C287A) at 30°C for
30 min in the presence or absence of 1 mM dATP and cytochrome c (0.01 or 0.4
�M) in a final volume of 250 �l of buffer A with 100 mM NaCl. In certain
experiments, Apaf-1 and caspase-9 (C287A) were preincubated with 1 �M
Hsp90� at 30°C for 30 min before addition of dATP and cytochrome c. After
incubation, the reaction mixture was loaded onto a Superdex 200 column at a
flow rate of 0.3 ml/min.

Colony-forming assay. Mouse bone marrow cells were isolated, enriched with
c-kit beads, and stained with c-kit-APC, Sca1-PECy5, and lineage markers con-
jugated with phycoerythrin as described previously (56). KLS cells were sorted
and cultured overnight in 10% Dulbecco modified Eagle medium with 50 ng/ml
of stem cell factor and 10 ng/ml of IL-3 and IL-6 (R&D Systems). Cells were
infected with MSCV-p210Bcr-Abl-IRES-YFP together with MSCV-Hsp90
(S226A/S255A)-IRES-GFP or Hsp90 (S226E/S255E)-IRES-GFP. Two days
later, YFP and GFP double-positive cells were selected by FACS and plated in
methylcellulose medium (M3434; Stem Cell Technologies, Vancouver, BC, Can-
ada). Colonies were counted 7 days after plating.

RESULTS

Leukemogenic tyrosine kinases inhibit recruitment of caspase-9
to Apaf-1. We reported previously that Bcr-Abl could impede
apoptosis after mitochondrial cytochrome c release by perturb-
ing caspase-9 recruitment to Apaf-1 (12). As shown in Fig. 1A,
addition of cytochrome c and dATP to cell lysates prepared
from untransformed Ba/F3 cells resulted in robust caspase-3
activation, as measured by DEVDase activity, while this activ-
ity was inhibited in lysates from Ba/F3 cells expressing Bcr-Abl.
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We wondered whether this property of Bcr-Abl might be
shared by other leukemogenic tyrosine kinases and so repeated
these experiments in lysates from Ba/F3 cells expressing FLT3/
D835Y or Tel-PDGFR�. In both cases, cytochrome c-induced
caspase activation was markedly dampened (Fig. 1A). Consis-
tent with these observations, immunoblotting to detect
caspase-9 and caspase-3 cleavage in response to cytochrome c
was significantly reduced in lysates from cells expressing the
leukemogenic tyrosine kinases (Fig. 1B). Importantly, total
protein levels of Apaf-1, caspase-9, and caspase-3 were unal-
tered by tyrosine kinase expression (Fig. 1C), suggesting that
the inhibition might be at the level of Apaf-1 oligomerization
or caspase-9 recruitment.

To identify the step(s) negatively affected by the leukemo-
genic kinases, we performed gel filtration chromatography with
the untransformed and transformed cell-free lysates and im-
munoblotted each fraction for Apaf-1 and caspase-9. When
cytochrome c and dATP were added to Ba/F3 lysates, Apaf-1
shifted from lower-molecular-mass (monomeric) to higher-
molecular-mass (apoptosomal) fractions exceeding 667 kDa
(Fig. 1D). Caspase-9 was also in the apoptosomal fractions,
and a substantial fraction of the protein was cleaved to its
smaller active form (Fig. 1D). When cytochrome c was added
to the lysates from Ba/F3 cells expressing Bcr-Abl, FLT3/
D835Y, or Tel-PDGFR�, Apaf-1 oligomerization was im-
paired (Fig. 1D). Strikingly, caspase-9 recruitment to the ap-
optosomal fractions and its subsequent cleavage were
significantly diminished in the kinase-containing lysates (Fig.
1D). To confirm that this failure of apoptosome assembly was
due to inhibition of caspase-9 recruitment to Apaf-1 in FLT3
cells and Tel-PDGFR�, as in Bcr-Abl-expressing cells (12), we
attempted to coimmunoprecipitate Apaf-1 with a FLAG-
tagged catalytically inactive caspase-9 mutant (C287S). Indeed,
significantly less Apaf-1 coprecipitated with FLAG–caspase-9
(C287S) in lysates prepared from Ba/F3 cells expressing leu-
kemogenic tyrosine kinases than in control Ba/F3 lysates (Fig.
1E), indicating that FLT3/D835Y and Tel-PDGFR� share
with Bcr-Abl the ability to block caspase-9 recruitment to
Apaf-1.

Apaf-1 binds to Hsp90� in cells expressing leukemogenic
tyrosine kinases. To determine how leukemogenic tyrosine
kinases might inhibit apoptosome function, we examined a
panel of known apoptosome inhibitors for interaction with
Apaf-1 in normal and transformed cells. In most cases, we
found no difference in association of these factors in the pres-
ence and absence of tyrosine kinase expression (for example,
see Hsp70 in Fig. 2A, B, and D). In contrast, Hsp90� specifi-
cally coimmunoprecipitated with Apaf-1 from Ba/F3 cells ex-

pressing the leukemogenic tyrosine kinases, but not from con-
trol cells, though total Hsp90� protein levels were equivalent
(Fig. 2A). Similarly, using cytochrome c-Sepharose to retrieve
endogenous Apaf-1 from cell lysates, we found that Hsp90�
copurified with Apaf-1 from the kinase-expressing Ba/F3 cells
but not from control Ba/F3 cells (Fig. 2B). These data raised
the possibility that leukemogenic tyrosine kinases could trigger

FIG. 1. Leukemogenic tyrosine kinases inhibit recruitment of caspase-9 to Apaf-1. (A) Cell lysates were prepared from control Ba/F3 cells or
Ba/F3 cells expressing Bcr-Abl, FLT3/D835Y, or Tel-PDGFR� and incubated with 0 or 2.5 ng/�l cytochrome c (Cyt c) and 1 mM dATP. Caspase-3
activity was assayed by measuring cleavage of DEVD-pNA. (B) Lysates were incubated with 1 mM dATP and various concentrations of cytochrome
c, and immunoblotting was performed for caspase-9 (C9) and caspase-3 (C3). Procaspases and cleaved caspases are indicated by arrows and
arrowheads, respectively. (C) Total cell lysates from control Ba/F3 cells (C) or Ba/F3 cells expressing Bcr-Abl (B), FLT3/D835Y (F), or
Tel-PDGFR� (T) were immunoblotted with anti-Apaf-1, anti-caspase-9 (C9), and anti-caspase-3 (C3) antibodies. (D) Cell lysates were separated
on a Superdex 200 column before and after incubation with 2.5 ng/�l cytochrome c and 1 mM dATP for 30 min. Immunoblotting was performed
for Apaf-1 and caspase-9. Procaspase-9 and cleaved caspase-9 are indicated by arrows and arrowheads, respectively. (E) Ba/F3 cells were
transfected with FLAG-tagged caspase-9 (C287S), and lysates were prepared. Immunoprecipitation (IP) was performed with or without addition
of cytochrome c (2.5 ng/�l) and dATP (1 mM). Pellets were analyzed by immunoblotting with anti-Apaf-1 and anti-FLAG antibodies.

FIG. 2. Apaf-1 binds to Hsp90� in cells expressing leukemogenic
tyrosine kinases. (A) Control Ba/F3 cells (C) and those expressing
Bcr-Abl (B), FLT3/D835Y (F), and Tel-PDGFR� (T) were subjected
to immunoprecipitation (IP) with anti-Apaf-1 antibody. The IP pellets
were analyzed for Hsp90�, Hsp90�, and Hsp70 and Apaf-1 (top).
Total Ba/F3 cell lysates were immunoblotted with anti-Hsp90� and -�
antibodies (bottom). (B) Lysates were incubated with cytochrome c
(Cyt c) beads, and pellets were subjected to immunoblotting with
anti-Apaf-1, anti-Hsp90� and -�, and anti-Hsp70 antibodies. (C) IP
with anti-Hsp90� antibody was carried out for the Ba/F3 cell lysates
before and after cytochrome c (2.5 ng/�l) and dATP (1 mM) addition.
The pellets were analyzed by immunoblotting with anti-Apaf-1 anti-
body. (D) Cell lysates were incubated with GST–Apaf-1 (1–543) or
GST alone. Protein complexes were retrieved by using glutathione
beads, and immunoblotting was performed for Hsp90� and -� or
Hsp70. (E) Ba/F3 lysates expressing Tel-PDGFR� were incubated
with GST, GST–Apaf-1 (1–97), GST–Apaf-1 (98–543), or GST–
Apaf-1 (1–543). Protein complexes were retrieved by using glutathione
beads, and immunoblotting was performed for Hsp90�.
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the interaction of Hsp90� with Apaf-1 to block apoptosome
assembly.

To further characterize the Apaf-1–Hsp90� interaction,
Hsp90� was immunoprecipitated from untransformed and
transformed Ba/F3 lysates before and after cytochrome c
addition. Apaf-1 coimmunoprecipitated with Hsp90� only in
kinase-expressing lysates (Fig. 2C). Moreover, Apaf-1 inter-
action with Hsp90� was seen only after addition of cyto-
chrome c, suggesting that Apaf-1 conformational changes
were necessary for Hsp90� binding (Fig. 2C). Indeed, re-
combinant Apaf-1 bearing a deletion of the WD-40 region
[GST–Apaf-1 (1–543)] was able to retrieve Hsp90� from
kinase-expressing Ba/F3 lysates in the absence of cyto-
chrome c (Fig. 2D). Furthermore, this interaction was
greatly diminished by deletion of the Apaf-1 CARD [GST–
Apaf-1 (98–543) in Fig. 2E], and the Apaf-1 CARD was
sufficient to bind Hsp90� [GST–Apaf-1 (1–97) in Fig. 2E].
These data suggest that in the presence of the leukemogenic
tyrosine kinases, Hsp90� binds to the Apaf-1 CARD and

that this binding depends on the cytochrome c-induced con-
formational change of Apaf-1. Although both the � and �
isoforms of Hsp90 have been reported as inhibitors of apop-
tosome formation (35), we found the enhanced binding of
Hsp90 to Apaf-1 in the presence of leukemogenic tyrosine
kinases to be restricted to the � isoform (Fig. 2A, B, and D).

If the post-cytochrome c protection seen in Ba/F3 cells ex-
pressing the leukemogenic tyrosine kinases could be attributed
to Hsp90�–Apaf-1 binding, then reduction in Hsp90� protein
levels would be expected to abrogate the observed protection
from cytochrome c-induced caspase activation. To test this, we
attempted to silence Hsp90� expression using siRNA in Ba/F3
cells expressing Tel-PDGFR� (Fig. 3A to C) or FLT3/D835Y
(Fig. 3D to F), both of which exhibited stronger protection
from cytochrome c than Bcr-Abl (Fig. 1B). Hsp90� knockdown
(�70% reduction; Fig. 3A and D) markedly restored sensitiv-
ity to cytochrome c; control siRNA had no such effect (Fig. 3B
and E). Consistent with these data, at various doses of cyto-
chrome c, caspase-3 and caspase-9 cleavages could be observed

FIG. 3. Hsp90� knockdown partially restores sensitivity to cytochrome c in Ba/F3 cells expressing Tel-PDGFR� (A to C) or FLT3/D835Y (D
to F). (A and D) Ba/F3 cells expressing Tel-PDGFR� (A) or FLT3/D835Y (D) were treated with Hsp90�-specific siRNA or control siRNA. Total
cell lysates were immunoblotted for Hsp90�, Hsp90�, Tel-PDGFR�, FLT3, and actin. (B and E) Caspase activity was assayed by measuring
cleavage of DEVD-pNA following incubation of the cell lysates with 5 ng/�l cytochrome c and 1 mM dATP. (C and F) Immunoblotting was
performed for caspase-9 and caspase-3 upon addition of various amounts of exogenous cytochrome c (Cyt c) to the lysates. Procaspase-9/
procaspase-3 and cleaved caspase-9/caspase-3 are indicated by arrows and arrowheads, respectively. RNAi, RNA interference.
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in Hsp90� but not control siRNA-treated tyrosine kinase-ex-
pressing cells (Fig. 3C and F).

Hypophosphorylation of Hsp90� at Ser 226 and Ser 255 in
cells expressing leukemogenic tyrosine kinases. Although the
findings above strongly suggested that Hsp90� binding to
Apaf-1 could confer protection from apoptosis in leukemic
cells, it remained unclear how these kinases might control
Hsp90� binding to Apaf-1. In analyzing the effects of tyrosine
kinase expression on Hsp90�, we found that recombinant
Hsp90� protein was phosphorylated when incubated with con-
trol Ba/F3 cell lysates, whereas this phosphorylation was sig-

nificantly suppressed when incubation was with Ba/F3 cell ly-
sates expressing Bcr-Abl, FLT3/D835Y, or Tel-PDGFR� (Fig.
4A). A literature search revealed that this hypophosphoryla-
tion of Hsp90� had been observed previously in Bcr-Abl
(though not Tel-PDGFR� or FLT3)-expressing cells (48). To
identify phosphorylated sites on Hsp90� in control but not
kinase-expressing cells, we generated a panel of GST-Hsp90�
deletion mutants and incubated them with either control or
Bcr-Abl-expressing Ba/F3 cell lysates (Fig. 4B). In vitro kinase
assays revealed that differential phosphorylation occurred on
GST fusion proteins containing the “linker” region of Hsp90�,

FIG. 4. Phosphorylation of Hsp90� at Ser 226/255 is suppressed in cells expressing the tyrosine kinases. (A) Recombinant His-tagged Hsp90�
protein on nickel beads was incubated with the Ba/F3 cell lysates in the presence of [�-32P]ATP; control Ba/F3 cells (C); and those expressing
Bcr-Abl (B), FLT3/D835Y (F), and Tel-PDGFR� (T). (B) Various deletion mutants of Hsp90� were made as GST fusion proteins and incubated
with control Ba/F3 lysates (C) or lysates expressing Bcr-Abl (B) in the presence of [�-32P]ATP. (C) Two point mutations (S226A and S255A) were
introduced into GST-Hsp90� (178–300). The GST fusion proteins were incubated with control Ba/F3 lysates in the presence of [�-32P]ATP. WT,
wild type. (D) Ba/F3 cells expressing either wild-type Bcr-Abl or Bcr-Abl carrying the T315I mutation were treated with the Abl kinase inhibitor
imatinib (1 �M) for the time indicated (left panel). Ba/F3 cells expressing FLT3/D835Y were treated with the FLT3 kinase inhibitor PKC412 (20
nM) over time (right panel). After each treatment, cell lysates were prepared and incubated with GST-Hsp90� (178–300) in the presence of
[�-32P]ATP. (E) GST-Hsp90� (178–300) was incubated with lysates from U-937, TF-1, MV4-11, Ku812, and SUP-B15 cells in the presence of
[�-32P]ATP. (F) Ku812 and MV4-11 cells were treated with imatinib (1 �M) and PKC412 (20 nM), respectively, for the indicated time. The cell
lysates were incubated with GST-Hsp90� (178–300) in the presence of [�-32P]ATP. (G) THP-1 cells were treated with or without recombinant
human FLT3 ligand (FL; 50 ng/ml) for 2 h. The cell lysates were incubated with GST-Hsp90� (178–300) in the presence of [�-32P]ATP. 32P
incorporation and Coomassie blue staining (CBB) are shown. FLT3 was immunoprecipitated from whole-cell lysates with anti-FLT3 antibody.
Western blotting was performed for Bcr-Abl, FLT3, and phosphotyrosine.
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connecting the N-terminal ATPase domain and the middle
domain of the protein (Fig. 4B). Using GST-Hsp90� (178–
300), we narrowed down the sites of differential Hsp90� phos-
phorylation to Ser 226 and Ser 255; mutation of these sites
entirely abrogated phosphorylation (Fig. 4C).

Importantly, this suppression of Hsp90� phosphorylation
was greatly affected by an inhibitor of the leukemogenic ki-
nases. Treatment of Ba/F3 cells expressing Bcr-Abl or FLT3/
D835Y with the specific Abl kinase inhibitor imatinib (1 �M)
or the FLT3 inhibitor PKC412 (20 nM), respectively, pro-
moted in vitro phosphorylation of Hsp90� using cell lysates
prepared from the treated cells (Fig. 4D). In contrast, the same
treatment did not affect Hsp90� phosphorylation in lysates
from Ba/F3 cells expressing Bcr-Abl/T315I, a known imatinib-
resistant mutant of Bcr-Abl (Fig. 4D). These results suggest
that the suppression of Hsp90� phosphorylation is, directly or
indirectly, controlled by the activity of the leukemogenic ty-
rosine kinases. In support of this idea, lysates from two Bcr-
Abl-positive cell lines, Ku812 (derived from a CML patient)
and SUP-B15 (derived from an ALL patient), minimally phos-
phorylated the linker region of Hsp90� in vitro, while lysates
from Bcr-Abl-negative lymphoid and myeloid cell lines, TF-1
and U-937, respectively, robustly phosphorylated this region
(Fig. 4E). Likewise, although a lysate from MV4-11, a human
AML cell line carrying the FLT3-ITD mutation, exhibited low-
level in vitro phosphorylation of Hsp90�, this phosphorylation
was markedly reduced compared to that in the control TF-1
and U-937 cells (Fig. 4E). When Ku812 and MV4-11 cells were
treated with imatinib and PKC412, respectively, the resulting
lysates gained the ability to phosphorylate the Hsp90� linker
region over time (Fig. 4F), further confirming the results ob-
tained from Ba/F3 cells. Conversely, addition of the FLT3
ligand (FL) induced tyrosine phosphorylation of FLT3 in
THP-1 cells, an AML-M5 cell line expressing wild-type FLT3,
and an in vitro kinase assay showed that phosphorylation of the
Hsp90� linker region was attenuated in these lysates after FL
stimulation (Fig. 4G). Together, these results indicate that
phosphorylation of the Hsp90� linker region (Ser 226 and Ser
255) is greatly suppressed in the presence of leukemogenic
tyrosine kinases.

Hypophosphorylation of Hsp90� at Ser 226 and Ser 255
promotes apoptosome inhibition. To assess the effects of phos-
phorylation on Hsp90�’s ability to inhibit apoptosome forma-
tion, we examined apoptosome assembly by gel filtration using
purified apoptosome components and recombinant Hsp90�
(Fig. 5A). Recombinant human Hsp90� and Apaf-1 proteins
were expressed in Sf9 cells and purified as described previously
(59). Human caspase-9 was produced and purified from Esch-
erichia coli BL21(DE3) cells; to simplify the detection of
caspase-9 recruitment to the apoptosomal fractions, catalyti-
cally inactive caspase-9 (C287A) was used to eliminate
caspase-9 cleavage products. Upon addition of cytochrome c
and dATP (1 mM), Apaf-1 oligomerized, moving from mono-
meric to apoptosomal fractions (�669 kDa) (Fig. 5B). The
migration of caspase-9 (C287A) to the apoptosomal fractions
was also observed (Fig. 5B). In the presence of Hsp90�, the
migration of both Apaf-1 and caspase-9 (C287A) was shifted
significantly to their monomeric forms, as previously reported
(35). Importantly, in the presence of Hsp90� pretreated with
lambda phosphatase, Apaf-1 oligomerization and caspase-9

recruitment were completely inhibited (Fig. 5B). Although the
kinase responsible for Hsp90� phosphorylation in vivo is not
known, it has been reported that CK2 can phosphorylate these
sites in vitro (24). Thus, we prephosphorylated recombinant
Hsp90� with CK2 before addition to the reaction. Remark-
ably, Hsp90� phosphorylation greatly reduced its ability to
inhibit Apaf-1 oligomerization and caspase-9 recruitment (Fig.
5B). These results indicate that the phosphorylation status of
Hsp90� significantly impacts its ability to inhibit apoptosome
formation.

To determine whether Ser 226/255 are the primary phos-
phorylation sites regulating the binding of Hsp90� to Apaf-1,
an Apaf-1 binding assay was performed using wild-type and
mutant recombinant Hsp90� proteins. When His-tagged wild-
type Hsp90� immobilized on nickel beads was incubated with
Ba/F3 cell lysate in the presence of cytochrome c and dATP,
only trace amounts of Apaf-1 bound (Fig. 5C). In contrast,
Apaf-1 binding to nonphosphorylatable Hsp90� proteins
(S226A, S255A, and S226A/S255A) was readily detectable
(Fig. 5C), consistent with the idea that suppression of Ser
226/255 phosphorylation increases Hsp90� binding to Apaf-1.
Similar results were obtained by overexpressing FLAG-tagged
Hsp90� (wild type, S226A, S255A, and S226A/S255A) in 293T
cells; transfected FLAG-Hsp90� showed increased binding of
endogenous Apaf-1 to mutant forms of Hsp90� compared to
the wild-type protein (data not shown). Although all of the
mutant Hsp90� proteins exhibited enhanced binding to
Apaf-1, the S226A/S255A mutant exhibited the strongest bind-
ing (Fig. 5C). These data indicate that Hsp90� binding to
Apaf-1 is inhibited by phosphorylation at Ser 226/255 and that
hypophosphorylation enhances binding to Apaf-1 following ex-
pression of leukemogenic tyrosine kinases.

To extend the Hsp90–Apaf-1 binding data, apoptosome for-
mation was reconstituted in vitro with recombinant proteins.
When cytochrome c was added to Apaf-1 and caspase-9
(C287A) in the absence of Hsp90�, the apoptosome assembled
in a dose-dependent manner (Fig. 6). Importantly, addition of
Hsp90� (S226E/S255E), which carries mutations mimicking
phosphorylation at both sites, had minimal effects on apopto-
some assembly. In contrast, Apaf-1 oligomerization and
caspase-9 recruitment were significantly delayed in the pres-
ence of Hsp90� (S226A/S255A) (Fig. 6). These results strongly
suggest that the phosphorylation status of Ser 226/255 is linked
to the ability of Hsp90� to bind Apaf-1 and that suppression of
the phosphorylation leads to inhibition of apoptosome forma-
tion.

Hsp90� (S226A/S255A) renders normal Ba/F3 cells resis-
tant to cytochrome c. If Hsp90� hypophosphorylation were
sufficient to inhibit apoptosome formation, then we might ex-
pect overexpression of Hsp90� (S226A/S255A) to promote
apoptosome inhibition in Ba/F3 cells even without expression
of leukemogenic tyrosine kinases. To test this, we generated
normal Ba/F3 cells stably expressing Hsp90� (S226E/S255E)
or Hsp90� (S226A/S255A) by using a bicistronic retroviral
vector, MSCV-IRES-GFP, and monitored cytochrome c-in-
duced caspase activation in cell-free lysates. Compared to the
lysates from Ba/F3 cells expressing Hsp90� (S226E/S255E) or
empty vector, lysates from Hsp90� (S226A/S255A)-expressing
Ba/F3 cells were highly refractory to cytochrome c (Fig. 7A).
Gel filtration showed that Apaf-1 oligomerization and caspase-9
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recruitment were significantly delayed in lysates expressing
Hsp90� (S226A/S255A), phenocopying cells expressing the
leukemogenic tyrosine kinases (Fig. 7B). Apoptosome assem-
bly was comparable in lysates from Hsp90� (S226E/S255E)-
expressing and vector-infected cells (Fig. 7B). These data dem-

onstrate that Hsp90� hypophosphorylation in normal cells is
sufficient to confer resistance to cytochrome c-induced caspase
activation.

To evaluate the role of Hsp90� (S226A/S255A) in prevent-
ing cytochrome c-induced apoptosis, we transfected Bax into

FIG. 5. The phosphorylation of Hsp90� controls its inhibitory effect on Apaf-1 oligomerization. (A) Recombinant human caspase-9 (C287A)
and human Apaf-1 proteins were produced and purified from BL21(DE3) and Sf9 cells, respectively, as described in Materials and Methods (left).
Likewise, recombinant human Hsp90� proteins (wild type [WT] and mutants) were generated and purified from Sf9 cells (right). Shown is a sodium
dodecyl sulfate-polyacrylamide gel stained with Coomassie blue; 5 �g of caspase-9 (C287A), 3 �g of Apaf-1, and 20 �g of Hsp90� were loaded
per lane. Molecular masses (kDa) are indicated on the left side. (B) Purified recombinant Apaf-1 (0.4 �M) was mixed with catalytically inactive
caspase-9 (C287A) (0.8 �M). After incubation with or without 1 mM dATP and 0.4 �M cytochrome c, the samples were loaded onto a Superdex
200 column, and each column fraction was analyzed for Apaf-1 and caspase-9 (C287A) by immunoblotting (top panel). The same experiment was
performed in the presence of recombinant Hsp90� (1 �M) that was untreated (second panel) or pretreated with lambda phosphatase (	PPase;
third panel) or CK2 (bottom panel). (C) His-Hsp90� wild type (WT), Hsp90� (S226A), Hsp90� (S255A), or Hsp90� (S226/255A) was incubated
with control Ba/F3 cell lysates in the presence of 5 ng/�l cytochrome c. His-tagged proteins were retrieved on nickel beads, and the resultant pellets
were analyzed for the presence of Apaf-1.
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Ba/F3 cells stably expressing Hsp90� (S226E/S255E) or
Hsp90� (S226A/S255A) and quantitated cells expressing active
caspase-3. Transfection of Bax into cells expressing Hsp90�
(S226E/S255E) produced large-scale cell death as manifested

by active caspase-3 staining; this response was greatly damp-
ened in cells expressing Hsp90� (S226A/S255A) despite equiv-
alent amounts of cytoplasmic cytochrome c in the two cell lines
(Fig. 8A). To further extend this finding to a more physiolog-

FIG. 6. Hsp90� (S226A/S255A) inhibits Apaf-1 oligomerization and caspase-9 recruitment. Recombinant Apaf-1 (0.4 �M) was mixed with
catalytically inactive caspase-9 [C9 (C287A)] (0.8 �M) and recombinant Hsp90� (1 �M; S226E/S255E and S226A/S255A) and then incubated with
dATP (1 mM) and 0.1 �M or 0.4 �M of cytochrome c. After incubation, each sample was loaded onto a Superdex 200 column, and each column
fraction was analyzed for Apaf-1 and C9 (C287A) by immunoblotting.

FIG. 7. Hsp90� (S226A/S255A) causes post-cytochrome c protection in normal Ba/F3 cell lysates. (A) Control Ba/F3 cells were infected with
a retroviral vector encoding Hsp90� (S226E/S255E) or Hsp90� (S226A/S255A) or empty vector. GFP-positive cells were sorted by FACS. Cell
lysates were prepared and incubated with 5 ng/�l cytochrome c and 1 mM dATP. Caspase-3 activity was assayed by measuring the cleavage of
DEVD-pNA over time (left). Likewise, the lysates were incubated with 1 mM dATP and various concentrations of cytochrome c (Cyt c), and
immunoblotting was performed for caspase-9 (C9) and caspase-3 (C3) (right). Procaspase-9/procaspase-3 and cleaved caspase-9/caspase-3 are
indicated by arrows and arrowheads, respectively. (B) Ba/F3 cell lysates expressing the empty vector, Hsp90� (S226E/S255E), or Hsp90�
(S226A/S255A) were incubated with or without cytochrome c (5 ng/�l) and dATP (1 mM) and loaded onto a Superdex 200 column. Each column
fraction was analyzed for Apaf-1 and caspase-9 by immunoblotting.
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ical setting, we monitored cell permeability to propidium
iodide (PI) upon IL-3 withdrawal. Ba/F3 cells transfected with
FLAG-Hsp90� (S226E/S255E) or Hsp90� (S226A/S255A)
were cultured in IL-3-free medium, and then the live cell
population was monitored for PI exclusion. As shown in Fig.
8B, Ba/F3 cells expressing Hsp90� (S226A/S255A) were mark-
edly resistant to IL-3 withdrawal, compared to cells expressing

Hsp90� (S226E/S255E). These data confirm the results from
cell lysates demonstrating that hypophosphorylated Hsp90� is
a strong inhibitor of apoptosome formation.

Hsp90� (S226A/S255A) confers imatinib resistance on Bcr-
Abl-positive mouse bone marrow cells. Tyrosine kinase inhib-
itors are an important clinical tool in treating leukemias ex-
pressing activated tyrosine kinases (51). These inhibitors block

FIG. 8. Expression of Hsp90� (S226A/S255A) renders cells resistant to proapoptotic stimuli. (A) Ba/F3 cells stably expressing Hsp90�
(S226E/S255E) or Hsp90� (S226A/S255A) were transfected with myc-Bax. Five hours after transfection, the cells were fixed and stained with
cleaved caspase-3 (C3) antibody and an Alexa 647-conjugated secondary antibody. The population of the cleaved caspase-3-positive cells was
analyzed by FACS. (B) Ba/F3 cells were transfected with 2 �g of FLAG-tagged Hsp90� (S226E/S255E) or Hsp90� (S226A/S255A). Twenty-four
hours after transfection, cells were transferred to IL-3-free medium (or IL-3-containing medium as a control) and further cultured for 20 h. The
percentage of viable cells was analyzed by PI exclusion with FACS. (C) Mouse bone marrow KLS cells were coinfected with retroviral vectors
encoding p210Bcr-Abl and Hsp90� (S226E/S255E) or Hsp90� (S226A/S255A). Coinfected cells were further selected by FACS and plated in
methylcellulose medium. The colony numbers were counted 7 days after plating. Averages with standard errors of the means are shown. (D) Ba/F3
cells stably expressing p210Bcr-Abl were infected with a retroviral vector encoding Hsp90� (S226E/S255E) or Hsp90� (S226A/S255A) or empty
vector. GFP-positive cells were selected by FACS and further cultured for 2 weeks. Cells were harvested and analyzed for expression of p210Bcr-Abl.
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kinase activity, typically resulting in mitochondrion-dependent
apoptotic death (20). Despite the clinical utility of these inhib-
itors, a majority of patients retain residual leukemic cells after
treatment (5, 27). Additionally, many patients eventually de-
velop drug resistance (15). Although resistance is generally due
to either point mutations in or amplification of leukemogenic
tyrosine kinases (10, 15, 27), failure to find such alterations in
some resistant patients suggests that other mechanisms of re-
sistance may exist. Given our data, it is possible that post-
cytochrome c protection from apoptosis caused by suppression
of Hsp90� phosphorylation may contribute to resistance of the
kinase-expressing cells to chemotherapeutics (both kinase in-
hibitors and conventional agents). As a proof of principle, we
performed a colony-forming assay using mouse bone marrow
cells that were retrovirally cotransduced with Bcr-Abl and mu-
tant Hsp90� proteins. Mouse bone marrow KLS cells were
cotransduced with p210Bcr-Abl (bicistronically expressed with
YFP) and Hsp90� (S226A/S255A) or Hsp90� (S226E/S255E;
bicistronically expressed with GFP). Thereafter, GFP-YFP
double-positive cells were selected by FACS and plated in the
presence or absence of imatinib (1 �M), and colony numbers
were counted 7 days later. As shown in Fig. 8C, there was no
significant difference in the number of colonies formed in the
absence of imatinib. Remarkably, when imatinib was added,
Hsp90� (S226A/S255A)-expressing cells formed significantly
more colonies than did Hsp90� (S226E/S255E)-expressing
cells. Of note, stable expression of the Hsp90� mutants did not
alter expression levels of Bcr-Abl in Ba/F3 cells (Fig. 8D).
These data suggest that Hsp90� (S226A/S255A) expression by
itself can confer imatinib resistance on Bcr-Abl-positive bone
marrow cells, raising the interesting possibility that Hsp90 mu-
tations could contribute to imatinib resistance in leukemic
patients.

DISCUSSION

Chromosomal translocations or mutations leading to ty-
rosine kinase activation can result in leukemogenesis by pro-
moting cellular proliferation and inhibiting cell death. Given
the antiapoptotic potency of activated kinases, it is likely that
multiple apoptotic pathways are inhibited through phosphor-
ylation of a range of cellular substrates. Indeed, many molec-
ular targets have been reported to contribute to the apoptotic
resistance observed in leukemic cells (36). We have shown here
that three leukemogenic tyrosine kinases, Bcr-Abl, FLT3/
D835Y, and Tel-PDGFR�, share the ability to suppress con-
stitutive phosphorylation of the molecular chaperone Hsp90�.
Although the detailed molecular pathways linking activated
tyrosinekinases toHsp90�arenotyetknown,Hsp90�hypophos-
phorylation impairs Apaf-1 oligomerization and subsequent
caspase-9 recruitment, thereby inhibiting cytochrome c-in-
duced caspase activation.

Regulation of Hsp90� phosphorylation. We have shown that
phosphorylation of Ser 226/255 of Hsp90� is negatively regu-
lated by leukemogenic tyrosine kinases. Phosphorylation of
these sites on Hsp90� in HeLa cells was previously reported
(24). Furthermore, mass spectrometric analysis of endogenous
Hsp90� proteins in porcine brain lysates revealed diphosphor-
ylation (13), consistent with the idea that Ser 226 and Ser 255
are constitutively phosphorylated in some cell types and that

such phosphorylations are suppressed by leukemogenic ty-
rosine kinases. It remains to be determined how phosphoryla-
tion/dephosphorylation on Ser 226/255 is regulated in normal
and leukemic cells. In particular, it will be interesting to de-
termine whether leukemogenic tyrosine kinases upregulate an
Hsp90-directed phosphatase(s) or downregulate a kinase(s)
targeting these sites. In an earlier study, CK2 was reported
capable of phosphorylating both sites in vitro (24). However, it
is not known if CK2 is the relevant kinase in vivo. Moreover, it
is controversial whether Bcr-Abl promotes or inhibits the ac-
tivity of CK2 in CML (18, 29). The serine/threonine protein
phosphatase 5 (PP5) and its yeast homologue Ppt1 are known
to associate with Hsp90 and modulate its function (9, 50). PP5
interacts with the C terminus of Hsp90 through its tetratri-
copeptide repeat domain (44). In the present study, however,
we demonstrate differential phosphorylation of Hsp90� by
control and tyrosine kinase-expressing cell lysates even using
Hsp90� fragments [e.g., Hsp90� (178-300)] lacking the com-
mon tetratricopeptide repeat interaction region, an MEEVD
motif at the C-terminal end of Hsp90 (Fig. 4). Thus, if PP5 is
the sole phosphatase responsible for Ser 226/255 dephosphor-
ylation, the activity of a Ser 226/255-directed kinase must be
downregulated in leukemic cells.

Leukemogenic tyrosine kinases often activate the survival
kinase Akt to drive tumorigenesis (6, 45). Thus, we initially
hypothesized that Akt might modulate the activity of a Ser
226/255-directed kinase and/or phosphatase downstream of
the leukemogenic tyrosine kinases. However, suppression of
Akt activity in Bcr-Abl-expressing Ba/F3 cells by the PI 3-ki-
nase inhibitor LY294002 or overexpression of constitutively
active Akt (myr-Akt) in FL5.12 cells (37) had no effect on the
phosphorylation status of Hsp90� (M. Kurokawa and S. Korn-
bluth, unpublished data). Moreover, LY294002 treatment or
myr-Akt overexpression changed neither cytochrome c sensi-
tivity nor the interaction of endogenous Hsp90� with GST–
Apaf-1 (1-543) (M. Kurokawa and S. Kornbluth, unpublished
data). Therefore, we believe that the suppression of phosphor-
ylation on Ser 226/255 is not mediated through the PI 3-kinase/
Akt pathway.

Phosphorylation controls Hsp90�-mediated apoptosome in-
hibition. It is not yet clear how phosphorylation/dephosphor-
ylation of Hsp90� controls its interaction with Apaf-1. Both
phosphoserines are located in the linker region of Hsp90,
which connects the N-terminal ATPase domain and the client
protein-binding domain. It was shown that the presence of the
linker region per se increases the binding affinity of yeast
Hsp90 to client proteins, though the structural mechanism
remains unclear (41). Therefore, it is possible that the phos-
phorylation/dephosphorylation of the linker region modulates
conformational changes in adjacent domains, thereby regulat-
ing the binding affinity for client proteins.

Hsp90 chaperone activity is coupled to the binding and hy-
drolysis of ATP, which are regulated by specific cochaperone
proteins (52). However, recent studies have raised the possi-
bility that posttranslational modifications of Hsp90, such as
acetylation (42) and phosphorylation (28, 33, 57), may also
regulate Hsp90 function. It is noteworthy that we observed
little binding of the Hsp90� isoform to Apaf-1 (Fig. 2). Al-
though it is generally believed that the � and � isoforms are
functionally redundant, there is some evidence to suggest that
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the two isoforms may have distinct chaperone activities (23,
49). Therefore, it will be interesting to determine what causes
the differential binding of Hsp90� and Hsp90� to Apaf-1. In
addition, it will be of interest to know whether phosphorylation
of the two conserved serines, Ser 231/263, of Hsp90� (corre-
sponding to Ser 226/255 of the � isoform) is also suppressed by
the leukemogenic tyrosine kinases. If so, it may be that critical
targets of Hsp90�, distinct from those of the � isoform, are
affected by the leukemogenic tyrosine kinases.

Apaf-1 modulation by Hsp90�. We demonstrated that the
CARD is the primary binding site of Hsp90� on Apaf-1. It has
been shown that surface hydrophobicity of client proteins de-
termines binding to Hsp90 (53). In contrast, the caspase-9
CARD interacts with �-helices, �2 and �3, of the Apaf-1
CARD (34), which is comprised largely of hydrophilic amino
acids, suggesting that Hsp90� may not directly compete with
caspase-9 for the same Apaf-1 binding site. Interestingly, the
caspase-9 binding site is located at the N terminus of the
Apaf-1 CARD (amino acids 22 to 32 and amino acids 37 to 44
[34]), whereas there is a hydrophobic cluster located near the
C terminus of the CARD (83LAALLHDGIPVV94). It would
be interesting to determine whether a mutation within the
hydrophobic region can alter or even override the inhibitory
interaction of Hsp90� with Apaf-1.

Hsp90 binding does not appear to prevent cytochrome c-
induced exposure of the Apaf-1 CARD, as binding does not
occur in the absence of cytochrome c. Hsp90� binding to
Apaf-1 CARD may prevent conformational changes in Apaf-1
that are necessary for proper Apaf-1 oligomerization/caspase-9
recruitment. In this regard, we note that Apaf-1 appears to
partially oligomerize even in the presence of the leukemogenic
tyrosine kinases (Fig. 1D), but it may be that this oligomeriza-
tion is aberrant, preventing caspase-9 recruitment.

Hsp90 regulation and chemoresistance. The � and � iso-
forms of Hsp90 comprise 1 to 2% of total cellular protein, even
in an unstressed, untransformed cell. Importantly, an increase
in Hsp90 over basal levels is believed to contribute to tumor-
igenesis in many types of cancers. Indeed, small-molecule
Hsp90 inhibitors (e.g., geldanamycin and its derivatives) selec-
tively kill certain types of cancer cells by promoting apoptosis
(22). Hsp90 interacts with a large number of signaling proteins
including oncogenic kinases, transcription factors, and hor-
mone receptors (52). This diversity of partners has made it
complicated to dissect its precise role in regulating apoptosis.
Our data point to a direct role for Hsp90 in preventing apop-
tosome activation in leukemias.

Imatinib (Gleevec) has demonstrated remarkable success in
the treatment of CML. However, many CML patients treated
with the inhibitor eventually develop resistance, retaining Bcr-
Abl-positive cells which are extremely difficult to eliminate.
Moreover, the inhibitor is less effective at later stages of the
disease. We demonstrated here that the nonphosphorylatable
mutant (S226A/S255A) of Hsp90�, but not the phosphomi-
metic mutant (S226E/S255E), conferred imatinib resistance on
Bcr-Abl-positive mouse bone marrow cells in a colony-forming
assay, though these mutants did not appear to work through
stabilization of Bcr-Abl, as reported for the Hsp90 inhibitor
geldanamycin (3). These data suggest that suppression of
Hsp90� phosphorylation triggers some degree of chemoresis-
tance in the leukemic cells, potentially because of apoptosome

inhibition. We note, however, that expression of Hsp90�
(S226A/S255A) per se is not sufficient to transform normal
Ba/F3 cells or primary mouse hematopoietic cells (M. Kuro-
kawa, C. Zhao, T. Reya, and S. Kornbluth, unpublished data),
suggesting that additional oncogenic signaling is necessary to
drive tumorigenesis. It will be of great interest to investigate
the relationship of Ser 226/255 phosphorylation to malignancy,
chemoresistance, and prognosis of leukemias. In addition, it
may be possible to extend these observations to other leuke-
mias and, potentially, to solid tumors that are also driven by
aberrant expression of constitutively active tyrosine kinases.
Lastly, our results suggest kinases and phosphatases regulating
Hsp90� phosphorylation as potential therapeutic targets. His-
tone deacetylase inhibitors and geldanamycin derivatives, both
of which impair Hsp90 function, have shown promise for the
treatment of leukemias in combination with tyrosine kinase
inhibitors such as imatinib (16, 32). These agents appear to act,
in part, by promoting degradation of the activated kinases.
Since the hypophosphorylated Hsp90� did not alter Bcr-Abl
levels in our experiments (Fig. 8D), it may be that agents
affecting Hsp90 phosphorylation status would offer a distinct
and possibly beneficial avenue to complement Hsp90 inhibi-
tors.
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