
as a key player in this otherwise highly
selective “society.”
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Wrapping BCR-ABL: it’s in the bag
----------------------------------------------------------------------------------------------------------------

Junia V. Melo and Duncan R. Hewett CENTRE FOR CANCER BIOLOGY

Leukemia, with its origin in a specific genetic abnormality, will only arise if the cell
properly folds and processes the oncogenic protein encoded by the mutant gene. In
this issue of Blood, Tsukahara and Maru describe a set of proteins that control the
processing of the nascent BCR-ABL oncoprotein, providing new avenues for po-
tential therapeutic intervention in chronic myelogenous leukemia (CML).

CML is caused by the constitutive tyrosine
kinase activity of the BCR-ABL fusion

protein produced by a balanced t(9;22) trans-
location in the hematopoietic stem cell.1 Small

molecule inhibitors of this tyrosine kinase ac-
tivity (hence the name TKIs) are potent drugs,
with the majority of patients showing rapid
and durable eradication of leukemic cells.2

Such therapeutics act by targeting the altered
enzymatic activity of the cancer-causing pro-
tein. However, despite their considerable suc-
cess, resistance to TKIs is still a clinical prob-
lem in a significant number of patients3 and
novel methods of targeting BCR-ABL at the
mRNA or protein level are still sought.

The chaperone protein Hsp90 has long
been known to protect several proteins, in-
cluding BCR-ABL, from intracellular protea-
somal degradation.4 Hsp90 inhibitors have
been developed that prevent the chaperone
from binding BCR-ABL (the unprotected
BCR-ABL is then degraded), and it is hoped
that these will be of clinical benefit in the near
future.5,6 Hsp90 is a member of a complex
pathway of molecules that regulate the fate of
newly synthesized proteins within the cell.
Through a painstaking series of experiments,
Tsukahara and Maru7 have made great strides
in describing the complexities of both newly
synthesized and mature BCR-ABL protein pro-
cessing. Using a combination of techniques and
an array of differentially tagged proteins they
have made some exciting discoveries (see figure).

First, they identified the proteins CHIP
and Cbl as ubiquitin ligases directly involved
in BCR-ABL degradation. They further dem-
onstrated that Hsp90 inhibition in combina-
tion with CHIP overexpression is dramatically
more effective at inducing BCR-ABL degra-
dation than either agent alone. The differential
nature of the ubiquitination of BCR-ABL
during its degradation by CHIP and Cbl is
then described. After investigating a range of
candidate molecular chaperones, the authors
discovered that BCR-ABL is strongly bound
by Bag1 (Bcl-2–associated athanogene-1),
through domains derived from both BCR and
ABL. Interestingly, Hsc70 (another heat-
shock cognate protein) also strongly binds
Bag1 and inhibits its binding to BCR-ABL.
Conversely, CHIP expression enhances Bag1
binding to BCR-ABL. Hsc70 was shown to
inhibit CHIP-induced degradation of BCR-
ABL, consistent with Hsc70 playing a protec-
tive role. After Hsp90 inhibition, Bag1 sorts
BCR-ABL to the proteasome and stimulates
its degradation. In some cell lines, a combina-
tion of both Hsc70 down-regulation and Bag1
overexpression is needed for BCR-ABL
degradation.

While the study has generated a working
model of the decision points in BCR-ABL
protein processing, several questions remain
unanswered. The critical binding sites for

The key proteins regulating the fate of newly synthesized BCR-ABL oncoprotein. In this model, Bag1 and Hsc70
compete for binding to immature BCR-ABL. Bag1 binding will traffic the BCR-ABL for degradation in the
proteasome using the CHIP ubiquitin ligase. Conversely, Hsc70 binding will protect BCR-ABL and allow it to
fully mature, when it is then bound/protected by Hsp90. Alternatively, any unbound mature BCR-ABL is
ubiquitinated by Cbl and degraded in the lysosome (adapted from Figure 7 of the Tsukahara and Maru article).
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Hsc70 and Bag1 could be mapped at a finer
level by point mutagenesis of BCR-ABL. A
more complete characterization of the evolu-
tion from immature to mature forms of BCR-
ABL needs to be undertaken. There is also the
following curious (and at first glance, contra-
dictory) observation. Inhibition of Hsp90
leads to more Hsc70 being bound to BCR-
ABL which should lead to the oncoprotein
being stabilized/protected. However, Hsp90
inhibition leads to a reduction in the amount of
detectable BCR-ABL protein.

Although most of the experiments con-
cerned the p190 form of BCR-ABL that causes
acute lymphoblastic leukemia (ALL), some of
the important findings were also shown to be
valid for the p210 form of BCR-ABL that is
seen in the majority of patients with CML. In
the clinical context of this leukemia, some as-
pects of the data call for pondering. Thus, the
authors speculate that the structure of the
BCR-ABL protein itself, rather than its kinase
activity, is required for BCR-ABL to bind
Bag1. If this is the case, it is intriguing that
imatinib treatment abolishes Bag1 binding and
BCR-ABL degradation completely (as shown
in Figure 3A of their article). Similarly, the
contention that the binding of the T315I
BCR-ABL mutant protein to Bag-1 is due to
this mutant being less structurally mature than
wild-type BCR-ABL still needs to be demon-
strated. Even more important is the apparent
contradiction between the presence of mature
BCR-ABL in CML stem cells and their lack of
imatinib responsiveness. Further investigations
in this area will hopefully clarify these questions.

The study by Tsukahara and Maru goes a
long way toward understanding the nature of
the complex interactions between the various
protein-processing factors and their role in
determining the fate of the BCR-ABL protein
after its synthesis. As such, it provides a wealth
of potential new CML targets, from Hsc70
and CHIP antagonists, to Bag1 agonists, or a
combination of both.
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BMP-2: a culprit for anemia in myeloma
----------------------------------------------------------------------------------------------------------------

Heinz Ludwig WILHELMINENSPITAL, CENTER FOR ONCOLOGY AND HEMATOLOGY

Maes and colleagues1 have found increased BMP-2 in the blood of multiple my-
eloma patients as an important stimulator of hepcidin in addition to other well-
known mediators of hepcidin induction. These findings were obtained by transfec-
tion of human liver HuH7 cells with reporter constructs for the hepcidin promoter
carrying either mutations in BMP-response elements or in STAT3-binding sites.

Myeloma sera activated the hepcidin pro-
moter only in the absence of mutations of

the bone morphogenetic protein (BMP)–
responsive elements (see figure), but retained
activity inpromoterswithamutatedsignal trans-
ducerandactivatorof transcription3(STAT3)–
binding site. This indicates that interleukin-6
(IL-6) may not be essential for hepcidin induc-
tion in every patient and is in accordance with
previous findings that hepcidin can be up-
regulated by IL-6–dependent and IL-6–
independent mechanisms in myeloma.2 Addi-

tionalexperimentsof theauthorsshowedthatIL-6
andBMPscanstimulatehepcidinpromoteractivity
in a synergistic manner, pointing to a crosstalk
between the 2 signaling pathways, possibly in-
volving the transcriptional coactivator p-300 as a
bridge between the transcription factors SMAD
and STAT on the promoter level. Maes et al also
demonstrated for the first time increased BMP-2
levels in myeloma, suggesting a synergistic up-
regulation of hepcidin by BMP-2 and IL-6.

BMPs are members of the transforming
growth factor � (TGF-�) superfamily, a

BMP-2–induced signaling and transcription activation of hepcidin promoter. Adapted with permission from
Rudarakanchana N and Morrell NW. Primary pulmonary hypertension: molecular basis and potential for
therapy. Expert Reviews in Molecular Medicine. 2004;6(6). Cambridge University Press.
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