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Review article

The molecular biology of chronic myeloid leukemia
Michael W. N. Deininger, John M. Goldman, and Junia V. Melo

Chronic myeloid leukemia (CML) is probably the most extensivelyesponse to genotoxic strédgnd in the transmission of informa-
studied human malignancy. The discovery of the Philadelphia (Pfign about the cellular environment through integrin signaffhg.
chromosome in 196@s the first consistent chromosomal abnorma({For a comprehensive review of Abl function, see Van Bfen
ity associated with a specific type of leukemia was a breakthrou@lverall, it appears that the Abl protein serves a complex role as a
in cancer biology. It took 13 years before it was appreciated that thellular module that integrates signals from various extracellular
Ph chromosome is the result of a t(9;22) reciprocal chromosonaaid intracellular sources and that influences decisions in regard to
translocatiof and another 10 years before the translocation wagll cycle and apoptosis. It must be stressed, however, that many of
shown to involve theABL proto-oncogene normally on chromo-the data are based solely on in vitro studies in fibroblasts, not
some 9 and a previously unknown gene on chromosome 22, lateematopoietic cells, and are still controversial. Unfortunately, the
termedBCR for breakpoint cluster regiohThe deregulated Abl generation ofABL knockout mice failed to resolve most of the
tyrosine kinase activity was then defined as the pathogenetiotstanding issue’:23
principle? and the first animal models were develoféddhe end of The 160-kd Bcr protein, like Abl, is ubiquitously expresséd.g g
the millennium sees all this knowledge transferred from the ben&everal structural motifs can be delineated (Figure 2). The fg’st
to the bedside with the arrival of Abl-specific tyrosine kinas&l-terminal exon encodes a serine—threonine kinase. The anly
inhibitors that selectively inhibit the growth &CR-ABIl=-positive substrates of this kinase identified so far are Bap-1, a member ofthe
cells in vitro”8and in vivo? 14-3-3 family of proteing* and possibly Bcr itself! A coiled—coil

In this review we will try to summarize what is currently knowndomain at the N-terminus of Bcr allows dimer formation in vivo.
about the molecular biology of CML. Because several aspects Tfie center of the molecule contains a region wdthl-like and
CML pathogenesis may be attributable to the altered function of tipéeckstrin-homology (PH) domains that stimulate the exchang%of
2 genes involved in the Ph translocation, we will also address tgaanidine triphosphate (GTP) for guanidine diphosphate (GDP)a)n
physiological roles o0BCRandABL. We concede that a review of Rho guanidine exchange factdfswhich in turn may activate % s
this nature can never be totally comprehensive without losiricanscription factors such as NéB.2” The C-terminus has GTPasé
clarity, and we therefore apologize to any authors whose work vaetivity for Rac?® a small GTPase of the Ras superfamily that
have not cited. regulates actin polymerization and the activity of an NADP§-I
oxidase in phagocytic celf.In addition, Bcr can be phosphory,a
lated on several tyrosine residu@gspecially tyrosine 177, whlchw
binds Grb-2, an important adapter molecule involved in t@e
activation of the Ras pathwaylnterestingly, Abl has been showrg
to phosphorylate Ber in COS1 cells, resulting in a reduction of B%r
kinase activityl-32Although these data argue for a role of Ber ig
The ABL gene is the human homologue of thealst oncogene sjgnal transduction, their true biologic relevance remains to §e
carried by the Abelson murine leukemia virus (A-MulV)and it determined. The fact th&CR knockout mice are viable and the
encodes a nonreceptor tyrosine kindseluman Abl is a ubiqui- fact that an increased oxidative burst in neutrophils is thus far B'le
tously expressed 145-kd protein with 2 isoforms arising fromnly recognized defe®t probably reflect the redundancy OE
alternative splicing of the first exdA.Several structural domains signaling pathways. If there is a role for Ber in the pathogenesisgof
can be defined within the protein (Figure 1). Three SRC homologh-positive leukemias, it is not clearly discernible because fhe
domains (SH1-SH3) are located toward the Nidrminus. The jncidence and biology of P186R4BL_induced leukemia are theﬂ,
SH1 domain carries the tyrosine kinase function, whereas the Skldme inBCR—/— mice as they are in wild-type mic8.
and SH3 domains allow for interaction with other protéihs.
Proline-rich sequences in the center of the molecule can, in turn,
interact with SH3 domains of other proteins, such as*€ilaward
the 3 end, nuclear localization signafsand the DNA-binding® Molecular anatomy
and actin-binding motif§ are found. of the BCR-ABL translocation

Several fairly diverse functions have been attributed to Abl, and
the emerging picture is complex. Thus, the normal Abl protein iBhe breakpoints within thABL gene at 9934 can occur anywhere
involved in the regulation of the cell cycté!®in the cellular over a large (greater than 300 kb) area at iterid, either upstream
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Figure 1. Structure of the Abl protein.  Type la isoform is slightly shorter than type
Ib, which contains a myristoylation (myr) site for attachment to the plasma mem-
brane. Note the 3 SRC-homology (SH) domains situated toward the NH, terminus.
Y393 is the major site of autophosphorylation within the kinase domain, and
phenylalanine 401 (F401) is highly conserved in PTKs containing SH3 domains. The
middle of each protein is dominated by proline-rich regions (PxxP) capable of binding
to SH3 domains, and it harbors 1 of 3 nuclear localization signals (NLS). The carboxy
terminus contains DNA as well as G- and F-actin—binding domains. Phosphorylation
sites by Atm, cdc2, and PKC are shown. The arrowhead indicates the position of the
breakpoint in the Ber-Abl fusion protein.
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Figure 3. Locations of the breakpointsinthe ~ ABL and BCR genes and structure

of the chimeric mMRNAs derived from the various breaks.

of the first alternative exon Ib, downstream of the second alterna-
tive exon la, or, more frequently, between the $v(Figure 3).
Regardless of the exact location of the breakpoint, splicing of t

peojumoq

r\]/[;?'sirious parts oBCR and ABL in the oncogenic fusion protein.g
- X e ) ImterestinglyABL exon 1, even if retained in the genomic fusion, §
primary hybrid transcript yields an mMRNA molecule in whBER never part of the chimeric mRNA. Thus, it must be spliced 0Bt

se_qutenc_(irs]_ aéecl;glsed chLtean fag' In collnt(rjazt tAfL._ btre?k-t during processing of the primary mRNA; the mechanism underg/—
poInts within ocalize 1o L of 5 so-called breakpoint clus ering this apparent peculiarity is unknown. Based on the observatgon
regions pcr). In most patients with CML and in approximately on

third of patients with Ph-positive acute lymphoblastic Ieukem‘?tat]at the Abl part in the chimeric protein is almost invariably

e constant while the Bcr portion varies greatly, one may deduce that
(ALL), the break occurs within a 5.8-kb area spannigRexons Abl is likely to carry the transforming principle whereas th%

12-16 (o_rlgmally referr_ed to as exons b1-bS), deflne_d as th_e_ maJ(?l?ferent sizes of the Bcr sequence may dictate the phenotype o@he
breakpoint cluster region (Nder). Because of alternative spllcmg,d.Sease In support of this notion, rare cases of ALL express a

fusion transcripts with either b2a2 or b3a2 junctions can be form ) L . ;
P J L-ABL fusion gené?#*indicating that theBCR moiety can in

A 210-kd chimeric protein (P2E6R4BY is derived from this ~~ " le b laced by oth d siill leuk
mRNA. In the remaining patients with ALL and rarely in patient@“ncIpe € replaced by ofher sequences and st cause feu

with CML, characterized clinically by prominent monocyto%ig? Interestingly, a fusion betweeREL(ETV6)and theABL-related

the breakpoints are further upstream in the 54.4-kb region betwei§'¢ARG has recently been described in a patient with AML.S
the alternativlBCRexons e2and e2, termed the minor breakpoint-\though all 3 major Ber-Abl fusion proteins induce a CML-likes
cluster region (bcr). The resultant e1a2 mRNA s translated intgliS€ase in mice, they differ in their ability to induce lymphoig
a190-kd protein (P1397BY. Recently, a third breakpoint cluster/€ukemial® an_d, in contrast to P190 and_ P_210, transformgtlon )
region (-ber) was identified downstream of exon 19, giving rise tgrowth factor independence by P238 4t is incomplete?? which

a 230-kd fusion protein (P280R4BY associated with the rare 'S c.0.n5|stent Wlth the rel.a}tlvely benign clinical course of P23
Ph-positive chronic neutrophilic leukenf&,though not in all POsitive chronic neutrophilic leukem#é.

cased? If sensitive techniques such as nested reverse transcription-One of the most intriguing questions relates to the evegts
polymerase chain reaction are used, transcripts with the e1a2 fugigdPonsible for the chromosomal translocation in the first plage.
are detectable in many patients with classical B930BLCML .40  From epidemiologic studies it is well known that exposure n;go
The low level of expression of these P190-type transcripts con@nizing radiation (IR) is a risk factor for CME24° Moreover, £
pared to P210 indicates that they are most likely the result BCR-ABLfusion transcripts can be induced in hematopoietic cefls
alternative splicing of the primary mRNA. Occasional cases withy exposure to IR in vitr&; such IR-induced translocations may
other junctions, such as b2a3, b3a3, ela3, ébaRe2a22 have not be random events but may depend on the cellular backgrognd
been reported in patients with ALL and CML. These “experimen@&nd on the particular genes involved. Two recent reports showed
of nature” provide important information as to the function of théhat the physical distance between B@Rand theABL genes in
human lymphocyté$ and CD34 cells’? is shorter than might be
expected by chance; such physical proximity could favor transloca-
tion events involving the 2 genes. However, the presence of the
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o BCR-ABL translocation in a hematopoietic cell is not in itself

A P190 (1-426)

P2I0(1-902927)  P230{1-1176)

sufficient to cause leukemia beca@R-ABLfusion transcripts of
M-bcr and mbcr type are detectable at low frequency in the blood
of many healthy individual8>* It is unclear why Ph-positive
leukemia develops in a tiny minority of these persons. It may be
that the translocation occurs in cells committed to terminal
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Figure 2. Structure of the Ber protein.  Note the dimerization domain (DD) and the 2
cyclic adenosine monophosphate kinase homologous domains at the N terminus.
Y177 is the autophosphorylation site crucial for binding to Grb-2. The center of the
molecule contains a region homologous to Rho guanidine nucleotide exchange
factors (Rho-GEF) as well as dbl-like and pleckstrin homology (PH) domains. Toward
the C-terminus a putative site for calcium-dependent lipid binding (CaLB) and a
domain with activating function for Rac-GTPase (Rac-GAP) are found. Arrowheads
indicate the position of the breakpoints in the BCR-ABL fusion proteins.

differentiation that are thus eliminated or that an immune response
suppresses or eliminates Bcr-Abl-expressing cells. Indirect evi-
dence that such a mechanism may be relevant comes from the
observation that certain HLA types protect against CMAnother
possibility is thatBCR-ABLIis not the only genetic lesion required

to induce chronic-phase CML. Indeed, a skewed pattern of G-6PD
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isoenzymes has been detected in Ph-negative Epstein-Barr virlggle 1. Substrates of BCR-ABL
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transformed B-cell lines derived from patients with CML, suggest- Protein Function Reference
ing that a Ph-negative pathologic state may precede the emergeggeox Adapter 74
of the Ph chromosonté. Crkl Adapter 73
Crk Adapter 13
Shc Adapter 75
MeChanismS Of BCR-ABL —mediated Talin Cytoskeleton/cell membrane 76
I. tt f t. Paxillin Cytoskeleton/cell membrane 7
ma Ignan ransiormation Fak Cytoskeleton/cell membrane 78
Essential features of the Bcr-Abl protein Fes Myeloid differentiation 7
Ras-GAP Ras-GTPase 80
Mutational analysis identified several features in the chimerf¢/AP-associated proteins Ras activation? 214
protein that are essential for cellular transformation (Figure 4). Y Phospholipase 8o

Abl they include the SH1, SH2, and actin-binding domains (Figufg® "ase (P85 subunit
1), and in Bcr they include a coiled—coil motif contained in aminszp_
acids 1-635 the tyrosine at position 17%7,and phosphoserine— be
threonine-rich sequences between amino acids 192-242 and 22§-

Serine kinase

Cytoplasmic phosphatase
14-3-3 protein

Unknown

Hematopoietic differentiation

127
83
24
81
82

4138 (Figure 2). It is, however, important to note that essentiat
features depend on the experimental system. For example, SH2
deletion mutants of Bcr-Abl are defective for fibroblast transform
tion % but they retain the capacity to transform cell lines to fact
independence and are leukemogenic in anirfals.

1} papeojumoq

Kinase domain) leads to the transformation of rodent fibroblasfjs.
Because this residue is highly conserved in tyrosine kinases with
N-terminal SH3 domains, it may bind internally to the SH@

domain®Itis conceivable that the fusion of Bcr sequencesf &
the Abl SH3 domain abrogates the physiologic suppressiongof
Abl tyrosine kinase activity is tightly regulated under physithe kinase. This might be the consequence of homodirger
ologic conditions. The SH3 domain appears to play a criticérmation; indeed, the N-terminal dimerization domain is a@n
role in this inhibitory process because its deletfosr positional essential feature of the Bcr-Abl protein but can be functiona@y
alteratiorf* activates the kinase; it is replaced by virghg replaced by other sequences that allow for dimer formati<§1,
sequences in &bl.82 Both cis- and trans-acting mechanismsuch as the N-terminus of tHeEL (ETV-6 transcription factor
have been proposed to mediate the repression of the kinaigethe TEL-ABL fusion associated with the t(9;127° It is
Several proteins have been identified that bind to the SH#ssible that deregulated tyrosine kinase activity is a unifyifig
domain®3-65 Abi-1 and Abi-2 (Abl interactor proteins 1 and 2)feature of chronic myeloproliferative disorders. Several oth%r
activate the inhibitory function of the SH3 domain; even moreeciprocal translocations have been cloned from patients wéth
interesting, activated Abl proteins promote the proteasomehronic BCR-ABl=negative myeloproliferative disorders. Re3
mediated degradation of Abi®dand Abi-2. Another candidate markably, most of these turn out to involve tyrosine kinases s@h
inhibitor of Abl is Pag/Msp23. On exposure of cells to oxidativeas fibroblast growth factor receptor!land platelet-derived @
stress such as ionizing radiation, this small protein is oxidizegtowth factorp receptor (PDGBR).72

and dissociates from Abl, whose kinase is in turn activ&fed. A host of substrates can be tyrosine phosphorylateBdsyAbl
These results are in line with previous observations that high{¥able 1). Most important, because of autophosphorylation, therg is
purified Abl protein is kinase-activé, suggesting that its a marked increase of phosphotyrosine Ber-Abl itself, which &
constitutive inhibition derives from a trans-acting mechanisnereates binding sites for the SH2 domains of other proteifis.
Alternatively, the SH3 domain may bind internally to theGenerally, substrates &fcr-Abl can be grouped according to theig
proline-rich region in the center of the Abl protein, causing physiologic role into adapter molecules (such as Crkl an®@62 =
conformational change that inhibits interaction with subproteins associated with the organization of the cytoskeleton gnd
strates®® Furthermore, a mutation of P#H& to Val (within the the cell membrane (such as paxillin and talin), and proteins with
catalytic function (such as the nonreceptor tyrosine kinase Fe& or
the phosphatase Syp). It is important to note that the choice of
substrates depends on the cellular context. For example, Crkl is the
major tyrosine-phosphorylated protein in CML neutrophls,
whereas phosphorylated g&% is predominantly found in early
progenitor cellg#

Tyrosine phosphatases counterbalance and regulate the effects
of tyrosine kinases under physiologic conditions, keeping cellular
phosphotyrosine levels low. Two tyrosine phosphatases**ayyl
PTP1B8% have been shown to form complexes with Bcr-Abl, and
both appear to dephosphorylate Bcr-Abl. Interestingly, PTP1B
levels increase in a kinase-dependent manner, suggesting that the
cell attempts to limit the impact of Bcr-Abl tyrosine kinase activity.
Atleast in fibroblasts, transformation by Ber-Abl is impaired by the
overexpression of PTP1BInterestingly, we recently observed the
up-regulation of receptor protein tyrosine phosphataRPTP«)
with the inhibition of Bcr-Abl in BV173 cells treated with the

Deregulation of the Abl tyrosine kinase

/4pd-aj0
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BCR-ABL

Figure 4. Signaling pathways activatedin ~ BCR-ABL —positive cells. Note that this
is a simplified diagram and that many more associations between Bcr-Abl and
signaling proteins have been reported.
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tyrosine kinase inhibitor STI57%, which suggests that the oppo-
site effect may also occur. Thus, though the pivotal role of Becr-Abl
tyrosine kinase activity is clearly established, much remains to b
learned about the significance of tyrosine phosphatases in tr
transformation process.

Activated signaling pathways and biologic properties
of BCR-ABL—positive cells : o PI3K

Three major mechanisms have been implicated in the malignar
transformation byBcr-Abl, namely altered adhesion to stroma cells
and extracellular matri&] constitutively active mitogenic signal-
ing® and reduced apopto8¥s (Figure 5). A fourth possible
mechanism is the recently described proteasome-mediated degrac
tion of Abl inhibitory proteins?®

L NUCLEUS =

Altered adhesion properties Figure 6. Signaling pathways with mitogenic potential in BCR-ABL —trans-

formed cells. The activation of individual paths depends on the cell type, but the
CML progenltor cells exhibit decreased adhesion to borWAP kinase system appears to play a central role. Activation of p38 has been

marrow stroma cells and extracellular mat¥é0 In this sce- demonstrated only in v-abi-transformed cells, whereas data for BCR-ABL—
nario, adhesion to stroma negatively regulates cell proliferatiogpressing cells are missing.

and CML cells escape this regulation by virtue of their perturbed

adhesion properties. Interferan¢IFN-a), an active therapeutic pctivation of mitogenic signaling

agent in CML, appears to reverse the adhesion défeRecent

data suggest an important role f@fintegrins in the interaction Ras and the MAP kinase pathwayseveral links betweenz
between stroma and progenitor cells. CML cells express &¢r-Abl and Ras have been defined. Autophosphorylation vof
adhesion-inhibitory variant op1 integrin that is not found in tyrosine 177 provides a docking site for the adapter moIec@Ie
normal progenitor82 On binding to their receptors, integrins areGrb-257 Grb-2, after binding to the Sos protein, stabilizes Ras in ﬁs
capable of initiating normal signal transduction from outside tactive GTP-bound form. Two other adapter molecules, Shc &nd
insidé®?; it is thus conceivable that the transfer of signals th&rkl, can also activate Ras. Both are substrates of Bcr2Aband
normally inhibit proliferation is impaired in CML cells. Becausebind Bcr-Abl through their SH2 (Shc) or SH3 (Crkl) domains. ThHg
Abl has been implicated in the intracellular transduction of sudielevance of Ras activation by Crkl is, however, questionaBie
signals, this process may be further disturbed by the presencedetause it appears to be restricted to fibrobféStdoreover, direct §

a large pool of Ber-Abl protein in the cytoplasm. Furthermorepinding of Crkl to Ber-Abl is not required for the transformation of
Crkl, one of the most prominent tyrosine-phosphorylated pranyeloid cellst®? Circumstantial evidence that Ras activation %
teins in Ber-Abl—transformed cell8,is involved in the regula- important for the pathogenesis of Ph-positive leukemias corges
tion of cellular motility®* and in integrin-mediated cell adhe-from the observation that activating mutations are uncommon, egen
sior® by association with other focal adhesion proteins such #sthe blastic phase of the dised8eunlike in most other tumors. g
paxillin, the focal adhesion kinase Fak, p130C&and Hef1%7 This implies that the Ras pathway is constitutively active, and ﬁo
We recently demonstrated that Bcr-Abl tyrosine kinase ugdrther activating mutations are required. There is still dispute agto
regulates the expression @6 integrin mRNA& which points to  which mitogen-activated protein (MAP) kinase pathway is dowg-
transcriptional activation as yet another possible mechanism syeam of Ras in Ph-positive cells. Stimulation of CytOkII’B’E
which Bcr-Abl may have an impact on integrin signaling. Thuggceptors such as IL-3 leads to the activation of Ras and Ehe
though there is sound evidence that Ber-Abl influences integrinibsequent recruitment of the serine—threonine kinase Raf tothe
function, it is more difficult to determine the precise nature ofell membranéd® Raf initiates a signaling cascade through ﬂﬁ
the biologic consequences, and, at least in certain cellulg@rine—threonine kinases Mek1/Mek2 and Erk, which u|t|mat@y
systems, integrin function appears to be enhanced rather theads to the activation of gene transcripti8fiAlthough some data ®
reduced by Bcr-AbP8 indicate that this pathway may be activated only in v-abl—but not in
BCR-ABL-transformed cell&® this view has recently been chal-
lengedi® Moreover, activation of the Jnk/Sapk pathway by
Bcer-Abl has been demonstrated and is required for malignant
transformatio®7; thus, signaling from Ras may be relayed through
the GTP-GDP exchange factor R#¥cto Gckr (germinal center
kinase relatedy® and further down to Jnk/Sapk (Figure 6). There is

Vi also some evidence that p38, the third pillar of the MAP kinase
A‘:l]t]:;f:n I’:“‘;‘t:“:.s“ pathway, is also activated in BCR-ABL-transformed cells, and
ctivation IR there are other pathways with mitogenic potential. In any case, the

oneoigndyse//:dpy wouy papeojumod
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l signal is eventually transduced to the transcriptional machinery of
the cell.

: Itis also possible that Bcr-Abl uses growth factor pathways in a
Mallgnant . e . .
Phenotype more direct way. For example: association with feesubunit of

the IL-3 receptofl® and the Kit receptdt! has been observed.

Figure 5. Mechanisms implicated in the pathogenesis of CML. Interestingly, the pattern of tyrosine-phosphorylated proteins seen
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in normal progenitor cells after stimulation with Kit ligand is Myc pathway. Overexpression of Myc has been demonstrated
similar to the pattern seen in CML progenitor céi$.Dok-1 in many human malignancies. It is thought to act as a transcription
(p62°°K), one of the most prominent phosphoproteins in thifactor, though its target genes are largely unknown. Activation of
setting, forms complexes with Crkl, RasGAP, and Bcr-Abl. In faciMlyc by Bcr-Abl is dependent on the SH2 domain, and the
there may be a whole family of related proteins with similaoverexpression of Myc partially rescues transformation-defective
functions—for example, the recently described Dok-2 §$%5@)113 SH2 deletion mutants whereas the overexpression of a dominant-
Somewhat surprisingly, p62X is essential for transformation of negative mutant suppresses transformat#ihe pathway linking
Rat-1 fibroblasts but not for growth-factor independence of myvyc to the SH2 domain of Bcr-Abl is still unknown. However,
eloid celld!4 thus, its true role remains to be defined. results obtained in v-abl-transformed cells suggest that the signal is
Jak-Stat pathway.The first evidence for involvement of the Jak-transduced through Ras/Raf, cyclin-dependent kinases (cdks), and
Stat pathway came from studies in v-abl-transformed B @llensti- E2F transcription factors that ultimately activate the MYC pro-
tutive phosphorylation of Stat transcription factors (Statl and Stat5) haster'34 Similar results were reported for BCR-ABL-transformed
since been reported in several BCR-ABL—positive cell fitteand in  murine myeloid cell$*® How these findings relate to human
primary CML cells!'¢ and Stat5 activation appears to contribute t&h-positive cells is unknown. It seems likely that the effects of Myc
malignant transformatiok? Although Stat5 has pleiotropic physiologicin Ph-positive cells are probably not different from those in other
functionsi® its effect in BCR-ABL—transformed cells appears to béumors. Depending on the cellular context, Myc may constituteya
primarily anti-apoptotic and involves transcriptional activation oproliferative or an apoptotic sign&i®137It is therefore likely that 3 5
Bcl-xL.119.120|n contrast to the activation of the Jak-Stat pathway bthe apoptotic arm of its dual function is counterbalanced in CI\,§L
physiologic stimuli, Bcr-Abl may directly activate Statl and Stat&ells by other mechanisms, such as the PI3 kinase pathway.
without prior phosphorylation of Jak proteins. There seems to be
specificity for Staté activation by PI8'RAEL proteins as opposed to '"Mpition of apoptosis

P21ECRABLILS |t is tempting to speculate that the predominantly Expression of Bcr-Abl in factor-dependent murffe and
lymphoblastic phenotype in these leukemias is related to this peculiai{ymari22 cell lines prevents apoptosis after growth-factor wnl&
The role of the Ras and Jak-Stat pathways in the cellulgfawal, an effect that is critically dependent on tyrosine kinabe
response to growth factors could explain the observation trla'f’étlvny and that correlates with the activation of R&&¥ More-
BCR-ABLrenders a number of growth factor-dependent cell lingsyer, several studies showed tBER-ABL-positive cell lines are &

=3

factor independerif®>!?!In some experimental systems there isesistant to apoptosis induced by DNA dam&&°The underly-
evidence for an autocrine loop dependent on the Ber-Abl-inducggy biologic mechanisms are still not well understood. Ber- ABI
secretion of growth factor$? and it was recently reported thatmay block the release of cytochrome C from the mitochondria and
Ber-Abl induces an IL-3 and G-CSF autocrine loop in earlyhys the activation of caspasesi4? This effect upstream of &
progenitor cell$? Interestingly, Ber-Abl tyrosine kinase activity caspase activation might be mediated by the Bcl-2 family gf
may induce expression not only of cytokines but also of growigroteins. Ber-Abl has been shown to up-regulate Bcl-2 in a Rasg
factor receptors such as the oncostatiivecepto® One should or a PI3 kinase- -depend@ft manner in Baf/3 and 32D cells&
bear in mind, however, that during the chronic phase, CMjespectively. Moreover, as mentioned previously, Bitranscrip-
progenitor cells are still dependent on external growth factors f@pnally activated by Stat5 iBCR-ABIl—positive cells:19.120
their survival and proliferatiof%*though less than normal progeni-  Another link betweeBCR-ABLand the inhibition of apoptosisg
tors?2> A recent study sheds fresh light on this issue. FDCPmixight be the phosphorylation of the pro-apoptotic protein Bad. §n
cells transduced with a temperature-sensitive mutaBQ@R-ABL  addition to Akt, Raf-1, immediately downstream of Ras, phosph@r-
have a reduced requirement for growth factors at the kinagkrites Bad on 2 serine residué$145Two recent studies prowdedo
permissive temperature without differentiation bldékThis situa- evidence that the survival signal provided by Bcr-Abl is at least
tion resembles chronic-phase CML, in which the malignant clorgartially mediated by Bad and requires targeting of Raf-1 to f§1e
has a subtle growth advantage while retaining almost normaitochondrial®147It is also possible that Ber-Abl inhibits apoptog
differentiation capacity. sis by down-regulating interferon consensus sequence binding
PI3 kinase pathway.PI3 kinase activity is required for the protein (ICSBP}%149These data are interesting because ICSEP
proliferation of BCR-ABI=positive cells:?” Ber-Abl forms multi-  knockout mice develop a myeloproliferative syndroffeand ¢
meric complexes with PI3 kinase, Chl, and the adapter moleculesmatopoietic progenitor cells from ICSBP— mice show altered *
Crk and Crkl?®in which PI3 kinase is activated. The next relevantesponses to cytokind&t The connection to interferom, an active
substrate in this cascade appears to be the serine—threonine kigggst in the treatment of CML, is obvious.
Akt.1?8 This kinase had previously been implicated in anti- It becomes clear that the multiple signals initiated by Bcr-Abl
apoptotic signaling?® A recent report placed Akt in the down- have proliferative and anti-apoptotic qualities that are frequently
stream cascade of the IL-3 receptor and identified the pro-apoptafifficult to separate. Thus, Bcr-Abl may shift the balance toward
protein Bad as a key substrate of ARR.Phosphorylated Bad is the inhibition of apoptosis while simultaneously providing a
inactive because it is no longer able to bind anti-apoptotic proteipgoliferative stimulus. This is in line with the concept that a
such as Bgl_ and it is trapped by cytoplasmic 14-3-3 proteinsproliferative signal leads to apoptosis unless it is counterbalanced
Altogether this indicates that Bcr-Abl might be able to mimic théy an anti-apoptotic signa®? and Bcr-Abl fulfills both require-
physiologic IL-3 survival signal in a PI3 kinase-dependent mannetents at the same time. There is, however, controversy. One report
(see also below). Shigt and Ship-232 2 inositol phosphatases found 32D cells transfected wiBCR-ABLto be more sensitive to
with somewhat different specificities, are activated in response I® than the parental cell§3whereas 2 other studies failed to detect
growth factor signals and by Bcr-Abl. Thus, Bcr-Abl appears tany difference between CML and normal primary progenitor cells
have a profound effect on phosphoinositol metabolism, whickith regard to their sensitivity to IR and growth factor with-
might again shift the balance to a pattern similar to physiologitrawal!?4154Furthermore, based on results obtained in transfected
growth factor stimulation. cell systems, it was suggested that Bcr-Abl inhibits apoptosis
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mediated by the Fas receptor/Fas ligand sysfntHowever, their number has grown considerably in the past few y&4ikhey
though there may be a role for this system in mediating the clinicaiclude cell lines with myeloid differentiation, such as the well-
response to interferoa;'*¢there is no indication that Fas-triggerecknown K562, and lymphoid phenotype, such as BV173. The main
apoptosis is defective in primary CML cells or in “natural’drawback common to all these lines is the fact that they are derived
Ph-positive cell line$?” Moreover, Bcr-Abl accelerates C2 cer-from blast crisis and, thus, contain genetic lesions in addition to
amide-induced apoptosi& and it does not protect against naturaBCR-ABL Consequently, they may reflect blast crisis fairly well
killer cell-induced apoptosi®® These inconsistencies may reflecbut are insufficient models of chronic phase CML. Until now, no
genuine differences between cell lines and primary cells. On tbell line from chronic phase CML has been established, just as no
other hand, it is debatable whether complete growth-factor witbell line could be derived from normal human bone marrow. Even
drawal and IR constitute stimuli that have much physiologiattempts to immortalize Ph-positive B-cells from patients in the
relevance. To allow for a representative comparison, it would lhironic phase of disease were not successful because these lines

crucial to define the signals that induce apoptosis in vivo. have a limited life spaff® in contrast to their Ph-negative
counterparts. One could therefore speculate that the very establish-
Degradation of inhibitory proteins. ment of a line from a patient with CML would be diagnostic of

. . advanced disease. In this context, it is surprising that most human
The recent discovery that Bcr-Abl induces the proteasom&
ML lines remain dependent on Bcr-Abl tyrosine kinase activigy

{:E%ﬁgﬁd fjr?(g:gga?; g:; Qzl-filrs’?ir:%igt:i%%f p:ecitglr:];h\g:t\?va for their proliferation and survival, as shown by their susceptibili
Y Y Y Yo the effects of the Abl- -specific tyrosine kinase inhibitor STIS7 1
by which Ber-Abl induces cellular transformation. Most compel- e

ling, the degradation of Abi-1 and Abi-2 is specific for Ph- posmv(l?iowevgr, the phenotype of the_se (_:ell lines is that of an acgte
elfkemla Therefore great caution is warranted if experimergal
acute leukemias and is not seen in Ph-negative samples 0O

results are to be transferred to chronic phase CML. A strlklﬁg
comparable phenotype. The overall significance of this observatl
ample is the fact that inhibition of apoptosis by Bcr-Abl is eas@/
remains to be seen, and one must bear in mind that the data refer 1o

demonstrable in cell liné® but not in primary cell$? It should
acute leukemias and not to chronic phase CML. It is neverthele

3120 be noted that many of the lines used have undergone hund&ds
tempting to speculate that other proteins, whose level of expressgyn

is regulated through the proteasome pathway, may also be not thousands, of rounds of replication, and different Iaboratorees

graded. A good candidate would be the cell cycle inhibitor p27, bufequently house lines that have little in common but their nam;es

andBCR-ABLpositivity.
to our knowledge no data are available yet.
. wiedg val 4 Transformation of factor-dependent cell lines to growth- fact@r

independence is an important feature of Ber-Abl, and, in fact, otiger
. oncoproteins that contain an activated tyrosine kirfas®.Al-
Experimental models of CML though it is usually difficult to obtain stable expression
CR-ABLin previously immortalized cell lines, this is relatlvelys
%lly achieved in factor-dependent lines, presumably becadise
CR -ABLexpression is an advantage to the latter but uselesﬁor
ven detrimental to the former. Murine cell lines such as Baf/3 aﬁld
2D and human cell lines such as MO7 were used to study ﬁle
effects ofBCR-ABLby direct comparison between transduced a&d
parental cells. A particular advantage of the murine lines is the f§ct
that they are derived from normal nonmalignant hematopoiefnic
Fibroblasts. Fibroblast lines have been used extensively in CMEells. Unfortunately, this does not rule out the developmentf
research because they are easy to manipulate. Fibroblast transfoglglitional mutation$” that confer a selective growth advantagg.
tion—that is, anchorage-independent growth in soft agar—is tfgirthermore, it is not clear how the transformation to complée
standard in vitro test for tumorigenicit§® However, it became factor independence relates to clinical CML in which the cells ate
clear that the introduction &CR-ABLinto fibroblasts has diverse stillfactor-dependent, though obviously less so than norngal
effects, depending on the type of fibroblast used. Thus, thoufmatopoietic cell¥?* The subject of growth factor Independenog
P21(BCRABL transforms Rat-1 fibroblasté! there is no such effect andBCR-ABLtransformation has been reviewed receffiy.
in NIH3T3.162 Moreover, transformation to serum-independent None of the cell lines mentioned above is capable of multlllneage
growth occurs only in few cells (permissive céf, whereas most hematopoietic differentiation. Two strategies are promising in overcom-
undergo growth arrest. These observations show that certéig this restraint. A recent rep&tt shows that murine FDCPmix cells,
cellular requirements must be met if a cell is to be transformed itansduced with a temperature-sensitive mutaf8@R-ABL. become
BCR-ABL Interestingly, this is also the case for the various parts pfrtially factor-independent at the permissive temperature, in analogy to
the Ber-Abl protein. Thus, 8CR-ABLmutant that lacks the SH2 chronic phase CML. They retain the capacity for terminal differentia-
domain retains the capacity to transform hematopoietic 32D celign, similar to chronic phase CML cells. Another approach is the study
to growth factor independent®ebut is defective for fibroblast of embryonic stem (ES) cells transduced WBl8R-ABL In one such
transformatior?? In addition, there are differences between hemat@xperimental system, it was possible to reproduce one cardinal feature of
poietic cells and fibroblasts in terms of interactions with othghe clinical disease in the model, namely the expansion of the myeloid
proteins such as Crkl. The latter is functional in Ras activation amdmpartment at the expense of the erythroid comparttffeimterest-
transformation in fibroblast® but not in hematopoietic celf§! ingly, the increase in total cell numbers in B€R-ABL-transduced ES
Thus, results obtained from studies in fibroblasts must be inteells was found to result from increased proliferation though there was
preted with great caution. little effect on apoptosis, another finding in line with observations in
Hematopoietic cell lines.Until relatively recently, only a few primary Ph-positive cell&+154In this system, a stromal cell layer is
BCR-ABIL=positive lines derived from CML were available, butused on which the ES cells removed from leukemia-inhibitory factor

0IR6/4Pd-

Various experimental systems have been developed to study
pathophysiology of CML. All of them have their advantages an
shortcomings, and it is probably fair to say that there is still no |deg
in vitro or in vivo model that would cover all aspects of the3
human disease.

Cell lines
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(LIF) differentiate into hemangioblasts and then into hematopoie#mimal models

cells. This may explain why these results are not strictly comparabIe_IIRLIS far. no animals other than mice have been used for the stud
those of another study, in whidBCR-ABLresulted in the decreased ’ y

. . L . of CML in vivo. Various approaches have been taken.
formation of embryonal bodies along with increased output of all kln(?s Engraftment of BCR-ABL—transformed cell lines in synge-

of hematopoietic progenitof$: In yet_ anc_)ther_ studyB_C R'ABL_ neic mice. Murine factor-dependent cell lines such as 32D trans-
transformed ES cells transplanted into irradiated mice induced ,a

leukemi d ith feat f CMILIf developed furth duced withBCR-ABLgive rise to an aggressive leukemia when
ceukemic syndrome with many leatures o evelopedIuriner, nsplanted into syngeneic recipief874 This is an excellent in

these models may well be able to retain the major advantage of cgl 0 model to test the efficacy of new drugs, such as the tyrosine

lines—their ease of manipulation—while at the same time moving g, 556 inhibitor STI571, in vivo. Furthermore, the impact on
in vitro system closer to the clinical disease. _ leukemogenicity of modifications within the Bcr-Abl protein and
Bearing all these caveats in mind, there is no doubt that the,gifications to the respective cell lines (such as the introduction
study of cell lines contributed significantly to our understanding qf co-stimulatory moleculé®) can be tested. The main drawback
CML. Particularly, many of the proteins that interact with Ber-Ablg that the disease is a form of acute leukemia and is thus far from
were identified in Ph-positive cell lines, where they are morghronic phase CML.
abundantly expressed than in primary cells. Thus, though thesegngraftment of immunodeficient mice with human BCR-ABL—
lines are invaluable tools for screening, it is important to confirpositive cells.Cell lines derived from human CML blast crisis aré
the results in primary cells. relatively easily propagated in severe combined immunodeficieBcy
Primary cells. The study of patient material and its comparisoSCID) mice!’s The distribution of the leukemia cells is fairlyd
with normal hematopoietic progenitor cells is certainly the goldimilar to the human disease, that is, they home to bone marrow &nd
standard of CML research, particularly for the chronic phase of theripheral blood before they metastasize to nonhematopoigtic
disease. Much of the data refer to operationally defined celluldssues. More recently, it was shown that SCID mice can be
properties of CML versus normal cells, such as clonogenicity engrafted with chronic phase CML cells if the cell inoculum
adherence to bone marrow stroma; to give a comprehensiaege enough (in the range of4 1(° cells)*"® Up to 10% human g
account of the cellular biology of CML would require a review incells were detectable in the recipient bone marrow and shoged
its own right. We will therefore focus on some areas in which theaultilineage differentiation. Interestingly, most colonies wege
study of primary CML cells has been particularly instrumental tBCR-ABL negative and thus were derived from the patiengs
the study of the molecular biology of the disease. residual normal hematopoiesis. This is reminiscent of Iong-teg’n
One of the main problems when studying primary cells jgone marrow cultures of CMI’7 and shows that host factorg‘;_'
inherent in the very nature of chronic phase cells—they tend faodify the disease to a great extent, a problem that will persft,
mature when placed in culture. Thus, the window of time for i§ven if higher percentages of engraftment can eventually e
vitro studies is narrow, and expansion of very primitive cells, thdchieved. A step into this direction is the use of nonobege

(%]

least prevalent but most interesting population, is difficult angiabetes-SCID mice. In addition to the SCID defect in V(DX
carries the risk for introducing nonphysiologic alteratid. recomplnatlon, these animals lack functional natural killer celgs.
Furthermore, there is considerable variation between patieft8ronic phase CML cells and, even more so, cells from accelerafed
that frequently results in an overlap rather than a clear distine_has_f? ortblast Clr'f_'s r%a(:”y engraft ":ctthesf mldced_and thggi@ a
; nificant corr n n engraftment an .
tion between normal cells and CML cells. Last, results ar%? "C? Icothealcl)l etwee Ie _9? PE— a't' !seaset a§
unreliable unless clearly defined cell populations such as cpalpterestingly, e”ce S wefrte SXC l;scl:vleDy _n-postiive n mosd cz;sg;s,
cells are studied. To a large extent, these problems can |Be<_:ontrast to cells engrafted In mice, as mentioned a oge.
overcome by the introduction of retrovirBICR-ABLexpression This may be attributed to technical reasons but may also reflegt a
vectors to murine or human primary bone marrow cells (se%enuine difference between the different strains of mice. We ¢an
“Animal models” below) anticipate that these murine models will be useful for studyifig

i . . . rtain aspects of CML, such as the response to novel forms. of
A striking example of how fruitful the comparison of prlmaryce ain aspects of CML, such a eSPonse 1o Nove! forms,

tréaatment. Their value in investigating the human disease will be

cell populations can be is the study of tyr05|ne-phosphorylattﬁmited because it is difficult to see how disease modification Eoﬁy

i i 112 i
prote_lps |_n CD34 cell§. This study led tq the SUbsequemhostfactors could ever be ruled out. 8
identification of p62°X74173and SHIP2%2as mediators of Ber-Abl— Transgenic mouse modelsAttempts to useBCR-ABLtrans-

induced transformation. Moreover, it produced the importarétenic mice as a CML model go back to the late 1980s, when a
notion that Bcr-Abl tyrosine kinase activity may have CONSE&,||-length cDNA of BCR-ABL was not yet available and an
guences similar to the activation of the KIT recept@rAnother artificial construct of human BCR sequences fused-abhwas
example is the identification of CRKL as the major tyrosineused instead® Since then, a number of studies have been
phosphorylated protein in CML neutrophifs. published that clearly prove the oncogenic potentigBGR-ABL

The recent possibility of turning off the Bcr-Abl tyrosine kinaseseyeral different promoters were used to direct the expression to
activity in cell lines and primary cells with STI5S74provided the the desired target tissues. However, some problems were encoun-
opportunity to study the effects of thBCR-ABL gene when tered. First, it became clear that Bcr-Abl has a toxic effect on
expressed from its naturBICRpromoter at “physiological” levels. embryogenesi&?perhaps the consequence of a cytostatic effect in
This is certainly an advantage over transduced cell systems; #ghhematopoietic tissué&: Recently, the expression BICR-ABL
drawback, however, is that effects related to inhibition of the Kifrom a tetracycline-repressible promoter effectively overcame this
and PDGFR kinases, and potentially other unidentified tyrosin@roblem!82 Most striking, the leukemia in these transgenic mice is
kinases, cannot be ruled out. Furthermore, the Bcr-Abl proteicompletely reversible on re-addition of tetracycline. The second
though kinase-inactive, is still present in the cells and may interfepeoblem with transgenic mice is that the P2RCR-ABLvariant
with other proteins. relevant to CML is difficult to study because it is less efficient in
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inducing leukemia than P190, a finding that was again confirmedrnmore intriguing is why the cells acquire these additional lesions in
a recent stud§” Third and most important, the types of leukemighe first place. A recent report shows that Bcr-Abl enhances the
that developed in these mice were acute and of either B- mwtation rate in the Na-K-ATPase and in the HPRT genomic loci,
T-lymphoid phenotype, regardless of whether they arose in P190kbmth commonly used markers to measure mutation frequency.
P210 transgenic animals. Thus, they resemBIER-ABIL=-positive  Along with this goes enhanced expression of DNA polymefase
ALL but not chronic-phase CMI83.184 |n fact, myeloid leukemias the mammalian DNA polymerase with the least fidelf§P21FCR-
developed rarely, if at all. A recent repftmay represent a major aeL, but not P198°R-ABL phosphorylates and potentially interacts
advance in this respect. In this stuB¢R-ABLwas expressed from with xeroderma pigmentosum group B protein (XPB); as a result,
the Tec promoter, a cytoplasmic tyrosine kinase predominantlye catalytic function of XPB may be reduced, and DNA repair may
expressed in hematopoietic cells. Although the founder mide impaired®®In a recent study p2EGR-4BL transgenic mice were
exhibited excessive proliferation of lymphoblasts, their progemgross-mated with p53 heterozygous mice. In the offspring, the
developed a CML-like disease, albeit after a relatively long latenecgmaining p53 was rapidly lost because of somatic mutation, and
period of approximately 10 months. Thus, it is likely that thehe mice developed a disease that resembled blast ¥fsis.
problems of the transgenic models will eventually be resolved if tidthough this is still not a perfect model of human CML because
gene is targeted to the appropriate cell. the blasts are of T lineage, it strongly supports the concept of
Transduction of murine bone marrow cells with BCR-ABL genomic instability inBBCR-ABI=transformed cells. How Bcr-AbIg
retroviruses. In 1990, several groups reported that a CML-likdeads to these phenomena is unclear, but they might form the basis
myeloproliferative syndrome could be induced whe2ilBBCR- of the presumed genomic instability of chronic phase CML. It &
ABL-infected marrow was transplanted into syngeneic recipilso possible that the alleged anti-apoptotic effect of Bcr-Aj%I
ents®186.187 Transplantation into secondary recipients frequentifavors inaccurate DNA repair where apoptosis would ensueza’rin
produced an identical disease while some mice developed acntemal cells. In line with this concept, a prolonged &@rest after §
leukemias of T- or B-cell phenotype, analogous to the developmédRthas been observed BCR-ABL-expressing cell lines exposed ta;
of lymphoid blast crisis in the clinical disease. Clonality wa®NA-damaging agents’®This arrest could allow for DNA (mis)re-2
demonstrated in many cases. Roughly a quarter of the mice showpedt, whereas in a normal cell the damage would induce apoptasis.
the myeloproliferative disease, whereas other recipients develofggder time this could lead to the accumulation of mutations ih
other distinct hematologic malignancies, such as macropha@€R-ABl—positive cells that finally result in blastic transformég
tumors, B-ALL, T-ALL, and erythroleukemia. Most likely, thesetion. There is no doubt that the excessive proliferation, with its hi§h
different diseases are the consequence of infection of differegll turnover, must be a risk factor per se for additional gg-
committed progenitor cells that, after transformation, give rise teetic lesions. X
the respective progeny. Not surprisingly, the infection conditions
have a major impact on the disease pheno¥jpBuilding on the
foundations of this early work, major improvements to th | lar targets for ther
transduction—transplantation system have been made in the [MQ ecular fargets tor therapy

few years. High-titeBCR-ABLretroviral stocks can be producedAttempts at designing therapeutic tools for CML based on Bir

rapidly by transient transfection of packaging lines; the Culturg, o knowledge of the molecular and cell biology of the disedse

conditions have been refined, and the murine stem cell virus LTH%We concentrated on 3 main areas—the inhibition of gede
. e ; %
has been_ mtroducgd that allows for more efﬁcner.lt expression é’)f(pression at the translational level by “antisense” strategies, ghe
BCR-ABLin the desired target cell. Combining all 3 improvementsyi . iation of the immune system’s capacity to recognize add
689,190 i i 5 X ; )
2 l\;I(T_C(IE'ITt SFUd'ég . 1rep03rtefd th_e_lnduclt;or of a trﬁmSplar;]tabledestroy leukemic cells, and the modulation of protein function ﬁy
CML-like disease in 100% of recipients. Pulmonary hemorrhage 3o s signal transduction inhibitors. The antisense oligonuclgo-
complication not found in human CML, was a frequent cause Qhjetos 190 and ribozym@0 approaches received much attention &

death in both studies, demonstrating that these novel modgig, |45t gecade but have in general failed to fulfill theirtheoreti(‘éal

though a major step forward, may have their own distinct prOble"]&romises. New modifications to the system, such as the use: of
Nevertheless, bone marrow transduction—transplantation most fa R-ABLjunction-specific catalytic subunits of RNaséPmay £

fully reproduces human CML, and further improvements are likely, iajize the field. The issue of immunologic stimulation, be it @
in the near future.

u
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the form of adoptive immunotherapy by donor lymphocyte inft-
siong%? or of BCR-ABLjunction peptide vaccinatiof?? is another
avenue being extensively explored for the treatment of CML.
Transformation to blast crisis Perhaps the most exciting of the molecularly designed therapeu-
tic approaches was brought about by the advent of signal transduc-
Clinically, chronic-phase CML does not represent a major managen inhibitors (STI), which block or prevent a protein from
ment problem because the elevated white blood cell count is readilyerting its role in the oncogenic pathway. Because the main
controlled with cytotoxic agents in most patients, and neutrophilansforming property of the Ber-Abl protein is effected through its
and platelet functions are largely normal. However, the diseasenstitutive tyrosine kinase activity, direct inhibition of such
progresses inexorably to acceleration and blast crisis, often wittdantivity seems to be the most logical means of silencing the
5 years of diagnosis. The mechanisms underlying this evolutiomcoprotein. To this effect, several tyrosine kinase inhibitors have
remain enigmatic. Deletion or inactivation of pi%,p53192 and been evaluated for their potential to modify the phenotype of CML
the retinoblastoma gene prodtféthave been reported but occurcells. The first to be tested were compounds isolated from natural
relatively rarely and, similar to the overexpressiorenfl-11%are  sources, such as the iso-flavonoid genistein and the antibiotic
not specific for blast crisis CML. This probably indicates that &erbimycin A204 Later, synthetic compounds were developed
wide variety of lesions, possibly multiple “cooperating” lesionsthrough a rational design of chemical structures capable of
are required to induce the phenotype of blast crisis. Perhaps ewempeting with the adenosine triphosphate (ATP) or the protein
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ATP-binding competitors kinase activity and still relies on external growth factors. There is
/,.._\\ no doubt, however, that the clinical efficacy and low toxicity of

o STI571 sets a precedent for the further development of targeted
forms of therapy in malignant disease.

An alternative or a supplement to direct inhibition of Bcr-Abl is
interference with proteins that are critical for Bcr-Abl-induced
transformation (Figure 4). One of these proteins is Grb2, whose
SH2 domain binds directly to Ber-Abl through the phosphorylated
tyrosine 177 within the Ber portion of the chiméfand is essential
for activation of the Ras pathway (Figure 8J.Another good
candidate is Ras itself, whose activity depends on its attachment to
the cell membrane through a prenyl (usually a farnesyl) group.
Thus, farnesyl transferase inhibitors (FTI) have been studied for

. N . . 0 . .

Figure 7. Mechanism of action of tyrosine kinase inhibitors. The drug competes their effect in I_nhlbltmg t_he prOIllferatlon of ALE? and Juvemle

with ATP for its specific binding site in the kinase domain. Thus, whereas the myelomonocytlc leukemia Ce”?é and they may be useful for the

physiologic binding of ATP to its pocket allows Bcr-Abl to phosphorylate selected — control of CML cells. Additional targets worth considering arg

tyrosine residues on its substrates (left diagram), a synthetic ATP mimic such as represented by PI-3 and Src kinases, of which the ava||a§’|e

STI571 fits this pocket equally well but does not provide the essential phosphate hibi h b h | £ £

group to be transferred to the substrate (right diagram). The downstream chain of inhibitors have been shown to suppress colony formation g)

reactions is then halted because, with its tyrosines in the unphosphorylated form, this ~ primary progenitors?” proliferation ofBCR-ABl-transfected cell & &

protein does not assume the necessary conformation to ensure association with  |ines, or both?12213|t is envisaged that the progressive unravell

its effector. of which pathways are really essential for the development of ghe

substrate for the binding site in the catalytic center of the kitasediS€ase, coupled to rapid advances in biotechnology, will bringgus
. the ideal combination of rationally designed drugs that can tip @e

(Figure 7).

p'alance toward the re-establishment of normal hematopOI&ls

The most promising of these compounds is the 2-phenylami
opyrimidine STI571 (formerly CGP57418B; Novartis Pharmaced” n CML.
tics, Basel, Switzerland), which specifically inhibits Abl tyrosine
kinase at micromolar concentratiot.Inhibition of the Bcr-Abl
kinase activity by this compound results in the transcriptiongonclusion
modulation of various genes involved in the control of the cell
cycle, cell adhesion, and cytoskeleton organization, leading tl@ough this be madness, yet there is method (Shakespeare W.,
Ph-positive cell to an apoptotic dedh Furthermore, STI571 Hamlet.Act 2, scene 2.)
selectively suppresses the growth of CML primary cells and cell
lines in vitro’® and in mice’?7 Its remarkable specificity and There are 2 ways to conclude this review after going through ﬂé\e
efficacy led to consideration of the drug for therapeutic use. Thusst amount of data presented. Surely one could argue that deg)lte
in the spring of 1998, a phase 1 clinical trial was initiated in thell these data, there is still no clear picture emerging and each p@ce
United States in which patients with CML in chronic phasef additional information adds only more confusion. Alternativelg,
resistant to IFNx were treated with STI571 in increasing doseswhat might help us against capitulation in the face of complexnty§s
The drug showed little toxicity but proved to be highly effectiveto try to simplify without oversimplification.
All patients treated with 300 mg/d or more entered a complete Can we build a model of CML that incorporates all the smentlfg:
hematologic remission. Even more striking, many of the patienti&ta available but still retains clarity? In other words, could e
had cytogenetic respons&s$his might mean that STI571 changesexplain how Bcr-Abl works in a few sentences to somebody WEO
the natural course of the disease, though it is far too early to arriizas never heard of it? Perhaps the most promising approach night
at any definite conclusions. Altogether, the results were convincibg to try to link the biologic behavior of a CML cell to thex
enough to justify the initiation of phase 2 studies that includedgnderlying molecular events (Figure 5). Crucially, we should §e
patients with acute Ph-positive leukemias (CML in blast crisis arable to picture this scenario relying &CR-ABLalone because, ats
Ph-positive ALL) and, at a later stage, a large cohort of interferofeast until now, there is no unequivocal evidence that additiomal
intolerant or -resistant patients. These studies are ongoing. It turrgahetic lesions are present during chronic phase. We do not know
out that STI571 is effective in many patients with acute Ph-positivew long it takes to move from the initial genetic event to fully
leukemia, particularly of lymphoid phenotype. Although in manestablished chronic-phase CML, but there is good reason to believe
patients the remissions are not sustained, the advent of an effecthat the proliferative advantage of CML over normal cells is
oral medication with little toxicity represents a major step forwartimited. Together with the largely normal differentiation capacity
in this very poor risk group. Clearly, elucidation of the mechanisnand function of CML blood cells, one feels that Ph-positive
underlying the resistang® will be of critical importance for the hematopoiesis cannot be so much different from normal hematopoi-
development of further treatment strategies, such as a combinatésis until the disease accelerates. Thus, Bcr-Abl is likely to hijack
of STI571 with conventional cytotoxic drugs or, perhaps, witlpathways that normally increase blood cell output in response to
other STIs (see below). In this context, the most interestinghysiologic stimuli rather than to interrupt or replace them with
question is whether STI571 will be able to eradicate the malignamathways that are not normally used in hematopoietic cells. Indeed,
clone, at least in some patients with chronic-phase CML. Frothere is plenty of experimental evidence to support this notion.
what we know about the disease, this seems unlikely—colomyportantly, Bcr-Abl is capable of activating survival pathways
formation by CML progenitor cells is much reduced but noalong with proliferative stimuli without the need for a second
abrogated in the presence of STI5%+which might mean that a cooperating genetic lesion; in this way, the apoptotic response that
subset of these cells proliferates independently of Ber-Abl tyrosimeould otherwise follow an isolated proliferative stimulus is
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avoided. The sustained dependence on growth factors is @tion? What is the biologic basis for the extraordinary variabil-
indication that Bcr-Abl is not a complete substitute; rather, it tipgy in the clinical course of a disease that appears to carry just a
the balance to provide a limited growth advantage in vivo. Thisingle genetic lesion? What is the molecular basis for the
growth advantage is also dependent on specific survival conditioggnomic instability that we see clinically as relentless progres-
transient regeneration of Ph-negative hematopoiesis is often @fpon to blast crisis?

served after autografting, even when the autograft seems to bewhere do we go from here? The more we learn about the
comprised exclusively of Ph-positive stem cells, and long-tergathogenesis of CML, the more we realize its extraordinary
cultures initiated from patients with chronic-phase CML becomgomplexity. Perhaps one should not be too surprised because it
dominated byBCR-ABL-negative cells after some tim€.Thus, has pecome clear that cellular processes tend to rely on
there appears to be a specific interaction (or noninteraction) igfegrated networks rather than on straight unidirectional path-
CML progenitor cells with their microenvironment that is crucial tQNays. Only in this way can the cell achieve the flexibility
mgintain their proliferative advantage. Whether thi§ in.te.raction i‘%quired to respond to the various stimuli within a multicellular
stimulatory for CML over normal progenitor cells or inhibitory fororganism. Clearly, some components must be more important,

normal over CML progenitor cells remains to be seen. Similarl‘yinol some less so, in the transformation network operated by
we can look at extramedullary hematopoiesis as a loss of functignr_Abl Absolutelly essential features may be restricted to

ie, | f th ity to r ndton tive signal r in . . . .
(i€, loss of the capacity to respond to negative signals) or a ga anctlonal domains and to certain residues of the Bcr-A§I

function (ie, acquisition of a capacity to respond to positive si naﬁs . E
( qu . pacity P P g gotein itself, and downstream effectors may be able to subgti-

that are not provided in the bone marrow) phenomenon. Much 0f p h oth t least t tent. In thi t 3

the evidence implicates integrins in mediating these abnormt:l:"tfe or each other, at least 1o some extent. In this respect, ahe

interactions, but other proteins may also play a role. Overall, fSe of knockout mlcg that l"’,‘Ck spegﬂc downstream molecutes
allow one to define their precise relevance for Bcr-AbIg—.

appears that the organization of cell membrane and cytoskeletoﬁvfg X ’ 5
iated cellular transformation. It may turn out that the

more profoundly perturbed in CML progenitor cells than might b"edia clitar ¥
anticipated from the largely normal function of their progenycOmbined elimination of several components abrogates transgor-
Furthermore, Bcr-Abl may interfere with the “wiring” betweenmation by Bcr-Abl, whereas each component individually is gf

integrin receptors on the cell surface and the nucleus and so distli#ted significance. Chronic phase CML operates very much 8y
the communication of the cell with its environment. AnothefXploiting physiologic pathways, perhaps by gently “coaxing’
mechanism may also be important: Ber-Abl appears to induce thgmatopoiesis toward the classical CML phenotype; nevertge-
degradation of certain inhibitory proteins. This might thwarless it prepares the ground for blast crisis. Thus, to understgnd
cellular counter-reactions that would otherwise be activated, ratfeML, we must study its chronic phase. We must move away
like cutting the telephone cable before the police can be called infrom artificial systems, such as transduced fibroblasts, and tgke
Many questions remain unanswered. Why is there a predomin the demanding task of studying signal transduction &n

nantly myeloid expansion when all 3 lineages carry the translprimary progenitor cells. S
5
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