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Introduction 

Over the past few years, researchers have shed a great deal of new light on the molecular 
mechanisms underlying leukemia, in particular mechanisms of impaired differentiation and 
excessive proliferation. This deeper understanding of leukemia suggests new treatment 
approaches, targeting disease-specific molecular abnormalities. Several such targeted therapies 
are already in clinical use, resulting in much better efficacy and much less toxicity than was seen 
with previous nonspecific, empirically developed treatments. Dissection of molecular pathways 
continues at a brisk pace, and several new molecularly-targeted drugs are in clinical trials. The 
recent appreciation that only a small subpopulation of leukemia cells can propagate the leukemia 
suggests that these leukemia stem cells must be targeted in order for cure to be achieved. Thus, 
efforts are under way to distinguish leukemia from normal stem cells and to develop approaches 
that selectively target the leukemia stem cells. 

In addition to benefiting leukemia patients, these new insights in leukemia biology have been 
paralleled by analogous insights in solid tumors, suggesting that some of the successes of recent 
years in leukemia treatment may be realized in solid tumors as well. 

Background: Myelogenous Leukemias 

This paper will focus on myelogenous leukemias, as translation of molecular understanding to 
clinical treatment is furthest along in the two forms of myelogenous leukemia, acute and chronic 
myelogenous leukemia. Both forms of myelogenous leukemias are cancers of the bone marrow, 
resulting in excessive production of white blood cells. (Figurel) 

Acute myelogenous leukemia 
Acute myelogenous leukemia (AML)1 is understood as a disorder of both impaired 
differentiation and excessive proliferation. 2 In normal hematopoiesis, hematopoietic stem cells 
(HSC) give rise to normal differentiated cells through a highly regulated cascade of increasingly 
differentiated precursor cells.3 HSC are relatively quiescent, but upon division give rise to two 
daughter cells- one an HSC, i.e. division is self-renewing, and the other a progenitor blast cell 
that is committed to giving rise to mature cells through a series of increasingly differentiated 
progenitor cells. In AML, cells at the blast stage both proliferate excessively and are unable to 
differentiate any further. The resultant accumulation of blasts in the marrow leads to markedly 
impaired hematopoiesis. If untreated, patients die within a few weeks of anemia, hemorrhage 
and infection. 

Chronic myelogenous leukemia 
Chronic myelogenous leukemia (CML)4

' 
5 is understood as a disease initially marked by 

excessive proliferation. HSC give rise to committed myeloid progenitors which proliferate 
excessively, giving rise to too many mature granulocytes. At this stage, the so-called chronic 
phase of the disease, the elevated white count is easily controllable with mild oral chemotherapy. 
However, within 4-5 years, the chronic phase of CML inevitably evolves into an acute leukemia
like blast phase, which is characterized by impaired differentiation as well as excessive 
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proliferation of blast cells, leading to accumulation of blast cells in the marrow, impaired 
hematopoiesis, and death within a few weeks. 
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Figurel. Myeloid leukemias- diseases of excessive proliferation and impaired differentiation. Panel A. Normal 
hematopoiesis involves hematopoietic stem cells (HSC) that are self-renewing and give rise to normal differentiated 
cells through a highly regulated cascade of increasingly differentiated precursor cells. Panel B. Acute myelogenous 
leukemia (AML). Leukemic blasts proliferate excessively and fail to differentiate. Panel C. Chronic myelogenous 
leukemia (CML) in chronic phase. Excessive proliferation of precursor cells but preserved differentiation leads to 
excessive production of mature cells. Panel D. CML in blast phase. Precursor cells continue to proliferate 
excessively but can no longer differentiate, leading to an AML-like disease. 

Traditional AML therapy 
Traditional AML treatment has involved nonspecific cytotoxic chemotherapy, which targets both 
malignant and normal cells.1 Such therapy sometimes results in remission because malignant 
cells are sometimes more susceptible to chemotherapy than normal cells. However, because of 
its effect on normal cells, chemotherapy results in prolonged cytopenias with risk of infection 
and hemorrhage and requirement for weeks-long hospital stays. After remission is achieved, 
multiple additional cycles of chemotherapy are given in hopes of eradicating the disease. 
Allogeneic stem cell transplantation (SCI) is sometimes used to treat acute leukemia. 6 In this 
approach, the patient first receives extremely high doses of chemotherapy and total body 
irradiation to eradicate both the leukemia and normal bone marrow cells. Hematopoietic cells 
from an HLA-matched healthy donor are then transfused into the patient, repopulating the 
marrow. This therapy is complicated by both the toxicity of the high dose therapy and by the 
potential attack of donor immune cells against the recipient, a sometimes fatal syndrome called 
graft-versus-host disease (GVHD). Treatment-related mortality of leukemia therapy can range 
from 5% in young adults receiving chemotherapy alone to as high as 50% in patients receiving 
transplants from unrelated donors. Overall cure rates of AML range from 5% in the poorest-risk 
categories to as high as 65% in the best-risk categories, with overall survival averaging 
approximately 20%. 
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Traditional CML therapy 
Traditional therapy of CML has involved oral nonspecific chemotherapy, interferon or allogeneic 
SCT.4 Oral administration of hydroxyurea controls the white cell level but does not delay the 
progression to the fatal blast phase. Subcutaneous administration of interferon-a delays the 
progression to blast phase somewhat but is not curative. Allogeneic SCT is curative in 
approximately 50-75% of younger patients who can tolerate the rigors of the therapy (most 
patients are too old to be treated by this approach), but is complicated by treatment-related 
mortality that ranges from 20-50%, depending on the age of the patient and the source of the 
donor cells (related versus unrelated), and by severe GVHD in approximately 25% of long-term 
survivors. 

Thus, traditional therapy of AML and CML is problematic - the overall percentage of patients 
who are curable is low, and morbidity and mortality rates are high because of the nonspecificity 
of the therapy. 

However, recent insights into the central characteristics of leukemia- excessive proliferation and 
impaired differentiation - have suggested new therapies directed at disease-specific molecular 
abnormalities, with the promise of increased selectivity, and thus greater efficacy and less 
toxicity. 

Restoring Differentiation: The Example of Acute Promyelocytic Leukemia 

Acute promyelocytic anemia clinical features 
Acute promyelocytic leukemia (APML) is a subtype of AML characterized by accumulation of 
immature precursor cells blocked at the stage of promyelocytic differentiation.7 In addition to 
pancytopenia, patients have a severe bleeding diathesis because of the leukemia cells' release of 
procoagulants (leading to disseminated intravascular coagulation) and fibrinolytic compounds; 
hemorrhage is common at presentation and particularly after the initiation of cytotoxic 
chemotherapy, which results in an increased release of procoagulants from dying cells. 
Although potentially curable with standard cytotoxic chemotherapy, the cure rate is relatively 
low, due in part to complications associated with therapy (especially hemorrhage), and in part to 
relapse despite completion of multiple cycles of chemotherapy. 

Backing into differentiation therapy of APML 
Therapy of APML has been revolutionized by treatment with all-trans-retinoic acid (ATRA)8

' 
9

, 

which restores differentiation to the leukemia cells by targeting the molecular abnormality 
specific to this disease. It is illustrative to note that this mechanism-based therapy was, so to 
speak, "backed into". Early cell culture reports had suggested that retinoic acid mediates 
differentiation of APML cells in vitro.10 This led Chinese investigators to treat a small series of 
APML patients empirically with retinoic acid.11 Spectacular results, at first perhaps barely 
believed but subsequently confirmed by others, 12 led laboratory investigators to focus on the 
possibility that the retinoic acid receptor was involved in the chromosomal translocation typical 
for the disease, t(15;17). Several groups simultaneously reported that the t(15;17) translocation 
resulted in a fusion gene containing sequences from the retinoic acid receptor a gene on 
chromosome 17 and sequences from a novel gene (called PML, for promyelocytic leukemia) on 
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chromosome 15.9
' B-ls This fusion gene led to production of the fusion protein PML-RARA, 

which is implicated in pathogenesis of the disease (Figure 2). 

Mechanism by which retinoic acid induces differentiation of APML cells 
Under normal circumstances, the retinoic acid receptor binds to DNA upstream of differentiation 
genes and recruits the nuclear co-repressor complex, which prevents transcription of the 
differentiation genes. Physiologic amounts of retinoic acid, on binding to the retinoic acid 
receptor, induce the retinoic acid receptor to release the nuclear co-repressor complex, allowing 
transcription of downstream differentiation genes and thus allowing differentiation of the 
promyelocytes to mature cells. In APML, the abnormal fusion protein- PML-RARA- binds to 
DNA in the same area and also recruits the nuclear co-repressor complex, thus preventing 
transcription of differentiation genes. However, the mutant PML-RARA receptor is not 
responsive to physiologic doses of retinoic acid. Pharmacologic doses of ATRA, however, 
overcome this resistance, causing release of the nuclear co-repressor and allowing transcription 
of differentiation genes. Thus, malignant promyelocytes containing the t(15;17) translocation 
are induced to differentiate by treatment with pharmacologic doses of ATRA. This can be seen 
in the clinic under the microscope; after a few days of treatment with ATRA, mature 
polymorphonuclear cells sometimes can be observed which contain the Auer rods normally seen 
only in the undifferentiated malignant promyelocytes. 
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Figure 2. Mechanism by which all-trans retinoic acid causes differentiation in acute promyelocytic leukemia 
(APML). Panel A Under normal circumstances, the retinoic acid receptor (RAR) binds to DNA upstream of 
differentiation genes and recruits the nuclear co-repressor complex (NCoR), which prevents transcription. 
Physiologic amounts of retinoic acid (RA), on binding to RAR, induce release of NCoR, allowing transcription of 
differentiation genes. Panel B. In APML, the mutant fusion protein binds DNA and is not sensitive to physiologic 
amounts of RA. Thus, the NCoR remains in place, inhibiting transcription and thus preventing differentiation. 
Panel C. However, treatment of APML with pharmacologic doses of all-trans retinoic acid (ATRA) causes release 
of NCoR, allowing transcription and differentiation to proceed. 

Clinical results withATRA inAPML 
ATRA has become the mainstay of APML therapy. Soon after initiation of ATRA, the 
coagulopathy resolves, and after 4-8 weeks of therapy, nearly all patients are in remission. 
However, ATRA by itself is not sufficient to cure APML; with continued ATRA monotherapy, 
all patients relapse. Thus, for now, it is necessary to give standard cytotoxic chemotherapy as 
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well as ATRA. Randomized studies of ATRA/chemotherapy versus chemotherapy alone 
showed a marked improvement in disease-free survival (55% versus 18% at 3 years). A series 
of methodical randomized trials over the ensuing years has developed an optimal approach to 
APML, which now cures nearly 100% of patients with good-risk disease and even 70-80% of 
patients with poor-risk disease.16 Future strategies will explore the addition of other molecularly 
targeted therapies in APML, perhaps ultimately allowing the elimination of cytotoxic 
chemotherapy. Such strategies are briefly discussed in a later section. 

Targeting Excessive Proliferation: The Example of CML 

As discussed above, CML is characterized initially by excessive proliferation of precursor cells 
but not a block in differentiation, leading to a large number of mature cells. CML therapy has 
been revolutionized by imatinib, which selectively inhibits the molecular target that is 
responsible for excessive proliferation. 

Molecular biology of CML 
In contrast to APML, the development of molecularly-targeted therapy for CML proceeded 
prospectively from definition and characterization of the target, to rational development of a 
target inhibitor, to testing in patients.17 The Philadelphia chromosome characteristic of CML 
was the first recurring disease-specific cytogenetic abnormality de cribed in cancer.18 

Subsequent studies showed that the Philadelphia chromosome actually consisted of a 
translocation between chromosomes 9 and 22.19 Later studies showed that the t(9;22) resulted in 
a fusion gene containing sequences from the ABL gene on chromosome 9 and the BCR gene on 
chromosome 22.20

' 
21 This fusion gene, BCR-ABL, led to a fusion protein, BCR-ABL, which is 

implicated in the pathogenesi of CML.2
2,

23 

The product of the normal C-ABL gene is a tightlr, regulated tyrosine kinase which shuttles back 
and forth between the nucleus and the cytoplasm. 4 In contrast, the mutant BCR-ABL protein is 
a highly active dysregulated tyrosine kinase confined to the cytoplasm where it phosphorylates 
numerous proteins, leading to activation of a number of signaling pathways.4 These activated 
pathways lead to excessive cellular proliferation and impaired apoptosis. 

Development of imatinib, targeting BCR -ABL 
Numerous cell culture and animal experiments have demonstrated the primacy of BCR-ABL in 
the pathogenesis of CML and suggested that inhibition of BCR-ABL tyrosine kinase activity 
would rein in the proliferation defect characteristic of the disease. 4 Many compounds were 
screened for inhibition of BCR-ABL, and one compound, eventually called imatinib, showed 
pronounced inhibitory activity (Figure 3).25 This agent is highly selective as well with no effect 
on most other kinases. (It does, however, inhibit KIT and PDGFR, the significance of which is 
discussed below.) Imatinib's selectivity is explained by the fact that it binds to the ABL ATP 
binding site only when the kinase's activation loop is closed; this binding stabilizes the enzyme 
in an inactive conformation.26 Less selective ABL kinase inhibitors bind to the ATP binding site 
whether the activation loop is in the active or inactive conformation. An oral formulation of 
imatinib has been developed and was first tested in advanced CML patients, showing remarkable 
activity, even in some patients with blast phase disease?7

• 
28 
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Figure 3. Mechanism of action of imatinib in CML. Panel A The mutant bcr/abl protein of CML is an overly 
active tyrosine kinase. Phosphorylation of numerous substrates leads to the excessive proliferation characteristic of 
CML. Panel B. Imatinib occupies the ATP binding pocket of bcr-abl, thus preventing phosphorylation of target 
substrates, and thus limiting the proliferation of CML cells. Panel C. Imatinib selectively inhibits the tyrosine 
kinases ABL, PDGF receptor, and KIT. It is inactive against all other kinases tested. 

Imatinib clinical results 
Im.atinib (trade name: Gleevec) is now standard frontline therapy for CML.28 Almost all patients 
with chronic phase disease develop normal blood counts within one month. Bone marrow 
cytogenetics become normal in the majority of patients as well, meaning that CML 
hematopoiesis is suppressed to such a degree that normal hematopoiesis again becomes 
predominant. At least 8% of CML patients develop molecular remissions, meaning that BCR
ABL transcripts are not detectable even by highly sensitive quantitative PCR assays. At 2.5 
years follow-up, 92% of chronic phase CML patients who responded to imatinib remain with 
disease under good control with no evidence of drug resistance. Increasingly, even patients with 
HLA-matched siblings are opting for treatment with imatinib over transplantation, given 
transplantation's substantial risks of morbidity and mortality. 

However, imatinib does not appear to cure CML - patients with molecular remissiOn who 
discontinue imatinib subsequently relapse. Recent studies suggest that very undifferentiated 
CML stem cells are relatively quiescent and insensitive to inhibition by imatinib.29 Nevertheless, 
they are a source of more differentiated progenitor cells, which are more proliferative, and can 
give rise to relapse. Thus, curing CML may require targeting the quiescent stem cells, a concept 
discussed below. 

Imatinib resistance 
Prolonged treatment with imatinib might be expected to lead to drug resistance by selecting out 
subclones which blo chance have mutations rendering the BCR-ABL kinase insensitive to 
imatinib inhibition. o, 31 lmatinib resistance occurs commonly in advanced phases of CML and 
has been seen in approximately 8% (so far) of chronic phase patients. Imatinib resistance is 
sometimes due to amplified production of BCR-ABL but more often is due to acquisition of 
mutations within the kinase domain ofBCR-ABL.30 

Most of these mutations prevent the ABL kinase activation loop from assuming the closed 
inactive conformation which, as noted above, is required for imatinib binding.26 However, these 
mutants can be inhibited by other ABL kinase inhibitors which bind to the kinase whether its 
activation loop is closed or open (Figure 4).32

' 
33 The drug BMS-354825 is one such drug that 
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shows significant activity in CML patients who have acquired imatinib resistance by this 
mechanism. 34 
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Figure 4. Developing a new kinase inhibitor to target BCR-ABL mutants that are resistant to imatinib. Panel A. 
BCR-ABL has an active and an inactive conformation. Imatinib binds only to the inactive conformation. Panel B. 
Imatinib-resistant CML is usually due to mutations that impair the ability of the kinase to adopt the inactive 
conformation to which imatinib binds. Panel C. A new drug, BMS-354825, binds to the ATP binding site in ABL, 
regardless of whether the enzyme is in the active or inactive conformation. 

Evolving treatment strategies for CML 
Thus, one begins to envision new treatment strategies for CML. Most patients respond to 
imatinib, and BCR-ABL transcripts can then be monitored with quantitative PCR. If BCR-ABL 
transcripts are seen to rise significantly, indicating resistance, then the resistant mutants can be 
sequenced. If the mutational analysis indicates that resistance is due to the mechanism discussed 
above, which is usually the case, then the patient can be treated with the less selective inhibitor, 
BMS-354825. Additional agents are under development, targeting BCR-ABL in alternative 
ways, or targeting other pathways that are commonly dysregulated in CML. One can imagine 
future approaches to CML using combination therapy, analogous to HAART in HIV disease. 

Additional Examples of Differentiation and Proliferation Targets and Implications for New 
Approaches to AML 

Impaired differentiation: core binding factor leukemias 
Core binding factor (CBF) is a hetrodimeric transcription factor that regulates transcription of 
several hematopoietic differentiation genes.35

' 
36 CBF is composed of an a and a ~ subunit, and 

is mutated in a large percentage of AML cases (Figure 5). 

t(8;21) is observed in 12-15% of AML cases.35 This translocation causes sequences of the ETO 
gene from chromosome 8 to be fused with sequences of the CBF-a subunit (also known as 
AML1 or RUNX1) on chromosome 21.37 The resulting fusion protein recruits the nuclear co
repressor complex to CBF promoter sites, resulting in inhibition of transcription of 
differentiation genes.38

' 
39 The chromosomal inversion, inv(16), is observed in 8-10% of AML 

cases.35 This inversion causes sequences of the CBF-~ and SMMHC genes on chromosome 16 
to be fused. 40 The resultant fusion protein sequesters CBF-~ to actin filaments in the 
cytoskeleton, preventing it from pairing with CBF-a, thus leading to impaired transcription of 
differentiation genes.41 More than twelve different translocations have been identified that target 
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the CBF complex.35 In addition, loss of function mutations in CBF-u are observed in 20% of 
cases of the AML MO subtype. 42 

Thus, many cases of impaired differentiation in AML are explained by mutations affecting the 
CBF transcription factor. A variety of strategies are under investigation which aim to restore 
differentiation to the CBF leukemias. 35 One of these strategies targets the class of enzymes 
known as histone deacetylases.43 Histone deacetylases are a component of the nuclear co
repressor complex. Deacetylation of histones causes chromatin to wrap tightly around the 
histones, making genes inaccessible for transcription. Inhibition of histone deacetylases allows 
acetylation of histones, thus opening up chromatin for transcription. Several drugs that inhibit 
histone deacetylases are under investigation. 
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Figure 5. Core binding factor leukemias and impaired differentiation. Core binding factor (CBF) is mutated in 
approximately 25% of AML cases. Panel A. CBF is composed of an a and p subunit. A differentiation signal 
causes CBF to promote transcription of differentiation genes through recruitment of co-activators. Panel B. t(8;21) 
results in a fusion protein involving ETO and the a subunit of CBF. This fusion protein does not release NCoR 
upon receipt of a differentiation signal. Thus, differentiation is blocked. Panel C. inv16 results in a fusion protein 
involving SMMHC and the p subunit of CBF. This fusion protein binds CBFP to actin filaments, preventing the 
CBF heterodimer from binding to DNA and playing its role in transcription of differentiation genes. 

Excessive proliferation - FLT-3 signaling 
FLT-3 is a receptor tyrosine kinase that normally becomes activated upon binding the FLT-3 
ligand.44 FLT-3 then activates the Ras/MAPK signaling pathway resulting in cell division.45 

Under normal circumstances, FLT-3 signaling is tightly regulated, but in AML, FLT-3 is often 
mutated (approximately 35% t 4

' 
46 or over expressed (approximately 50% ),47 leading to excessive 

signaling through the pathway and thus excessive proliferation. Several inhibitors of FLT -3 are 
under investigation. 48

' 
49 

Cooperation: Mutations in Both Proliferation and Differentiation Are Required for AML 

Complementation groups 
Genetic analysis of AML cases typically detects abnormalities of one component or another of 
proliferation signaling pathways, for example, FLT-3 or RASor KIT, etc. However, more than 
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one proliferation abnormality is typically not detected in one case. In other words, for example, 
a case may have a FLT-3 mutation or a RAS mutation but not both. This leads to the concept of 
a proliferation complementation group composed of several signaling molecules, which, if 
mutated or overexpressed, can lead to excessive proliferation; these molecules complement each 
other since no more than one is required to cause excessive proliferation (Figure 6)?5

• 
50 

Similarly, a case of AML may have one mechanism or another of impaired differentiation but 
not both, leading to the concept of a differentiation complementation group. 5° 

Cooperativity 
Animal studies suggest that abnormalities in both ·groups are required in order for acute leukemia 
to occur. 51

• 
52 Transgenic animals expressing mutations from differentiation complementation 

groups have abnormalities in myeloid differentiation but develop acute leukemia only after long 
latency periods or after addition of secondary mutations using chemical mutagens. Likewise, 
transgenic animals overexpressing genes from the proliferation group display excessive 
proliferation but develop acute leukemia only after a long latency. However, double transgenic 
mice expressing mutations from both the differentiation and the proliferation complementation 
groups develop acute leukemia with a short latency and 100% penetrance.53 Thus, the concept 
evolves that acute leukemia develops only with contribution from both the proliferation and 
differentiation groups. 35

• 
50 

One can imagine future combination targeted therapies for AML in which both the proliferation 
abnormality and the differentiation abnormality are selectively targeted. For example, recent 
observations suggest that the 20-30% of APML gatients who are not cured with standard ATRA 
and chemotherapy harbor FLT-3 mutations.54

• 
5 Clinical trials for these patients in the near 

future will test the combination of ATRA and FLT-3 inhibitors. 
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Figure 6. Cooperation between mutations leads to AML. A model of acute leukemia suggests that cooperation 
between mutations leading to excessive proliferation and mutations leading to impaired differentiation are required 
for acute leukemia to develop. Adapted from reference 50. Ffl, farnesyl transferase inhibitor; HDAC, histone 
deacetylase. 
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Leukemia Stem Cells 

Leukemia cell populations within an individual are quite heterogeneous, made up of cells with 
varying morphology, immunophenotype, karyotype and enzyme expression.2 Recent studies 
have shown that leukemia cells within a single population also differ substantially in their ability 
to propagate the leukemia. Within the larger leukemia cell population resides an infrequent cell 
type, the leukemia stem cell (LSC), which alone is able to sustain the self-renewal of the 
leukemia. 2' 

3
' 
56

' 
57 

Identification of leukemia stem cells 
Powerful xenograft models have provided evidence of leukemia stem cells (Figure 7). 
Profoundly immunodeficient NOD/SCID mice were transplanted with leukemia cells from 
leukemia patients; in almost all cases, the leukemia cells engrafted, and the leukemia grafts were 
very simil<J,r to the patients' leukemia, with identical morphology and other characteristics.58

' 
59 

Limiting dilution analysis showed that cells capable of initiating leukemia in this model were 
present at a frequency of 0.2 - 100/106 mononuclear cells. Thus, only a very small fraction of 
AML cells was capable of the extensive self-renewal and proliferation needed to regenerate the 
leukemia. 

Additional studies separated the leukemia cells by phenotype. Normal hematopoietic stem cells 
capable of self-renewal have the phenotype CD34+/CD38-, whereas more committed progenitor 
cells, which are not capable of self-renewal, have the phenotype CD34+/CD38+. To test 
whether leukemic hematopoiesis might be similar! y hierarchical, leukemia cells were separated 
by phenotype - CD34+/CD38- versus CD34+/CD38+ - and then transplanted into NOD-SCID 
mice. Only the CD34+/CD38- population was capable of regenerating leukemia in the mice; 
there was no engraftment of CD34+/CD38+ cells.58

' 
59 Thus, these results argued that AML 

hematopoiesis is arranged in a hierarchy similar to that of normal hematopoiesis, in which stem 
cells both self-renew, thus allowing propagation of the cell population, and give rise to more 
differentiated blast cells, which are more numerous but are incapable of self-renewal. 

A B 
Norm al Leukemia 

CD34+ CD38-

• CD34+ CD38+ 

/t\ 
• 

-s.l& 
G.llt!i!. 

'I> "'"' 

CD34+ -+ ' > • .• \~~ 
CD38- "-~.} ----, ~ 

CD34+ (.l. • \ 
CD3B+ -+ G..'-iil - No Leukemia 

Other - 1i"~)- No Leukemia 
ph no types • :i' 

Figure 7. Leukemic hematopoiesis is arranged in a hierarchy like normal hematopoiesis and is propagated by a 
small percentage of self-renewing stem cells. Panel A. Normal hematopoiesis begins with self-renewing 
hematopoietic stem cells (HSC) that give rise to precursor blast cells. These precursor cells give rise to fully 
differentiated blood cells but are not self-renewing. The self-renewing HSC have the phenotype CD34+ CD38-, 
while the non-self-renewing precursor blast cells have the phenotype CD34+ CD38+. Panel B. Leukemic cells 
were purified by immunophenotype (CD34+ CD38- versus CD34+ CD38+ versus other) and transplanted into 
immunodeficient NOD-SCID mice. Only the CD34+ CD38- cells were capable of transmitting leukemia to the 
mice, suggesting that, analogous to normal hematopoiesis, leukemic hematopoiesis is maintained by a self-renewing 
stem cell population. 
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Additional studies have further defined LSCs phenotypically and functionally. One finding is 
that LSCs are relatively quiescent compared to their more numerous differentiated progeny.60 

This might explain why leukemia is so difficult to cure with cytotoxic chemotherapy. 
Chemotherapy targets actively cycling cells but cannot target the quiescent stem cells; these 
surviving stem cells are then capable of regenerating the leukemia. 

LSCs differ in important ways from normal hematopoietic stem cells (Figure 8).2 While 
leukemia and normal stem cells share some immunophenotypic characteristics such as CD34+, 
CD38-, and HIADR-, they differ in expression of c-kit and IL-3Ra (CD123). Normal HSC 
express c-kit but LSC do not.2

' 
61 IL-3Ra is overexpressed in almost all AML stem cells but is 

undetectable in normal CD34+/CD38- cells.62 Up-regulation of IL-3Ra may be a common 
survival mechanism in AML.63 Stimulation of IL-3Ra leads to activation of several signaling 
pathways, in particular the NFtcB pathway.64

' 
65 NFKB is constitutively activated in quiescent 

LSC populations but is not activated in normal HSC. 66 Down regulation of NFKB in vitro leads 
to apoptosis of leukemia but not normal CD34+/CD38- cells, suggesting that NFKB is an 
important therapeutic target in AML. 66 Clinical trials are underway testing combination therapy 
using standard cytotoxic chemotherapy along with Bortezomib,67 which indirectly inhibits NFKB 
activation through its role as a proteosome inhibitor. Standard cytotoxic chemotherapy should 
target the proliferating blast cells, which are more numerous but incapable of self-renewal, while 
NFKB inhibition may target the more quiescent, less numerous and self-renewing LSC. 
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Figure 8. Differences between normal and leukemic stem cells. Panel A. Although normal hematopoietic stem 
cells (HSC) and leukemic stem cells (LSC) share some immunophenotypic features, they differ in other ways. In 
particular, LSC express IL-3Ra and have constitutively active NFKB. Panel B. These differences between HSC and 
LSC might be exploited in the design of new approaches to leukemia. Because of their relatively quiescent state 
(see text), LSC might be insensitive to chemotherapy. However, IL-3Ra or NFKB inhibition might target LSC while 
sparing normal HSC. Thus, future combination therapies might include agents that specifically target LSC and 
agents that nonspecifically target the more numerous cycling blast cells. 
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Lessons from Leukemia for Solid Tumors 

It is beyond the scope of this paper to discuss in any detail the molecular biology of solid tumors. 
However, it is worth noting that some of the lessons learned from leukemia appear to apply to 
solid tumors as well. 

Proliferation can be selectively targeted in solid tumors as well 
The spectacular success of imatinib in CML showed the promise of defining and targeting 
molecular abnormalities responsible for excessive proliferation. This promise has been fulfilled 
in at least some solid tumors. For example, gastrointestinal stromal tumor (GIST) is an 
aggressive and highly chemotherapy-refractory malignancy. GIST is associated with 
constitutive activation of the KIT receptor tyrosine kinase, leading to excessive signaling and 
proliferation. 68 As mentioned above, imatinib targets KIT as well as ABL and thus has been 
used to treat GIST patients. Overall response rates in GIST patients with typically far-advanced 
disease are approximately 55%, and stable disease is observed in an additional 25% of patients. 
The median duration of remission is more than two years. 68

' 
69 

Similarly, non-small cell lung cancer has been targeted with the epidermal growth factor receptor 
(EGFR) antagonist, gefitinib, (trade name: Iressa). EGFR is overexpressed in 40-80% of lung 
cancer patients, but response rates to gefitinib are a disappointing 10%.70

' 
71 However, dramatic 

responses have been observed in some patients, particularly patients with bronchioalveolar 
cancer, an aggressive cancer often seen in young women without a smoking history. A recent 
study shows that mutations in the tyrosine kinase domain of the EGFR gene are highly 
associated with response to gefitinib.72 Eight of nine patients with gefitinib-responsive disease 
had mutations, whereas none of seven patients with gefitinib-unresponsive disease had 
mutations. In vitro, mutations were associated with increased tyrosine kinase activity in 
response to EGF and increased sensitivity to gefitinib inhibition. 

Solid tumors may contain tumor stem cells as well 
The insight that only a tiny fraction of leukemia cell populations serve as stem cells capable of 
propagating the leukemia has important imr.lications. Recent studies suggest the importance of 
tumor stem cells in solid tumors as well. 57

' 
7 

'
74 Al-Hajj et al. have xenografted NOD-SCID mice 

with human breast cancer cells in studies similar to the AML studies discussed above. These 
investigators identified a tumor initiating breast cancer stem cell with a CD44+ CD24(-/low) 
lineage- phenotype. As few as 100 cells with this phenotype were able to form tumors in mice, 
whereas tens of thousands of cells with other phenotypes did not form tumors. 73 Preliminary 
studies in pediatric brain tumors have identified individual cells with properties similar to neural 
stem cells.74 These cells have self-renewal capability and, under conditions promoting 
differentiation, give rise to abnormal cells with multiple differentiation markers. These cells, 
however, have not yet been put to the rigorous test of stem-ness as in the AML and breast cancer 
studies discussed above. 58

' 
59

' 
73 
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Summary: The Story Thus Far 

Good targets plus good drugs equal good results 
Recent clinical experience with leukemia has provided the proof of concept of molecular 
mechanism-based cancer treatment. Treatment of CML and APML has been completely 
transformed by selective treatments that target molecular defects of excessive proliferation and 
impaired differentiation, respectively. The lessons of imatinib are especially important and begin 
to suggest a day when cancers are defined more by their molecular abnormality than by their 
histology. Table 1 shows several diseases in addition to CML and GIST in which significant 
responses to imatinib have been reported. 75

-
79 In each case, a target kinase of imatinib - ABL, 

KIT or PDGFR - was mutated or over-expressed. In fact, in some instances, empiric 
observations of a response to imatinib led to molecular studies identifying new mutations. For 
example, patients with hypereosinophilic syndrome (HES) who responded to imatinib were 
found to have a novel mutation involving PDGFR.75 Importantly, cases of HES without the 
PDGFR mutation do not respond to imatinib. It is instructive to note that imatinib responses are 
observed in cancers that are widely divergent clinically and histologically, for example, a 
sarcoma, dermatofibrosarcoma protuberans/9 and a bone marrow malignancy, chronic 
myelomonocytic leukemia (CMML)/6 which are linked only by their overexpression of PDGFR. 

Tablel. Diseases That Have Responded to Imatinib* 

ABL 

CML 
ALL-Ph+ 

lmBtinib 

Kit PDGFR 

GIST CMML 
Thymic cancer HES 

Chronic MPD 
LCH 
DFP 

CML, chronic myelogenous leukemia; ALL-PIH, Acute lymphoblastic leukemia, Plllladelphla 
chromosome positive; GIST, gastrointestinal stromal tumor, Thymic Ca, Thymic carcinoma; CMML, 
chronic myelomonocytic leukemia; HES, hypereosinophilic syndrome; chronic MPD, c11ronic 
myeloprollrerative disorder; LCH, Langerhans' cell histiocytosis; DFP, dermatoribrosarcoma 
protuberans 

*Patients with these diseases and activating mutations or overexpression of the proteins indicated 
have been reported to respond to imatinib 

Leukemia populations are heterogeneous and are initiated by a leukemia stem cell population 
The initial studies of leukemia stem cells have led to additional important insights. In particular, 
the quiescence of LSCs may explain why leukemia has been so hard to cure. However, features 
that distinguish LSCs from normal HSCs may allow new therapies that selectively target the 
LSCs and thus eliminate the pool of cells that lead to relapse. 

It's not just leukemia 
Some skeptics suggested that the results of imatinib in CML were a fluke, that CML was unlike 
other cancers in that it was genetically much simpler, essentially defined by a single gene defect. 
It was thought unlikely that targeted therapy could work in solid tumors, given their greater 
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genetic complexity. However, responses to imatinib in GIST and, especially, gefitinib in lung 
cancer cases with mutated EGFR, have demonstrated that good targets plus good drugs can equal 
good results in solid tumors as well. In addition, recent studies suggest that the lessons about 
leukemia stem cells may be repeated in solid tumors as well. 

Moving Toward Individualized Mechanism-Based Therapy 

The successes of molecularly-targeted leukemia and solid tumor therapy have led to optimism 
about the future prospects for individualized mechanism-based therapy. The physician scientist 
who developed imatinib suggests that "the flood gates are open". 80 

Advances in mechanism-based cancer therapy will involve definition of additional targets, 
discovery of additional target-specific drugs, and development of ways to rapidly phenotype 
individuals' cancers. It is far beyond the scope of this paper to discuss these topics in detail, but 
a brief discussion might suffice to convey a sense of the promise of ongoing research in these 
areas. 

Defining targets and drugs 
Already, many major pathways disrupted in cancer such as the MAP kinase pathway, JAK
STAT pathway, NFKB pathway, apoptotic pathways, immediate control of the cell cycle by 
cyclin-dependent kinases, etc., are well-defined at least in broad terms.81 Phosphorylation is a 
prominent feature of these pathways, and several drugs that inhibit various kinases have been 
developed. At least 30 are currently under clinical investigation in more than 120 clinical 
trials.8 

The full sequencing of the human genome and the development of a number of robust 
technologies is greatly accelerating our understanding of signaling pathways, how they interact 
with each other at the broader cellular level, how they are perturbed in disease, and how drugs 
can be rapidly developed to restore normal signaling in diseased cells.83

-
86 

The sequence of the human genome87
' 

88 has led to a comprehensive portrait of the human 
kinome, that is, the full comr.lement of kinases that regulate, to a large extent, all the major 
cellular metabolic pathways. 9 Numerous universities and small and large companies are 
marshalling the resources needed to translate this fundamental knowledge into new approaches 
to diseases. For example (and this is just one of many, many possible examples), one company 
of 400 employees in a 260,000 sq. ft. facility in San Diego, contains the following technologies 
to define targets and develop drugs84

: genomics (sequence informatics and gene expression); 
proteomics (protein expression, high throughput screening, protein expression/modification 
profiling); mouse forward genetics; cellular phenotypic and pathway screens with a toolbox of 
more than 1.5 million diverse small molecule compounds, 40,000 cDNAs, and 29,000 siRNAs; 
combinatorial chemical technology; computational structure-based design; engineering; 
informatics; in-house pharmacology (pharmacodynamics and kinetics, toxicology, in vivo 
efficacy); and medicinal chemistry. An ultra high throughput screening platform can screen 
more than one million compounds in a day, and engineering efficiencies have decreased the cost 
of screening a million compounds from $1 million to $10,000. Such an operation allows diverse 
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approaches to target definition and drug discovery. To walk through one such example: 1) 
Cellular proteomics might be used to define a target. Hundreds or thousands of defined 
expression cDNAs are arranged onto a glass slide, overlayed with a layer of cells, and 
transfected. Protein activities within the transformed cells, say phosphorylation of a substrate of 
interest, are assayed. Putative novel functions for hundreds of genes involved in various 
signaling pathways, viral replication, cell cycle, apoptosis, cancer and differentiation have been 
assigned through such technology (at just this one company). 2) Additional information is 
utilized to determine whether a target might be worthy of further evaluation. For example, DNA 
sequence might suggest that the compound is "druggable" and RNA microarray data might 
suggest that the gene is preferentially expressed in a cancer of interest. 3) High throughput 
screening with combinatorial chemical libraries might then be applied to rapidly identify small 
molecule compounds that inhibit the target of interest's function. 4) Computational structure
based design might then be used to optimize activity of the compound. 5) In vivo efficacy, 
toxicology and pharmacokinetics are then evaluated in animal models. 

Thus, it is not hard to imagine, given the resources and efforts of numerous such university and 
company operations, that we might expect the development over the next few years of many 
drugs that selectively affect many cancer targets of interest. 

Phenotyping individuals' cancers 
With many drugs for many targets in hand, one can imagine individualizing treatment for 
patients whose cancers are dysregulated in their own particular way. To do so will require 
phenotyping the individual's cancer fairly rapidly. Standard cytogenetics, fluorescence in situ 
hybridization (FISH), and Southern blotting or PCR are currently used to define known 
abnormalities in homogeneous diseases where molecular abnormalities are already well-defined, 
such as CML. However, other diseases are more heterogeneous. For example, as discussed 
above, the downstream phenotype of excessive proliferation and impaired differentiation in 
AML can be arrived at by perturbation of one of many molecular pathways. In such cases, it 
would be useful to be able to assess each of these potential pathways. Antibodies to 
phosphoproteins distinguish between phosphorylated and non-phosphorylated versions of the 
same protein, and thus allow an assessment of signaling pathways which are turned or not. A 
recently-described technique combining fluorescence activated cell sorting (FACS) and 
phosphospecific antibodies allows detection of signaling pathway activation in single AML 
cells.90

' 
91 In these assays, the leukemia cells are permeabilized, allowing phosphospecific 

antibodies to enter the cell, staining signaling proteins of interest, and indicating the activation 
status of particular pathways. Preliminary studies using this technique indicate that signaling 
pathways must be "interrogated" by external stimulation with particular growth factors; 
characteristic phosphoprotein signatures occur in response to these growth factors, with the 
signature varying between cases depending on which signaling pathway contains a mutation. In 
addition, these preliminary studies have again highlighted the heterogeneity of AML cell 
populations, with phosphoprotein characteristics varying between cellular subpopulations within 
a single case. 

Current clinical flow cytometry involves multiple antibody panels that can be used to determine 
the cell surface phenotype of the leukemia cell population. One could imagine future technical 
variations of the process in which a few additional tubes containing phosphospecific antibodies 
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are included to define signaling pathways as well; flow cytometry is well-suited, also, to assess 
signaling pathways in different AML cell populations, in particular leukemia stem cells with 
CD34+ CD38- phenotypes versus more proliferative but non-self-replicating blasts. 

Conclusion 

Thus, leukemia serves as an introduction to the coming era of mechanism-based cancer therapy. 
Molecularly-targeted therapies have worked in certain leukemias, and importantly, the lesson has 
translated to solid tumors as well. Rapidly unfolding advances in fundamental cancer biology, 
drug discovery and individualized analysis suggest that these advances are the first of many. 
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