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The pathogenesis of acute myelogenous leukemia
(AML) involves an array of molecular alterations that
disrupt almost every facet of cell transformation.
These processes include the regulation of cell prolif-
eration, differentiation, self-renewal, survival, cell
cycle checkpoint control, DNA repair and chromatin
stability, and cell dissemination. Normal regulatory

networks are disrupted or usurped by these leuke-
mogenic insults, and the understanding of these
alterations is guiding the design of new therapeutic
strategies. This overview describes some of the
critical molecular alterations and implicates the rogue
leukemogenic proteins in the onset and progression of
AML.

Insight into the molecular basis of acute myelogenous leu-
kemia (AML) may come from a reductionist approach, in
which the characteristics of the leukemic cell are corre-
lated with the genetic lesions that cause them. Some of
these features of AML and their potential causes are listed
in Table 1. These include inappropriate proliferation in
the absence of normal growth signals, indefinite self-re-
newal in a manner analogous to a stem cell, escape from
programmed cell death, inhibition of differentiation, aber-
rant cell cycle checkpoint control, genomic instability and
multi-organ dissemination of leukemic cells. These prop-
erties may be directly linked to focal genetic lesions in
AML and represent discrete processes amenable to therapy.
However, from the perspective of systems biology it is clear
that many of these properties are intertwined and result
from integration of multiple anomalies in the genetic pro-
gram of the leukemic cell.

Inappropriate Proliferation:
The Role of Signaling Molecules
Activation of receptor and intracellular protein tyrosine
kinases stimulates a cascade of phosphorylation-driven
protein docking and recruitment events that leads to the
alteration of transcription in the cell nucleus and the stimu-
lation of cell cycle progression. Although cell prolifera-
tion is regulated by the presence of growth factors and ad-
hesion signals in normal cells, it can be triggered in leuke-
mic cells in a cell autonomous manner. This abnormal pro-
liferation is often the result of mutations affecting prolif-

erative signaling pathways. Following the discovery of the
BCR-ABL tyrosine kinase in chronic myelogenous leuke-
mia, other activated kinases have become causally impli-
cated in the pathogenesis of AML. The FLT3 tyrosine ki-
nase is expressed in almost all patients with AML. It is
constitutively activated by internal tandem duplication
within the juxtamembrane domain or by mutation within
the activation loop of the kinase in approximately 30% of
AML. This finding has stimulated clinical trials of FLT3
inhibitors, yielding some clinical responses (reviewed in 1,
and see also section below on “New treatment strate-
gies…”).

The c-KIT tyrosine kinase is expressed in 60%-80% of
AML patients, and this kinase is activated by mutation in
mast cell leukemia and some cases of AML. The JAK2 ki-
nase is activated by the V617F point mutation in the over-
whelming majority of patients with polycythemia vera and
in a significant proportion of patients with essential throm-
bocythemia or idiopathic myelofibrosis (reviewed in 2), all
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disorders that can evolve into AML. Activated JAK2
induces proliferation in part through engagement
of the STAT family of transcriptional activators. The
V617F JAK2 mutation is found in 5% of patients
with myelodysplastic syndrome,3 suggesting that
the mutation will also be found in patients who
transform to frank AML.

Activated tyrosine kinases can transmit prolif-
erative signals by engagement of the RAS family of
small G-proteins, and mutation of genes encoding
these proteins can mimic the effects of receptor ty-
rosine kinase (RTK) mutations. NRAS is mutated
and constitutively activated in 10%-20% of AML,
KRAS in 5%-15% of patients, while HRAS is rarely
mutated.4 AML samples that contain RAS mutations
do not have kinase fusions or activating mutations,
suggesting that Ras and tyrosine kinase molecules
fall within a single complementation group in AML.
In general the RTK pathways in AML are activated
by gain of function mutations. The exception is the
loss of expression of the tumor suppressor protein
neurofibromin (NF1), which inactivates RAS by
enhancing its intrinsic GTPase activity. Children
with neurofibromatosis have a germline loss of one
NF1 allele and can develop juvenile
myelomonocytic leukemia (JMML) or AML with
loss of the remaining normal NF1 allele. However,
NF1 loss is rare in de novo childhood and adult
AML. Another way to activate the RTK pathway is
by activation of the phosphatase activity of SHP-2/
PTPN11 through point mutation. Although seem-
ingly paradoxical, the removal of phosphate groups
from certain key substrates stimulates signaling
through RTK pathways. Initially described in
JMML, a small proportion of patients with de novo
AML have SHP-2 activating mutations.5 RTK path-
way mutations have been documented in nearly
50% of cases of AML. It can be postulated that all
cases of AML are associated with a genetic abnor-
mality leading to deregulation of proliferative sig-
naling. Genome sequencing efforts are underway at
multiple centers to identify these mutations.

The characterization of these signaling path-
way abnormalities has focused attention on cell pro-
liferation as a potential therapeutic target in AML.
The obstacle to this strategy is the multiple ways by
which kinase signaling may be activated in AML.
It remains to be determined whether kinase-directed
therapy needs to be personalized to each patient
based upon the unique profile of mutations or will
be robust enough to interfere with the signaling
pathway irrespective of the specific lesion.
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Differentiation Blockade:
The Role of Transcription Factors in AML
Transcription factors are commonly disrupted in AML ei-
ther by their fusion as a result of chromosomal transloca-
tion or by point mutation. Factors affected by chromosomal
rearrangement include the core binding factor complex,
the retinoic acid receptor (RAR), the MLL protein, and
Hox proteins. Point mutations in myeloid transcription fac-
tors, including C/EBPα and PU.1, may also lead to loss of
normal myeloid differentiation in AML. Chimeric transcrip-
tion factors often work as dominant negative forms of the
original factor. CBF and RAR fusions are prime examples
of this.

The core binding factor complex consists of a hetero-
dimer of the Runx1 (formerly AML1) and CFBβ protein
and normally activates a number of genes critical for nor-
mal myeloid development. In AML this complex factor is
disrupted by at least three different translocations: t(8;21),
which generates the Runx1-MTG8 fusion; inversion of
chromosome 16, yielding the CBFβ-MYH11 fusion; and
t(3,21), which generates the RUNX1-EVI1 fusion protein
associated with MDS and therapy-related AML. All of these
fusions act at least in part as dominant negative forms of
the core binding factor complex. In addition, point muta-
tions in the DNA binding domain of Runx1 are associated
with a familial platelet disorder with predisposition to leu-
kemia, as well as with rare cases of sporadic AML. These
findings suggest that loss of RUNX1 function can lead to
deregulated differentiation and leukemia. RUNX1-MTG8
represses genes usually activated by RUNX1, including c-
FMS,6 p14 ARF,7 and C/EBPα8 through recruitment of co-
repressor complexes. This is due to the fact that MTG8 is a
transcriptional co-repressor that binds histone deacetylases,
other co-repressors and transcription factors. DNA methyl
transferases may also be recruited to RUNX1 target genes,
potentially leading to longer lasting epigenetic silencing
of target genes.9 Repression of Runx1 target genes acts to
inhibit the normal differentiation program. Repression of
p14 ARF may functionally destabilize p53 and allow other
mutations to accumulate in the leukemic cell. Treatment
with inhibitors of histone deacetylase can induce differen-
tiation of cell lines harboring RUNX1/MTG8.10 Alterna-
tively, expression of a decoy peptide that blocks the inter-
action of co-repressors with the Runx1/MTG8 oncoprotein
can also reverse transcriptional repression and allow cell
differentiation to proceed.10

RUNX1-MTG8 and other fusion oncoproteins also ac-
tivate genes critical for leukemia pathogenesis. When ex-
pressed in human CD34+ cells, RUNX1-MTG8 allows for
the continuous self-renewal of immature cells.11 Similarly,
when expressed in murine marrow RUNX1-MTG8 allows
for the serial replating of marrow progenitor cells ex vivo.12

This observation can be correlated with the finding that
RUNX1-MTG8 as well as the PML-RARα fusion protein
described below can activate the expression of components
of the Wnt signaling pathway13,14 that promote stem cell

renewal.15 Runx1-MTG8 on its own is insufficient to gen-
erate AML; however, co-expression of Runx1-MTG8 along
with an activated tyrosine kinase in murine marrow (TEL-
PDGFRβ) efficiently induces myeloid leukemia.16 However
a recent paper showed the surprising result that a spontane-
ous mutation in RUNX1-MTG8 expressing mice can lead
to the formation of a truncated version of the fusion protein
that efficiently induces leukemia.17 This suggests that a
targeted mutation of the RTK pathway might not always be
necessary for AML pathogenesis. For example, RUNX1-
MTG8 upregulates Trk-A, a nerve growth factor receptor,
and sensitizes cells to NGF and related growth factors,
which may induce proliferation independent of RTK path-
way mutation.18 Hence, although the paradigm of a tran-
scription factor and signaling anomaly being required for
AML is likely true, there may be more than one way to
achieve this pairing.

Acute promyelocytic leukemia, a clear-cut example of
differentiation blockade in AML, is always associated with
rearrangement of the retinoic acid receptor alpha (RARα).
In over 98% of cases APL is associated with t(15;17), which
generates the PML-RARα fusion protein. The PLZF-RARα
fusion associated with t(11;17) represents less than 1% of
cases and yields a retinoic acid–resistant form of disease.
Rare fusions of RARα to STAT5b, nucleophosmin (a gene
mutated in a substantial number of AML cases), as well as
the NuMA nuclear matrix gene have been reported as well.
Although RARα is not required for myeloid development,
it acts as a molecular rheostat to regulate myeloid differen-
tiation. Whereas normal differentiation occurs at a retinoic
acid concentration of 10–8 the level present in human se-
rum, in APL, cells are blocked at the promyelocytic stage
of differentiation and self-renew. Differentiation blockade
may occur as in the case of the RUNX1-MTG8 fusion by
the aberrant recruitment of repression complexes to key
target genes. PML and all of the fusion partner proteins in
APL allow the chimeric RARα to form multimeric com-
plexes along with RXR. One group showed that while
RARα/RXR heterodimers bind to direct repeat sequences
separated by 5 base pairs, PML-RARα/RXR multimers bind
to direct repeat sequences separated by as many as 20 base
pairs.19 Hence PML-RARα represents not just a dominant
negative form of RARα but a gain of function mutation
with the potential to repress an expanded repertoire of genes.
In addition, differing from wild-type RARα, PML-RARα
can recruit DNA methyl transferases to promoters contrib-
uting to their efficient and long-lasting suppression.20

Microarray studies comparing genes affected in cell lines
engineered to express the RAR fusion proteins as well as
patient specimens are beginning to define the genes re-
pressed by the fusion proteins.21 In addition these studies
have indicated that the fusion proteins also activate gene
expression, most likely indirectly through competition for
repressor proteins, and many of these targets are genes that
promote self-renewal. As in the case of RUNX1-MTG8,
expression of PML-RARα alone is able to block differen-
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tiation in cell lines but cannot do so on its own in vivo. For
months before developing leukemia, transgenic mice har-
boring the fusion protein produce normal neutrophil that
can be demonstrated to express the fusion gene. After a
delay the animals develop a myeloproliferative disease and
later develop frank APL. The nature of the secondary
changes required for disease development and differentia-
tion block remain uncertain. However, a recent report indi-
cates that a specific cleavage of the PML-RARα fusion by
neutrophil elastase was required for disease progression.22

In accordance with the developing model of cooperation
of signaling and transcriptional pathways, FLT3 mutations
are common in APL, and co-expression of mutant FLT3
and PML-RAR in mouse marrow accelerates disease devel-
opment.23 Whether FLT3-mediated signaling contributes
to the block to differentiation as well as to the proliferative
capacity of the tumor remains to be determined. ATRA and
arsenic are mainstays of treatment of APL and are thought
to act by reactivation of RAR target genes and degradation
of the PML-RAR fusion, leading to terminal differentia-
tion of promyelocytes. Attempts at differentiation therapy
in other forms of AML have met with limited success. The
histone deacetylase inhibitor valproic acid, either alone or
in combination with ATRA, has provided some prelimi-
nary evidence of differentiation and decreased blast counts
in patients.24 Whether more potent histone deacetylase
(HDAC) inhibitors will allow more effective release of the
differentiation block in AML remains to be determined
(see below).

MLL Rearrangements
MLL rearrangements offer another paradigm for deregula-
tion of gene expression in leukemia. RUNX1-MTG8 and
PML-RARα and other RARα fusion proteins are best un-
derstood as repressor proteins. MLL itself is an activator
protein that through AT hook motifs can associate with
specific DNA sequences, most notably in Hox gene pro-
moters. MLL is required for Hoxc8 expression and binds
and methylates histones at the Hox loci (at histone H3
lysine 4), methylation of which is associated with the acti-
vation of target genes.25 MLL-fusion proteins link the N-
terminal region of the protein, which contains the DNA
recognition region to one of dozens of partner proteins of
diverse functions. A universal feature of the MLL-fusion
proteins is their ability to dimerize with themselves and
wild-type MLL. The MLL fusions appear to encourage the
recruitment of MLL complexes to Hox genes to activate
their expression. Hox gene expression in turn is associated
with increased self-renewal by hematopoietic cells. In ad-
dition a recent report indicates that MLL-fusions prevent
the acetylation and activation of p53,26 a feature that can
affect cycle cycle, apoptosis and genomic stability. Some
MLL fusion proteins may directly target Hox genes for
activation by aberrant recruitment of activators. For ex-
ample, the MLL-CBP fusion can directly target histone
acetyl transferases to target genes,27 and the MLL-AF10

fusion recruits the Dotl1 histone methyl transferase to tar-
gets.28

Escape from Programmed Cell Death
The ability to evade apoptosis is critical to the develop-
ment of a malignancy. Protein tyrosine kinase activation
can have the dual effect of promoting cell proliferation and
in addition enhancing cell survival by activating phospha-
tidylinositol 3-kinase (PI 3-kinase) signaling. The phos-
pholipid products of PI 3-kinase activate the AKT serine/
threonine kinase, and this kinase in turn phosphorylates
BAD and releases the BCL-2 pro-survival molecule. In
many instances the clinical outcome of patients with AML
is correlated with altered levels of pro-apoptotic and pro-
survival molecules in leukemic cells. Expression of the
Bcl-2 survival molecule, the IAP family member survivin
and the extrinsic death pathway protein FADD are predic-
tive of clinical response rates and survival in AML, al-
though why these genes have variable expression remains
in large part unexplained.

The p53 protein is a focal point in the regulation of
apoptotic signaling and cell cycle regulation. Mutations
within p53 are associated with adverse response to chemo-
therapy in patients with AML. Moreover, the function of
this protein is often compromised in AML as p53 regula-
tory molecules are usurped by leukemogenic signaling.
The RUNX1-MTG8 fusion protein of AML represses the
expression of p14ARF and promotes destabilization of p53.
Through an alternative mechanism, the MOZ-TIF2 fusion
of AML binds to CBP and indirectly attenuates the tran-
scriptional activity of p53.29 The nucleophosmin protein
(NPM), which is fused to the ALK protein tyrosine kinase
in more than half of anaplastic large cell lymphoma cases,
is known to regulate the stabililty of p53. Interestingly,
mutations within the NPM coding region are associated
with cytoplasmic localization of this protein in 35% of
newly diagnosed AML.30

Self-Renewal
Unlike normal progenitor cells that are committed to a par-
ticular hematopoietic lineage, leukemic cells from patients
with AML can undergo self-renewal rather than lineage-
specific commitment. Moreover, the leukemic stem cell
population in AML is functionally heterogeneous with
differing capacities for self-renewal.31 Possible explanations
for this self-renewal are beginning to emerge. As noted
above, NPM is mutated in approximately one-third of newly
diagnosed AML, and the expression of this cytoplasmic
NPM variant is associated with expression of genes thought
to support maintenance of the stem cell phenotype.32 The
FLT3-ITD mutant of AML, which activates proliferative
and survival pathways, also confers the property of self-
renewal in human CD34+ cells.33 The Wnt/β-catenin sig-
naling relay is a critical element in the control of self-re-
newal of normal and cancer stem cells. As noted above, the
RUNX1-MTG8, PML-RARα, and PLZF-RARα fusions can
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all induce the expression of β-catenin and γ-catenin (plako-
globin) proteins.13 Expression of these fusion proteins also
results in expression of components of the Jagged/Notch
signaling relay.21 Thus, the expression of mutated and fu-
sion genes in AML seems to underlie some aspects of en-
hanced self-renewal, although such findings do not exclude
the possibility that the progenitor cell in AML might itself
have intrinsic self-renewal properties independent of a leu-
kemogenic insult.

Loss of Cell Cycle Control
Deregulation of cell cycle control in AML may occur
through multiple mechanisms. First, constitutive Ras/MAP
kinase signaling leads to the activation of nuclear tran-
scription factors that induce expression of cyclins. Activa-
tion of the AKT pathways can lead to degradation of the
p27 CDK inhibitor. Mutation of p53, disruption of p53
function through suppression of ARF, disruption of the PML
nuclear body function, or disruption of NPM ability to se-
quester MDM234 can all lead to decreased p53 levels and
activity and the loss of G

1
 checkpoint control. Rb muta-

tions and deletions occur in AML as in other forms of ma-
lignancy. Hypermethylation of growth suppressor genes is
a recurrent theme in many malignancies and is well de-
scribed in AML. In particular, the p15 Ink4a/ARF locus as
well as the p16 Ink4b locus encoding cyclin-dependent
kinase inhibitors can be methylated and silenced in AML.35

The demethylating agent azacytidine reactivates these
genes in cell culture, and one study found increased p15
expression in bone marrow specimens of patients with MDS
treated with demethylating agent therapy.36

Genomic Instability
The genomic instability of leukemic cells can be explained
in part through the subversion of p53 by the mechanisms
noted above. Defective mismatch repair has been noted in
AML after solid organ and hematopoietic stem cell trans-
plant,37 and a polymorphic splice site in MSH2 is associ-
ated with an elevated risk of AML. In addition, AML fu-
sion transcription factors repress genes associated with DNA
repair.21 The PML protein binds and stabilizes the DNA
damage repair protein TopBP1. In APL, where the PML
nuclear body is disrupted, TopBP1 was unable to be re-
cruited to irradiation induced foci, presumed sites of DNA
repair.38 Genomic instability in AML may also result from
poor fidelity of homologous end joining activity after DNA
double strand breaks.39 Collectively these defects may al-
low for the continued evolution of the leukemic clone and
the accumulation of an increased number of defects in
oncogene and tumor suppressor pathways.

Leukemia Cell Dissemination
The ability of the leukemic cell to egress from the marrow
and invade tissues is poorly understood. t(8;21)-associated
AML is associated with chloromas, and this phenotype is
recapitulated in the murine model.12 Whether this is due to

a unique pattern of expression of cell surface proteins pro-
grammed by the RUNX1 fusion protein is unknown. High
level of selectin expression on the surface of leukemic cells
is a negative prognostic marker in AML. Secretion of tu-
mor necrosis factors and other cytokines by the leukemic
blast can lead to increased expression of selectins, cadherins
and other adhesion proteins on vascular endothelium, re-
sulting in increased leukemia cell adhesion.40 Antibodies
directed against these surface proteins block adhesion. It is
interesting to speculate that monoclonal antibodies directed
against cell surface proteins on the leukemic cell such as
anti-CD33 could work in part by interfering with adhesion
interactions important for stimulation of cell growth or cell
migration.

Conclusion
The molecular pathogenesis of AML is complex, but the
multiple genetic defects that have been described can be
understood to converge on a set of biological properties of
the leukemic cell (Figure 1; see Color Figures, page 545).
In some cases there is a direct correlation between the mo-
lecular defect and the biological process, while in other
cases there may be an indirect or an as yet undetermined
explanation for the molecular basis of the biology of the
disease. Through a more complete understanding of these
links we anticipate that more precise and specific therapies
for AML can be developed. Whereas the differentiation
block and proliferative activity of AML is being targeted
by current investigational therapies, methods to restore
genomic stability, induce specific apoptosis of leukemia
cells and restore cell cycle checkpoint control should be
given strong consideration in the development of future
experimental therapeutic efforts.

References
1. Wadleigh M, DeAngelo DJ, Griffin JD, Stone RM. After

chronic myelogenous leukemia: tyrosine kinase inhibitors in
other hematologic malignancies. Blood. 2005;105:22-30.

2. Kaushansky K. On the molecular origins of the chronic
myeloproliferative disorders: it all makes sense. Blood.
2005;105:4187-4190.

3. Steensma DP, Dewald GW, Lasho TL, et al. The JAK2 V617F
activating tyrosine kinase mutation is an infrequent event in
both “atypical” myeloproliferative disorders and the
myelodysplastic syndrome. Blood. 2005;106:1207-1209.

4. Valk PJ, Verhaak RG, Beijen MA, et al. Prognostically useful
gene-expression profiles in acute myeloid leukemia. N Engl
J Med. 2004;350:1617-1628.

5. Tartaglia M, Niemeyer CM, Fragale A, et al. Somatic
mutations in PTPN11 in juvenile myelomonocytic leukemia,
myelodysplastic syndromes and acute myeloid leukemia.
Nat Genet. 2003;34:148-150.

6. Follows GA, Tagoh H, Lefevre P, Hodge D, Morgan GJ,
Bonifer C. Epigenetic consequences of AML1-ETO action at
the human c-FMS locus. EMBO J. 2003;22:2798-2809.

7. Hiebert SW, Reed-Inderbitzin EF, Amann J, Irvin B, Durst K,
Linggi B. The t(8;21) fusion protein contacts co-repressors
and histone deacetylases to repress the transcription of the
p14ARF tumor suppressor. Blood Cells Mol Dis.
2003;30:177-183.



142 American Society of Hematology

8. Pabst T, Mueller BU, Harakawa N, et al. AML1-ETO
downregulates the granulocytic differentiation factor C/
EBPalpha in t(8;21) myeloid leukemia. Nat Med. 2001;7:444-
451.

9. Liu S, Shen T, Huynh L, et al. Interplay of RUNX1/MTG8 and
DNA methyltransferase 1 in acute myeloid leukemia. Cancer
Res. 2005;65:1277-1284.

10. Klisovic MI, Maghraby EA, Parthun MR, et al. Depsipeptide
(FR 901228) promotes histone acetylation, gene transcrip-
tion, apoptosis and its activity is enhanced by DNA
methyltransferase inhibitors in AML1/ETO-positive leukemic
cells. Leukemia. 2003;17:350-358.

11. Mulloy JC, Cammenga J, Berguido FJ, et al. Maintaining the
self-renewal and differentiation potential of human CD34+
hematopoietic cells using a single genetic element. Blood.
2003;102:4369-4376.

12. Higuchi M, O’Brien D, Kumaravelu P, Lenny N, Yeoh EJ,
Downing JR. Expression of a conditional AML1-ETO
oncogene bypasses embryonic lethality and establishes a
murine model of human t(8;21) acute myeloid leukemia.
Cancer Cell. 2002;1:63-74.

13. Muller-Tidow C, Steffen B, Cauvet T, et al. Translocation
products in acute myeloid leukemia activate the Wnt
signaling pathway in hematopoietic cells. Mol Cell Biol.
2004;24:2890-2904.

14. Zheng X, Beissert T, Kukoc-Zivojnov N, et al. Gamma-
catenin contributes to leukemogenesis induced by AML-
associated translocation products by increasing the self-
renewal of very primitive progenitor cells. Blood.
2004;103:3535-3543.

15. Reya T, Duncan AW, Ailles L, et al. A role for Wnt signalling in
self-renewal of haematopoietic stem cells. Nature.
2003;423:409-414.

16. Grisolano JL, O’Neal J, Cain J, Tomasson MH. An activated
receptor tyrosine kinase, TEL/PDGFbetaR, cooperates with
AML1/ETO to induce acute myeloid leukemia in mice. Proc
Natl Acad Sci U S A. 2003;100:9506-9511.

17. Yan M, Burel SA, Peterson LF, et al. Deletion of an AML1-
ETO C-terminal NcoR/SMRT-interacting region strongly
induces leukemia development. Proc Natl Acad Sci U S A.
2004;101:17186-17191.

18. Mulloy JC, Jankovic V, Wunderlich M, et al. AML1-ETO
fusion protein up-regulates TRKA mRNA expression in
human CD34+ cells, allowing nerve growth factor-induced
expansion. Proc Natl Acad Sci U S A. 2005;102:4016-4021.

19. Kamashev D, Vitoux D, De The H. PML-RARA-RXR
oligomers mediate retinoid and rexinoid/cAMP cross-talk in
acute promyelocytic leukemia cell differentiation. J Exp Med.
2004;199:1163-1174.

20. Di Croce L, Raker VA, Corsaro M, et al. Methyltransferase
recruitment and DNA hypermethylation of target promoters
by an oncogenic transcription factor. Science.
2002;295:1079-1082.

21. Alcalay M, Meani N, Gelmetti V, et al. Acute myeloid leukemia
fusion proteins deregulate genes involved in stem cell
maintenance and DNA repair. J Clin Invest. 2003;112:1751-
1761.

22. Lane AA, Ley TJ. Neutrophil elastase cleaves PML-
RARalpha and is important for the development of acute
promyelocytic leukemia in mice. Cell. 2003;115:305-318.

23. Kelly LM, Kutok JL, Williams IR, et al. PML/RARalpha and
FLT3-ITD induce an APL-like disease in a mouse model.
Proc Natl Acad Sci U S A. 2002;99:8283-8288.

24. Kuendgen A, Strupp C, Aivado M, et al. Treatment of
myelodysplastic syndromes with valproic acid alone or in
combination with all-trans retinoic acid. Blood.
2004;104:1266-1269.

25. Milne TA, Briggs SD, Brock HW, et al. MLL targets SET
domain methyltransferase activity to Hox gene promoters.
Mol Cell. 2002;10:1107-1117.

26. Wiederschain D, Kawai H, Shilatifard A, Yuan ZM. Multiple
MLL fusion proteins suppress p53-mediated response to
DNA damage. J Biol Chem. 2005;280:24315-24321.

27. Wang J, Iwasaki H, Krivtsov A, et al. Conditional MLL-CBP
targets GMP and models therapy-related myeloproliferative
disease. EMBO J. 2005;24:368-381.

28. Okada Y, Feng Q, Lin Y, et al. hDOT1L links histone
methylation to leukemogenesis. Cell. 2005;121:167-178.

29. Kindle KB, Troke PJ, Collins HM, et al. MOZ-TIF2 inhibits
transcription by nuclear receptors and p53 by impairment of
CBP function. Mol Cell Biol. 2005;25:988-1002.

30. Falini B, Mecucci C, Tiacci E, et al. Cytoplasmic
nucleophosmin in acute myelogenous leukemia with a
normal karyotype. N Engl J Med. 2005;352:254-266.

31. Hope KJ, Jin L, Dick JE. Acute myeloid leukemia originates
from a hierarchy of leukemic stem cell classes that differ in
self-renewal capacity. Nat Immunol. 2004;5:738-743.

32. Alcalay M, Tiacci E, Bergomas R, et al. Acute myeloid
leukemia bearing cytoplasmic nucleophosmin (NPMc+AML)
shows a distinct gene expression profile characterized by
up-regulation of genes involved in stem cell maintenance.
Blood 2005; 106: 899-902.

33. Chung KY, Morrone G, Schuringa JJ, Wong B, Dorn DC,
Moore MA. Enforced expression of an Flt3 internal tandem
duplication in human CD34+ cells confers properties of self-
renewal and enhanced erythropoiesis. Blood. 2005;105:77-
84.

34. Kurki S, Peltonen K, Latonen L, et al. Nucleolar protein NPM
interacts with HDM2 and protects tumor suppressor protein
p53 from HDM2-mediated degradation. Cancer Cell.
2004;5:465-475.

35. Toyota M, Kopecky KJ, Toyota MO, Jair KW, Willman CL,
Issa JP. Methylation profiling in acute myeloid leukemia.
Blood. 2001;97:2823-2829.

36. La Starza R, Trubia M, Crescenzi B, et al. Human homeobox
gene HOXC13 is the partner of NUP98 in adult acute
myeloid leukemia with t(11;12)(p15;q13). Genes Chromo-
somes Cancer. 2003;36:420-423.

37. Offman J, Opelz G, Doehler B, et al. Defective DNA
mismatch repair in acute myeloid leukemia/myelodysplastic
syndrome after organ transplantation. Blood. 2004;104:822-
828.

38. Xu ZX, Timanova-Atanasova A, Zhao RX, Chang KS. PML
colocalizes with and stabilizes the DNA damage response
protein TopBP1. Mol Cell Biol. 2003;23:4247-4256.

39. Gaymes TJ, Mufti GJ, Rassool FV. Myeloid leukemias have
increased activity of the nonhomologous end-joining
pathway and concomitant DNA misrepair that is dependent
on the Ku70/86 heterodimer. Cancer Res. 2002;62:2791-
2797.

40. Stucki A, Rivier AS, Gikic M, Monai N, Schapira M, Spertini
O. Endothelial cell activation by myeloblasts: molecular
mechanisms of leukostasis and leukemic cell dissemination.
Blood. 2001;97:2121-2129.


