Cancer Treatment and Research
Steven T. Rosen, M.D., Series Editor

Robert H. Lurie Comprehensive Cancer Center
Northwestern University Medical School

Acute

Myelogenous
Leukemia

Genetics, Biology and Therapy




Cancer Treatment and Research

Series Editor

Steven T. Rosen

Robert H. Lurie Comprehensive
Cancer Center

Northwestern University

Chicago, IL

USA

For further volumes, go to
http://www.springer.com/series/5808



Lalitha Nagarajan
Editor

Acute Myelogenous
Leukemia

Genetics, Biology and Therapy

@ Springer



Editor

Lalitha Nagarajan
Department of Genetics
University of Texas MD
Anderson Cancer Center
Unit 1006

1515 Holcombe Boulevard
Houston TX 77030

USA
Inagaraj@mdanderson.org

ISSN 0927-3042

ISBN 978-0-387-69257-9 e-ISBN 978-0-387-69259-3
DOI 10.1007/978-0-387-69259-3

Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2006939515

© Springer Science+Business Media, LLC 2010

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer
software, or by similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not they are
subject to proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of
going to press, neither the authors nor the editors nor the publisher can accept any legal
responsibility for any errors or omissions that may be made. The publisher makes no warranty,
express or implied, with respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+ Business Media (www.springer.com)



Contents

The Leukemia Stem Cell . . . ........... .. ... .. ... . ...........

Zeev Estrov

Epigenetic Mechanisms in AML — A Target for Therapy .............

Yasuhiro Oki and Jean-Pierre J. Issa

Chromosomal Translocations in AML: Detection and Prognostic

Significance . . .. ... ... ..

Nallasivam Palanisamy

Chromosomal Deletionsin AML . .. .............................

Lalitha Nagarajan

Genes Predictive of Outcome and Novel Molecular Classification

Schemes in Adult Acute Myeloid Leukemia. . ... ... ... .. ... ... ...

Roel G.W. Verhaak and Peter J.M. Valk

Receptor Tyrosine Kinase Alterations in AML — Biology and Therapy . . .

Derek L. Stirewalt and Soheil Meshinchi

Lineage-Specific Transcription Factor Aberrationsin AML . ..........

Beatrice U. Mueller and Thomas Pabst

Proleukemic RUNX1 and CBFf} Mutations in the Pathogenesis

of Acute Leukemia. . . ........ ... .. ... . . . ... .

Michael E. Engel and Scott W. Hiebert

Acute Myeloid Leukemia with Mutated Nucleophosmin (NPM]1 ):

Molecular, Pathological, and Clinical Features . . . ... ...............

Brunangelo Falini

MicroRNAs: New Players in AML Pathogenesis . . .................

Milena S. Nicoloso, Bharti Jasra, and George A. Calin

19

41

59

67

85



vi Contents

Murine Models of Human Acute Myeloid Leukemia. . ............... 183
Julie M. Fortier and Timothy A. Graubert

Apoptosis in Leukemias: Regulation and Therapeutic Targeting . . . . .. .. 197
Ismael Samudio, Marina Konopleva, Bing Carter,

and Michael Andreeff

Acute Promyelocytic Leukemia: A Paradigm for Differentiation

Therapy . . . .. ..o 219
David Grimwade, Anita R. Mistry, Ellen Solomon,

and Fabien Guidez

Immunotherapy of AML . ........ ... ... . ... .. .. . ... 237
Gheath Alatrash and Jeffrey J. Molldrem

Therapy of Acute Myelogenous Leukemia in Adults . . ............... 257
Gautam Borthakur and Elihu E. Estey

Subject Index. . . .. ... .. ... 273



Contributors

Gheath Alatrash, DO, PhD Division of Cancer Medicine, University of Texas
MD Anderson Cancer Center, Houston, TX, USA

Michael Andreeff, MD, PhD Department of Blood and Marrow
Transplantation, University of Texas MD Anderson Cancer Center, Houston,
TX, USA, mandreef@mdanderson.org

Gautam Borthakur, MD Department of Leukemia, The University of Texas
MD Anderson Cancer Center, Houston, TX, USA,
gborthak(@mdanderson.org

George A. Calin, MD, PhD Departments of Experimental Therapeutics and
Cancer Genetics, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA, gcalin@mdanderson.org

Bing Carter, PhD Section of Molecular Hematology and Therapy,
Department of Stem Cell Transplantation and Cellular

Therapy, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA

Michael E. Engel, MD, PhD Division of Pediatric Hematology/Oncology,
Department of Pediatrics, Monroe Carell Jr. Children’s Hospital at Vanderbilt,
Vanderbilt-Ingram Cancer Center, Nashville, TN, USA,
mike.engel@vanderbilt.edu

Elihu E. Estey, MD Department of Leukemia, The University of Texas MD
Anderson Cancer Center, Houston, TX, USA

Zeev Estrov, MD Department of Leukemia, University of Texas MD
Anderson Cancer Center, Houston, TX, USA, zertrov@mdanderson.org

Brunangelo Falini, MD Institute of Hematology, University of Perugia,
Perugia, Italy, faliniem@unipg.it

Julie M. Fortier, MD Division of Oncology, Stem Cell Biology Section,
Washington University School of Medicine, St. Louis, MO, USA

vii



viii Contributors

Timothy A. Graubert, MD Division of Oncology, Stem Cell Biology Section,
Washington University School of Medicine, St. Louis, MO, USA,
tgrauber@dom.wustl.edu

David Grimwade, MD, PhD Department of Medical and Molecular Genetics,
King ’s College London School of Medicine, London, UK,
david.grimwade@ genetics.kcl.ac.uk

Fabien Guidez, PhD Department of Medical and Molecular Genetics, King’s
College London School of Medicine, London, UK

Scott W. Hiebert, PhD Division of Pediatric Hematology/Oncology,
Department of Pediatrics, Monroe Carell Jr. Children’s Hospital at Vanderbilt,
Vanderbilt-Ingram Cancer Center, Nashville, TN, USA

Jean-Pierre J. Issa, MD Department of Leukemia, University of Texas MD
Anderson Cancer Center, Houston, TX, USA, jissa@mdanderson.org

Bharti Jasra, MD Departments of Experimental Therapeutics and Cancer
Genetics, The University of Texas MD Anderson Cancer Center, Houston, TX, USA

Marina Konopleva, MD, PhD Section of Molecular Hematology and Therapy,
Department of Leukemia, The University of Texas MD Anderson Cancer
Center, Houston, TX, USA

Soheil Meshinchi, MD, PhD Clinical Research Division, Fred Hutchinson
Cancer Research Center, Seattle, WA, USA

Anita R. Mistry, PhD Department of Medical and Molecular Genetics, King ’s
College London School of Medicine, London, UK

Jeffrey J. Molldrem, MD Department of Stem Cell Transplantation and
Cellular Therapy, University of Texas MD Anderson Cancer Center, Houston,
TX, USA, jmolldre@mdanderson.org

Beatrice U. Mueller, MD Department of Internal Medicine, University
Hospital, Bern, Switzerland, beatrice.mueller@insel.ch

Lalitha Nagarajan, PhD Department of Molecular Genetics, University of
Texas MD Anderson Cancer Center, Houston, TX, USA,
Inagaraj@mdanderson.org

Milena S. Nicoloso, MD Departments of Experimental Therapeutics and
Cancer Genetics, The University of Texas MD Anderson Cancer Center,
Houston, TX, USA

Yasuhiro Oki, MD Department of Leukemia, University of Texas MD
Anderson Cancer Center, Houston, TX, USA

Thomas Pabst, MD Department of Oncology, University Hospital, Bern,
Switzerland



Contributors X

Nallasivam Palanisamy, PhD Michigan Center for Translational Pathology,
University of Michigan Health System, Ann Arbor, MI, USA,
nallasiv@med.umich.edu

Ismael Samudio, PhD Section of Molecular Hematology and Therapy,
Department of Stem Cell Transplantation and Cellular Therapy, The
University of Texas MD Anderson Cancer Center, Houston, TX, USA

Ellen Solomon, PhD Department of Medical and Molecular Genetics, King ’s
College London School of Medicine, London, UK

Derek L. Stirewalt, MD Clinical Research Division, Fred Hutchinson Cancer
Research Center, Seattle, WA, USA, dstirewa@fhcrc.org

Peter J.M. Valk, PhD Department of Hematology, Erasmus University
Medical Center Rotterdam, Rotterdam, The Netherlands,
p.valk@erasmusmec.nl

Roel G.W. Verhaak, PhD Department of Hematology, Erasmus University
Medical Center Rotterdam, Rotterdam, The Netherlands



The Leukemia Stem Cell

Zeev Estrov

Introduction and Historical Perspective

In a meeting held in the Charité Hospital in Berlin in 1909, Alexander Max-
imow postulated that all circulating blood cells arise from a single lymphocyte-
like cell [68]. An almost identical hypothesis was proposed by Artur Pappen-
heim in 1917 [78]. This hypothesis was tested years later by numerous
investigators who demonstrated that all hematopoietic cells arise from a single
hematopoietic stem cell (HSC) [54, 75, 90, 116]. Our knowledge of the leuke-
mogenic process has benefited from hematopoiesis research. Identification and
characterization of the HSC led to the theory that leukemia is a stem cell
disease, i.c., that leukemia arises from a neoplastic HSC.

As far as we know, leukemia has always existed. The first patient reported to
exhibit symptoms most likely attributable to chronic lymphocytic leukemia was
a 63-year-old Parisian lemonade salesman named Monsieur Vernis [108]. At
first there was not much interest in this disease, and Armand Velpeau’s report
drew little attention. However, within a few years, other reports followed. The
first cases of chronic myelogenous leukemia (CML) were reported by Donne
and Craigie [30, 25], and the clinical characteristics of several patients with
different forms of leukemia were published by John Hughes Bennett [5-9], who
first used the term “leucocythemia.” The word ‘leukdmie’ was coined by
Rudolph Virchow who by then had described several patients with this disease
[110-113]. Several decades passed before the morphological features of leuke-
mia cells were defined and the pathophysiology of leukemia deciphered.

The stem cell concept has been applied to non-hematopoietic tissues.
Embryonic stem cells and non-hematopoietic, tissue-specific stem cells have
been isolated, characterized, and extensively studied [60]. Cells isolated from
embryonic tissue, gametes, and fertilized eggs have been found to have
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2 Z. Estrov

totipotent and pluripotent capacities [47]. Although these two capacities are
dissimilar, the cells received identical names from different investigators, and to
avoid confusion a common terminology was agreed upon. According to the
recently established nomenclature (Table 1), adult tissue-specific stem cells
(such as HSCs) that are capable of generating and replacingterminally differ-
entiated cells within their own tissue boundaries are termed multipotent (adult)
stem cells.

Table 1 Stem cell nomenclature

Totipotent stem cells: The zygote (fertilized egg) (totus: entire). These cells have the capacity to
give rise to every tissue associated with the embryo and, eventually, the adult

Pluripotent stem cells: The blastocyst (starting 4 days after fertilization) (plures: several).
These cells can give rise to all tissue cells except the embryo’s outer layer (the trophoblast)
and the embryo-supporting placenta

Multipotent stem cells: Somatic (adult, tissue-specific) stem cells

The Hematopoietic Stem Cell
Concept and Definition

The hematopoietic system is thought to originate from multipotent HSCs capable
of reproducing themselves (through a process termed “self-renewal”) and produ-
cing a hierarchy of downstream multilineage and unilineage progenitor cells that
differentiate fully into mature cells [28, 58, 115]. The concept arose from studies
exploring the formation of hematopoietic colonies in spleens of irradiated mice. It
has been known since the late 1940s that exposing mice to ionizing radiation results
in the generation of macroscopic hematopoietic spleen colonies [51]. In the early
1960s, Till and McCulloch [104] and their colleagues [3, 105] demonstrated that a
spleen colony is generated from a single cell called a spleen colony-forming unit
(CFU-S). It was demonstrated later that cells arising from a single CFU-S can
rescue a lethally irradiated mouse, and subsequent limiting-dilution studies estab-
lished that a single cell is capable of repopulating the entire hematopoietic system
[54, 90, 72]. These studies defined the HSC as a cell that possesses self-renewal
and clonogenic abilities and the capacity to differentiate into multiple lineages.
HSCs with the capacity for both long-term and short-term repopulation of the
mouse hematopoietic system have been identified. Similar studies with human
bone marrow cells, performed in the severe combined immunodeficiency (SCID)
mouse model, yielded similar results. HSCs are thought to be rare quiescent
cells that, upon demand, give rise to progenitor cells (characterized in vitro
and termed CFUs), which are destined to generate fully differentiated cells. The
division of HSCs is thought to be either symmetric, producing two identical
daughter cells that are either both stem cells or both progenitor cells, or
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asymmetric, producing an HSC and a progenitor with diminished self-renewal
capacity but with the ability to enact clonal expansion and maintain the circulating
blood cell population [28, 74, 86, 110].

Isolation of HSCs

Because it was thought that a single cell is capable of repopulating the hema-
topoietic system, several investigators have attempted to isolate HSCs by using
phenotypic cell-surface markers associated with defined lineages and develop-
mental stages of hematopoietic cells. Using high-speed multi-parameter flow
cytometry, distinct cell populations were purified and collected for functional
analysis. Several cell-surface proteins thought to be specific to primitive cells,
such as CD34, CD133, and CD150, and combinations of cell-surface markers
such as Lin“c-kit"®"Thy'®%Sca ™ [76, 93, 103], Lin"Thy " CD34 " CD387"°%), or
the SLAM family receptors [57] have been used to identify HSCs. Other
techniques to isolate HSCs utilize cellular physical characteristics or enzymatic
activity, such as the extrusion of Hoechst dye 33342 (like the activity of P-
glycoprotein that is encoded by the M DR gene) identifying “side population
cells” and the use of BODIPY aminoacetaldehyde to assess aldehyde dehydro-
genase activity [39, 46, 56, 57, 96].

HSC Characterization

To test the stem cell characteristics of a cellular population, it is necessary to
purify the cells to functional homogeneity and to demonstrate that every single
purified cell is capable of reconstituting the entire hematopoictic system. In
addition, it is necessary to show that every single cell of a phenotypically
identical cellular population isolated from one animal is capable of reconstitut-
ing the hematopoietic system in another animal, i.e., that the stem cells that
repopulated the hematopoietic system self-renew (Fig. 1). These goals cannot be
reproducibly reached using any of the currently available stem cell fractionation
techniques because not every cell of the phenotypically identical cell population
is a functional stem cell. Rather, the end products of these fractionation assays
are cells that are enriched with HSCs. Remarkably, some cells of the “stem cell-
depleted” cellular fraction are also functional stem cells, as demonstrated in
studies with CD34 fractionation. CD34 was the first HSC “marker,” and CD34
fractionation has been used clinically for HSC enrichment. Remarkably, hema-
topoietic stem cell transplantation has been successfully performed with a
population of CD34-negative cells [120, 121], suggesting that functional HSCs
are present within the CD34-negative cell fraction. Thus, a stem cell should be
defined by its functional capacity, not by phenotype, surface marker expression,
or other cellular characteristics.
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Fig. 1 Functional assessment of a purified population of HSCs. To confirm that fractionated
cells are HSCs, every single cell of that homogenous population should have the capacity to
repopulate the hematopoietic system in a lethally irradiated animal and, in addition, every
single blood or bone marrow cell isolated from the irradiated animal by the same method
should be capable of reconstituting all blood and bone marrow elements of an identical
lethally irradiated animal (second-generation reconstitution)

The Hematopoietic Stem Cell Niche

Boneand bone marrow are intrinsically linked. Morphological and functional
studies suggest that HSCs are located proximal to the endosteal surface of
trabecularbone (reviewed in [71]). Several studies have demonstrated that
osteoblast cells are required for this localization. Furthermore, HSCs express
a calcium-sensing receptor. Stem cells lacking this receptor failed to localize to
the endostealniche and did not function normally after transplantation, high-
lighting the importance of the ionic mineral contentof the bone itself and of the
bone-derived matrix in the lodgmentand retention of HSCs within the endosteal
niche. However, HSCs function in the absence of osteoblasts. Extramedullary
hematopoiesis is frequently found in patients with myeloproliferative disorders
and in transgenic mice where osteoblast cells have been ablated, the marrowis
aplastic, and extensive extramedullary hematopoiesis occurs. Thus, HSCs can
survive and function in tissues thathave no osteoblasts. The contributions of
other cellular elements, suchas stromal cells, osteoclasts, or perivascular cells,
have been characterized. For example, it has been shown that HSCs can be
recruited to a “vascularniche” that servesas an “extramedullary niche.” Experi-
ments with parabiotic mice have demonstrated that HSCs circulate between the
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blood and the bone marrow. Therefore, the existence of multiple types of HSC
niches is not surprising. Whether different niches affect HSC function differ-
ently has yet to be determined.

The Leukemia Stem Cell
Cancer Stem Cell: Concept and Definition

The cancer stem cell hypothesis was proposed about 150 years ago by Rudolf
Virchow and Julius Cohnheim, who argued that cancer results from the activa-
tion of dormant embryonic tissue remnants [23, 109].

The notion that leukemia stem cells (LSCs) might exist emerged from experi-
ments performed in the early 1970s showing that only a subset of leukemia cells
was capable of in vitro proliferation [70, 73, 98]. These in vitro studies, together
with the in vivo studies described below, suggested that among the entire
population of leukemia cells there are rare cells with the potential for self-
renewal that drive the expansion of the leukemic clone. These LSCs are thought
to exhibit characteristics similar to those of normal HSCs, with the exception
that LSCs do not necessarily differentiate into different lineages. The current
dogma is that all leukemia cells are derived from LCSs and that the descendents
of these cells are clones.

It is thought that LSCs, like normal HSCs, give rise to differentiated daugh-
ter progenitor cells (termed CFU-Ls) that differentiate into leukemic blasts that
lose their self-renewal capacity (Fig. 2). However, defects in the cellular machin-
ery of CFU-Ls usually eliminate their ability to differentiate fully into morpho-
logically and phenotypically mature cells. As a result, the leukemic cell popula-
tion consists of undifferentiated and variably differentiated leukemia cells. The

Second- and
Leukemia third-generation Long-term Short-term
stem cell SL-ICs SL-ICs SL-ICs AML-CFU

Blasts

N n Y n n
._._._.-.-.

Fig. 2 Proposed hierarchal differentiation of LSCs: Rare LSCs with self-renewal capacity
(curved arrows) give rise to SCID leukemia-initiating cells (SL-ICs) capable of initiating
leukemia in second- and third-generation mice. These SL-ICs give rise to long-term SL-ICs
capable of repopulating the marrow of identical second-generation mice. The short-term SL-
ICs are capable of repopulating the marrow of the injected animal and give rise to AML
colony-forming units (AML-CFU) that have a low rate of self-renewal. During this hierarchal
differentiation process, the proliferation capacity (straight arrows) of the leukemic cells
increases (adopted from [49] and [83]). This model is based on the assumption that human
leukemia cells that engraft in SCID and NOD/SCID mice carrying LSC characteristics
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degree of differentiation of leukemia cells has been used to identify their lineage
(for example, myeloid versus lymphoid). Indeed, the current clinical classifica-
tion of leukemias is based on the presence of “differentiation markers” in the
leukemia blasts [10, 107].

Models of Leukemogenesis

The currently accepted paradigm of leukemogenesis rests on the theory that
leukemia arises from a single cell and is maintained by a small population of
LSCs [37, 49, 69]. 1t is thought that normal HSCs themselves can undergo
leukemic transformation. First, in normal HSCs, the machinery for self-renewal
is already activated, and second, stem cells persist for a long time; therefore, the
opportunity to accumulate mutations in these cells is greater than that in
mature, short-lived cell types. Nonetheless, restricted progenitors could poten-
tially be transformed, either by acquiring mutations that cause them to self-
renew or by inheriting existing mutations from the preleukemic stem cells and
then acquiring additional mutations themselves. Indeed, Jamieson et al. [53]
reported that in chronic myelogenous leukemia, the LSC is the differentiated
progenitor CFU-granulocyte-macrophage (CFU-GM).

Two models of leukemogenesis have long been proposed. According to the
stochastic model, leukemia consists of a homogenous population of immature
cells and a few cells that can either self-renew or proliferate in a stochastic
manner [61, 86, 104]. In contrast, in the hierarchy model, leukemia consists of a
heterogeneous population, within which only a small percentage of LSCs gen-
erate leukemia clones and sustain the disease. Recently, a third model was
proposed [83]. According to this model, mature leukemia cells can de-differ-
entiate and regain functional LSC capacity [53]. Whereas the first two models
hold that only a few immature cells sustain leukemia, the third model allows
that mature cells can regain self-renewal capacity. One might envision leukemia
as a disease in which the phenotypically mature and immature neoplastic cells,
characterized by genomic instability, multiply and form new leukemic clones
selected to expand based on their proliferation and survival capacity. Such cells
might at times either be quiescent or be proliferate; and during this process, they
may differentiate or self-renew without adhering to the “rules” of the normal
hematopoietic system.

LSC Phenotype and Function

The phenotypic and functional properties of normal HSCs have been used to
study LSCs [15, 29, 42] Wissman 2000). Classic studies of human acute myeloid
leukemia (AML) have shown that AML consists of a heterogeneous population
of cells with a small percentage of quiescent (non-cycling) cells [22, 114], of
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which only 0.1-1% harbor the capacity to initiate leukemia when injected into
SCID or non-obese diabetic (NOD)/SCID mice [15, 62]. In most AML sub-
types, except for promyelocytic leukemia (AML-M3), the cells capable of
transplanting leukemia in NOD/SCID mice have been shown to have a
CD34+CD38or CD34"CD387!°Y phenotype similar to that of normal
HSC, whereas more mature CD34 + CD38 + leukemic blasts failed to engraft
[12, 15]. Using clonal tracking of retroviral-transduced normal and leukemic
cells in NOD/SCID mice, it was demonstrated that both normal and LSC
compartments were composed of individual stem cell classes that differed in
their repopulating and self-renewal capacities [44, 49]. These elegant studies
demonstrated that a fractionated population of phenotypically identical human
leukemia cells engrafting in NOD/SCID mice consists of cells with different
capacities. Some cells, termed NOD/SCID leukemia-initiating cells (SL-ICs),
could be harvested and, when injected into a second and third generation of
identical mice, engrafted and induced leukemia. A “marker” to determine
whether a certain cell is a short-term or long-term SL-IC has not been identified.

Other combinations of cell-surface markers [75] and other techniques,
including the extrusion of Hoechst dye 33342, have been used to identify
LSCs [16, 39, 56] Several studies suggest that HSCs and LSCs share some cell-
surface markers but not others. For example, HSCs and LSCs both express
CD34, CD71, and HLA-DR. However, Thy-1 (CD90) and c-Kit (CD117) are
expressed on HSCs but not on LSCs, and CD123 the interleukin-3 receptor-o
are expressed on LSCs but not on HSCs [12, 13, 55]. Remarkably, cytogeneti-
cally abnormal LSCs have been found in the CD34"CD90 " populations in
several patients with AML, and in rare cases, CD34" cells as well as CD34 " cells
have successfully engrafted and initiated human leukemia in mice [17, 85, 102].
In acute promyelocytic leukemia, unlike in other myeloid leukemias, the char-
acteristic translocation has been observed in CD34'CD38" but not in
CD347CD38 cells [15, 41].

The NOD/SCID mouse studies described above suggest that AML, like
normal hematopoiesis, is indeed organized as a hierarchy, which is initiated
and maintained by an LSC that gives rise to SL-ICs with short-term and long-
term repopulating capacities that, in turn, give rise to cells with abnormal
differentiation programs, leading ultimately to the production of blasts and
abnormally differentiated leukemia cells [28] (Fig. 2). However, Taussig et al.
[101] showed recently that cells expressing well-established mature myeloid
markers (CD33 or CD13) could function as SL-ICs, thereby questioning the
validity of surface marker expression as a predictor of stem cell function.
Taussig’s data agree with previous studies that have demonstrated that cells
devoid of self-renewal capacity, such as committed progenitors and mature
cells, could be targets for leukemic transformation. For example, activation of
promoter elements of several mature myeloid-specific human genes (like
MRP8, CDI11b, or cathepsin G) induces human leukemias in transgenic
mouse models [18, 52, 119]. Recently, Cozzio et al. [23] showed that the
leukemic fusion gene MLL-ENL, which results from the t(11;19) translocation,
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induced the same type of leukemia whether transduced into HSCs, common
myeloid progenitors (CMPs), or granulocyte-macrophage progenitors (GMPs).
Furthermore, the fusion gene MOZ-TIF2 has also recently been shown to
contribute to the transformation of both HSCs and committed myeloid pro-
genitors. Thus, the activation of an appropriate oncogene in a mature hemato-
poietic cell could transform the cell into an LSC with self-renewal capacity. In
contrast, So et al. [92], using a different fusion partner of MLL, GAS7, showed
that only the transduction of murine HSC, and not CMP or GMP, resulted in
the production of mixed-lineage leukemias in mice. Therefore, a universal
phenotype for LSCs may not exist, and patient-to-patient variation in cell-
surface protein expression may be the rule.

Of note, a similar heterogeneity exists in HSC gene expression: genes thought
to form a stem cell gene signature have been identified; however, dissimilar data
suggest that the existence of such a signature may be premature [50, 80, 82].
Because stem cell-specific properties, such as self-renewal, quiescence, and
proliferation, are not governed by genes that are specific to stem cells, it has
been proposed that there is a “stem cell state” rather than a “stem cell portrait”
in the hematopoietic system [125]. The “stem cell state” may represent a tran-
sient and potentially reversible state that cells can assume in response to the
correct trigger. Using a similar concept, one can argue that there is an “LSC
state” rather than an “LSC phenotype,” a concept that is supported by the well-
described lineage “infidelity” in human leukemias [91]. Whereas defining the
sets of conditions that pertain to the LSC state may allow the development of
strategies to eliminate LSCs or render them inconsequential, the identification
of specific genes and surface markers expressed solely by LSCs may be difficult
or impossible.

Taken together, these data suggest that LSCs should be characterized by
function rather than by phenotype and be referred to as “leukemia-initiating
cells.” It is unclear whether studies performed using SCID or NOD/SCID
mouse models reflect normal human physiology and/or pathophysiology.
Thus, the overall conclusion that can be drawn from those studies is that the
capability of a leukemia cell to initiate and sustain leukemia in humans, regard-
less of its phenotype, physical characteristics, or function in immune-deficient
mice, is the most important biological feature of the cells that we refer to as
LSCs.

Molecular Pathways Regulating HSCs and LSCs

The current dogma is that self-renewal is the hallmark property of stem cells in
both normal and neoplastic tissues. Therefore, the molecular pathways that
regulate this self-renewal capacity have been studied extensively. Several genes,
transcription factors, and cell-cycle regulators modulate the self-renewal, pro-
liferation, and differentiation of HSCs [95, 123]. The genes SCL, GATA-2,
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LMO-2, and AML-1 (also known as CBFA2 or RUNXI1) govern the transcrip-
tional regulation of early hematopoiesis, and the deregulation of these genes
through chromosomal aberrations plays a key role in leukemogenesis. For
example, the gene encoding the transcription factor SCL is the most frequent
target of chromosomal rearrangements in children with T-cell acute lympho-
blastic leukemia [4]. SCL is normally expressed in HSCs and immature progeni-
tors and is downregulated during differentiation, and its abnormal activation
might initiate malignant transformation [64]. Similarly, abnormal activation of
AML-1, a gene that is required for normal hematopoiesis, as a result of translo-
cation t(8;21) and the generation of the fusion protein AML-ETO is thought to
be leukemogenic [67, 77]. The fusion protein AML-ETO has been shown to
induce stem cell self-renewal [26]. However, increased self-renewal is of no
apparent pathogenic consequence, presumably because secondary mutations
are necessary for the expression of the leukemic phenotype [26].

Other transcription factors such as the Homeobox (Hox) genes, which include
HoxB4, and the Wnt-signaling pathway have well-described roles in regulating
the self-renewal and differentiation of HSCs [85, 124]. HoxB4 is abundantly
expressed in HSCs, plays a role in HSC expansion, and declines as terminal
differentiation proceeds [88]. Of note, deregulated expression of Hox family
members such as HoxA9 is commonly observed in AML [38, 63]. The Wnt-
signaling pathway, whose activity is critical to the development of several organs,
plays an important role in the regulation of hematopoietic stem and progenitor
cell function [85, 94]. Overexpression of ?-catenin, a downstream activator of the
Wt signaling pathway, expands the HSC pool [86], and activation of the Wnt
pathway increases the expression of transcription factors and cell-cycle regulators
important in HSC renewal, such as HoxB4 and Notch-1 [31, 85].

The Notch/Jagged pathway modulates extracellular regulatory signals con-
trolling HSC fate [2]. Members of the Notch family have critical roles in keeping
HSCs in an undifferentiated state and may act as gatekeepers for factors
governing self-renewal and lineage commitment [81]. Of interest, the gene
encoding the Notch receptor is rearranged by recurrent chromosomal translo-
cations in some patients with T-cell acute lymphoblastic leukemia [32]. Tran-
scription factors and cell-cycle regulators associated with oncogenesis, such as
Bmi-1 and Sonic hedgehog (Shh), regulate the proliferation HSCs and LSCs
[99, 106]. Bmi-1, a member of the Polycomb family [65], is expressed in normal
and leukemic HSCs and regulates self-renewal by modulating the activity of
genes governing proliferation, survival, and linecage commitment [66, 79].
Although direct evidence for the role of Shh in the regulation of self-renewal
is lacking, in vitro studies demonstrated HSC self-renewal activity of Shh in
combination with various growth factors [11]. Recent data suggest that PTEN
(phosphatase and tensin homologue deleted on chromosome ten), a negative
regulator of the phosphatidylinositol 3 kinase (PI3K) pathway, has essential
roles in restricting the activation of HSCs, in lineage fate determination, and in
the prevention of leukemogenesis [122]. Furthermore, it has been shown
recently that PTEN dependence could distinguish HSCs from LSCs [118].
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Taken together, these data suggest that differential expression of several
transcription factors controls the fate of HSCs and plays a critical role in the
determination of self-renewal, differentiation, and lineage commitment. These
pathways are under the control of various intracellular stimuli as well as
cytokines and stromal factors from adjacent cells in the bone marrow. Further
studies of these transcription factors in HSCs and the mechanisms causing their
deregulation are likely to provide us with better targets for therapy.

Cellular HSC and LSC Regulators

Within the hematopoietic microenvironment, early progenitors are thought to be
maintained and compartmentalized in a specific location in the endosteal lining
of the bone cavities. However, extramedullary niches have also been described, as
discussed above. Extramedullary disease is occasionally found in several leuke-
mias. Although it is well established that the leukemogenic process is bone
marrow derived, it is not clear whether, as in normal HSCs, an LSC niche exists.

Normal hematopoietic and leukemia cells proliferate in response to several
cytokines and hematopoietic growth factors [34, 84]. Thus, the regulation of
normal and leukemic hematopoiesis is the result of multiple processes involving
cell-cell and cell-extracellular matrix interactions and the actions of specific
growth factors and other cytokines as well as intrinsic modulators of hemato-
poietic development. Despite some important progress, the genetic and cellular
factors that influence stem cells to differentiate into developmentally restricted
progenitor cells or to self-renew to replace cells that have become committed to
differentiation are still poorly understood.

Clinical Significance
LSCs, Drug Resistance, and Relapse

Despite the development of several new agents that effectively reduce the tumor
burden in patients with leukemia, relapse continues to be the most common
cause of death, particularly in patients with AML. Therefore, most, if not all,
patients who attain complete remission still harbor disease-sustaining cells.
Because these residual leukemia cells cannot be detected by conventional tech-
niques (such as light microscopy), the term minimal residual disease (MRD) is
used to describe them [33]. Current efforts directed at detecting and quantifying
MRD are based on the assumption that eradication of disease-sustaining cells
will improve treatment outcomes [35, 100]. The question of why neoplastic cells
with disease-sustaining capacity survive chemotherapy has prompted extensive
research in recent decades.



The Leukemia Stem Cell 11

Normal HSCs are mostly quiescent and, because of that, protected from cell-
cycle-dependent insults. Similarly, LSCs are thought to be quiescent [42] and,
therefore, resistant to endogenous or exogenous apoptotic stimuli [27, 59].
Several studies have provided data that support this theory, including one by
Guzman et al. [45], which demonstrated that as much as 96% of the LSC
population, as defined by the phenotype CD34 " /CD38/CD123 ", was in the
GO phase of the cell cycle. Thus, the current dogma that the resting status of the
putative LSCs protects them from the commonly used cell-cycle-specific che-
motherapeutic agents ignores the fact that non-cell-cycle-specific agents are
routinely used to treat all forms of leukemia.

Resistance to drugs and toxins by cells in the quiescent phase is thought to be
mediated through the expression of ATP-associated transporters [27]. High
levels of ATP-binding cassette transporters have been found in both normal
and cancer stem cells but not in lineage-committed progenitor cells [20, 40, 89].
Because of this property, the efflux of fluorescent dyes such as Hoechst 33342
was thought to isolate HSCs [36, 39]. Thus, quiescent LSCs inherently posses-
sing drug resistance mechanisms or acquiring them through mutations [27] are
thought to survive chemotherapy and sustain the disease [1, 42, 45, 48, 86, 103].
Remarkably, this theory has been generally accepted, despite data showing that
HSC may be non-quiescent [117], that ATP-associated transporters are present
in mature non-quiescent cells [87], and that drug and dye efflux can be found in
cells that do not exhibit stem cell capacity [19, 97].

It is likely that secondary events, such as the development of mutations,
further contribute to the intrinsic resistance properties of LSCs. Quiescent
LSCs and non-quiescent leukemia-sustaining cells may carry the initial muta-
tions leading to genomic instability resulting in secondary mutagenic events
that contribute to the development of a more resistant phenotype. Alterna-
tively, random secondary mutations or mutations occurring as a result of
selective pressure caused by therapy may contribute to disease progression
and drug resistance. This has been seen in patients with CML treated with
imatinib mesylate, in whom mutations of the ATP-binding site of BCR-ABL
are well documented [21].

LSCs and Strategies to Cure Leukemia

As discussed above, relapse continues to be the most frequent cause of treat-
ment failure, particularly in AML. The clinical benefits of early detection of
MRD remain uncertain and are under investigation. The most commonly used
assay to identify residual cells expressing a leukemia-specific molecular
abnormality is polymerase chain reaction (PCR). This technique has several
limitations, however, including false-positive and false-negative results, lack of
standardization among laboratories, and insufficient sensitivity (i.e., the inabil-
ity to detect clinically significant MDR that results in clinical relapse). More
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importantly, PCR cannot distinguish LSCs from their terminally differentiated
progeny, i.e., it cannot distinguish between leukemia-sustaining cells and clini-
cally insignificant MRD [35, 83, 100].

Rather than MRD “detection and monitoring,” characterization of the
molecular and biologic features of the cells that initiate and maintain leukemia
is the essential step in the development of novel strategies to cure this disease.
These cells have dissimilar morphologic features, no specific phenotype, no
specific cell-surface or molecular markers, and they may have various degrees of
abnormal maturation and may or may not be quiescent. They also may or may
not fit the current definition of an LSC. Function is the only common denomi-
nator of these cells. Leukemia-sustaining cells may be different in different
subtypes of leukemia and may vary from patient to patient because of the
large variety of mutagenic events that initiate and drive this disease. Whether
or not the cells that initiate and sustain leukemia fit the current agreed-upon
features of “stem cells,” these are the cells on which we should concentrate our
efforts.

Acknowledgment I thank Dawn Chalaire for editing this manuscript.
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Epigenetic Mechanisms in AML — A Target
for Therapy

Yasuhiro OKki and Jean-Pierre J. Issa

Abstract Epigenetics refers to a stable, mitotically perpetuated regulatory
mechanism of gene expression without an alteration of the coding sequence.
Epigenetic mechanisms include DNA methylation and histone tail modifica-
tions. Epigenetic regulation is part of physiologic development and becomes
abnormal in neoplasia, where silencing of critical genes by DNA methylation or
histone deacetylation can contribute to leukemogenesis as an alternative to
deletion or loss-of-function mutation. In acute myelogenous leukemia
(AML), aberrant DNA methylation can be observed in multiple functionally
relevant genes such as pl5, p73, E-cadherin, ID4, RAR[S2. Abnormal activities
of histone tail-modifying enzymes have also been seen in AML, frequently as a
direct result of chromosomal translocations. It is now clear that these epigenetic
changes play a significant role in development and progression of AML, and
thus constitute important targets of therapy. The aim of targeting epigenetic
effector protein or “epigenetic therapy” is to reverse epigenetic silencing and
reactivate various genes to induce a therapeutic effect such as differentiation,
growth arrest, or apoptosis. Recent clinical studies have shown the relative
safety and efficacy of such epigenetic therapies.

Introduction

Carcinogenesis is a multistep process at the molecular level [64], driven by
genetic alterations such as gene mutation and deletion, resulting in activation
of oncogenes or inactivation of tumor suppressor genes [64]. Epigenetic changes
have also been shown to play a significant role in the malignant transformation
of cells [84, 12]. Epigenetics refers to a stable, mitotically perpetuated regulatory
mechanism of gene expression without an alteration of the gene coding

J.-P.J. Issa ()

Department of Leukemia, University of Texas MD Anderson Cancer Center,
Houston, TX, USA

e-mail: jissa@mdanderson.org

L. Nagarajan (ed.), Acute Myelogenous Leukemia, 19
Cancer Treatment and Research 145, DOI 10.1007/978-0-387-69259-3_2,
© Springer Science+Business Media, LLC 2010



20 Y. Oki and J.-P.J. Issa

sequence. Epigenetic mechanisms include DNA methylation and histone tail
modifications such as acetylation and methylation [84, 12]. Epigenetic changes
can lead to carcinogenesis by silencing critical genes [84, 12]. DNA methylation
is very stable and maintained once established, except in special states such as
embryogenesis [146, 81]. Histone modifications are more dynamic biochemical
changes in the context of expression regulation [146, 81] but are also involved in
stable gene silencing. Another, more flexible mechanism of epigenetic regula-
tion is through small regulatory non-coding antisense RNAs, which can achieve
transcriptional or posttranscriptional gene silencing [9], although the role of
these processes in carcinogenesis is unknown. Over the past decades, alterations
in DNA methylation and histone modifications in leukemogenesis have been
well described and are now recognized as targets of therapy for AML and other
hematological malignancies.

DNA Methylation and DNA Methyltransferase (DNMT)

The addition of a methyl-group to cytosine forming 5-methylcytosine in DNA
has genetic and epigenetic effects on cellular development, differentiation, and
carcinogenesis [84, 12]. In mammalian DNA, cytosine methylation is restricted
to cytosine followed by guanosine (the CpG dinucleotide) [84, 12]. DNA
methylation is accomplished by DNA methyltransferases (DNMTs), which
catalyze the covalent addition of a methyl group to the 5’ position of cytosine
from a donor S-adenosylmethionine [67]. Three different proteins, DNMT]I,
DNMT3A, and DNMT3B, have been shown to have DNA methyltransferase
catalytic activity in mammalian cells [123, 122, 9]. In general, DNMT 1 serves as
a maintenance DNMT, while DNMT3A and 3B serve as de novo DNMTs
introducing methyl groups to previously unmethylated CpG sites [123, 122].
DNMT3L, another type of DNMT, does not have catalytic activity but has
been identified as a stimulator of the catalytic activity of DNMT3A and
DNMT3B [21, 147, 11]. Once DNA methylation is established in a CpG
nucleotide, it is maintained after cell division through the activity of DNMTs,
which localize to replication foci to work on newly synthesized hemi-methylated
DNA [132, 102]. Recent studies suggest that DNA methylation status is deter-
mined via complex mechanisms where DNMTs interact with each other and
with other proteins to induce DNA methylation [134, 53]. The major target of
DNA methylation in normal mammalian cells is repeated transposable
sequences, but it also plays a key role in imprinting and X chromosome
inactivation in women [84, 12].

CpG sites are rare in the human genome relative to their predicted frequency,
presumably because they were eliminated during evolution through C to T
mutations of methylcytosine [13]. On the other hand, the human genome
contains small regions with clusters of CpG sites, called “CpG islands,” where
the frequency of CpG is higher than expected [13]. About half of all human
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genes have CpG islands in their promoter regions, and these are not usually
methylated in normal tissues, regardless of the transcriptional status of the
gene. Methylation in a CpG island is associated with changes in chromatin
organization and consequent repression of gene transcription (Fig. 1). One
mechanism by which gene silencing is achieved is that of methylation of cytosine
residues in CpG dinucleotides triggers the binding of methyl-binding proteins
to DNA, which attracts histone deacetylases and histone methylases that
eventually modify the structure of histones into a condensed chromatin state
[119]. Condensation of the chromatin prevents specific transcription factors or
DNA-dependent RNA polymerase from having access to the promoter region
to cause gene silencing [84, 12]. Histone H3 lysine 9 (H3K9) methylation
appears to trigger further DNA methylation through a feedback loop, thus
reinforcing gene silencing [7, 149]. Since CpG methylation is maintained after
cell division, gene silencing by DNA methylation is also maintained and is
essentially stable once it is established. It can be only reversed physiologically
and reset in early embryogenesis [116]. About half of human genes do not have
CpG islands in their promoters. In these cases, DNA methylation can mark the
silenced state but can be reversed physiologically by activation of gene expres-
sion [16]. The extent to which non-CpG island methylation plays a role in
carcinogenesis remains unclear.

Active transcription Gene silencing
——

Fig. 1 DNA methylation fti ??? L jl
and gene silencing. Each

circle indicates CpG sites,

filled circle being methylated TSss TSS
CpG, open circle ?

unmethylated CpG, and Unmethylated CpG

white box indicates exon 1. ?

TSS, transcription start site. Methylated CpG

DNA Methylation in AML

Cancers have altered patterns of DNA methylation. The global DNA methyla-
tion level is often decreased in malignant cells. Simultaneously, hypermethyla-
tion also occurs in specific regions of the genome [84, 12]. Hypomethylation was
initially postulated as a mechanism of carcinogenesis through activation of
oncogenes [50]. It is also known that hypomethylation is associated with chro-
mosomal instability in vitro, and this may play a role in carcinogenesis [24]. On
the other hand, aberrant DNA hypermethylation can clearly contribute to
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carcinogenesis by silencing tumor suppressor genes, and thus play an important
role as an alternative mechanism to deletion or loss-of-function mutation for
eliminating expression of functional proteins [84, 12].

Hypermethylation in some genes can be observed in normal tissues during
the process of aging [75]. Other genes are methylated exclusively in cancer cells
and they may arise from a combination of gene-specific predisposition to
methylation and rare chance events that lead to gene silencing and a selective
advantage for affected cells [75]. Different malignant diseases are associated
with unique DNA methylation patterns. For example, the RBI gene can be
found methylated primarily in retinoblastoma [135], and VHL gene methyla-
tion mainly occurs in renal cell carcinoma [69]. In AML, promoter methylation
of p15™%*B has long been known [68], and the methylation of this gene in MDS
appears to be associated with poor prognosis and a higher chance of developing
AML [154]. Other frequently methylated genes in AML are summarized in
Table 1. It should be noted that only a few of those genes have known tumor
suppressor function and that some are not expressed in normal hematopoietic
cells [151]. Promoter hypermethylation in cancer therefore is not necessarily
limited to silencing of critical genes. Also, in some cases, methylation can be
detected experimentally, but does not lead to significant gene silencing because
of low density of methylation or because the involved CpG island is not in the
promoter region of the genes. Therefore, only some of the methylated CpG
islands are pathophysiologically significant to the neoplastic process. Never-
theless, frequent gene-specific methylation is of potential value for disease
classification and/or prognostication [151]. Many cancers are characterized by
intense methylation of multiple genes simultaneously, a phenomenon termed
CpG island methylator phenotype [76, 91, 133], and this characterizes AML as
well. Moreover, frequent aberrant gene methylation is generally associated with
poor prognosis [76, 91, 133], including in AML [151].

Table 1 Genes methylated in AML

Methylation
Gene name prevalence Function References
pls 3171% Cyclin-dependent kinase inhibitor, [151, 77,
TGF-beta-induced growth arrest. 125, 54,
Putative tumor suppressor 80, 45, 27,
28, 111]
pl6 0-38% Cyclin-dependent kinase inhibitor. [151, 62]
Tumor suppressor [111]
p73 10-13% Participates in the apoptotic response to  [54, 45]
DNA damage. Putative tumor
suppressor
HICI 83% at Transcription factor. Putative tumor [110]
intron 2. suppressor
0% at
promoter
ID4 87% DNA-binding inhibitor. Putative tumor  [169]

suppressor




Epigenetic Mechanisms in AML 23
Table 1 (continued)
Methylation
Gene name prevalence Function References
RARp2 18-20% Nuclear transcriptional regulator, which  [54, 45]
limits growth of many cell types by
regulating gene expression
DAPK 3-61% Serine/threonine kinase which acts as a [54, 45]
positive regulator of apoptosis.
CDH1I 13-69% Calcium-dependent cell adhesion protein ~ [125, 54, 45,
( E-cadherin) and a potent invasion suppressor role 111]
SHPI 52% Negative regulator of Jak/STAT [26]
signaling pathway
MGMT 5% Repair alkylated guanine in DNA [54]
FHIT 14% Involved in purine metabolism. Putative  [80]
tumor suppressor
CRBPI 28% Carrier protein involved in the transport — [48]
of retinol. Putative tumor suppressor
ER 40-54% Estrogen receptor [151, 125, 45,
111]
SOCS1 39% Negative regulator of cytokine signaling  [45]
WIT-1 49% Unknown [128]
MYODI 61% Transcription factor which regulates [151]
muscle cell differentiation by inducing
cell cycle arrest
PITX2 64% Transcription factor that regulates [151]
procollagen lysyl hydroxylase gene
expression
GPR37 47% G-protein-coupled receptor 37 precursor  [151]
SDC4 56% Cell surface proteoglycan that bears [151]
heparan sulfate
MEIS] 64% of Homeodomain genes which cooperates [95]
AMLI1- with HoxA9
ETO
AML
THBSI1 25% Adhesive glycoprotein that mediates cell-  [151]
to-cell and cell-to-matrix interactions
Calcitonin 71% Peptide hormone that reduces serum [111]

calcium

The causes of abnormal methylation in cancer remain poorly defined. High
levels of DNMT activity in primary cancer cells have been reported in many
studies [46, 79, 120, 38, 57, 82] but not in all [99, 43]. In one study, high
expression of DNMT3a and DNMT3b genes in AML analyzed by gene expression
profiling was associated with poor prognosis [17]. When interpreting these results,
it is important to be aware that DNMT expression is regulated with the growth
state of cells and that rapidly dividing cells have high levels of expression of DNMT
[148]. Furthermore, it is not yet clear whether overexpression of DNMT is respon-
sible for increased promoter methylation leading to transcriptional repression. In
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one study in AML, overexpression of DNMT1 and 3b was associated with
p15™5*B gene hypermethylation [114]. In another study, however, high levels of
expression of DNMT1 in MDS were not associated with p15”V%*Z hypermethyla-
tion [3]. Thus, it remains unclear whether DNMT overexpression contributes
functionally to malignant transformation.

Histone Modifications

The DNA of eukaryotic cells is packaged into chromatin. The primary subunit
of chromatin, the nucleosome, consists of an octamer of core histone proteins,
i.e., H3/H4 tetramer and two H2A /H2B dimers, surrounded by 146 bp of DNA
[51]. A change in local chromatin architecture alters the accessibility of tran-
scription factors to DNA (Fig. 2) [51]. The chromatin structure is largely
determined by posttranslational modifications of core histone proteins, which
in turn affect gene expression [51]. In general, increased acetylation is associated

A. Open chromatin (accessible)

Fig. 2 Histone modifications and chromatin condensation (color). (A) Open chromatin.
Histone H3 lysine 9 is acetylated and histone H3 lysine 4 is methylated. Nucleosomes (green
ovals) are loosely spaced, and DNA (black strings) is accessible to transcription factor and
RNA polymerase. The gene therefore is transcriptionally active.(B) Condensed chromatin.
Lysine 9 is deacetylated, and methylated. Nucleosomes are tightly packed, and the gene
becomes transcriptionally inactive. Ac indicates acetylation; K4M, lysine 4 methylation;
K9Ac, lysine 9 acetylation; K9M, lysine 9 methylation; HAT, histone acetyltransferase;
HDAC, histone deacetylase; K4HMT, lysine 4 histone methyltransferase; KYHMT, lysine 9
histone methyltransferase; RNA-poly, RNA polymerase; and TF, transcription factor
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with increased transcriptional activity, whereas decreased acetylation is asso-
ciated with repression of gene expression [51]. Recent studies have revealed that
histone tails undergo many other modifications such as methylation, phosphor-
ylation, ubiquitination, and sumoylation [51, 90]. Such histone tail modifica-
tions are referred to as “histone code,” which collectively can characterize the
transcriptional status of the gene [81].

Histone deacetylases (HDACs) and the family of histone acetyl transferases
(HATS) are involved in determining the state of acetylation of histones [138, 137,
152]. In addition to deacetylation of histones, HDACs regulate physiology by
deacetylating transcription factors such as p53, E2F1, and others, [106, 83, 109]
or other proteins such as a-tubulin, importin-a7, and others [63, 164, 8, 14, 34, 52,
72]. Histone methylases and demethylases regulate methylation of specific residues
resulting in activation of gene expression (histone H3 lysine 4 [H3K4]) or repression
of gene expression (histone H3 lysine 9 and 27) [173, 131, 100]. The polycomb group
family of proteins, which are essential to the stem cell phenotype, are also involved
in determining chromatin structure through interactions with H3K27 [100].

Histone Alterations in AML

Histones can be altered in AML through three general mechanisms: (i) direct
genetic alterations in histone modifiers, (ii) recruitment of HDAC by mutated
proteins or fusion proteins, and (iii) recruitment by DNA methylation (Table 2).

(1) Direct genetic alterations in histone modifiers

A histone methyltransferase, MLL (also known as HRX or ALL1), on chro-
mosome 1123 is often fused with other genes leading to leukemogenesis

Table 2 Genetic alterations associated with aberrant histone modifications

Type of gene alteration Partner proteins References

Direct genetic alterations in
histone modifiers
MLL (histone ENL, ELL, AF10, AFX, FKHRL1, [98, 141, 40, 97, 96,
methyltransferase) CBP, AF1p, GAS7, gephyrin. 107, 39, 142, 143,
Tandem duplication of MLL gene 44,19, 18]
itself is also frequently observed

CBP (histone MOZ [15]
acetyltransferase)

P300 (histone MLL [74]
acetyltransferase)

Genetic alterations leading to
abnormal recruitment of
histone modifiers

AMLI MTGS, TEL, MTG16 [136, 42, 70, 73]
CBFp MYHI11 [136]
RARo PML, PZLF, NPMI1, NuMA, [61, 105, 65, 25,

STATSb 130, 159, 5]
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through chromatin modulation [32, 174, 150, 41]. The N-terminal fragment of
MLL contains a DNA-binding site [168] and a transcriptional repression
domain [172]. The repression domain consists of two different subdomains,
one containing the DNA methyltransferase homology domain, which recruits
repressor complexes including polycomb group proteins such as HPC2, Bmil,
and the corepressor CtBP [53, 36]. The other repression domain recruits
HDACI1 and HDAC?2 [165]. The N-terminal fragment of MLL also contains
plant homeodomain (PHD) zinc fingers, which are involved in transcriptional
regulation and chromatin-remodeling activity through interaction with Cyp33,
a known suppressor of HoxA9 and HoxC8 transcription [49]. One of the critical
functions of MLL is the maintenance of expression of HoxA9 and HoxC8 by
binding to their promoter regions and keeping the chromatin open for tran-
scription [113, 118]. The C-terminus of MLL contains a transcriptional-activa-
tion domain that binds to a HAT, CBP [47]. Furthermore, the C-terminal SET
domain has histone H3 lysine 4 (H3K4)-specific histone methyltransferase
(HMT) activity, and trimethylation of H3K4 is associated with transcriptional
activation [113, 118]. In general, the different MLL chimeric proteins include
the DNA-binding site and MT domains at the N-terminus but lack the SET
domain [172]. It is thought that these result in inappropriately maintained
expression of HOX genes involved in self-renewal, leading to leukemogenesis.

A histone acetyltransferase, CBP can be directly disrupted by chromosomal
translocations in AML, resulting in the formation of fusion oncoprotein
transcription factors. A rare chromosomal translocation observed in AML,
t(8;16)( p11;p13) produces a fusion protein of CBP with the MOZ (monocytic
leukemia zinc finger) gene [15]. This fusion results in a small deletion of the
N-terminal 266 amino acids of CBP leaving the rest of the molecule intact [15].
Interestingly, the MOZ gene also has a putative acetyltransferase domain that
is retained in the MOZ-CBP fusion [15]. It is believed that the leukemogenic
effect is not merely from the disruption of the normal function of CBP but that
the fusion protein results in aberrant recruitment of CBP to MOZ-regulated
genes’ promoters leading to abnormal expression of those genes.

Another histone acetyltransferase, p300, was found to be fused to the MLL
gene in an AML patient carrying a t(11;22)(q23; q13) translocation [74]. This
results in a fusion product that preserves most of the p300 molecules. The
authors suggested that the basis for the leukemogenesis of t(11; 22)-AML is
the inability of p300 to regulate cell cycle and cell differentiation after fusion
with MLL.

(i1) Genetic alterations leading to abnormal recruitment of histone modifiers

Common translocations in AML result in fusion proteins that affect gene
transcription by HAT/HDAC recruitment. For example, translocations invol-
ving the AMLI1 gene (also known as RUNXI or CBFA2), such as
t(8;21)(q22;q22), result in a fusion with other genes (ETO in the case of t(8;21))
[136, 42]. The N-terminus of AMLI1 binds to the promoter region of its target
genes such as IL3 [153], GM-CSF [144], and MPO [6, 157, 112]. The C-terminus
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of AMLI1 normally interacts with a co-activator complex containing p300,
which has HAT activity, and will result in histone acetylation and transcrip-
tional activation [136, 42]. In AML with an AML1/ETO translocation, the N-
terminus of AMLI is maintained and can interact with DNA, but the p300
binding site of the C-terminus is replaced by ETO, which attracts a co-
repressor complex containing N-CoR/Sin3/HDAC:S instead of HAT, result-
ing in transcriptional repression and a block of myeloid differentiation [136,
42]. Other AMLI partner genes such as TEL and MTGI16 also mediate
transcription repression [70, 73]. Similarly in AML with inv(16)(p13q22),
the beta subunit of core-binding factor (CBFf), which partners with AMLI1,
is fused with smooth muscle myosin heavy chain gene (MYHI11), leading to
transcriptional repression of AMLI1-transactivated genes and suppression of
myeloid differentiation [136].

Another translocation that results in altered histone modifications is
t(15;17)(q21;q21), characteristic of acute promyelocytic leukemia. This trans-
location fuses PML with RAR« (retinoic acid receptor alpha). RARa is a
ligand-dependent transcriptional activator that binds as a heterodimer with
members of the RXR (retinoid X receptor) family of nuclear receptors [170].
In the absence of a ligand, the heterodimer binds either N-CoR [93, 71] or
SMRT [23, 22], which then form a co-repressor complex containing Sin3 and
HDAC [2, 94, 66]. When bound to a ligand (retinoic acid), RARo functions
as a transcription activator. The fusion PML-RARu is constitutively com-
plexed with co-repressor molecules at physiologic levels of retinoic acid
resulting in repression of target gene expression through histone deacetylases
[61, 105, 65].

(ii1) Histone modification by DNA methylation

Histone alterations can also be recruited by DNA methylation. Methylated
CpG sites trigger the binding of methyl-binding proteins to DNA, which
attracts histone deacetylases and histone methylases. This leads to H3K9
deacetylation and methylation, as well as demethylation of H3K4 [119].

Epigenetic Therapy

The aim of epigenetic therapy is to reverse epigenetic silencing and reacti-
vate various genes hoping for a therapeutic effect such as differentiation,
growth arrest, or apoptosis. Indeed, pharmacologic inhibition of DNMT
or HDAC in vitro has been shown to result in reactivation of gene
expression for genes silenced either physiologically or pathologically [11,
108]. The concentrations of these agents required for this effect can readily
be achieved in vivo [11, 108]. There have been extensive clinical studies in
this field over the past decade, focusing on inhibitors of DNMT and
HDAC.
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DNMT Inhibitors

5-Azacytidine (azacitidine) and its deoxy analogue 5-aza-2'-deoxycytidine
(decitabine) are the two nucleoside analogues that have been studied most
extensively as DNMT inhibitors (Table 3). Both have been recently approved
by the Food and Drug Administration (FDA) for the treatment of MDS.
Decitabine is initially phosphorylated by deoxycytidine kinase, and eventually
becomes decitabine triphosphate, which is incorporated into DNA. Azacitidine
is phosphorylated and activated by uridine—cytidine kinase and is mainly
incorporated into RNA and markedly inhibits protein synthesis [29]. Azaciti-
dine diphosphate is also reduced by ribonucleotide reductase to the correspond-
ing deoxynucleotide diphosphate, decitabine diphosphate, which is further
phosphorylated by nucleoside diphosphate kinases to decitabine triphosphate
[29]. Incorporation of a high concentration of decitabine triphosphate into
DNA can inhibit DNA synthesis [104, 103, 31]. At lower concentrations,
decitabine triphosphate covalently binds to DNMT after it has been incorpo-
rated into DNA, which eventually causes degradation of DNMT without DNA
synthesis arrest [1, 35]. DNA replication in the absence of DNMT leads to
hypomethylation induction and gene reactivation [29].

Table 3 Summary of selected clinical trials of azacitidine and decitabine in AML and MDS

Diseases  Dose Disease (N) CR (%) PR (%) References
Azacitidine 1000-1500 mg/m?/ Relapsed 15-30 2-10 Reviewed
course AML in [58]
(>200)
Combination with Relapsed 40 12 Reviewed
other AML (66) in [156]
chemotherapies
250 mg/m? x 2 days Relapsed 39 - [145]
with etoposide and AML (17)
amsacrine
75 mg/m?/d SQ MDS (270) 6 9 [86]

(summary of phase I1
and 111 studies)

350700 mg/m>/course  MDS (16) 19 6 [59]
followed by butyrate
Decitabine 37-67 mg/kg at Pediatric- 33 17 [115]
1 mg/kg/h relapsed
AML (6)
90-120 mg/m> Q8H Untreated 25 8 [126]
for 3 days high-risk
AML (12)
90 mg/m> Q8H for Relapsed 13 - [89]

3 days AML (8)
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Table 3 (continued)

Diseases Dose Disease (N) CR (%) PR (%) References
125 mg/m> QI12H x 6  Relapsed 26 and - [163]
days with amsacrine AML(30 45
or idarubicin and 33)
5-20 mg/m> IV x 5-10 Relapsed l4and - [77]
days AML (35) 29
and MDS
(M
45 mg/m? daily x 3 MDS (66) 20 29 [161]
days
15 mg/m” Q8H for MDS (89 9 versus 8 versus 0 [87]
3 days versus versus 81) 0
supportive care
100 mg/ m?/course over MDS (96) 34 38 (including [88]
S or 10 days hematologic
improvement)

5-Azacytidine (Azacitidine)

During the 1970s and 1980s, azacitidine was investigated as a treatment for
various solid tumors [156, 158] and hematologic malignancies [139, 101, 155,
10]. In these early clinical trials, azacitidine was mostly used as a cytotoxic
agent. Single-agent azacitidine used at relatively high dose (600~1500 mg/m?/
course) in refractory AML resulted in about 45% overall responses [58]. Com-
bination therapy with other chemotherapeutic agents resulted in an overall
response rate of 30-60% [156, 145]. High-dose azacitidine was toxic, however,
and this approach was abandoned.

In parallel, in vitro studies have shown that a lower dose of azacitidine
induces cell differentiation and apoptosis by promoting the expression of
genes that are silenced by hypermethylation [85]. Low-dose azacitidine has
been applied to clinical settings, mostly in MDS. A phase III study where
patients with MDS were randomly assigned to receive 75 mg/m? a day of
azacitidine subcutaneously for 7 days, repeated on a 28-day cycle, or supportive
care only [140] yielded a response rate of 16% (CR 6%, PR 10%). This led to
approval of azacitidine by the FDA for treatment of MDS.

5-Aza-2'-deoxycytidine (Decitabine)

Decitabine was initially evaluated two decades ago in cancer treatment and has
shown significant antitumor activity in hematologic malignancies [4]. In an
early study by Momparler et al. [115], the overall response rate of single-agent
decitabine (37-81 mg/kg over 40-60 h; the length of infusion was increased
stepwise) in relapsed pediatric leukemia was 37%, including a CR of 22%. Petti
et al. [126] reported a 25% CR rate in a pilot study of single-agent decitabine
(90-120 mg/m? every 8 h for 3 days) in the treatment of 12 untreated patients
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with AML with poor prognosis. In relapsed and refractory adult AML, 90 mg/m?>
of single-agent decitabine every 8 h for 3 days resulted in only one CR among
eight patients treated [89]. Combination therapy studies of decitabine against
refractory or relapsed AML were performed by the EORTC, with a regimen of
125 mg/m? of decitabine every 12 h for 6 days (total 1500 mg/m?) with amsacrine
(120 mg/m? on days 6 and 7; in 30 patients), or idarubicin (12 mg/m? on days 5-7;
in 33 patients) [163]. The CR rates were 26 and 45%, respectively. The median
disease-free survival was 8 months.

On the basis of in vitro studies showing that lower-dose decitabine produced
more hypomethylation than high doses [85], low doses of decitabine have been
evaluated in hematological malignancies [171, 162, 161]. Following promising
results in early phase trials, a randomized phase 111 study was performed in
patients with MDS [87], yielding an overall response rate in the decitabine
group of 17% including 9% CR. This trial led to the recent approval of
decitabine in MDS.

Although low-dose decitabine is clinically active, its optimal dosing sche-
dule is not known. In a phase I trial in relapsed or refractory hematologic
malignancies, decitabine activity was found to be significant at low doses, but
response were lost with dose escalation, consistent with its mechanism of
action [77].

Mechanisms of Response to Hypomethylating Agents

Given the dual nature of this class of agents (cytotoxicity and hypomethyla-
tion), the in vivo mechanisms of responses need to be elucidated to guide further
trials. Yang et al. examined global DNA methylation changes surrogated by
LINE and Alu methylation [167] in the peripheral blood of patients with
leukemia treated with decitabine [166]. There was a dose-dependent linear
decrease in methylation on day 5 at low doses of 5-20 mg/m?/day with no
significant increase in hypomethylation beyond 20 mg/m?/day suggesting
a plateau effect. In another study where global methylation changes were
analyzed during decitabine treatment in patients with MDS [124], LINE hypo-
methylation was a good pharmacodynamic surrogate of decitabine’s hypo-
methylating activity but was not connected with clinical activity. Thus, while
global methylation decreases after decitabine therapy, it is not a good predictor
of responses.

Daskalakis et al. showed in patients with MDS that p15"V**# hypomethyla-
tion induction several weeks after therapy was associated with a clinical
response [37]. However, in other studies [166, 124, 78], immediate induction
of p15"V**E hypomethylation (i.e., day 5-10 after treatment) was not correlated
with subsequent response.

To determine whether hypomethylation leads to gene induction, p15™Vk*#
expression levels were analyzed in patients with MDS enrolled on a study of
decitabine in three dosing schedules [124]. The expression levels of p15/V&*8
were induced significantly after treatment, and the induction was higher in
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responders than non-responders. It is thus possible that the key to decitabine
responses is not hypomethylation per se, but sustained tumor suppressor gene
hypomethylation and activation. This deserves confirmation in larger trials.

HDAC Inhibitors

HDAC inhibitors reverse the deacetylation of histone tails and activate the
expression of selected genes [108]. They were originally discovered based on
screens for agent that induce cellular differentiation in vitro. Several structural
classes of HDAC inhibitors have now been identified, and some have been
evaluated in clinical trials.

Vorinostat (suberoylanilide hydroxamic acid, SAHA) is a hydroxamic acid
that is highly potent in vitro. In a recent phase I trial of oral vorinostat for
hematologic malignancies [56] several responses were observed in AML (9 of 31
patients, 29%), including 1 CR (duration, >6 months), 2 CRs without platelet
recovery (duration, 4-6 weeks), 1 PR, and 5 complete marrow responses (blasts
less than 5%).

Depsipeptide is a cyclic tetrapeptide that is also a potent HDAC inhibitor in
vitro [117]. It has significant clinical activity in cutaneous T-cell lymphoma
[127]. In a multicenter phase II trial [121], depsipeptide was administered to
18 patients with refractory or relapsed AML. Two patients had disappearance
of bone marrow blasts in the setting of a normocellular marrow, with conco-
mitant recovery of near-normal hematopoiesis following 1-2 cycles of therapy.
The responses, however, were short lived.

Valproic acid (VPA) is an antiepileptic agent that has been shown to inhibit
HDAC activity at low levels [60, 160, 33]. In a phase I study, high doses of VPA
were administered to result in serum concentrations of 50-100 pg/mL in
patients with MDS, with, or without ATRA [92]. Responses were observed in
8 (44%) of 18 patients given VPA monotherapy. More limited activity was seen
in AML [129]. Thus, HDAC inhibitors form a class of epigenetic acting agents
that have promising activity in AML. However, though histone acetylation has
been demonstrated in vivo [83], it has been shown no correlation with response,
and there remains a distinct possibility that responses to HDAC inhibitors are
related to non-histone acetylation or to other mechanisms [83].

Combination Epigenetic Therapy

Elucidation of multiple interacting mechanisms of gene silencing has led to an
interest in combining drugs that affect multiple epigenetic pathways. For exam-
ple, DNA methylation inhibitors and HDAC inhibitors are synergistic in
activating gene expression [20] and clinical trials of this approach have started.
A combination of decitabine with VPA has shown promising activity in AML,
with a response rate of 22% in patients with AML and MDS [55]. There is also
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interest in developing drugs that affect other epigenetic pathways such as
methyl binding proteins, histone methylation, and other histone deacetylases
such as SIRTI. It is likely that such inhibitors will enter the clinic in next few
years, and it will be interesting to combine them with existing drugs.

Conclusions

It is now clear that epigenetic changes play a significant role in the development
and progression of AML. These epigenetic changes can be important targets of
treatment, and recent clinical studies have shown the relative safety and efficacy
of such epigenetic therapies. Although epigenetic modulation is effective in the
treatment of AML, precise in vivo effects of these drugs have not been well
described. Also, events downstream of gene expression induction such as apop-
tosis, senescence, and immunomodulation remain to be clarified. Further basic,
translational, and clinical studies are essential to move the field forward.
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Chromosomal Translocations in AML: Detection
and Prognostic Significance
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Introduction

Clonal chromosome abnormalities are hallmarks of various cancer types.
Non-random chromosome translocations have been identified in hematological
malignancies over five decades due to their ability to yield informative meta-
phases. Among the various chromosome aberrations commonly found in dif-
ferent cancer types including deletions, duplications, and aneuploidy, balanced
reciprocal translocations have been identified with remarkable specificity in
hematological malignancies and soft tissue sarcomas. Recurrent chromosome
aberrations are used as markers for diagnosis, prognosis, and treatment follow-
up. The fusion and deregulated genes cloned from the site of translocation
breakpoints are implicated in tumorigenesis. It has been well established that
common molecular consequences of non-random reciprocal translocations
result in the formation of a fusion gene from the breakpoints in the introns of
two different genes on the same or different chromosome. Most of the fusion
genes described in hematological malignancies are transcription factor genes
and tyrosine kinases, conferring proliferative advantage to the leukemic clone.

Using conventional karyotypic analysis on hematological malignancies
more than 275 genes involved in chromosome rearrangements have been iden-
tified [32]. The specificity of chromosome translocations within a histological
type led to sub-classification based on chromosome aberrations. To date, about
500 such tumor-specific recurrent translocations have been identified. Cytogen-
etically, acute myelogenous leukemia remains the most extensively studied
leukemia. While a complete analysis of all the known reciprocal translocation
and the fusion genes is beyond the scope of the present chapter, a brief review of
the most common chromosomal aberrations, the method for diagnosis, and
future prospects are discussed here.
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Acute Myeloid Leukemia (AML)

As discussed extensively in other parts of this monograph, AML is characterized
by the accumulation of immature bone marrow precursor in the marrow and
peripheral blood. G-band karyotype analysis reveals clonal chromosome aberra-
tions in more than 75% of patients [11,35]. Characteristic chromosome abnorm-
alities include t (8; 21), inv (16) or t (16; 16), t (15; 17), and promiscuous
translocations involving MLL gene at 11q23. The fusion genes identified at the
translocation breakpoints are the contributing factors for the development of
leukemia. Approximately 200 different karyotypic changes have been found to be
recurring changes in AML [34]. In contrast to readily identifiable translocations,
karyotypically normal patients may possess subtle aberrations not detected by
conventional cytogenetics [11, 19, 26,]. For example, additional cryptic abnorm-
alities have been reported in AML with isolated trisomy 8 using high-resolution
array comparative genomic hybridization [39] emphasizing the limitations of
conventional G-band karyotypes.

Classification of AML

Conventional classification of AML has been based on morphological character-
istics and extent of cell maturation based on French-American-British (FAB)
classification system. The current model of the FAB consists of eight major
groups (M0-M7) classified based on predominant differentiation pathway and
the degree of maturation with additional cytochemical criteria (Table 1). Subse-
quently, World Health Organization (WHO) classification of hematological
disorders used clinical data and biologic characteristics, such as morphology,
cytogenetics, molecular genetics, and immunological markers and in particular
cytogenetics, and classified AML into four main groups which include AML with
recurrent cytogenetic translocations; AML with multilineage dysplasia; AML
with myelodysplastic syndrome, therapy related; and AML not otherwise cate-
gorized. The first group included patients with balanced recurrent translocations.
The most frequent abnormalities in this group include AML with t(8;21)
(922;q22) AML1/CBFalpha/ETO, acute promyelocytic leukemia: AML with
t(15;17)(q22;q12) and variant PML/RARalpha, AML with abnormal bone mar-
row eosinophils inv(16)(p13;q22)/t(16;16)(p13;q22) CBFbeta/MYH1, and AML
with 11g23 MLL abnormalities. The second group defined by the presence of
multilineage dysplasia syndrome (MDS) which typically affects adults. It is
characterized by gain or loss of major segments of chromosomes: —5/—5q, —7/
del(7q), +8, +9, +11, del(11q), del(12p), del(17p), —18, +19, del(20q), +21.
Rare translocations include t(1;7) and t(2;11) and aberrations of 3q21 and 3q26.
The third group encompasses chromosomal aberrations associated with exposure
to mutagens or chemo/radiotherapy. The fourth group consists of patients
diagnosed as AML not otherwise categorized and did not satisfy the previous
three categories.
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Table 1 FAB classification of acute myeloid leukemia

FAB
subgroup

Frequency
in AML
Prognosis  (5%)

Type of leukemia Morphology

MO

MIl

M2

M3 and
M3y

M4 and
M4EO

M5 a
and b

Acute myeloblastic Worse <5 Immature myeloblasts,

leukemia without
maturation

Acute myeloblastic
leukemia with
minimal
maturation

Acute myeloblastic
leukemia with
maturation

Acute promyelocytic

leukemia

Acute
myelomonocytic
leukemia

Acute monocytic
leukemia

Average

Better

Best

Average/
better

Average

lacks definite myeloid
differentiation by
conventional
morphologic or
cytochemical analyses;
myeloid differentiation
evidenced by
ultrastructural
demonstration of
peroxidase-positive
granules and/or
immunoreactivity

Immature myeloblasts

predominate; <10%
promyelocytes,
myelocytes, or
monocytes; Auer rods
may be present

Immature myeloblasts

predominate, but more
maturation than in M1
(>10% promyelocytes/
myelocytes); <20%
monocytic cells; Auer
rods may be present ;
most cells peroxisdase
positive

Promyelocytes

predominate; marked
granulation in more
than 30% cells; often
bundles of Auer rods;
granules not visible by
light microscopy in
M3y

Mixture of abnormal

monocytoid cells
(>20%) and
myeloblasts/
promyelocytes (>20%);
1-30% eosinophilic
cells in M4EO

Monocytoid cells

predominate (>80%);
in MS5a, >80%
nonerythroid cells are
immature monoblasts;
in M5b, >20% are more
mature (monocytes)
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Table 1 (continued)

Frequency
FAB in AML
subgroup  Type of leukemia Prognosis  (5%) Morphology
M6 Acute Worse <5 Myeloblasts and
erythroleukemia erythroblasts (>50%)
predominate; abnormal
multinucleated
erythroblasts
containing PAS-
positive blocks
M7 Acute Worse <5 Megakaryocytic cells as
megakaryoblastic shown by platelet
leukemia peroxidase activity on

electron microscopy or
by tests with platelet-
specific antibodies;
often myelofibrosis and
increased bone marrow

reticulin
Others Undifferentiated Not —
acute leukemia, known
mixed-lineage
leukemia,

hypocellular AML

In addition, two other systems, based on cytogenetic profiles, are created for
accurate assessment of prognoses by typing favorable and unfavorable genetic
alterations into prediction classes to facilitate optimal therapy selection. These
were the UK MRC (United Kingdom Medical Research Council) and SWOG
(Southwest Oncology Group). They define three and four categories, respec-
tively. In MRC, favorable prognoses include presence of t(8;21), inv 16, and
t(15;17), irrespective of additional abnormalities [54]. The prognoses are adverse
if the karyotype include at least five unrelated abnormalities (complex karyotype)
or one of the following abnormalities, —5, del(5q), —7, abnormalities 3q.

In SWOG, favorable abnormalities included t(8;21), inv 16, and t(15;17). How-
ever, the prognosis of t(8;21) is circumstantial as it is modulated by the presence of
other aberrations. Intermediate prognostic markers involve detection of a normal
karyotype or presence of +6, +8, —Y or 12p abnormalities. Adverse cytogenetic
markers include detection of a complex karyotype, or possession of —5/del(5q),
—7/del(7q), abnormalities of 3q, 9q, 11q, 20q, 21q, or 17p, t(6:;9) or t(9;22). Despite
the various classification methods, cytogenetic markers play an important role in
determining the prognosis for clinical remission, overall survival, and disease-free
survival. Among the patient groups with favorable and unfavorable cytogenetic
markers, which determine the duration of remission before relapse, identification
of additional markers at the genomic and expression level in both groups may help
to better understand the nature of different course of the disease.
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Cytogenetic Analysis in AML

In the 1970s reliable identification of normal and abnormal human chromo-
somes began with the invention of the banding method [10]. Further techniques
like C-banding [1] or silver staining of the nucleolus organizing regions [18] and
GTG banding [47] were introduced in the following years. At the same time, an
alternative method utilizing in situ hybridization was introduced [16]. Further
improvements, with the introduction of fluorescent probes in 1986 [23], per-
mitted the analysis of several genomic loci simultaneously using differentially
labeled probes. Conventional cytogenetic banding methods are laborious and
time consuming for detecting translocations under routine clinical settings.
Molecular methods such as Southern blotting, polymerase chain reaction
(PCR), and real time-polymerase chain reaction (RT-PCR) can be used to
detect gene rearrangements and fusion transcripts, but these methods have
sensitivity and specificity issues. Southern blotting requires the presence of at
least 10% of tumor cells. Among the various molecular methods, fluorescence
in situ hybridization (FISH) emerged as an adjunct method for precision
identification of translocations at interphase level. FISH method is relatively
simple and large number of interphase cells can be scored in a single experiment.
Highly sensitive probes using dual fusion approach have been described for
translocations in hematological malignancies [15]. Identification of specific type
of translocation at the time of diagnosis will be useful for the clinicians to select
appropriate treatment options for better management of patients. Limitations
in resolution of conventional cytogenetic methods such as G-band karyotype
analysis prevent the visualization of many subtle chromosomal aberrations in
many cancer types. To improve microscopic visualization, highly sensitive and
specific two color FISH probes are developed for reliable detection of translo-
cation and associated abnormalities at the interphase level. FISH method
eliminates the need to collect intact fresh specimens, which is necessary to
preserve RNA to perform RT-PCR. RT-PCR requires designing primers
from the exact sequence region to get reliable results. Any deviation from the
expected fragment size amplification need further sequencing and other mole-
cular characterization, which is time consuming and laborious. Complex rear-
rangements other than the known breakpoints, and additional deletions, as
described for t(9;22) in chronic myelogenous leukemia [14] lead to false-nega-
tive results by RT-PCR and genomic PCR-based assays.

FISH is instrumental in the identification of new chromosomal translocations
and cryptic aberrations as well as identification of marker chromosomes.
Recent improvements in genome analysis, such as completion of the Human
Genome Project, expanded the possibilities to develop probes for any given
genomic location in the human genome. Better labeling and imaging systems
have also increased the efficacy of the method but maintained its cost-effective-
ness. The utility of FISH further increased with the development of different types
of probes suitable to detect specific type of aberrations (Table 2). With the
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Table 2 Different types of FISH probes used to detect various structural and numerical
chromosome aberrations

Type Application

Centromere probes Enumeration of chromosomal copy number

Chromosome paint probes Characterization of marker chromosomes, chromosome

translocation detection

Micro-deletion unique Identification of small submicroscopic deletions in
sequence probes interphase and metaphase

Amplification detection Detection of amplified segments of chromosomes and
Probes specific gene amplifications

Telomerere-specific probes Detection of small terminal rearrangements near

chromosome telomeres

Translocation junction unique  For detecting the presence of chromosome translocations
sequence probes using metaphase and interphase cells

availability of prior knowledge for any aberrations, FISH probes can be designed
to detect a specific chromosome aberrations associated with cryptic changes as
found in AML M4EQ type and other leukemia subtypes where inversion, translo-
cation, and cryptic deletions are known to occur at the translocation breakpoints
(Fig. 1). These sub-microscopic deletions are detected only after the application of
fluorescence in situ hybridization (FISH) probes for translocation detection.
Among the various sub-microscopic deletions reported in leukemias, deletion of
the 5 region of the ABL gene and the 3’ region of BCR in chronic myeloid
leukemia (CML) and acute lymphoblastic leukemia (ALL), as well as the 5’ region
of ETO in acute myeloid leukemia (AML) French-American-British type M2
associated with t(8;21), 3MLL in AML and ALL, and 3’ of CBFB in AML
associated with inv(16) (Fig. 1). While it has been widely reported that submicro-
scopic deletions of the derivative 9 in CML have an adverse prognostic impact,
the clinical significance, if any, of deletions associated with t(8;21), inv(16)/
t(16;16), or MLL rearrangement is yet to be determined. Analysis of 39 patients
diagnosed with AML who had cytogenetically detectable inv(16)/t(16;16)
by using a FISH probe for the CBFB region detected three patients with
deletions in CBFB region on 16p13 (8%), all associated with inv(16), bringing
the number of cases reported so far to seven. The prognostic significance of this
finding remains unclear.

G-band karyotyping and FISH analysis unraveled the complex chromosome
abnormalities in AML, which lead to stratification of patients into clinical sub-
groups. Cytogenetic aberrations serve as an important markers for diagnosis,
follow-up, and assess minimal residual disease, nevertheless, search for addi-
tional recurrent submicroscopic changes including deletions, duplications, and
small inversions need to be conducted using high-resolution methods. Due to
the poor resolution of the G-band karyotype, SKY, and requirement of prior
knowledge about the aberrations for FISH analysis many aberrations go unde-
tected by G-band karyotyping, spectral karyotyping, and low-resolution com-
parative genomic hybridization (CGH) but are detectable using high-density
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Fig. 1 Dual color and dual fusion FISH probe analysis of inversion, translocation, and
deletion in inv(16)(p13q22) (Cancer Genetics, Inc. New Jersey, USA). (A, D) Normal inter-
phase and metaphase cells showing two green (CBFB) and two red signals (MYH11) on 16q22
and 16p13, respectively. (B) and (E) Metaphase and interphase cells showing inversion, (C)
metaphase cell showing deletion of CBFB probe region on 16p13, and (F) metaphase cell
showing translocation

array CGH. Identification of such submicroscopic changes would help better
understand the complex molecular architecture of AML genome for further
identification of patient sub-groups to monitor prognosis.

Recurrent Chromosomal Aberrations in AML

Many AML subtypes studied with sufficient number have shown recurrent
chromosome abnormalities. Cytogenetically unrelated aberrant clones are
detected in only 1% of the cases. This implies that the disease phenotype in
AML is brought on by the clonal expansion of a single renegade cell. Even
though the karyotype differs from case to case, there is strong evidence that the
total distribution of changes is highly non-random and that cellular rearrange-
ments are of fundamental importance in leukemogenesis. A brief description of
several newly identified translocations in addition to those described earlier [22]
is given in the following section.
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Chromosome 1

t(1;3)(p36;q21)

t(1;3)(p36;q21) may be a variant rearrangement of inv(3)(q21q26) and
t(3:3)(q21;q26) due to the shared involvement of 3q21, the presence of dysme-
gakaryocytopoietic features, and the lack of FAB preference [5]. In most cases,
t(1;3) is found in adults, some of which present with myelodysplastic syndromes
(MDS) [33].

t(1;7)(q10;p10)

Many of patients with t(1;7) presented with secondary MDS or therapy-related
relapse. About half of these presented it as the sole abnormality. Most t(1;7)
cases are classified under AML M4. Aberrations involving t(1;7) are usually
unbalanced, leading to the trisomy 1q and monosomy 7q and 7q— [60]. Poor
clinical outcome in patients with MDS/AML with der(1;7) is shown to be
associated with many risk factors [24].

t(1;11)(p32;923) and t(1;11)(q21;q23)

In this set of translocations, the MLL gene (11q23) is fused to AF1p (1p32) [4]
and AF1Q (1p21) [8]. The AF1q messenger RNA (mRNA) is highly expressed
in the thymus but not in peripheral lymphoid tissues. In contrast to its restricted
distribution in normal hematopoietic tissue, AF1q was expressed in all leukemic
cell lines tested [57].

t(1;22)(p13;q13)

t(1;22) is more common in children, particularly in AML M7 cases than in
adults and found as the only cytogenetic abnormality in the majority of
cases. Patients exhibit extensive infiltration of abdominal organs by leu-
kemic cells resulting in hepatosplenomegaly [12, 36]. They are also throm-
bocytopenic and have prominent bone marrow fibrosis. It is associated
with a poor prognosis.

Chromosome 3

inv(3)(q21q26), ins(3;3)(q26;921q26), t(3;3)(q21;926)

A rare abnormality detected in about 2% of AML or MDS with inv(3)(q21g26)
and t(3:3)(q21;q26) resulting in the activation of EVI1 (ecotropic viral integra-
tion site 1 isoform a) gene [53].
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1(3;5)(q21-25:q31-35)

A novel fusion gene involving genes NPM1 nucleophosmin (nucleolar phos-
phoprotein B23, numatrin) and MLF1 (myeloid leukemia factor 1) has been
identified in three AML cases with t(3;5) [61].

t(3;8)(q26;q24)

Recently identified recurrent translocation in five cases with therapy-related
AML or MDS. Associated abnormalities includes trisomy 13 (one case) and
monosomy 7 (two cases) [29].

t(3;21)(q26;922)

This aberration, like BCR (breakpoint cluster region)-ABL (c-abl oncogene 1,
receptor tyrosine kinase), is more frequently found in CML (chronic myelo-
genous leukemia) than in AML. In AML, these changes are frequently second-
ary aberrations related to genotoxic exposure, especially the use of topoisome-
rase II but are rarely found [45].

Chromosome 6p

1(6;9)(p23;934)

Patients with the t(6;9) abnormality usually have an increased proportion of
basophilic cells in the bone marrow, an otherwise rare finding in AML. This
aberration is found in 2% of AML cases with abnormal karyotype. t(6;9) is
often found as a single aberration in many cases examined. It is not limited to
any FAB group but may be found more frequently in M2 and M4. It also seems
that this anomaly is commonly found in younger patients. The breakpoint
specificity appears to be high. On chromosome 9, the breakpoint is clustered
within the intron of the CAN gene [51], Soekarman et al. 1992). Similarly, the
partner 6p23 is found in the intron of the DEK (DEK oncogene) gene. How-
ever, the function of the DEK-CAN product is not known and appears to have
a nuclear localization. The t(6;9) appears to have a bad prognosis [17, 58].

#(6;11)(427;423)

The t(6;11)(q27;23) is one of the most common translocations observed in
patients with acute myeloid leukemia (AML). The translocation breakpoint
involves the MLL gene, which is the human homolog of the Drosophila
trithorax gene at 11q23 and the AF6 gene at 6q27 [55]. As with most other
MLL aberrations, prognosis is generally bad [54].
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Chromosome 7

t(7;11)(p15;p15)

This recurrent anomaly is found mainly in oriental Asians [27] and is frequently
the sole aberration associated with AML M2 and M4. Translocation involves
HOXA9 (Homeobox A9) and NUP98 (nucleoporin 98 kDa) genes on chromo-
somes 7 and 11, respectively, and the fusion protein may promote leukemogen-
esis by inhibiting the function of HOXA9 in nucleocytoplasmic transport [6].

t(7;21)(p22:;q22)

Most recently described t(7;21)(p22;q22) is a cryptic translocation not detected
by karyotype analysis due to the location of the breakpoints at the telomeric
ends on chromosomes 7p and 22q. By a combination of molecular methods, this
translocation was identified to involve RUNXI (runt-related transcription
factor 1 isoform) and USP42 (Homo sapiens mRNA for ubiquitin-specific
protease 42 (USP42 gene) gene. The role of this fusion gene in ubiquitin path-
way may be a pathogenic factor in the development of AML [38].

Chromosome 8

1(8;9)(p21-23;p23-24)

A novel t(8;9)(p21-23;p23-24) involving PCM1 (pericentriolar material 1) and
JAK?2 (Janus kinase 2) genes has been identified as recurrent translocation in
individuals presented many types of hematological malignancies with varying
clinical outcome [43].

t(8;16)(p11;p13)

The recurrent translocation t(8;16)(p11;p13) is a cytogenetic hallmark for the
M4/M5 subtype of acute myeloid leukemia involving fusion of MOZ (MYST
histone acetyltransferase MYST3) gene at 8pll with CBP (CREB-binding
protein isoform b-CREBBP) at 16p13 [44].

1(8;21)(q22:q22)

t(8;21)(q22;q22) is one of the best known and most common recurrent chro-
mosomal aberrations in AML and is strongly associated with childhood leuke-
mia, particularly in AML M2, with well-defined and specific morphological
features. The translocation t(8;21)(q22;q22) involves the AML1 (Homo sapiens
AML1 mRNA for hypothetical protein) (21q22) and ETO (runt-related tran-
scription factor 1; translocated to, 1) (8q22) genes. Occurrence is between 5 and
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12% of AML and a third of FAB M2 cases although presentation in some M1
and M4 cases has also been reported.

t(8;21) is usually associated with a good response to chemotherapy and a
high remission rate with long-term disease-free survival [20]. It is noteworthy
that 50% of patients positive for t(8;21) eventually suffer disease relapse [28,
43]. Whether this outcome is determined by the presence of additional genetic
alterations is unclear. Recent work has suggested that KIT mutations in codon
D816, present in 20% of t(8;21) patients, are strongly associated with poor
prognosis in pediatric t(8;21) AML [43, 48]. The KIT-D816 mutations confer a
poor prognosis to AML1-ETO-positive AML and should therefore be included
in the diagnostic workup. Patients with KIT-D816-positive/AML1-ETO-posi-
tive AML might benefit from early intensification of treatment or combination
of conventional chemotherapy with KIT PTK inhibitors [47]. A large number
of patients also demonstrate additional chromosome abnormalities: loss of sex
chromosome and del(9)(q22) but no adverse outcome have been noted for
either additional abnormality.

Chromosome 9

t(9;22)(q345q11)

1(9;22)(q34;q11) is found in 3% of all AML patients with abnormal karyotype
and in 15% AML patients overall [40]. Unlike CML, it is known to occur
during remission of disease and is associated with AML M1 and M2 [21].

Chromosomes 10 and 11

Chromosomal aberrations involving chromosome 11 usually results in a poor
prognosis. This consistency distinguishes it, aside from being one of the largest
and more significant clusters of chromosomal aberrations in AML. Chromo-
some 11 changes have no FAB preference, and many involve alterations in the
MLL gene (11g23). The MLL gene on 11g23 is involved in a number of
translocations with different partner chromosomes. The most common trans-
locations observed in childhood AML are the t(9;11)(p21;q23) and the
t(11;19)(q23;p13.1); other translocations of 11q23 involve at least 50 different
partners chromosomes. A partial tandem duplication of MLL gene has also
been reported in the majority of adult patients whose leukemic blast cells have a
+11 and in some with normal karyotype. Molecular studies have shown that
MLL is rearranged more frequently than is revealed by conventional cytoge-
netic studies [30]. Changes in chromosome 10 are included in this group as well
as so far, recurrent changes in chromosome 10 described in the literature are
usually in association with chromosome 11.
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t(11;17)(q23;q21) and t(11;17)(q23;q25)

In the translocation t(11;17)(q23;q21), a fusion product involving promyelocy-
tic leukemia zinc finger (PLZF) gene and RARalpha on 17q21 have been
reported. RARalpha gene is involved in both t(15;17) and t(11;17) suggests
the importance of the modified RARalpha in AML but the function of this
particular fusion product remains unknown [50]. Kang et al. [25] described two
additional cases of AML, one with t(11;17(q23;q21) and second with
t(11;17)(q23;925) without the involvement of RARalpha at 17q.

t(11;19)(q23;p13)

There are two related translocations involving t(11;19) producing two different
fusion products. In the first, t(11;19)(q23;p13.3), the MLL gene is fused to the
MLLTI1 (myeloid/lymphoid or mixed-lineage leukemia) gene. In the other,
t(11;19)(q23;p13.1), the partner is ELL (eleven—nineteen lysine-rich leukemia
gene) [56]. This product is mostly associated with M4, M5, and occasionally
M1, M2.

t(11;20)(p155q11)

Recurrent t(11;20)(p15;q11) reported in one case of polycythemia vera and a
few cases of de novo AML M2 and therapy-related myelodysplastic syndrome
(t-MDS) [41].

Chromosome 15

t(15;17)(q22;q21)

t(15;17)(q22;q21) is commonly associated with AML M3 and M3v (“hypergra-
nular promyelocytic leukemia”). Its detection is implicative of a good clinical
outcome. The prognostic value of M3 AML/t(15;17) is inferior to t(8;21) and
inv(16) and superior to the poor prognostic group (AML with abnormalities of
the chromosomes 5 and 7). AML M3 patients are, however, increasingly treated
in independent protocols, rendering such comparison difficult. The sensitivity
of M3 cells to all-trans retinoic acid led to the discovery that the retinoic acid
receptor alpha (RARalpha) gene on 17q21 fuses with a zinc finger binding
transcription factor on 1522 (promyelocytic leukemia or PML) gene, thus
giving rise to a PML-RARalpha fusion gene product. Rare cases lacking the
classical t(15;17) have been described either having complex variant transloca-
tions involving both chromosomes 15 and 17 with additional chromosome(s),
expressing in all studied cases, the PML/RARalpha transcript, or cases where
neither chromosome 15 nor chromosome 17 are apparently involved, but with
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submicroscopic insertion of RARalpha into PML leading to expression of the
PML/RARalpha transcript; these latter cases are considered as cryptic or
masked t(15;17). Morphological analysis showed no major difference between
the t(15;17) positive control group and the PML/RARalpha positive patients
without t(15;17).

Chromosome 16

inv/del(16)(p13q22)/del(16)(q22)/t(16;16)(p13;q22)

inv(16)(p13q22) patients are usually grouped in AML M4 or M4EO and is
characterized by the presence of an abnormal eosinophilic component. Occa-
sionally, this abnormality has been seen in other myeloid malignancies, includ-
ing AML M2, M4 without eosinophilia, M5, and MDS. A convergent study has
revealed that patients with M4 AML with inv(16) and t(16;16) achieved higher
complete remission (CR) rates. Conversely, del(16q) does not have a better
outcome than other M4 AML or MDS. inv(16) and t(16;16) both result in the
fusion of the CBFbeta gene at 16q22 to the smooth muscle myosin heavy chain
(MYHI11) at 16p13 [13]. CBFbeta/MYH11 is usually demonstrated by mole-
cular studies. Thus, at diagnosis, the use of FISH and RT-PCR methods are
important when evaluating inv(16) rather than G-band karyotyping. It is also
noteworthy that CML patients with t(16;16)(p13;q22 and inv(16)(p13;q22)
suggest an opposite prognosis, possessing both prominent extramedullary dis-
ease and poor response to treatment [37]. This may underlie significant mechan-
istic differentiation between chronic and acute leukemic progression.

Chromosome 17

i(17)(q10)

Among the various types of isochromosomes, i(17q) is the most frequently
observed isochromosome in different cancer types including acute myeloid
leukemia and MDS with varying frequency next to i(11q) [31]. There is no
obvious FAB preference. Patients with this anomaly are predicted to have a
poor outcome, characterized by rapid progression to AML, poor response to
chemotherapy, and short survival after transformation [2].

Clinical Relevance of Chromosome Abnormalities in AML

Clinically the recurrent chromosomal aberrations serve as markers for diagno-
sis and patient management. The consistency of these translocations with
specific disease type and presence of complex structural abnormalities within
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a disease type presents as a valuable tool for differential diagnosis and identi-
fication of clinical subsets with distinct clinical behavior. For example, recent
studies show that KIT mutations are strongly associated with a poor prognosis
in pediatric t(8;21) AML [49] despite t(8;21) being typically indicative of good
clinical outcome. Here, the inclusion of molecular genetic data from mutation
studies is important in disease analysis.

In many instances described here, physical visualization is insufficient to
detect the presence of chromosomal aberrations. Typical aberrations such as
inv(16) and t(16;16) which result in the formation of CBFB/MYHI11 can also
involve small deletions of chromosomal fragments. These are usually picked up
by molecular methods such as FISH. Without these molecular methods, the
invisibility of these aberrations may have led to inappropriate treatment and
reduced treatment efficacy.

Within a few decades, a great number of cytogenetic aberrations in AML
have been discovered and characterized. Yet, what is known now is that only
some of the common abnormalities with diagnostic and clinical relevance.
Many other less common aberrations are poorly characterized, and their invol-
vement in leukemogenesis, or their diagnostic/clinical value is unknown.
Furthermore, new recurrent aberrations are constantly added in the literature.
There is a need to continue correlating recurrent chromosome aberrations with
response rates, response duration, survival, and cure in AML patients treated
with current and novel induction and post-induction regimens [4]. Certainly,
routine use of cytogenetic testing prior to induction therapy is critical to stratify
patients [59].

In recent years, new platforms such as end sequence profiling [42], array
CGH [9] and oligonucleotide microarray [7] allow to detect micro-deletions,
duplications amplification, and rearrangements associated with copy number
changes not detectable physically through the microscope to be discovered and
analyzed. The combined input from these platforms can potentially provide
added support to cytogenetic data in revealing prognoses and guiding treatment
regimes and perhaps lend further insight into the mechanistic roles of the
translocations as well.

Conclusions/Future Directions

In the banding era, the number of recurrent chromosome translocations identi-
fied in AML were rearrangements and translocations involving large chromo-
somal segments. Discovery of new translocations involving breakpoints at the
terminal regions of chromosomes became possible with the advent of fluores-
cence in situ hybridization technique. Furthermore, FISH resolved several
submicroscopic deletions and inversions associated with previously identified
translocations. Finer delineation of subtle alterations is now feasible with high-
density array comparative genomic hybridization. Thus, we are entering an
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exciting era when a vast number of recurrent chromosomal alterations that can
be used for better clinical stratification, disease management, and prognosis will
be available for all AML patients.
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Chromosomal Deletions in AML

Lalitha Nagarajan

Abstract Several, acquired, non-random chromosomal deletions have been
characterized in acute myelogenous leukemia (AML). While the deletion limits
vary among patients, there are consistent regions of overlap among the deleted
segments between patients. Furthermore, chromosomal deletions are achieved
frequently by unbalanced translocations between two and more chromosomes
resulting loss of candidate leukemia suppressor loci from the affected
chromosomes. Most deletions occurring as sole anomalies are associated with
good—intermediate clinical outcome, but complex cytogenetic anomalies signify
an aggressive clinical course. Thanks to the exciting development in microarray,
siRNA technologies, a number of candidate AML suppressor genes localizing to
the critical regions of overlap within the deletions have been identified recently.
Most of the candidate genes do not function by the classical “two hits,” namely
loss of an allele unmasking inactivating mutations in the remaining allele. Gene
dosage, epigenetic silencing, and uniparental disomy appear to be common
mechanisms of gene inactivation in AML. While several of the newly discovered
candidate genes lead to new pathways, a few of them affect previously known
leukemogenic targets. Thus the investments made over the years on leukemia
suppressor gene discovery are beginning to yield reasonable results at the present
time. Future beholds promise for targeted therapy of these poorly characterized
AMLs, as we uncover the mutations driving their clonal evolution.

Introduction

Acute myelogenous leukemia (AML) can be broadly classified into three
categories based on cytogenetics: (i) diploid, (ii) reciprocal translocations, and
(iii) complex cytogenetic anomalies. Among these, recurrent loss of material
within specific chromosomal arm(s) is associated with the complex cytogenetic
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subset. The complex anomalies also signify poor prognosis in myelodysplasia
(MDS) which can be viewed as a preleukemic condition in this subset [7].

According to the Knudson’s two hit hypothesis physical loss of a tumor
suppressor by chromosomal deletion is accompanied by inactivating mutations
in the remaining chromosome [13]. Based on this paradigm, deletions asso-
ciated with AML were hypothesized to be chromosomal regions harboring
suppressor gene(s), with the remaining allele in the “normal chromosome”
inactivated by intragenic mutations. Inactivation of the remaining normal allele
may be achieved by gross deletion, point mutation, or loss of the entire wild-
type chromosome and duplication of the remaining mutated chromosome. The
last mechanism, due to mitotic disjunction and duplication results in two copies
(disomy) from one of the parental (uniparental) chromosomes. Interestingly,
uniparental disomy (UPD) for several novel loci and not the other modes of
inactivation appears to be a recurrent theme in myeloid neoplasms.

There has been a long and hard search for AML suppressors from the deleted
chromosomes. Recent progress discussed in the following sections suggests that
gene dosage, epigenetic silencing of candidate suppressor genes may contribute
to the pathogenesis rather than the conventional “two hits.” These newly char-
acterized mechanisms are likely to yield novel diagnostic and therapeutic tools.

The deletion break points for each chromosomal arm vary between patients,
there are regions of overlap. Thus, there is a critical region of overlap (CRO) (Fig. 1).
The target AML suppressors were hypothesized to reside within the CRO. To
precisely delineate the regions of loss, techniques were developed to define deletion
limits by microsatellite polymorphism-based allelotyping and fluorescence in situ
hybridization (FISH). Most recently, single nucleotide polymorphism (SNP)-based
microarray and comparative genomic hybridization technologies have yielded a
comprehensive portrait of genome-wide losses and gains.
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Fig. 1 Chromosomal deletions, suppressor gene discovery in AML. (A) Complex cytogenetic
alterations in AML. This near-diploid metaphse shows deletions of 5q, 7q, monosomy 9, and
additional material on 17p. Fluorescence in situ hybridization revealed the 17 p + material to
be 5q. (B) Common deletion patterns in 5q. Note that there are at least two critical regions of
overlap between the different deletions
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At present, at least nine different chromosomal deletions have been identi-
fied in AML. The non-random, clonal nature of these changes suggests a causal
role for these aberrations in AML pathogenesis. While deletions of 5q, 7q, 11q,
17p, 20q, are more common, loss of 1p, 4q, 9q, 16p are also reported (Table 1).
Typically, the deletions are found within a clone that is near diploid in chro-
mosomal content.

Table 1 Common chromosomal deletions in AML

Candidate
Chromosome Additional mutations Prognosis genes
Ip Multiple Poor Unknown
4q Sole anomaly Good TET2
5q Two or more anomalies Poor Multiple
7q Two or more anomalies Poor Unknown
9q Sole anomaly, CEBPA Good Unknown

mutation

11q Multiple other anomalies Poor CBL
16q Sole anomaly Unknown Unknown
17p Multiple other abnormalities Poor TRP53
20q Sole or multiple anomalies Good (sole), poor  ASXLI

(complex)

As investigations on 4q, 5q, 7q, 11q, 17p, and 20q deletions have resulted in
candidate gene discoveries or finer delineation of the critical region of loss,
current developments on these are presented in the following sections.

Chromosome 4q

Translocations of 4q24 and submicroscopic deletions of 4q were originally
identified in both the lymphoid and the myeloid cells of AML patients raising
the possibility of a stem cell involvement [26]. In myeloproliferative neoplasms,
a candidate gene of unknown function, TET?2, harboring inactivating muta-
tions has been found recently. In a limited survey of AML, TET2 mutations
were detected in AML arising from MDS (a case each of diploid, complex
cytogenetics, post-CMML and APL) [23]. Thus inactivation of TET2 appears
to cooperate with a variety of mitogenic events. The cellular processes affected
by this mutation are unknown at the present time.

Chromosome 5q
Of all the deletions associated with AML that of the long arm of chromo-

some 5 (5q7) is the most extensively characterized. In 1974, at a time
Philadelphia chromosome was the only other anomaly associated with



62 L. Nagarajan

leukemia, Van den Berghe and colleagues identified interstitial deletions of
the long arm chromosome 5 (5q°), to be the sole acquired anomaly in a
group of patients with refractory anemia (RA) [25]. Subsequently, dele-
tions of 5q were found to be recurring anomalies in MDS and AML.
Interstitial deletions of the long arm of chromosomes 5 and 7 were also
the first non-random anomalies to be recognized in therapy induced AML
(t-AML) [14]. However, unlike RA, these anomalies were associated with
poor prognosis in both de novo and t-AML. Frequently, in AML, they
were one of several other cytogenetic anomalies whereas in RA the 5q-
chromosome is the sole abnormality. Typically these are large deletions
resulting in loss of 60% of 5q, which translates to 1.6% of haploid
genome.

A number of candidate leukemia suppressors have been identified from
four different region of loss on 5q. The candidate genes have been identified
by multiple approaches: (i) a positional cloning approach by delineating the
deletion limits in a large number of patients. The resulting critical region of
overlap or minimally deleted region, served as the starting point for gene
discovery. This approach resulted in two distinct critical regions within 5q31,
the proximal MDS/AML locus and the distal RA locus. Genes within the
deleted segments were systematically evaluated for homozygous deletions or
point mutations. However, none of the genes fitted the classical “two hit”
criterion due to absence of inactivating mutations in the remaining allele.
These findings led to the possibility that the 5q leukemia suppressor func-
tions by gene silencing of the remaining allele or gene dosage. Gene dosage
effect would imply that a 50% decrease in the expression confers a clonal
advantage.

To date, nine candidate suppressor genes have been identified. Thus,
complete and dosage sensitive loss of function of SSBP2, RIL, APC,
SMADS5, EGRI, CTNNA, RPSI4, SPARC, and NPM (nucleophosmin)
appears to contribute to leukemogenesis [3, 2, 19, 11, 12, 18, 6, 15, 9].
SMADS5, EGRI, CTNNA localize to the AML locus, whereas RPSI4 and
SPARC map to the RA interval. While SSBP2, RIL, and CTNNA may be
silenced by epigenetic mechanisms, loss of a single EGRI, RPS14, or NPM
allele has phenotypic consequences. In vitro, reduction in the expression of
RPS14, encoding a ribosomal protein results in a pronounced erythroid and
megakaryocytic differentiation of hematopoietic stem/progenitor cells. In
contrast, ENU-treated Egrl/ hemizygous mice show a myeloproliferative
defect. Although Npm localizes outside the critical region of overlap, Npm
heterozygous mice exhibit features of trilineage dysplasia. As most deletions
of 5q are large, potential contribution of all these genes including NPM and
APC cannot be ruled out.

In short, both gene dosage and epigenetic silencing of both alleles of candi-
date gene(s) may play a role in AML pathogenesis. Given the large size of
the deletion, interplay between one or more candidate suppressor is likely.
If the synergistic interaction between two candidate genes contributes
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significantly to loss of growth arrest, block in differentiation, the clonal
advantage for retaining the 5q” anomaly can be explained readily.

Chromosome 7q

Complete and partial loss of chromosome 7 and trisomy 8 constitutes the most
common chromosomal anomalies in AML. Since 22% of the cytogenetically
characterized AML cases harbor complete or partial deletions of chromosome
7, the same loci may be subtly altered in other poor prognosis patients. Inter-
estingly, -7 or 7q- may be the sole anomaly in 8.5% of AML cases. Two distinct
critical regions of loss at 7q22 and 31 have been delineated [17]. In AML
cell lines, chromosome 7 also undergoes UPD resulting in segmental duplica-
tion of one of the chromosomes with loss of a potential wild-type copy [16].
Interestingly, a similar genotype has been found in primary blasts from MDS
patients [10].

Chromosome 11q

Although 11q deletions have long been recognized as markers for poor prog-
nosis, the candidate genes were unknown [7]. Recent microarray-based analyses
revealed uniparental disomy for a mutated allele of the CBL gene [5]. CBL
encodes an E3 ubiquitin ligase with a potential to downregulate FLT3-induced
proliferative response. CBL mutations appear to co-segregate with inv (16)
or t(8;21) suggesting a strong cooperative selection in core-binding factor-
associated AML [20]. Lack of CBL activity will remove the negative
regulation of FLT3 activation, resulting in an unrestrained mitogenic
signal. Future studies will reveal whether CBL mutation accounts for all
cases of deletion 11q or there are other regulatory genes that contribute to
AML development.

Chromosome 17p

While the discovery of tumor suppressor genes on chromosomes 5 and 7 has
been challenging, studies of chromosome 17p have been rewarding because of
the TP53 suppressor gene on this chromosome. But, as stated earlier, 17p
deletions are frequently undetected by conventional cytogenetic methods, and
hence this entity was not recognized for a long time. It was the recognition
by Fenaux et al. of a strong correlation between 17p deletion and loss of
the TP53 gene and a form of dysgranulopoiesis with pseudo-Pelger—Huet
hypolobulation and small vacuoles in the granulocytes that pinpointed the
significance of 17p deletions. A screen of patients with MDS/AML who had the
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“17p- syndrome” (i.e., cytogenetically detectable deletions of chromosome 17)
then provided clear evidence of the loss of a TP53 allele in 14/17 cases [22].
Furthermore, the loss of 17p was associated with an unbalanced translocation
with chromosome 5 in 9/17 cases. Interestingly, Christiansen et al. noted a similar
correlation between deletions of chromosome 5, a complex karyotype, and a TP53
mutation [4]. Upon screening a series of 77 patients with t-MDS (n = 55) or t-AML
(n = 22), 21 cases had mutations in the 7P53 gene. Of these, six patients had a
cytogenetic loss of 17p13. Based on single-stranded DNA conformation poly-
morphism (SSCP) analysis, these investigators concluded that there was a loss of
the wild-type T'P53 allele in nine more cases but no cytogenetic loss. Cytogenetic
analysis of these nine patients revealed numerous other anomalies. Such observa-
tions have led to the suggestion that the normal TP53 allele is lost with duplica-
tion of the homologous chromosome 17 with the mutated allele [4]. The most
extensive analysis of the TP53 gene in AML was conducted by Schoch et al., who
reviewed 565 cases of AML with complex anomalies [21]. They were able to
sequence 49 cases of complex anomalies for the 7P53 mutation and found that 27
cases (55%) had loss of a normal chromosome and a mutation in the remaining
allele, whereas nearly a third (16 cases) had a mutation without a detectable
chromosome deletion. Once again, it is likely that these latter cases involved
duplications of the mutated chromosome 17 that were cytogenetically undetect-
able [23, 24] .

Chromosome 20q

Deletions of 20q in AML were one of the anomalies to be recognized several
years ago [24]. Using the conventional allelotyping techniques, critical regions
of loss were defined [1]. No strong candidate genes have emerged thus far except
for truncating mutations in the ASX/L gene in 16% of MDS [8]. Although
ASXIL may not reside within the critical region of loss, detection of mutations
in this polycomb-associated gene indicates inactivation of a critical epigenetic
pathway.

Mechanisms of Deletions

As chromosomal deletions are found as sole anomalies in a diploid clone as well
as in cells with three or more alterations, it is unlikely that a single mechanism
governs chromosomal deletions in AML. The complex anomalies, however, are
derived from two-or three-way unbalanced translocations between chromosomes.
While some of these may be unstable in the early stages of leukemogenesis,
with evolution, clones harboring anomalies with survival, growth advantages are
selected for. As the unbalanced translocations result in loss of chromosomal
material between partner chromosomes, a selective advantage may be conferred by
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loss or haploinsufficiency for critical genes. Frequently, certain recurrent partners
appear to be preferred (e.g., 5q, 7q, 17p) suggesting a functional cooperation between
losses of genes from these chromosomes. As mentioned earlier, dicentric (5;17) or
derivative chromosome 17 (with chromosome 5 material on 17p) and iso 17q are
recurring anomalies in both de novo MDS and t-MDS implicating the loss of
suppressor genes from these chromosomes in the preleukemic phase.

Conclusions

Chromosomal deletions represent an important genetic mechanism in AML.
The deletions, achieved by diverse mechanisms, also signify variable outcome.
While deletions detected as sole anomalies signify good prognosis, complex or
numerous anomalies indicate poor response. Dismal outcome is predicted when
a clone harboring a single deletion relapses with multiple additional abnorm-
alities. Commonly co-segregating deletions (e.g., 5q, 7q, 17p) suggest a func-
tional cooperation between the loss of suppressor elements. The sequence of
specific chromosomal loss during AML pathogenesis may also be varied. For
example, the loss of genes in 5q may contribute to early stages of evolution,
inactivation of TP53 resulting in a highly aggressive clinical course is likely to be
a late event. With the advent of highly sensitive tools to detect subtle deletions
and duplications, gene discovery is gaining momentum. Evaluation of candi-
date genes by functional assays in vitro by RNAi-based approaches and in vivo
by targeted deletion in murine models in the coming years will improve our
understanding of critical genetic alterations underlying AML pathogenesis.
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Genes Predictive of OQutcome and Novel
Molecular Classification Schemes in Adult Acute
Myeloid Leukemia

Roel G.W. Verhaak and Peter J.M. Valk

Abstract The pretreatment karyotype of leukemic blasts is currently the key
determinant in therapy decision making in acute myeloid leukemia (AML). The
World Health Organization (WHO) has recognized this important information
by including, besides clinical, cytological, cytochemical, and immunophenoty-
pical features, recurrent cytogenetic abnormalities in its classification (Table 1).
However, although the WHO defines important biologically and clinically
relevant entities, the prognostic value of some of the well-defined cytogenetic
subgroups is partially masked in the WHO classification. Moreover, in the
recent past a number of novel molecular aberrations with marked prognostic
value, which are not yet incorporated in the WHO classifications have been
identified. These molecular abnormalities include mutations (e.g., in FLT3,
c-KIT, and NPM1), partial duplications (e.g., of MLL and FLT3), and abnor-
mal expression of pathogenetic genes (e.g., EVII, WTI, BCL2, MDRI,
BAALC, and ERG). In addition, novel molecular approaches in genomics,
like monitoring the expression levels of thousands of genes in parallel using
DNA microarray technology, open possibilities for further refinement of prog-
nostication of AML. Gene expression profiling in AML is already well estab-
lished and has proven to be valuable to recognize various cytogenetic subtypes,
discover novel AML subclasses, and predict clinical outcome. The current
advances made in molecular understanding of AML will ultimately lead to a
further refinement of prognostics of AML.
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AML Diagnostics

Since 1976 AML has been diagnosed according to the criteria of the French-
American-British (FAB) group. This classification system is strictly based on
morphological and cytochemical examination of the leukemic bone marrow
and peripheral blood. The FAB classes M0, M6, and M7 appear to have some
prognostic information in multivariate analyses; however, these represent
only a small fraction of AML patients. The FAB classification in general
does not carry any prognostic value, apart from two categories linked to
chromosomal abnormalities with marked prognostic significance (FAB M3
and FAB M4Eo).

Table 1 The WHO classification of AML
Acute myeloid leukemia with recurrent genetic abnormalities
e Acute myeloid leukemia with t(8;21)(q22;q22) (AMLI1-ETO)
e Acute myeloid leukemia with abnormal bone marrow eosinophils and inv(16)(p13q22)
or t(16;16)(p13;q22) (CBFB-MYHI11)
e Acute promyelocytic leukemia with t(15;17)(q22;q22) (PML-RAR«) and variants
e Acute myeloid leukemia with 1123 (MLL) abnormalities

Acute myeloid leukemia with multilineage dysplasia

e Following myeloid dysplastic syndrome (MDS) or MDS/myeloproliferative disorder
(MPD)

e Without antecedent MDS or MDS/MPD, but with dysplasia in at least 50% of cells in
two or more myeloid lineages

Acute myeloid leukemia and myelodysplastic syndromes, therapy related
e Alkylating agent/radiation-related type
e Topoisomerase II inhibitor-related type (some may be lymphoid)
e Others

Acute myeloid leukemia, not otherwise categorized

e Acute myeloid leukemia, minimally differentiated
Acute myeloid leukemia without maturation
Acute myeloid leukemia with maturation
Acute myelomonocytic leukemia (AMML)
Acute monoblastic/acute monocytic leukemia
Acute erythroid leukemia (erythroid/myeloid and pure erythroleukemia)
Acute megakaryoblastic leukemia
Acute basophilic leukemia
Acute panmyeloid with myelofibrosis
Myeloid sarcoma

In the past two decades it has become evident that particular recurrent
cytogenetic abnormalities are frequently present in distinct subsets of AML.
In 1999 the WHO constructed a novel classification of hematologic malignan-
cies [34]. The WHO classification of AML recognizes four major categories
(Table 1). It distinguishes besides clinical, morphologic, immunologic features,
important recurrent cytogenetic abnormalities in AML [34]. Hence, current
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diagnostics of AML requires a multidisciplinary approach, which includes
adequate clinical assessment, morphological and cytochemical examination,
immunophenotyping, cytogenetics, and molecular genetics.

Cytogenetic Analyses and AML Prognostics

More traditional prognostic markers to risk-stratify de novo AML are age and
white blood cell count [43, 47]. However, certain cytogenetic abnormalities are
consistently associated with particular subsets of AML and appear to have
marked prognostic value. In fact, karyotyping is currently the most important
indicator for risk-stratification of AML. Approximately 40% of all AML
patients are currently classified into distinct groups with variable prognosis
based on the presence or absence of specific recurrent cytogenetic abnormalities
(Table 2).

Table 2 Cytogenetic abnormalities in AML, their prevalence, and prognostic value

Cytogenetic abnormality Genes involved Prognosis Frequency (%)
t(8;21)(q22;922) AMLI-ETO Favorable 8-12
inv(16)(p11;q22) CBFB-MYHI1 Favorable 4-10
t(15;17)(q22;q11) PML-RAR« Favorable 8-12
11923 abnormalities MLL Unfavorable/standard 4-6
-5/5g- Unknown Unfavorable 2-4
-1/7q- Unknown Unfavorable/standard 6-8
1(6;9)(q34;q11) DEK-CAN Unfavorable/standard 1
t(9;22)(q34;q11) BCR-ABL Unfavorable <1
3926 abnormalities EVI1 Unfavorable 1-3
Complex karyotype Unknown Unfavorable 4-6

For instance, the chromosomal inversion of chromosome 16 [inv(16)] and
balanced translocation of chromosomes 8 and 21 [t(8;21)], expressing the fusion
oncoproteins CBFB/MYHI11 and AMLI/ETO, respectively, characterize
AML with relatively favorable treatment outcome [47, 46]. In addition, patients
with acute promyelocytic leukemia (APL), an AML subtype characterized by
the accumulation of t(15;17)-containing promyelocytes, are particularly sensi-
tive to all trans-retinoic acid (ATRA) and hence have a particularly good
treatment outcome. ATRA induces differentiation of the t(15;17)-containing
promyelocytes, because of the presence of the t(15;17)-encoded PML/RARA
chimeric protein.

The chromosomal abnormalities t(8;21), inv(16) and t(15;17) are established
molecular indicators for favorable treatment outcome in AML and patients
with these abnormalities are classified in WHO subgroup 1 (Table 1). Together,
these subgroups account for approximately 20% of all cases of AML. Roughly
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75-80% of all patients with AML respond to therapy by reaching a complete
remission and overall survival of these patients is approximately 45% after 5
year. In contrast, AML patients with an inv(16), t(8;21), or t(15;17) show a CR
rate of 88-98% and an overall survival of 60-70% after 5 years [46, 48]. AML
patients with 11g23 abnormalities are also placed into WHO class 1, while
11g23 abnormalities are sometimes defined as poor-risk markers [12, 67] and
sometimes intermediate or standard risk [12, 30, 29]. For instance, t(9;11) is
sometimes recognized as standard risk marker [12], whereas others treat all
AML cases with 11g23 abnormalities as a single AML subclass [67, 30, 29]. The
different partner chromosomes, which are fused to 11g23 in AML, such as
chromosome 6, -9, -10, and -19, may in fact contribute to this observed differ-
ence in treatment outcome. Likewise, cytogenetic aberrations, e.g., t(6;9) and
chromosome 7(q), are defined as poor-risk markers by some [12, 67], whereas
others consider these cases standard risk [12, 30, 29]. AML with one of the latter
chromosomal abnormalities are distributed over the WHO groups and AML
cases with 11q23 abnormalities are included in WHO class 1 together with the
favorable markers inv(16), t(8;21), and t(15;17), implying that the WHO classi-
fication in part dilutes the prognostic value of several of these recurrent cyto-
genetic aberrations. Thus, although the WHO classification defines important
biological entities in AML, it does not take all prognostically relevant cytoge-
netic information known today into account.

Also, the largest cytogenetic subclass of AML, i.e., those patients with a
normal karyotype, is categorized as standard risk, since these AML cases lack
informative chromosomal markers. However, this group, accounting for
approximately 40-45% of all AML patients, most probably contains a mixture
of patients with favorable and unfavorable prognosis. Additional molecular
markers are required to further refine the classification of these cases of AML.

Molecular Genetics and AML Prognostics

Molecular genetics has greatly improved our understanding of the pathophy-
siology of AML. In addition, in the past few years a number of novel molecular
markers have been associated with AML prognostics (Table 3).

For instance, the presence of a partial tandem duplication of the mixed
lineage leukemia gene (M LL-PTD) (approximately 8% of the cases) has been
recognized as an unfavorable marker. Patients with a M LL-PTD generally have
a shorter duration of remission in AML with a normal karyotype [65, 21, 15].

Another acquired molecular abnormality frequently detected in AML
involves the fms-like tyrosine kinase-3 gene (FLT3), a hematopoietic growth
factor receptor [27, 42, 50]. FLT3 is mutated either as a result of an internal
tandem duplication (ITD) (25-30% of the cases of AML) or by a base-pair
substitution in the tyrosine kinase domain (TKD D835) (5-7% of the cases of
AML) [27,42]. The FLT3 ITD as well as FLT3 TKD mutations result in ligand-
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Table 3 Molecular abnormalities in AML, their prevalence, and prognostic value

Marker gene Abnormality Prognosis Frequency (%)
FLT3 Internal tandem duplication Unfavorable 25
FLT3 Tyrosine kinase domain mutation ? 10-12
MLL Partial tandem duplication Unfavorable 8
CEBPA Mutation Favorable 5-10
TP53 Mutation Unfavorable 3-5
c-KIT Mutation Unfavorable 3-5
N-RAS Mutation None 8-12
K-RAS Mutation None 3-5
MDRI High expression Unfavorable ~30
wWTI High expression Unfavorable ~50
BCL2 Unfavorable ~50
BAALC High expression Unfavorable 50
EVII High expression Unfavorable 5-10
ERG High expression Unfavorable 25

independent constitutive activation of the FLT3 receptor [27, 42]. Patients with a
FLT3 ITD mutation are associated with leukocytosis and generally have a poor
treatment outcome [27, 42, 50, 24]. Interestingly, AML patients who also lack the
FLT3 wild-type allele or show increased FLT3 ITD expression relative to the
wild-type allele appear to have an even inferior prognosis [79, 70, 40, 4]. The
prognostic significance of the FLT3 TKD is controversial [6, 70, 80, 64]. Inter-
estingly, it has been shown that AML patients with elevated levels of wild-type
FLT3 also have constitutive activation of the receptor, which may be associated
with poor response to treatment [56].

The CCAAT/enhancer binding protein alpha (CEBPA) is a transcription
factor essential for granulocytic differentiation [57]. AML patients with biallelic
mutations in CEBPA (approximately 7% of the cases) have been associated with
good clinical outcome in the group of patients with standard-risk AML [74, 58,
25]. In contrast, low CEBPA mRNA expression in AML with intermediate-risk
karyotypes may be associated with poor prognosis [74]. The favorable indication
of CEBPA mutations was maintained after adjustment for cytogenetic risk,
FLT31TD, and CEBPA expression levels in multivariate analysis [74].

Mutations in the hematopoietic receptor c-KIT are present in a variety of
diseases, such as systemic mastocytosis, gastrointestinal stromal tumors, and
AML [41]. In AML mutations are present in the extracellular, i.e., exon 8, and
intracellular, i.e., tyrosine kinase domain (TKD DS816), juxtamembrane
domain, and ITD mutations, in c-KIT, which are exclusively detected in core-
binding factor (CBF) leukemias, i.e., AML with inv(16) and t(8;21) [7]. AML
t(8;21) cases with ¢c-KIT TKD(D816) mutation have a significantly higher
incidence of relapse and a lower overall survival than AML with t(8;21) and
wild-type c-KIT [61, 52, 13]. Poorer responses to treatment were also demon-
strated in pediatric AML with t(8;21) and c-KIT TKD(D816) [66]. Mutations in
the extracellular domain, i.e., exon 8§ of c-KIT, are associated with relapse rate



72 R.G.W. Verhaak and P.J.M. Valk

in AML with inv(16) [17]. Interestingly, treatment of AML with ¢c-KIT exon 8
mutations with imatinib mesylate may be feasible [51, 14, 16]. In contrast, c-
KIT TKD (D816) mutants are insensitive to imatinib [14, 78], but these AML
patients may benefit from dasatinib [59]. Thus, treatment of CBF leukemias
carrying c-KIT mutations may be improved by using these drugs. In fact, the
appearance of c-KIT mutations only in CBF leukemias may suggest that even
CBF leukemias overexpressing wild-type c-KIT may benefit from imatinib
mesylate treatment [78].

Classical P53 mutations and mutations in the GTPases N-RAS and K-RAS
occur at low frequency in AML (Table 3). RAS mutations do not show any
association with clinical outcome in AML [9, 38, 54]. P53 mutations are
indicative of poor response to therapy in AML, however, patients with P53
mutations often also carry abnormalities with proven poor indication, invol-
ving chromosomes 5 and 7 [49, 68].

Recently, Falini et al. identified specific 4 bp insertion mutations in the
nucleophosmin (NPM ) gene in approximately 35% of all AML cases, which
makes it the most common somatic gene mutation in AML [23]. These inser-
tions induce a frame shift in the C-terminus of the NPM1 protein, resulting in
aberrant cytoplasmic localization [23, 22]. NPM mutations are significantly
associated with age, i.e., more frequent in older patients [75, 18], high white
blood cell counts, normal karyotypes, and FLT3 ITD mutations [23, 75, 62,
20, 69]. NPM 1 mutations correlate negatively with the occurrence of inv(16),
t(8;21) and t(15;17) as well as with mutations in CEBPA and N-RAS[23, 75, 62,
20, 69]. In the initial study, it was shown that NPM [ mutations are associated
with remission induction in AML [23]. More recently, patients with standard-
risk AML with NPM1 mutations, but without FLT3 ITD mutations, were
shown to have a significantly better overall and event-free survival [23, 75, 62,
20, 69]. Finally, in multivariate analysis NPM [ mutations prove to be indepen-
dent prognostic markers for favorable outcome [23, 75, 62, 20, 69].

Several individual genes have been identified as important prognostic mar-
ker genes in AML when abnormally expressed in the leukemic blast cells.

The proto-oncogene EVII(ecotropic virus integration site 1) encodes a DNA
binding protein, located on chromosome 3q26 [55]. EV11 is aberrantly expressed in
cases of AML and myelodysplastic syndrome (MDS) carrying 3q26 rearrange-
ments [55]. Interestingly, high expression of EV11 is also seen in approximately 8%
of AML cases without 3q26 abnormalities [5]. In these cases of AML high EVII
expression is, like in AML with 3q26 abnormalities, an independent marker for
poor prognosis [5]. The survival probability of high EVII expressers was 0-8%,
whereas those AML cases with low EV/1 expression had a probability of 33% [5].

High expression of the tumor suppressor Wilms tumor 1 (WT1) has been
proposed as a marker for inferior outcome [8], however, the true prognostic
value of this marker is still unclear [8, 60, 26, 6, 81]. Interestingly, it has been
shown that the expression of WTI significantly correlates with BCL2 expres-
sion [37], which has also been proposed as poor prognostic marker in AML,
when aberrantly expressed [36].
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The multidrug resistance gene (MDRI) is frequently expressed in AML.
MDRI is a cellular drug efflux pump, which is thought to be one of the major
causes of multidrug resistance. MDRI1 expression is a disease-related unfavor-
able prognostic factor with significant impact on complete remission and over-
all survival in AML [31, 73].

BAALC (brain and acute leukemia, cytoplasmic), as a single gene, has been
proposed to predict clinical outcome in AML [3]. Multivariate analyses showed
high BAALC expression as independent risk factor for overall survival, event-
free survival, and disease-free survival. Patients with high BAALC expression
showed a significantly worse overall survival, i.e., median of 1.7 versus 5.8 years
(survival at 3 years 39 versus 60%) [3], which was subsequently confirmed in a
larger cohort with normal cytogenetics (survival at 3 years 36 versus 54%) [4].
The BAALC protein has been implicated to play a role in leukemia and normal
expression of BAALC is restricted to hematopoietic progenitors.

Recently, Marcucci and colleagues demonstrated that overexpression of the
ETS-related gene, ERG, predicted an adverse clinical outcome in AML [43].
Patients with high ERG expression (upper 25%, Q4) had an increased relapse
rate and median survival time of 1.2 years, whereas the median survival time of
the low expressors (Q1-3) was not reached in a follow-up of 5 years, with
estimated survival rates of 19 and 51%, respectively. High ERG expression
appeared to be an independent unfavorable prognostic factor for AML patients
with a normal karyotype [45]. Interestingly, ERG overexpression only predicted
shorter survival in those AML patients with low BAALC expression.

A combination of the aforementioned genetic markers with prognostic
impact in AML, such as mutations in MLL, FLT3, NPMI, c-KIT, and
CEBPA as well as aberrant expression levels of EVII, WT1, BCL2, MDRI,
BAALC, and ERG should ultimately refine the classification of standard-risk
AML. However, many of the recently identified novel molecular markers have
to be thoroughly evaluated, as single markers as well as in multivariate analyses,
before reliable incorporation of these markers into therapeutic decision
making.

Gene Expression Profiling and AML Prognostics

Although, nonrandom clonal aberrations are identified in 40-50% of all AML
and the numbers of molecular genetic abnormalities are growing, a large
proportion of AML patients cannot adequately be classified because of the
lack of prognostically significant molecular abnormalities. Gene expression
profiling, i.e., measuring the abundance of mRNA transcripts of thousands of
genes concurrently using microarrays, has proven to be valuable in the classi-
fication of hematologic malignancies, including AML. Bone marrow and blood
of patients with leukemia are ideal tissues to accurately determine gene expres-
sion profiles, since homogenous malignant cell populations are easily purified
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from these leukemic specimens. In recent years, gene expression profiling has
been successfully introduced in clinical AML research. By gene expression
profiling, cytogenetically as well as molecularly well-defined AML subclasses
were predicted [77, 63, 38, 72, 10] and novel subtypes of AML were discovered
[19, 72, 10, 76]. Attempts to predict response to therapy [35] as well as outcome
[10] based on gene expression profiling have also been successful.

Prediction of Known Classes by Gene Expression Profiling

In pioneer studies AML was accurately distinguished from ALL and MLL by
gene expression profiling [28, 2]. The diagnostic application was subsequently
successfully demonstrated. In several studies it was shown that the established
prognostically relevant recurrent chromosomal abnormalities such as inv(16),
t(8;21), t(15;17), but also acquired mutations in CEBPA and NPMI, were
predictable with very high accuracy [75, 63, 19, 39, 72, 10, 32, 33]. NPM1
mutations, which carry prognostic information, are highly associated with a
homeobox gene-specific expression signature in AML [75, 1] and are conse-
quently predicted with high accuracy [75].

The majority of gene expression profiling studies focused on a limited
number of subtypes of AML, generally comparing them to samples with a
normal karyotype. Ideally these studies should be carried out using a represen-
tative AML patient-cohort, i.e., without excluding any subtype of AML, to
ascertain that subtypes are predicted accurately [72, 10]. Interestingly, Hafer-
lach et al. demonstrated recently that accurate prediction of AML with inv(16),
t(8;21), t(15;17), a complex karyotype, 11q23 abnormalities and normal kar-
yotype/other is feasible in a series of 937 bone marrow and peripheral blood
samples from 892 patients with all clinically relevant leukemia subtypes [33].
There is a surprising concordance within the lists of discriminating genes pre-
dicting these specific subclasses of AML in the different gene expression profil-
ing studies. These examples demonstrate the power and applicability of gene
expression profiling, as a single assay to predict recurrent cytogenetic abnorm-
alities [39].

Molecular genetic markers like t(11q23)/MLL abnormalities and FLT3
mutations are also associated with characteristic gene expression patterns [19,
72, 10, 76, 53]. However, these signatures are less discriminative than those of
AML with favorable cytogenetics and CEBPA mutations. While AML cases
with MLL translocations exhibit a characteristic gene expression signature [72,
10, 2], no significant gene expression feature could be detected for cases with a
PTD of the MLL gene [10]. Likewise, AML cases with RAS mutations dis-
played no apparent gene expression signature [72, 53]. These molecular
abnormalities will, with the current level of gene expression technology, still
require a combination of molecular diagnostic approaches.
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Identification of Novel Subtypes of AML by Gene
Expression Profiling

More challenging than predicting known classes is the discovery of novel
subtypes of AML by using gene expression profiling followed by unsupervised
cluster analyses, i.e., grouping of samples based on similarities in expression
profiles. However, the number of studies dealing with this issue is still limited.

Bullinger and colleagues used unsupervised hierarchical cluster analyses to
define two novel molecular subclasses of AML, with predominantly normal
karyotypes and significant differences in survival times [10]. An outcome pre-
dictor consisting of 133 genes was constructed, which predicted overall survival
and appeared a strong independent prognostic factor in multivariate analyses.

In a study of a representative cohort of 285 AML patients, 16 clusters of
AML patients were revealed by gene expression profiling after unsupervised
clustering [72] (Fig. 1). In this analysis novel clusters were characterized by high
frequencies of certain molecular lesions or mutations, but also included patients
without these molecular lesions. However, the heterogencous nature of AML
resulted in relatively small subsets, preventing statistically significant survival
analyses [72].

Interestingly, after unsupervised clustering, AML samples with 11q23
abnormalities, CEBPA mutations and EVII overexpression aggregated into
two separate clusters, suggesting that a specific combination of acquired mole-
cular lesions results in a distinct molecular signature. In addition, similar
prognostic markers are sometimes recognized as poor-risk marker or stan-
dard-risk marker depending on the clinical study [12, 67, 30, 29, 44]. The
separation of AML patients with a similar molecular or cytogenetic marker
into two subgroups based on gene expression profiling may in fact reflect the
differences in the prognostic values.

AML cases with FLT3 ITD or NPM [ mutations did not form one distinct
cluster, but appeared to cluster within the 16 AML subtypes, suggesting that
these cases may form separate disease entities within one AML subtype [72, 71,
11]. For instance, APL cases with a FLT3 ITD, and concordant high WBC,
cluster together within t(15;17) APL [71, 11]. In the future, these subtypes will
include increased numbers of AML cases and FLT3 ITD or NPM I mutation-
specific signatures may then be formed. This would result in further refinement
within the AML subtypes.

One of the 16 subclasses of AML comprised cases with no apparent cytoge-
netic marker as well as cases with a variety of known adverse cytogenetic
markers, such as monosomies 5 and 7 and translocation t(9;22) [72]. Moreover,
approximately half of the patients in this AML subtype had high expression of
EVII [5]. Patients of this unique cluster, which includes approximately 10% of
all AML patients, showed a poor treatment outcome. In fact, the AML cells of
these patients have signatures comparable to CD34 * cell samples [72], suggest-
ing that the cells may be resistant to chemotherapy, like CD34 " progenitors. By
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a supervised approach, i.e., analysis taking into account prior knowledge,
Heuser and colleagues recently identified a characteristic gene expression sig-
nature that separated AML patients with good and poor response to induction
therapy [35]. Interestingly, a substantial number of genes in this signature,
including CD34, are expressed in normal hematopoietic stem/progenitor cells,
which suggests that this signature identifies slow-dividing stem/progenitor cells
that are resistant to induction chemotherapy [35].

These initial studies are illustrative of the applicability and power of gene
expression profiling in the discovery of novel AML subtypes.

Outcome Prediction Using Genes Expression Profiling

With regard to the heterogeneity of AML patients, survival and survival time
are likely to be noisy surrogates for the determination of molecular signatures
that predict outcome. Based on a semi-supervised method, Bullinger and col-
leagues established an outcome class predictor in AML which added prognostic
information over known prognostic factors as determined by multivariate
proportional hazards analysis [10]. When applied to AML samples with normal
karyotype, this predictor also defined good and poor outcome classes and
recent analyses showed that gene expression-based outcome prediction is also
feasible in larger more heterogencous data sets [11].

<

Fig. 1 (continued) Unsupervised cluster analyses of 285 cases of primary AML. (A)
Correlation view of 285 AML patients (2856 probe sets) [72]. The correlation visualization
tool displays pair-wise correlations between the samples. The cells in the visualization are
colored by Pearson’s correlation coefficient values with deeper colors indicating higher
positive (red) or negative (blue) correlations. The scale bar indicates 100% correlation (red)
toward 100% anti-correlation (b/ue). One hundred percent anti-correlation would indicate
that genes with high expression in one sample would always have low expression in the other
sample and vice versa. The red diagonal displays the comparison of an AML patient with
itself, i.e., 100% correlation. In order to reveal correlation patterns, a matrix ordering method
is applied to rearrange the samples. The ordering algorithm starts with the most correlated
sample pair and, through an iterative process, sorts all the samples into correlated blocks.
Each sample is joined to a block in an ordered manner so that a correlation trend is formed
within a block with the most correlated samples at the center. The blocks are then positioned
along the diagonal of the plot in a similar ordered manner. (B) Adapted correlation view (2856
probe sets) of 285 AML patients (right panel) and the expression levels of the top 40 genes
defining the 16 individual clusters of patients (left panel). FAB classification and karyotype
based on cytogenetics are depicted in the columns along the original diagonal of the
correlation view (FAB MO, red; M1, green; M2, purple; M3, orange; M4, yellow; M5, blue;
M6, grey; karyotype: normal-green, inv(16), yellow; t(8;21), purple; t(15;17), orange; t(11q23)/
MLL abnormalities, blue; 7(q) abnormalities, red; + 8, pink; complex, black; other, grey).
FLT3 ITD, FLT3 TKD, N-RAS, K-RAS, and CEBPA mutations and EVII overexpression
are depicted in the same set of columns (red bar: positive and green bar: negative). (Reprinted
with permission from Valk et al. [72], Copyright 2004, Massachusetts Medical Society)
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Resistance to the first cycle of chemotherapy has been shown to be an
independent prognostic factor for complete remission after the second cycle
of chemotherapy as well as overall survival. Heuser et al. established a gene
expression signature based on response to treatment, which separated an inde-
pendent cohort of AML patients into two groups with different response rates
(43.5% versus 66.7%) [35]. This may suggest that resistance to treatment may
be predicted by gene expression profiling before the start of treatment.

The ultimate goal of gene expression profiling research in AML would be to
establish a complete classification into good and poor outcome. So far, this has
failed, due to the heterogeneity of AML. We have attempted to classify our
cohort of 285 patients [72] into AML with good or poor treatment outcome, by
comparing patients that achieved complete continuous remission with patients
that experienced a relapse. However, this resulted in unacceptably high mis-
classification error of 40%, using a training and validation data set. A similar
result was obtained when the same experiment was performed on samples with
a normal karyotype only. Our results indicate that AML is currently too
heterogeneous to accurately predict prognosis with only one classifier. It is
more likely that useful prognostic classifiers will be defined to predict the
outcome of AML cases within different subtypes of AML [71].

Conclusions and Perspectives Regarding Prognostics of AML

In previous years, a substantial number of novel molecular abnormalities with
prognostic value in AML have been identified. Recently, gene expression
profiling has been firmly established as an important tool to classify AML.
Both these approaches will contribute to a comprehensive molecular classifica-
tion of AML and will further support individualization of AML treatment
based on characteristic molecular aberrations and expression patterns to enable
a risk-adapted successful treatment of patients. In fact, while risk-stratification
of AML patients based on gene expression profiling is currently still in an
experimental phase, several molecular abnormalities, like MLL-PTD, FLT3
ITD, CEBPA, and NPM I mutations have been validated and should be incor-
porated in routine molecular screening. However, although several of these
candidate markers possess prognostic value, an absolute necessity for proper
clinical implementation of all other candidate prognostic markers is adequate
validation of the observations in larger cohorts and independent studies. One
could envisage that single marker genes with prognostic value based on abnor-
mal expression will be included in the gene expression signatures determined by
genome-wide microarray analyses.

Since many of the previously characterized molecular abnormalities with
predictable outcome do not display strong discriminative expression signatures,
additional molecular diagnostics are still required in parallel. However, with the
increasing quality and size of the microarrays as well as the number of genes
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included, it may ultimately be feasible to apply gene expression profiling as
single comprehensive assay in AML prognostics.

The possibilities of whole genome genetic analyses are evolving rapidly. The
integration of these technologies, e.g., array comparative genomic hybridiza-
tion for assaying genomic DNA gains and losses, CpG island microarrays for
measuring aberrant DNA methylation, and (semi-) high-throughput DNA
sequencing, combined with sophisticated novel bioinformatical tools will ulti-
mately lead toward a comprehensive AML prognostic classification. Impor-
tantly, these genome-wide analyses will not only be beneficial for prognostics
but also give important insights into the true pathophysiology of AML.
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Receptor Tyrosine Kinase Alterations
in AML - Biology and Therapy

Derek L. Stirewalt and Soheil Meshinchi

Abstract Acute myeloid leukemia (AML) is the most common form of leukemia
in adults, and despite some recent progress in understanding the biology of the
disease, AML remains the leading cause of leukemia-related deaths in adults
and children. AML is a complex and heterogeneous disease, often involving
multiple genetic defects that promote leukemic transformation and drug resis-
tance. The cooperativity model suggests that an initial genetic event leads to
maturational arrest in a myeloid progenitor cell, and subsequent genetic events
induce proliferation and block apoptosis. Together, these genetic abnormalities
lead to clonal expansion and frank leukemia. The purpose of this chapter is to
review the biology of receptor tyrosine kinases (RTKs) in AML, exploring how
RTKs are being used as novel prognostic factors and potential therapeutic
targets.

Introduction

Acute myeloid leukemia (AML) is the most common form of leukemia in
adults, and despite some recent progress in understanding the biology of the
disease, AML remains the leading cause of leukemia-related deaths in adults
and children [132] AML is a complex and heterogeneous disease, often involving
multiple genetic defects that promote leukemic transformation and drug resis-
tance. The co-operativity model suggests that an initial genetic event leads to
maturational arrest in a myeloid progenitor cell, and subsequent genetic events
induce proliferation and block apoptosis. Together, these genetic abnormalities
lead to clonal expansion and frank leukemia [64, 170, 127, 176].

Mutations in receptor tyrosine kinases (RTKs) or their downstream effectors
are extremely common in AML, with estimated 40-60% of AML patients
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harboring a mutation abnormality in RTKs[144, 89, 45, 49]. In addition, another
15-25% of AML patients will have a mutation in one of the downstream
effectors in RTK pathways [144, 168, 113, 69, 27]. More than 50 different
RTKSs have been identified, which are classified into 20 subfamilies based on
their structural and functional characteristics (reviewed in Ref. [89]) [14, 38,
120]. A meticulous examination of all the different RTKs has yet to be
performed, but such studies are underway. These studies will most likely
discover that an even greater percentage of AML patients harbor mutations
or abnormalities in RTK pathways. Although several RTKs have been impli-
cated in malignancies, the vast majority of RTK mutations in AML, thus far,
have been found in the RTK subclass III family (a.k.a. the PDGFR family)
[120, 3, 124]. The subclass ITII RTK family consists of FLT3, KIT, PDGFRA,
PDGFRB, and CSFIR, and the majority of this review will examine the
biology, prognosis, and potential therapeutic targets of these RTKs, focusing
on FLT3 and KIT mutations, which are by far the most common RTKs
known to be affected in AML. The role of CSFR1 (a.k.a. C-FMS) and
PDGFR in myeloid malignancies will also be briefly discussed. In addition,
we will assess the growing interest in small molecule inhibitors against RTKs
as potential therapeutic targets for AML.

Receptor Tyrosine Kinase Activation and Downstream Effectors

RTKs play a critical role in myeloid proliferation, differentiation, and apopto-
sis [115, 167, 126, 44, 133, 97, 102, 99, 93]. Structurally, subclass III RTKs
consist of an extracellular ligand-binding (E) domain, transmembrane (TM)
dimerization domain, juxtamembrane (JM) domain, and an intracellular tyr-
osine kinase domain (Fig. 1A). In their inactive state, RTKs exist primarily as
monomers, and multiple autoinhibitory or intrinsic repressive forces prevent
dimerization (a.k.a. receptor activation) [52, 123]. While in the monomeric
state, the RTK displays a “closed” conformation, which prevents easy phos-
phorylation of specific tyrosine residues within the intercellular domains and
limits inappropriate activation (Fig. I A). Activation begins when a ligand binds
to the extracellular domain (or domains), causing a conformational change in
the receptor. The new conformation reverses the intrinsic repulsive forces of the
receptor, promoting dimerization with either itself or other membrane-bound
RTKs (Fig. 1B). Together, these changes lead to an “open” confirmation of the
receptor, which facilitates the transfer of a phosphate from ATP to the tyrosine
substrate within the intracellular kinase domain (Fig. 1B). This activated con-
formational change and/or phosphorylated tyrosine also promote the docking
of adaptor proteins (e.g., SHC), which also become activated. The activated
adapter proteins then interact with downstream effectors, efficiently transmit-
ting the extracellular signal to the appropriate intracellular pathways (Fig. 2).
After activation, RTKSs are rapidly internalized and degraded, such that within
20 min the signal will start to dissipate [178, 163]. This rapid degradation and
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Fig. 1 Subclass III tyrosine kinase receptor structure and activation. (A) Inactive receptor.
Subclass III RTKs consist of an extracellular ligand-binding domain (E), transmembrane
dimerization domain (TM), juxtamembrane domain (JM), and an intracellular tyrosine
kinase domain (K). In their inactive state, RTKs exist primarily as monomers, and multiple
autoinhibitory or intrinsic repressive forces prevent dimerization (R). Note the “closed”
conformation or the tyrosine kinase domain. (B) Activated receptor. RTKs become activated
when a ligand (L) binds to their extracellular domain (E) causing a conformational change in
the receptor. These changes lead to an “open” confirmation of the intracellular tyrosine kinase
domain (K), which facilitates the transfer of phosphate (P) to the tyrosine kinase domain. This
activated conformational change and/or phosphorylated tyrosine also promote the docking
of adaptor proteins (A), which are then activated. The activated adapter proteins facilitate
transmission of the extracellular signal to the appropriate intracellular pathways

downregulation of the receptor contributes to the tightly controlled signaling
activity of RTKs.

Several different types of mutations (missense point mutations, deletions,
insertions, and internal tandem duplications) in AML cells have been described
in the different RTKs (mainly FLT3 and ¢-KIT, Fig. 3) [144, 89, 45, 49, 69,
101, 10]. Despite the different types of mutations, the RTK sequences tend to
remain in frame, ensuring translation of the entire protein. These mutations
have been found to be most frequent in JM domain or tyrosine kinase domain
and will be described in more detail under the specific subclass RTKs; never-
theless, there are two general themes to these mutations. Those mutations
involving the JM domain tend to be large insertions, which probably disrupt
the intrinsic repulsive forces that naturally prevent dimerization. However,
recently, small point mutations and deletions have been described in the
JM domain of FLT3 [146]. Once these repulsive forces are disrupted, ligand-
independent activation occurs. Whether the different types and sizes of
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Fig. 2 Tyrosine kinase receptor pathway. Binding of a ligand (L) to tyrosine kinase receptor
activates multiple downstream effectors, including the PI3K (phosphatidylinositol 3’ kinase) and
RAS pathways. Solid arrows are more direct interactions, while broken arrows represent
associations that probably involve multiple steps between the proteins. The activated RTK
interacts with multiple adapter proteins: SH2-containing sequence proteins (SHC), SH2-
containing inositol phosphatase (SHIP), GRB2, and others, which connect the RTK to the
PI3K and RAS pathways. RAS activation stimulates the MAPK kinase pathway: RAF,
MAPK/ERK kinases (MEK), extracellular-signal-regulated kinase kinases (ERK), and 90-kDa
ribosomal protein S6 kinase (RSK). These downstream effectors activate cyclic adenosine
monophosphate-response element-binding protein (CREB), ELK, and signal transducer and
activators of transcription (STATSs), which lead to transcription of specific genes that promote
proliferation. Activated PI3K stimulates protein kinase B (PKB/AKT) and other members of the
PI3K pathway (e.g., rapamycin or mTOR), which promotes translation. In addition, activated
PI3K induces phosphorylation of the pro-apoptotic BCL2 family protein (BAD), which blocks
apoptosis by binding BCL2. Both pathways probably also interact with each other and other
pathways/effectors such as BRCAL, p21WAF1, and p27KIP1

mutations in the JM domain have a unique biological and clinical significance is
currently being investigated [145, 116]. The other domain of RTKs that is
frequently mutated is that of the tyrosine kinase domain (or activation loop
domain) [175, 1, 160, 42, 140, 67]. Missense point mutations in the tyrosine
kinase domain (a.k.a. TKD mutations or FLT3/ALM) also constitutively
activate the receptor. Similar to JM mutations, TKD mutations also activate
downstream effectors, inappropriately stimulating pathways that are critical in
the normal regulation of differentiation, proliferation, and apoptosis [175, 1].
In addition to RTK mutations, mutations in downstream effectors within
RTK pathways may also play a critical role in leukemogenesis. For example,
RAS, a component of many RTK pathways, is mutated in approximately
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Fig. 3 Mutations in tyrosine kinase receptor. Several different types of mutations have
been described in tyrosine kinase receptors. The vast majority of these mutations are
either in the juxtamembrane (JM) domain or in the tyrosine kinase domain (TKD).
Internal tandem duplications (bright green) are the most common type of mutations in
JM domain (star), while point mutations (bright blue) are the most common type
of mutations in the TKD. Other labels include the extracellular (E) and transmembrane
(TM) domains, plasma membrane (PM), extracellular space (ES), and intracellular
cytosol (IC)

20-25% of AML patients — usually either NRAS or KRAS[144, 89, 113, 35, 26,
104, 84, 17, 22, 119], and mutations in other members of the RTK pathways,
such as PTNPI11, have also been discovered in AML patients [27, 119, 138, 12].
Besides activating the RTK pathway, RTK mutations inappropriately activate
other pathways such as JAK/STAT pathway [151, 54, 159, 13]. Recently, the
JAK/STAT pathway has received attention due to novel small molecule inhi-
bitors that make it a potential therapeutic target for several malignancies
[95, 171, 174]. Whether it is the constitutive activation of the receptor by an
RTK mutation [144, 89, 45, 49, 69, 101, 74, 2, 152, 130, 146, 175, 1, 19,21, 9, 11,
24,134, 129, 10, 160, 42, 140, 67, 143, 163, 117, 109], an autocrine/paracrine
stimulation of the receptor by a ligand secreting tumor (e.g., VEGF) [161, 4, 48],
or the activation of the downstream effectors [27, 119, 138, 12, 151, 54, 159, 13,
181, 96, 15, 76], inappropriate activation of RTK pathways directly contribute
to pathogenesis of AML, progression of the disease, and its resistance to
chemotherapy.
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FLT3 Mutations

As FLT3 mutations have been implicated in the prognosis of AML, FLT3
mutations remain one of the most common genetic abnormalities in AML
identified thus far [144, 89, 69, 101, 74, 2, 152, 130, 146, 175, 1, 145, 22, 157,
179, 59, 73, 37, 41]. As described above, FLT3 mutations occur within two
specific regions within the FLT3 gene (juxtamembrane domain and tyrosine
kinase domain). The most common type of a FLT3 mutation is that of internal
tandem duplication (FLT3/ITD) in the JM domain, which occurs in 15-35% of
AML patients [144, 89, 69, 74, 152, 130, 75, 90]. FLT3/ITDs are rare in infant
AML, where only approximately 1% of children <1 year harbor a FLT3/ITD,
but steadily increases with aging, such that 10-15% of pediatric and 20-35% of
adult AML patients have FLT3/ITDs [144, 89, 69, 74, 152, 130, 75, 90]. FLT3/
ITDs cause ligand-independent dimerization and autophosphorylation of the
receptor, leading to constitutive activation of the FLT3 and many downstream
effectors (SHC, RAS, ERK, AKT, and STATS) [151, 54, 88, 71, 70, 94]. Besides
FLT3/ITDs, smaller insertions, deletions, and missense point mutations have
recently been described in the JM of AML patients [146]. These mutations are
relatively rare, occurring in less than 5% of patients [146]. Although the clinical
significance of these “non-ITD” mutations in the JM (a.k.a. FLT3-JM-PM) are
currently unknown, Reindl et al. recently found that FLT3-JM-PMs promoted
ligand-independent dimerization, autophosphorylation, and constitutive activa-
tion of the receptor; however, the activation seemed to be “weaker” than com-
pared to classic FLT3/ITD transduced cells, as indicated by a lower level of
phosphorylation of the receptor and less activation of downstream STATS in
cells transduced with FLT3-JM-PM [116].

FLT3/ITDs are associated with rapid disease progression and resistance to
conventional therapy [69, 74, 152, 130, 75]. Initial studies demonstrated a strong
prognostic significance for the presence of FLT3/ITD, such that patients with
this mutation had an extremely poor clinical outcome compared to the patients
without FLT3/ITD [69, 75]. In more recent studies using contemporary che-
motherapy, the prognostic significance of FLT3/ITD has been less dramatic,
with an overall survival of approximately 30% for the FLT3/ITD population
compared to 45% to that of patients without FLT3/ITD [74, 152]. However,
these studies also identified a subclass of patients with FTL3/ITD, in which the
mutant ITD to wild-type allele (ITD allelic ratio or ITD-AR) correlates with
clinical outcome. ITD-ARs vary significantly from patient to patient, and this
difference may have clinical implications [152, 18, 173]. For example, some
AML patients have a predominantly mutant ITD product with little or no
normal product (high ITD-AR), whereas others have an equal or higher dis-
tribution of normal product (low ITD-AR). The ITD-AR has been used to
identify patients with FLT3/ITD at a higher risk of relapse and poor outcome in
a number of clinical trials [152, 18, 173]. Although ITD-AR may become a
critical tool in the risk identification of FLT3/ITD-positive patients, the exact
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ITD-AR threshold “cut-off” that identifies high-risk patients has not been
established. Thiede et al. used ITD-AR threshold of 0.78 to define relapse risk
in FLT3/ITD-positive patients [152]. Patients with low allelic ratio (AR < 0.78)
had an overall survival of nearly 60% compared to overall survival of 0% in
patients with ITD-AR of >0.78 (p = 0.006) [152]. They also suggested that ITD
allelic ratio may be a continuous variable, as changing the ITD-AR cut-off
altered the clinical outcome. Similar findings were shown in a pediatric AML
population from European cooperative studies. Using the ITD-AR median,
Zwaan et al. demonstrated that patients with high ITD-AR (ITD-AR > median
0f 0.69) had a poor outcome, whereas the outcome for those with low ITD-AR
(ITD-AR < 0.69) was no different than patients without FLT3/ITD [173].
More recent analysis of ITD-AR in a cohort of 630 children treated in CCG-
2941/2961 has revealed that ITD-AR of 0.4 can identify the highest proportion
of FLT3/ITD-positive patients at high risk of relapse (personal communication
by Meshinchi, submitted for publication). Underlying mechanisms for the
allelic ratio variation is under study. We and others have presented data in
support of loss of heterozygosity (LOH) in chromosome 13q12 as a possible
mechanism for high ITD-AR in some of the AML patients [75, 18]. Other
studies, however, have failed to demonstrate LOH in patients with high ITD-
AR [152], suggesting that there may be additional factors responsible for
variation in the ITD-AR.

Recently, we demonstrated that size of duplicated region in FLT3/ITD-
positive AML may have prognostic significance. In a study of adult 151 AML
patients treated, those AML patients with larger ITDs had a significantly
higher relapse compared to those with smaller ITDs [145]. Ongoing studies in
other populations are underway, but this data would reinforce the hypothesis
that different sizes and types of mutations in the JM may have unique biological
and clinical significance, adding yet another layer of complexity to the use of
FLT3/ITDs as a prognostic marker [145, 116, 182].

FLT3 mutations in activation loop of the tyrosine kinase (FLT3/ALM)
occur in approximately 5-10% of AML patients [89, 175, 1, 140] making
FLT3/ALM the second most common type of FLT3 mutation. Like FLT3/
ITDs, FLT3/ALM constitutively activates the FLT3 receptor and downstream
effectors [175, 140, 67, 151, 54, 13, 73, 88, 71]. However, it remains to be
determined whether FLT3/ITDs and FLT3/ALMs have similar biological
consequences. Recent evidence would suggest that mutations in JM and TKD
cause biologically different responses. When Grundler et al. transduced mice
marrow with FLT3/ITDs, the mice developed the classic myeloproliferative
syndrome, which had previously been described in other FLT3/ITD transduc-
tion murine models [147, 53]. However, mice transduced with FLT3/ALM
developed an oligoclonal lymphoid disorder [147]. These data argue against
the hypothesis that the biological consequences of FLT3/ITDs and FLT3/
ALMs are the same. In addition, global RNA expression studies have found
distinct expression patterns between FLT3/ITDs and FLT3/ALMs, which
readily differentiate the two types of mutations, providing additional evidence
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that suggest biological differences between the two types of FLT3-activating
mutations [65]. When one examines the clinical significance of FLT3/ALM,
there appear to be clinical differences between patients with FLT3/ITDs and
FLT3/AMLs. Unlike FLT3/ITDs, the frequency of FLT3/ALMs does not vary
with age. In addition, available data suggest that patients with FLT3/ALM
have a lower diagnostic white count, higher remission rates, lower relapse rate,
and better overall survival than patients with FLT3/ITD [89, 152, 175, 78].
However, it must be noted that the frequency of FLT3/ALM:s is considerably
less than FLT3/ITDs, making it more difficult to obtain significant power to
convincingly rule out a possible clinical significance for these mutations. Also,
there have been fewer studies examining the clinical significance of FLT3/
ALMs, since these mutations were first identified in 2001, which is approxi-
mately 5 years after FLT3/ITDs were discovered [101, 175, 1, 140].

Together, the data suggest that FLT3/ITDs, FLT3/ALM, and FLT3/
JM/PM all promote constitutive activation of the receptor, but probably have
biological differences that impact their prognostic significance. Therefore, in
evaluating the prognostic relevance of FLT3-activating mutations, one must
keep in mind not only the presence or absence of a mutation but also location,
type, and allelic ratio of the mutation. The identification of a high-risk popula-
tion in FLT3/ITD-positive patients is of great importance, as it may identify a
significant number of patients who are destined for poor outcome and
may benefit from alternative treatments such as early hematopoietic stem cell
transplant. The ITD-AR or ITD size may provide additional tools to better
risk-stratify AML patients. Besides understanding how these different FLT3
mutations respond to chemotherapy, it will be critical to determine how these
different mutations impact the responsiveness to small molecule inhibitors.
However, at this time, investigators are left with trying to better risk-stratify
AML patients based on a variety of poorly understood surrogate FLT3 prog-
nostic markers.

KIT Mutations

Activating mutations of KIT receptor gene have been reported in a variety of
myeloid malignancies. Early studies implicated KIT mutations in the pathogen-
esis of mastocytosis [42, 87]; however, recent studies have found that these
mutations may also be involved in the pathogenesis of AML, especially those
with t(8;21) or inv(16) [170, 176, 89, 49, 27, 19, 24, 134, 129, 10, 85, 23].
Activating mutations in KIT receptor gene usually occur in either the JM
domain, which regulates receptor dimerization, or the intracellular tyrosine
kinase domain of the receptor gene. Mutations in both regions lead to consti-
tutive activation of the KIT receptor [160, 42, 103, 68, 162].

KIT mutations have been reported in 3—15% of adult and pediatric AML
[49, 24, 85] and in significantly higher proportion of those with t(8;21) or
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inv(16), where KIT mutations were observed in nearly 40-50% of AML
involving the core-binding factor (CBF) [49]. Data suggest that KIT-activating
mutations may co-operate with t(8;21) translocation to contribute to myeloid
leukemogenesis, where KIT mutation leads to proliferative advantage in cells
which have undergone maturation arrest due to t(8;21) translocations [170].
Although presence of KIT mutations may not display prognostic significance in
AML patients at large, their presence may have prognostic and possible ther-
apeutic implications in AML patients involving CBF [49, 19, 21, 134]. Cairoli
et al. evaluated 67 patients with t(8;21) or inv(16) and demonstrated that 46% of
the AML patients harbored a missense, insertion, deletion, or internal tandem
duplication mutations in either exon 8, 11, or 17 of the KIT receptor gene
[19, 164]. Missense mutations in the tyrosine kinase domain (TKD) of the
receptor (D816) was the most common mutation observed, where 20/67
patients (29%) had D816 missense mutations. Correlation of the D816 muta-
tion in KIT with clinical outcome demonstrated that those patients with D816
mutations had a significantly higher relapse rate and worse survival. A similar
study reported an adverse outcome for pediatric AML patients, in which these
investigators identified mutations in the KIT TKD in 17% of pediatric AML
patients with t(8;21) [134]. In contrast, Care et al. found more prognostic
significance for KIT mutations in exon 8 in CBF leukemias harboring Inv16,
in which 24% of patients with Inv16 had a mutation in exon 8 [24]. Besides the
potential prognostic implication of these mutations, KIT mutations may have
therapeutic implications, as there are data to suggest that primary leukemic cells
that harbor some forms of KIT mutations may be susceptible to pro-apoptotic
effects of Imatinib Mesylate [77], thus providing a therapeutic modality for
some AML patients with CBF abnormalities at high risk of relapse.

Other RTKs, c-FMS, and PDGFR

Activating mutations in CSFIR (a.k.a. c-FMS) were initially described in
myeloid cell lines, MDS, and AML, having an estimated frequency of 2-10%
in myeloid malignancies [50, 125, 165, 118, 153]; however, a later study in AML
patients did not identify any CSF1R mutations in their AML population [32].
The true prevalence of CSFIR mutations remains to be defined, but the
importance of this receptor for the development of leukemia should not be
underestimated. CSF1R resides on chromosome 5q33-35 and aberrant regula-
tion of the receptor through methylation or loss of heterozygosity may play a
critical role in leukemogenesis [141, 16]. If disruption of the CSF1R occurs at an
“inappropriate” time during myeloid differentiation, studies have found that it
may predispose cells to malignant transformation [36].

With respect to mutations in the PDGFR1o (chromosome 4ql11-13) and
PDGFRI1B (5q31-32) genes, large-scale mutation analyses of the two genes
have not been conducted; however, translocations involving PDGFRI1B and



94 D.L. Stirewalt and S. Meshinchi

TEL (a.k.a. ETV6, 12p13) have been identified in chronic myelomonocytic
leukemia, activating PDGRI1B and promoting malignant transformation
[122, 50, 25, 155]. Recently, translocations involving PDGFR1« and FIP1L1
(4q12) have also been found in hypereosinophilic syndrome and chronic eosi-
nophilic leukemia [154, 28, 30, 166, 51], suggesting a possible role for
PDGFRI1o in malignant transformation.

In addition to the activating mutations at the receptor level, activating muta-
tions of the secondary mediators of the RTKSs (e.g., RAS, BRAF genes) have also
been reported in AML [144, 113, 27, 138, 96, 29, 60, 100, 121, 135, 86, 40]. Some of
these activating mutations, such as those involving RAS, are common, occurring in
10-20% of AML patients. While the clinical significance of these mutations
remains uncertain, ongoing studies are investigating how these mutations may
co-operate with other genetic abnormalities to promote leukemogenesis and affect
prognosis [89, 113, 69].

Small Molecule Inhibitors as Therapeutic Options

Recently, there has been a surge in the development of small molecule inhibi-
tors for myeloid leukemia [111]. Imatinib Mesylate (Gleevec) has proven to be
a major advancement for the treatment of chronic myeloid leukemia in
chronic phase (CML-CP). Imatinib induces a high percentage of complete
cytogenetic remission for patients with CML-CP, and many of these patients
have maintained this remission for 3—5 years [33, 58]. The results for Imatinib
have been less impressive in more advanced forms of CML (e.g., accelerated
or blast phase), in which patients will sometimes obtain responses, but almost
universally relapse with resistant disease [5]. Multiple factors, including muta-
tions in the ber-abl gene, genomic amplification of the ber-abl, and/or other
genetic abnormalities, may account for some of the disparity in the responses
between CML-CP and its more advanced counterparts [34]. To counteract the
resistance secondary to ber-abl mutations, newer small molecule inhibitors
such as BMS-354825 (a.k.a. Dasatinib) and AMN 107 have been developed
that display activity against cells harboring the mutated ber-abl gene [57, 106].
Although early clinical trials seem promising for these drugs, long-term stu-
dies will be necessary to ensure that resistance against these newer small
molecule inhibitors does not develop. Unlike CML-CP, AML is a much
more heterogeneous disecase, as indicated by the variety of different cytoge-
netic abnormalities and mutations within AML cells. Therefore, the develop-
ment of a “universal” small molecule inhibitor for AML will be more challen-
ging, if not impossible. Yet, the RTK pathways offer the “potential” for such
drug development, and we will briefly describe some of the novel tyrosine
kinase inhibitors (TKIs) that have recently been developed that target RTK
pathways.
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FLT3 Inhibitors

The FLT3 pathway is an obvious target for TKIs. FLT3 mutations are one of
the most common mutations in AML. Because FLT3 mutations constitutively
activate the receptor’s pathway and contribute to leukemogenesis, small mole-
cule inhibitors that block their activation may have therapeutic benefits for
many AML patients. In addition, an increased expression of the wild-type (WT)
receptor may also play a role in leukemogenesis for some AML patients [128],
suggesting that FLT3 inhibitors may be effective in more than just AML
patients with the FLT3 mutations. Initial in vitro studies using non-specific
TKI (herbimycin A, AG1296, and AG1295) found that these drugs blocked
constitutive activation of FLT3/ITDs and preferentially killed cells harboring
FLT3/ITDs [7, 180, 83, 158]. However, all these compounds are highly toxic in
humans, initiating searches for more selective and less toxic drugs for clinical
use. Through molecular screening, numerous compounds have now been iden-
tified (MLNS518, PKC412, SU5416, SU5614, SU11248, CEP-701, CEP-5214),
and we will briefly describe the progress and limitations of these compounds.

MLNS5I8 (a.k.a. CT53518 from Millennium) has been found to inhibit the
activation of FLT3/ITDs and growth potential of cells harboring these mutations
[92]. Like many TKIs, MLNS518 is not specific for the FLT3/ITD receptor, also
inhibiting WT forms of FLT3, PDGF, and KIT. Heinrich et al. published their
results of a phase I study for high-risk AML patients in 2002, which found that
two of six patients had > 50% reduction in bone blasts [66]. A phase II study
evaluated the efficacy of MLN518 in 18 FLT3/ITD-positive AML patients with
relapsed or refractory disease that were unfit for conventional chemotherapy. In
this study, 6 of 18 patients demonstrated an objective response, as measured by a
decrease in the peripheral blood blast by a mean of 92% (range 85-100%) [55].
However, no complete responses (CRs) were achieved.

PKC412 (from Novartis) was initially developed as a VEGF receptor inhibi-
tor, but studies found that this benzoylstaurosporine blocked FLT3, including
FLT3 mutated receptors [128, 31]. Armstrong et al. also found that MLL cells
over-expressing WT FLT3 were preferentially killed by PKC412 [128,172]. A
phase II trial examined the efficacy of PKC412 as a single agent for relapsed or
refractory AML patients with poor performance status [6]. The PKC412 was
given orally at 75 mg three times a day. Initial results found the drug to be well
tolerated, with the most common side effect being nausea. However, no CRs were
obtained in this heavily pretreated population. Additional follow-up of this study
was recently presented at the American Society of Hematology (ASH) confer-
ence. A total of 20 FLT/ITD-positive AML patients with mutant FLT3 with
either relapsed/refractory AML or high-grade myelodysplasia were treated with
single agent PKC412. The peripheral blood blasts decreased by 50% in 6 of the
20 patients, with 2 responders obtaining a blast percentage of <5%. Again, no
CRs were observed in this high-risk population [150] but autophosphorylation of
the mutant receptor was blocked in most of the responding patients, indicating an
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in vivo target response using the dose in the study. Given these results, PKC412
has been combined with daunorubicin and cytarabine for induction of AML
patients [148, 46]. In a phase I trial examining this combination approach,
investigators recently reported at ASH that those AML patients harboring
FLT3/ITDs had a CR rate of 91% (10/11) compared to 53% (17/32) for those
without FLT3/ITDs (p = 0.033) [46]. Although not a randomized study, these
data suggest that combination therapies adding TKI with chemotherapy may
improve remission induction for those AML patients harboring FLT3/ITDs,
although its efficacy for improving survival remains to be defined.

Sugen has several drugs under development as potential TKIs (SU5416,
SU5614, and SU11248) [38, 149, 105]. Similar to most of the other TKIs, these
agents also block the activities of other tyrosine kinase receptors (KIT,
PDGFR, and VEGF) [38, 149, 105]. Giles et al. treated 55 patients with
refractory or relapsed AML with SU5416 at a dose of 145 mg/m? [177].
AML patients without FLT3 mutations were also included in the trial.
Grade 3/4 toxicities were few, but included headaches (14%), dyspnea
(14%), infusion-related reactions (11%), and thrombotic episodes (7%). As
a single agent, only three patients (5%) obtain a partial response. Another
phase I trial examined SU11248 in 32 patients with advanced AML. Again,
the drug was relatively well tolerated, with major dose-limiting toxicity being
fatigue [38, 47]. Although approximately 50% of the AML patients had a
>50% reduction in their blast count percentage, complete remission was not
achieved [38, 47].

CEP-701 and CEP-5214 (from Cephalon) are two indolocarbazole com-
pounds that inhibit autophosphorylation of the FLT3-WT and FLT3-mutant
receptors [39, 81]. Unlike some of the other TKIs, these drugs have less activity
against other RTKs such as KIT, FMS, and PDGF, and most clinical studies
have focused on CEP-701 (Lestaurtinib). Initial studies with CEP-701 demon-
strated the ability of this agent to kill FLT3-mutated primary AML cells from
patients, and subsequent murine studies have found that CEP-701 extends the
survival of mice injected with BaF3 cells transformed using FLT3/ITD [39]. A
phase I/II trial evaluated CEP-701 as a single agent for patients with refractory,
relapsed, or poor risk AML expressing FLT3-activating mutations. Fourteen
heavily pretreated AML patients with FLT3 mutations were treated with CEP-
701. CEP-701 toxicities were minimal, with nausea, fatigue, and neutropenia
being most commonly described. Five patients obtained objective clinical
responses, which correlate closely with a block in the constitutive phosphoryla-
tion of the mutated receptor. Clinical responses included significant reductions
in bone marrow and peripheral blood blasts; however, no CRs were observed
[80, 137]. These investigators recently opened a study to examine if the addition of
CEP-701 to conventional chemotherapy may improve clinical outcomes. A total
of 48 AML patients with FLT3 mutations in first relapse were randomized to
either receiving standard chemotherapy or standard chemotherapy with CEP-
701. Of the 24 patients who received CEP-701, 5 achieved complete CR and
another 5 obtained a CR with incomplete count recovery. For those patients
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receiving only standard chemotherapy, three achieved CR and an additional
three obtained CR with incomplete count recovery. Accrual is continuing on
this trial, and it is too early to know if the addition of CEP-701 will benefit these
high-risk patients, but Levis et al. found that CEP-701 and chemotherapy killed a
cell line harboring a FLT3/ITD in a synergistic fashion [136], suggesting that
using CEP-701 in combination with chemotherapy may be beneficial.

Together, these results suggest that current TKIs probably are not extre-
mely effective as single agents in heavily pretreated AML patients with FLT3
mutations. How are TKIs in previously untreated AML patients with FLT3
mutations remain to be determined? However, there is a push to use these
agents in combination with more “standard” chemotherapy, believing that
this offers the most potential for providing a therapeutic advantage with this
class of drugs. Therefore, the efficacy of TKIs as a single agent in de novo
AML patients may not ever be fully investigated. It will be critical to deter-
mine which AML patients with FLT3 mutations may have the highest like-
lihood of response with these novel drugs. As previously described, AML is a
very heterogeneous disease event within the subgroup of patients with FLT3
mutations.

KIT and Other Small Molecule Inhibitors

There are few selective KIT inhibitors, and small molecules against KIT have
not been extensively used for the treatment of AML patients. Many TKIs
(e.g., SU5S416, SU6668, Gleevec) have some activity against KIT [82, 56]. A
recent study also found that both SU5416 and SU6668 inhibited KIT autopho-
sphorylation and downstream effectors [56], and there has been at least one case
report of an individual with refractory AML obtaining CR with SU5416 as
monotherapy [139]. In addition, Gleevec has significant activity against
WT-KIT and KIT harboring mutations in JM domain [82]. However, Gleevec
has no activity against KIT with activating point mutations in the tyrosine
kinase domain [82]; therefore, Gleevec’s role in AML therapy may be limited to
a highly selected group of AML patients, if at all. However, a newer TKI (BMS-
354825 or Dasatinib) has been found to inhibit constitutive activation of KIT
receptors with mutations in both the JMD and the TKD [106], suggesting that it
may have a broader therapeutic application for AML with KIT mutations. To
date, few large studies have actually targeted these drugs for AML patients with
KIT mutations. This limited experience is probably due to lower prevalence of
KIT mutations in AML as compared to FLT3 mutations, but given the recent
discovery of the high rate of KIT mutations in AML involving CBF, additional
studies using these drugs in AML patients with KIT mutations will certainly be
developed [124].

In addition, small molecule inhibitors directed toward PDGF [91] or down-
stream effectors in the RTK pathway have been developed [43, 98, 156, 142,
108, 110, 169]. These drugs are currently in a variety of different stages of
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investigation. Because RAS mutations occur frequently in many different types
of tumors [144, 113, 96, 29, 60, 100, 121, 135, 86, 40], RAS has been a natural
target of the RTK pathway for many years, and farnesyltransferase inhibitors
have led the way in trying to block the effect of constitutive activation of RAS in
AML [114, 112, 107]. In early clinical trials examining farnesyltransferase
inhibitors, the response rates as a single agent have been encouraging, ranging
from 20 to 35%, but the efficacy of these compounds have not correlated with
RAS mutations [107]. Details about the biology and clinical implications of
farnesyltransferase inhibitors are beyond the scope of this review and have
recently been extensively discussed by the leaders in this field [61, 131, 62, 63].
Other inhibitors have targeted downstream effectors such as MEK or RAF
[Morgan, 2001 #1171;Rahmani, 2005 #2428;Sridhar, 2005 #2423;0uyang, 2006
#2425;Wallace, 2006 #2427; Baines, 2000 #1356]. Although some studies sug-
gest efficacy of these agents, major responses have been limited in AML
patients.

Future Directions

There are many challenges ahead in the treatment of AML. One of the major
challenges will be to begin to interrogate our understanding of the RTK path-
ways into the development of novel therapeutic approaches for the treatment of
AML. As a start, it would be critical to be able to better risk-stratify AML
patients harboring abnormalities in RTK pathways. In order to do this success-
fully, additional investigations will need to determine the exact frequency of
mutations in RTK pathway and the clinical significance of these mutations. In
addition, it will also be important to understand how the different types of
mutations affect the RTK pathways. These investigations will be difficult, given
the large number of RTKs, downstream effectors, and heterogeneity within
AML.

Researchers are examining how inhibitors of RTK pathways may be
useful in the treatment of AML. As single agents, current compounds
unfortunately have not induced complete responses in AML patients, but
the potential of combining these agents with standard chemotherapy regi-
mens may be more beneficial. In addition, combinations of small molecule
inhibitors blocking inappropriate RTK activation at several points along
the pathway may also be more effective than using them as a single agent.
The major limitation to such approaches may be toxicity, given that the
RTK pathway is critical in the regulation of the normal function of the
hematopoietic system.
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Lineage-Specific Transcription Factor
Aberrations in AML

Beatrice U. Mueller and Thomas Pabst

Abstract Transcription factors play a key role in the commitment of hemato-
poietic stem cells to differentiate into specific lineages [78]. This is particularly
important in that a block in terminal differentiation is the key contributing
factor in acute leukemias. This general theme of the role of transcription factors
in differentiation may also extend to other tissues, both in terms of normal
development and cancer. Consistent with the role of transcription factors in
hematopoietic lincage commitment is the frequent finding of aberrations in
transcription factors in AML patients. Here, we intend to review recent findings
on aberrations in lineage-restricted transcription factors as observed in patients
with acute myeloid leukemia (AML).

Leukemic Stem Cells as a Model for Cancer Development

Growing evidence indicates that only a minor subpopulation of cells of a
neoplasm is maintaining the uncontrolled production of cancerous daughter
cells [56, 26, 30]. According to this model, a relatively small number of such
tumor stem cells give rise to the bulk of tumor cells such as leukemic blasts.
Leukemic stem cells (LSC) seem to be the cellular source of a hierarchy of
daughter cells, which greatly differ in their potency of unlimited proliferation
and maintaining the disease [26, 30]. LSCs apparently share important stem cell
functions with normal hematopoietic stem cells (HSCs), such as self-renewal,
initial differentiation, and survival. It is therefore assumed that a similar set
of critical genes controls both LSCs and HSCs. These genes comprise the
polycomb family member Bmi-1 [36], the ubiquitous transcription factor
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jun-B [57], and the Wing-less type (Wnt) pathway [27]. However, the molecular
pathways underlying the transformation of HSCs into LSCs are poorly
understood.

The hallmark of AML is the terminal differentiation block of hematopoietic
cells of the myeloid lineage, while proliferation and self-renewal are pre-
served [18]. Thus, it is assumed that the molecular events underlying LSC
development in AML must be critical enough to block terminal differentiation
while still allowing basic stem cell function. In normal HSCs, lineage-specific
transcription factors have been identified as potent regulators of these func-
tional programs.

The Role of Transcription Factors for Normal Hematopoietic
Stem Cell Function

There is a large literature indicating that a small group of transcription factors
with mostly lineage restricted expression patterns plays a crucial role in con-
trolling normal hematopoiesis [50]. Among the best characterized examples are
the transcription factors AML1/RUNXI1, SCL/Tal-1, c-myb, PU.1, GATAI,
and CCAAT/enhancer binding protein o (CEBPA). Knock-out of the genes
encoding these factors in mice displayed profound hematopoietic defects as
reviewed elsewhere [78] and summarized in Table 1. Moreover, those transcrip-
tion factors were shown to regulate broad ranges of important target genes,
hereby directly programming hematopoietic precursors to differentiate along a
complex developmental pathway [77].

A number of these transcription factors have been linked to HSC func-
tions. AML1/RUNX1 and SCL/Tal-1 have been demonstrated to be indis-
pensable for the specification of fetal liver HSCs [49, 70]. However, recent
studies using conditional knockout mice showed that AML1/RUNXI and
SCL/Tal-1 are less critical for the maintenance of HSCs in the adult organism
[21, 28], indicating that these nuclear factors may be required for the genera-
tion of HSCs from more pluripotent cells in the embryo but not for HSC self-
renewal.

Several reports link the transcription factor PU.1 to HSC function. Expres-
sion of PU.1 is detected in HSCs and increases progressively during differentia-
tion into neutrophils or monocytes [1, 48]. Previous studies showed that, upon
transplantation into congenic mice, PU.1" fetal liver HSCs poorly engraft the
bone marrow and are incapable of long-term reconstitution [66]. Furthermore,
although PU.1 7 -derived cells contribute to erythrocyte development in chi-
meric mouse studies, this effect is only transient, strongly suggesting a defect at
the level of the HSCs [66]. More recent approaches using both conventional and
conditional PU.1 knockout mice suggest that PU.1/~ HSCs possess impaired
self-renewal capacity and lack the ability to differentiate into the earliest lym-
phoid and myeloid progenitor stages [32, 11].
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CEBPA, a crucial regulator of granulopoiesis, has also been implicated in
the control of HSCs. CEBPA-deficient HSCs display enhanced competitive
repopulation activity in murine transplantation models, possibly by a
mechanism that includes altered cell divisions through increased Bmi-1
expression [88, 29].

Differing Expression Levels of Lineage-Restricted Transcription
Factors Regulate Differentiation Fates

The pattern of lower level expression in HSCs and lineage-restricted up- or
downregulation in more mature cells is characteristic for a number of hemato-
poietic transcription factors, including PU.1, CEBPA, GATA-1, and c-myb [1].
This hallmark expression pattern suggests a stage-specific difference in the need
for those proteins during differentiation and emphasizes a requirement for basic
transcription factor functions at the HSC level.

PU.1 was the first hematopoietic transcription factor for which a causal
association of expression levels and differentiation fates has been shown. A
model was developed by which different cellular concentrations of PU.1 direct
distinct cell fates, with the highest levels required for macrophage and — to a
lesser extent — granulocytic development and lower levels for B-cell lineage
adoption [10, 12]. Another transcription factor with clear dosage sensitivity in
hematopoiesis is c-myb. Whereas the null mutation of c-myb completely pre-
vents progenitor cell development, low c-myb levels (5-10% of wild type) do
allow initial HSC differentiation into progenitors, but they are insufficient for
further lineage commitment and terminal differentiation [14]. Finally, GATA-1
appears to regulate erythroid, megakaryocytic, mast cell, and eosinophilic cell
fates in a concentration-dependent manner [69, 42, 87].

Transcription Factors Play a Crucial Role in Human AML

Transcription factors are among the most frequently mutated or dysregulated
genes in patients with AML [31]. The involvement of transcription factors in
acute leukemias was first suggested by common somatically acquired chromo-
somal translocations [38]. In patients with AML, the most frequently found
translocation products involving transcription factors are AMLI1/ETO
[t(8;21)], core-binding factor [ /myosin heavy polypeptide 11 (CBFp/
MYHI11) [inv16], mixed lineage leukemia (MLL) gene fusions [t11q23], and
promyelocytic leukemia/retinoic acid receptor oo (PML/RAR) [t(15;17)] [31].
More recently, smaller mutations in the coding regions of several transcription
factor genes have been identified in AML patients. Typically, such mutations
represent the sole detectable genomic aberration in these AML patients, and
they are limited to particular subtypes of AML. Since most of these mutations
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are heterozygous, they result in reduced — but not absent — transcription factor
activity. The block of normal differentiation upon transcription factor reduc-
tion caused by such mutations might result in the accumulation of a progenitor
pool from which LSCs can arise.

Transcription Factor Activity of the Myeloid Key Transcription
Factor CEBPA Is Critically Suppressed in AML Patients

A rapidly growing literature indicates that the function of the granulocytic
transcription factor CEBPA can be inhibited by a number of mechanisms in
blasts of AML patients (Fig. 1).

CEBPA CEBPA

activity alterations in AML
self-renewal @ (+) @
y @ mutations «— AML-M1/2
ineage
comr?,itmem | @ﬂ@ down-regulation (RNA) «<— t(8;21); FLT3-ITD

s suppression (protein) «— inv(16); t(3;21)
phosphorylation «— FLT3-ITD

neutrophil v :
differentiation A

Fig. 1 Role of CEBPA in normal HSC renewal, early lineage decision, and terminal differ-
entiation as opposed to the differentiation block in AML caused by CEBPA aberrations.
In normal hematopoiesis, CEBPA is expressed at low levels in HSCs suggesting a role in
limiting HSC self-renewal SCs. CEBPA is upregulated to highest levels in granulocyte mono-
cyte progenitors (GMP) whereas it is not expressed in precursors of lymphoid cells and
downregulated as common myeloid progenitors (CMP) differentiate to megakaryocyte and
erythroid progenitors. In AML with suppressed CEBPA activity, the transition from CMPs to
GMPs is blocked leading to the accumulation of myeloid blasts arrested at this particular
stage. LSC: leukemic stem cells

CEBPA Mutations in AML Patients

Eleven different groups now have reported the presence of CEBPA mutations in
AML patients, with the frequency approximating 5-14% [53, 19, 61, 74, 83, 17,
67, 5, 37, 35, 72, 46]. The mutations can be largely divided into two common
types: First, carboxyl-terminal in-frame mutations disrupt the basic zipper
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region, thus affecting DNA binding as well as homo- and heterodimerization
with other CEBP family members [53]. Often, this type of mutation is associated
with a second mutation in the other allele. Second, amino-terminal frame shift
mutations result in premature termination of the wild type 42 kDa form of the
CEBPA protein while preserving the 30 kDa form [53, 61, 83, 46]. The latter
inhibits the wild type CEBPA 42 kDa protein in a dominant negative manner [4].

Several clinical characteristics of patients with CEBPA mutations are
becoming increasingly clear. CEBPA mutations are typically seen in AML-
M1 and AML-M2 patients, and only rarely in AML-M4 patients [53, 61,
74, 35]. Approximately 70% of AML patients with CEBPA mutations have a
normal karyotype [53, 61, 74, 83, 17, 5, 37, 35, 72]. CEBPA mutations are not
observed in patients with common karyotype abnormalities — such as t(15;17),
inv(16), or t(8;21) [53, 17, 35]. AML patients with CEBPA mutations have
better relapse-free survival and/or overall survival [61, 74, 83, 17, 5, 37, 35,
72]. Why CEBPA mutations confer good prognosis is unclear [26]. There are
contradictory studies on cooperating mutations as far as the effect of coexisting
FLT3-ITD adversely affects the favorable prognosis of CEBPA mutations [39,
38, 47]. There appears to be an association of deletion 9q and CEBPA loss-of-
function mutations suggesting that loss of a critical segment of 9q and disrup-
tion of CEBPA function possibly cooperate in the pathogenesis of del(9q) AML
[16]. Using microarray analysis, AML patients with CEBPA mutations express
a distinctive gene expression signature [82, 6]. There is increasing consensus that
the favorable prognostic value of CEBPA mutations justifies screening for
CEBPA mutations in AML-M1 and AML-M2 patients with intermediate risk
cytogenetic result at diagnosis [35]. The combination of CEBPA mutations with
other markers such as FLT3-ITD, BAALC, nucleophosmin, or EVII1 expres-
sion allows risk assessment at diagnosis particularly in AML patients with a
normal karyotype [5, 72, 81, 39, 2, 15, 3].

Two families have recently been reported in whom three and four members
affected by AML-carried germline heterozygous CEBPA mutations [67, 73].
Intriguingly, the site and type of CEBPA mutations in the two families are almost
identical. The early onset of AML in these two families contrasts markedly with the
usual age of onset of sporadic AML, reflecting predisposition. The observation
that germline mutations in CEBPA predispose to AML and the fact that no
additional chromosomal aberrations were detected in these cases of familial
AML suggest that CEBPA mutations might be sufficient to cause myeloid leuke-
mia. This is in contrast to the situation in non-conditional CEBPA knockout mice
models, in which no overt AML is observed, and it provides — once more — a lesson
on the difficulty to mimic a malignant human disease using mouse models [65].

Suppression of CEBPA Expression in AML Patients

CEBPA mRNA expression is exclusively suppressed in the presence of the
AMLI-ETO fusion protein both in vitro and in vivo [52]. AMLI-ETO is
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thought to inhibit CEBPA mRNA expression through inhibition of autoregu-
lation [52]. Gene expression analyses have not revealed any other subset of
AML patients with consistently suppressed CEBPA mRNA [82, 6, 81]. How-
ever, CEBPA mRNA is repressed by FLT3/ITD signaling [89]. This repression
can be overcome by treatment with a FLT3 inhibitor, CEP-701 [89]. Finally, a
report studying hypermethylation of the CEBPA promoter indicates that 9% of
AML-M2 patients had methylated CEBPA promoter [8].

Posttranscriptional Suppression of CEBPA in AML Patients

The arrest of differentiation is a hallmark of chronic myelogenous leukemia in
myeloid blast crisis (CML-BC). Loss of CEBPA function represents an obvious
candidate event for this block. Whereas CEBPA mutations are absent in CML-
BC [54], CEBPA protein is not detectable in CML-BC cells [59]. In contrast,
CEBPA mRNA is clearly present in CML-BC samples [59]. Expression of
CEBPA was found to be suppressed posttranscriptionally by interaction of
the poly(rC)-binding protein hnRNP E2 with CEBPA mRNA [59, 58]. Whether
hnRNP E2 is involved in posttranscriptional CEBPA suppression in AML
remains to be tested.

The ability of oncogenic proteins to regulate the rate of translation of
specific mRNA subsets provides a rapid mechanism to modulate the levels
of the corresponding proteins. Such a mechanism was recently demonstrated
for CEBPA in AML with t(3;21) encoding the AML1-MDSI1-EVI1 fusion
gene (AME) [24, 23]. AME suppresses CEBPA protein in vitro and in AML
patients [24]. In contrast, CEBPA mRNA levels remain unchanged. Interest-
ingly, the RNA-binding protein calreticulin was strongly activated in AME
patient samples. Calreticulin interacts with GCN repeats within CEBPA (and
CEBPB) mRNAs [79]. GCN repeats within these mRNAs form stable stem
loop structures [79]. The interaction of calreticulin with the stem loop struc-
ture of CEBPA mRNA leads to inhibition of translation of CEBP proteins
[79]. In myeloid cells, inhibition of calreticulin by siRNA powerfully restores
CEBPA levels [24, 23].

Posttranslational Inhibition of CEBPA in AML Patients

It was proposed that phosphorylation of CEBPA at serine 21 is mediated by
extracellular signal-regulated kinases 1 and/or 2 (ERK1/2) [79]. This phosphor-
ylation induces a conformational change in CEBPA such that the transactivation
domains of two CEBPA molecules within a dimer move further apart [79].
Phosphorylation of CEBPA at serine 21 was shown to inhibit granulopoiesis [79].

Additional phosphorylation sites have been reported [64, 85]. Activated Ras
acts on serine 248 of the CEBPA transactivation domain [64]. Interestingly,
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PKC inhibitors block the activation of CEBPA by Ras thus impairing the
ability of CEBPA to induce granulocytic differentiation [4]. Other posttransla-
tional mechanisms of CEBPA modulation in AML remain to be tested, such as
heterodimerization with other CEBP family members [55].

An unresolved issue is the ultimate clarification of how CEBPA is involved
in the differentiation block of leukemic cells of patients with acute promyelo-
cytic leukemia (APL). There is some evidence that induction of PML-RAR«
inhibits CEBPA activity [80]. Also, restoring CEBPA activity in leukemic
cells from PML-RARa transgenic mice suppresses growth and induces
partial differentiation in vitro [80]. In vivo, enhanced expression of CEBPA
prolongs survival of such animals [8§0]. ATRA treatment of patients with APL
powerfully induces CEBPA mRNA expression [45]. However, further work
is needed to elucidate exactly how CEBPA is affected by the presence of
PML-RARuo.

Alterations of the AML1/RUNXI1 Transcription Factor in AML

Traditionally, the AML1/RUNXI1 gene was regarded as a translocation partner
involved in all kind of chromosomal rearrangements. This view had to be
modified when RUNXI point mutations in sporadic and in familial myeloid
leukemia were reported [51, 75]. Subsequent studies have identified point
mutations in 9% of AML patients, with an obvious preference for the M0
subtype [62, 33, 40, 71]. Until recently, mutations were believed to cluster within
the Runt domain of the RUNXI1 gene. However, mutations in the carboxyl
terminal region, outside the Runt domain, have been identified predominantly
in MDS-AML [22].

Heterozygous RUNX1 Mutations and the Concept
of Haploinsufficiency

The majority of RUNXI1 mutations in leukemia patients are heterozygous,
pointing to the concept of haploinsufficiency as the mode of action in these
leukemias. This notion is supported by the finding of entire RUNXI1 gene
deletions in familial platelet disorder (FPD)-associated AML [75]. It is believed
that the RUNXI1 + /— status is likely to provide the cells with a growth advan-
tage. However, clustering of RUNX1 mutations in the Runt domain suggests a
dominant-negative mechanism in addition to genuine haploinsufficiency. It is
interesting that families with RUNXI mutations acting simply via haploinsuf-
ficiency have a lower incidence of leukemia than families with mutations acting
in a dominant-negative fashion [75, 41]. Thus, low RUNXI activity appears to
correlate with high leukemogenicity.
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Biallelic RUNXI Mutations in the AML MO Subtype

RUNXI1 point mutations are most frequently found in the AML MO subtype.
In addition, the majority of AML MO patients with RUNX1 mutations show
the biallelic type of mutation whereas this type is hardly ever observed in other
leukemia subtypes. Therefore, it is clear that RUNXI1 point mutations of the
biallelic type are tightly associated with the AML MO subtype. Of note is the
fact that the biallelic type mutation is strictly confined to the status with two
copies of RUNXI. In contrast, biallelic mutation in trisomy 21 is associated
with myeloid malignancies other than MO.

RUNXI1 Mutations Evolving as Secondary Leukemia from
Mpyelodysplastic Syndrome (MDS) or Therapy-Related M DS

RUNXI1 point mutations are the most consistent genomic aberration found in
MDS and subsequent overt leukemia. These RUNX1 mutations are character-
istically distributed, as they are also detected in the carboxyl terminal region
which is rarely targeted in other types of leukemias [22]. Even if the carboxyl
terminal region has previously not been investigated in many studies with de
novo AML, RUNXI point mutations including the C-terminal moiety appear
to be found predominantly in MDS-AML.

Acquired Trisomy 21 and Non-MO Myeloid Malignancy

Whereas RUNXI1 point mutations are rarely observed in AML in congenital
trisomy 21 patients, AML with acquired trisomy 21 is associated with a high
frequency of RUNX point mutations [62]. Interestingly, trisomy 21 increases the
copy number of the mutant allele. In other words, acquired (but not congenital)
trisomy 21 is thought to be a secondary change to the RUNXI + /— status.

RUNXI Mutations in Familial Leukemia (FPD-AML)

Heterozygous germline mutation in the RUNXI1 gene causes familial platelet
disorder with predisposition to acute myeloid leukemia (FPD-AML). A total of
12 pedigrees have been identified so far. FPD alone, before the onset of AML, is
not fatal but significantly inhibits blood clotting, which could be life threatening
after surgery, injury, dental treatment, or childbirth. The incidence of leukemia
among affected individuals varies from 20 to 50% (average 35%).
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Hypomorphic PU.1 Function in AML
PU.1 Mutations in AML

Heterozygous mutations in the PU.1 gene were identified in 7% of patients with
AML [44]. These mutations largely resulted in decreased ability of PU.1 to
synergize with interacting proteins such as AMLI or c-Jun in the activation of
target genes. In contrast, other studies found either no PU.1 mutations or that
they occurred less frequently [13]. The exact reason for this discrepancy has yet
to be revealed.

PU.1 Is Suppressed in Acute Promyelocytic Leukemia (APL)

PU.1 expression and/or function appears to be downregulated by several
important oncogenic products [89, 45, 84, 43]. In particular, PU.1 downregula-
tion is a critical effect of the PML-RARu protein (Fig. 2), whereas treatment
with all-trans retinoic acid (ATRA) powerfully restores PU.1 expression [45].
Restoring PU.1 per se in APL blasts is sufficient to induce terminal neutrophil
differentiation [45]. Consequently, and similar to the absence of CEBPA muta-
tions in t(8;21) leukemia, these observations might explain the lack of frequent
PU.1 mutations in AML.

Promyelocyte Granulocyte
&) —
OOOO
CEBPB G-CSFR
ATRA PU.1 CD11b
Oct-1 MPO
GM-CSFRa
PML-RARo PU.1 mutation

or knock-down

Fig. 2 PU.l-induced terminal neutrophil differentiation can be blocked in leukemia. Two
pathways are depicted: (a) by the PML-RAR«o fusion gene product in human acute
promyelocytic leukemia (APL) [45] and (b) by reduced function of PU.I itself in AML
patients with PU.1 mutations or in knockdown or radiation induced AML in mice [9].
ATRA restores PU.1 expression in APL by activation of CEBPB and Oct-1, thereby
allowing induction of PU.1 target genes [9]
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Hypomorphic PU.1 Function Acts Leukemogenic

Heterozygous mutations as well as downregulation of PU.1 by leukemogenic
fusion proteins indicate a scenario in which critically lowered transcription
factor activity acts leukemogenic. This is supported by a number of animal
models harboring hypomorphic transcription factor function. First of all, PU.1
knockdown mice provided first definitive proof that graded downregulation of
a single transcription factor to a level above nullizygosity is sufficient to induce
myeloid transformation [63]. In this study, PU.1 knockdown was engineered by
deletion of the —14 kb PU.1 URE, thus allowing 20% residual PU.1 expression
in HSCs and myeloid progenitors. These animals had normal numbers of
HSCs, but an increased myeloid progenitor compartment, and after a short
preleukemic phase they frequently developed an aggressive AML [63].

Although it has been reported that null alleles of PU.1 can also lead to
leukemia [11], clear experimental evidence for the advantage of hypomorphic
PU.I function over its complete disruption in provoking AML came from the
analysis of y-irradiated mice [9]. Radiation-induced myeloid leukemias regularly
acquired a combination of a deletion on one copy of chromosome 2, which
included the PU.1 gene locus, and a recurring single-point mutation in the ETS
domain of the remaining PU.1 allele, which impaired DNA binding (Fig. 2).
Most strikingly, no tumors were found which had both PU.1 alleles deleted nor
were there any cases where the remaining PU.1 allele suffered a null mutation,
suggesting a specific selection during transformation for those clones with pre-
served minimal PU.1 activity over those that suffered a complete loss of function.

Collectively, both observations on patient samples and analysis of experi-
mentally generated myeloid leukemia in animal models support a concept in
which LSC activity is generally associated with hypomorphic rather than with
complete abrogation of PU.1 activity. The quantitative reduction to a critical
functional dosage might meet a highly malignant threshold level which is
dominant over the effect of true null alleles in inducing cancer. The involvement
of most leukemia-affiliated transcription factors in the regulation of basic stem-
cell functions of normal HSCs, such as self-renewal and initial differentiation,
could explain the general requirement for such residual activity to meet key LSC
functions, which might not be as efficiently satisfied by completely abolished
transcription-factor activity.

Deregulated GATA1 Function in AML

Inherited mutations in the amino-terminal zinc finger domain of GATAI are
associated with congenital dyserythropoietic anemia and thrombocytopenia
[47]. In contrast, somatically acquired GATA1 mutations (Fig. 3) are exclu-
sively found in patients with congenital trisomy 21 who developed concomitant
acute megakaryoblastic leukemia (AMKL) or transient myeloproliferative
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Fig. 3 Mutations in GATA-1 lead to distinct blocks in hematopoiesis. Acquired mutations in
GATALI — as observed in essentially all cases of transient myeloproliferative disorder (TMD)
and Down’s syndrome associated acute megakaryoblastic leukemia (AMKL) [47, 86]—lead to
an early block in megakaryocytic development and the resulting proliferation of
megakaryoblasts within the peripheral blood and either the fetal liver (TMD) or the bone
marrow (AMKL). In addition, both of these disorders frequently exhibit dyserythropoiesis,
consistent with the observation that these blasts express markers of both the erythroid and the
megakaryocytic lineages. In contrast, experimentally induced mutations in the N-finger of
GATAI1 block megakaryocytic development prior to proplatelet formation, while erythroid
development is hardly affected. These observations suggest that the megakaryocytic
development is more sensitive to alterations in GATA1. MEP, megakaryocyte erythroid
precursor; c¢-MK, committed megakaryocyte; c-Ery, committed erythroblast; PP,
proplatelet producing megakaryocyte; RBC, red blood cell

disorder (TMD) [86]. Thus, GATA1 mutations are tightly linked to Down’s
syndrome (DS) and trisomy 21. It has been estimated that the incidence of
AMKL in children with DS is 1 in 500, with a median age of presentation of
2 years [34]. This corresponds to a 500-fold increased risk of AMKL compared
to children without DS [90].

In DS-associated leukemias, alterations in GATAT1 include missense, non-
sense, and splice site mutations, as well as short insertions or deletions that alter
the correct reading frame of the GATAI transcript [20, 25]. All of these muta-
tions reside within exon 2 (or the intron immediately downstream). Similar to
CEBPA mutations, expression of full length 47 kDa GATAI is prevented, while
expression of a short truncated 40 kDa isoform is preserved [86]. In contrast,
however, to CEBPA mutations, the 40 kDa GATA1 form cannot act as a
dominant negative on full-length GATAT in the leukemic cells since GATAI1
is an X-linked gene, and only one allele is expressed at any one time. This
40 kDa GATALI lacks the amino-terminal activation domain but retains both
zinc fingers and the entire carboxyl-terminus, and thus leads to a hypomorphic
protein that is still able to bind to DNA and to friend-of-GATA (FOG), an
important cofactor of GATAI protein function, but has reduced transactiva-
tion potential [20, 7]. Thus, the principle of a strong association between
leukemogenesis and hypomorphic instead of absent transcription factor func-
tion appears to apply also to GATA-1. This concept has recently been
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supported by the observation that GATAT knockdown mice developed leuke-
mia whereas mice completely lacking GATA1 did not [76, 68].

Concluding Remarks

Although there is now ample evidence for the dominant roles of transcription
factors in both normal and leukemic stem-cell activities, there are still numerous
open questions, in particular concerning the functional mechanisms. Most
major insights into the biologic roles of transcription factors were derived
from studying knockout mice. However, such gene disruption usually leads to
the complete abrogation of expression. The discovery of small heterozygous
mutations in key transcription factors in AML patients indicates that genes are
not simply expressed in a turn on or off mode in malignancies, but are rather
suppressed to meet very specific thresholds, which trigger distinct biologic
functions.

A major challenge for the future is therefore to consider the impact of small
gradations in the dosages on both normal and neoplastic developments. It is
essential for our understanding of malignant events that we obtain a detailed
view of the mechanisms that adjust the concentrations of especially those
transcription factors with a role in human cancer.
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Proleukemic RUNX1 and CBF3 Mutations
in the Pathogenesis of Acute Leukemia

Michael E. Engel and Scott W. Hiebert

Abstract The existence of non-random mutations in critical regulators of cell
growth and differentiation is a recurring theme in cancer pathogenesis and
provides the basis for our modern, molecular approach to the study and
treatment of malignant diseases. Nowhere is this more true than in the study
of leukemogenesis, where research has converged upon a critical group of
genes involved in hematopoietic stem and progenitor cell self-renewal and
fate specification. Prominent among these is the heterodimeric transcrip-
tional regulator, RUNXI1/CBFB. RUNXI is a site-specific DNA-binding
protein whose consensus response element is found in the promoters of
many hematopoictically relevant genes. CBF interacts with RUNXI1, stabi-
lizing its interaction with DNA to promote the actions of RUNXI1/CBFf in
transcriptional control. Both the RUNX1 and the CBFf} genes participate in
proleukemic chromosomal alterations. Together they contribute to approxi-
mately one-third of acute myelogenous leukemia (AML) and one-quarter of
acute lymphoblastic leukemia (ALL) cases, making RUNX1 and CBFp the
most frequently affected genes known in the pathogenesis of acute leukemia.
Investigating the mechanisms by which RUNX1, CBFp, and their proleuke-
mic fusion proteins influence leukemogenesis has contributed greatly to our
understanding of both normal and malignant hematopoiesis. Here we pre-
sent an overview of the structural features of RUNXI/CBFB and their
derivatives, their roles in transcriptional control, and their contributions to
normal and malignant hematopoiesis.
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Introduction

Hematopoietic stem cells (HSCs) and progenitor cells combine the capacity for
self-renewal with the ability to generate developmentally restricted progenitors
responsible for producing all mature circulating cells. Normal hematopoiesis
requires the interplay of an appropriate microenvironment, secreted growth,
and differentiation factors, their transmembrane receptors, the signaling
machinery mobilized by them, and the nuclear factors that receive and reconcile
multiple inputs to regulate distinct patterns of gene expression. Through a
balance between cell proliferation and differentiation, hematopoietic stem
and progenitor cells maintain appropriate numbers of circulating formed ele-
ments in the face of continual and disparate hematopoietic challenges. The
systems that govern this balance between cell proliferation and fate specifica-
tion must be simultaneously flexible and economical. For this reason, critical
hematopoietic regulators often function in both cell proliferation and cell fate
specification, and these processes have an inverse relationship. Given this
duality, it is not surprising that mutations in these regulatory proteins can
influence hematopoietic outcomes. Indeed, many central hematopoietic regu-
lators, when dysfunctional, contribute to leukemia pathogenesis [88, 79, 89, 68,
12, 87].

Leukemia pathogenesis is intimately associated with genetic alterations
involving the heterodimeric transcriptional regulator RUNXI1/CBFB.
RUNX1 is a promiscuous target for leukemogenic mutations, participating in
not less than 18 translocations. Particularly common among these are t(8;21) in
M2 acute myeloid leukemia (AML) and t(12;21) in precursor B-cell acute
lymphoblastic leukemia. RUNX1 point mutations in sporadic and familial
leukemias have also been described [64]. The CBFf locus is affected by two
known proleukemic alterations; inv(16)(p13;q22) and t(16;16)(p13;q22) that
characterize an cosinophil predominant subtype of AML (M4eo-AML) [84].
Through study of these mutations and their consequences common themes are
emerging regarding the pathogenesis of acute leukemia.

The RUNX1/CBFp Transcription Factor

RUNXI1/CBF8 is a heterodimeric transcriptional regulator whose components
were first identified through studies of chromosomal translocations and inver-
sions observed in acute leukemia [2]. Each subunit contributes distinct and
complimentary functions to the complex [64, 84, 50, 65]. RUNXI1, RUNX2,
and RUNX3 are expressed in mammals and interact with CBFp to form a
DNA-binding complex [95, 9, 74, 75, 47]. The RUNX proteins are evolutiona-
rily conserved across diverse species, localize to the nucleus, and display largely
distinct patterns of expression during development [52, 42]. In contrast, CBFf3
expression is ubiquitous both in the developing embryo and in adult tissues [74].
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RUNXI and CBF in Hematopoiesis

Genetic experiments in mice have established a central role for RUNX1/CBFf
in definitive hematopoiesis. Mice homozygous for deletion of Runx/ are mor-
phologically normal, but display midgestation lethality and central nervous
hemorrhage secondary to failure of definitive hematopoiesis [77, 105]. Further-
more, embryonic stem cells from Runx-null mice fail to contribute to definitive
hematopoiesis in chimeric mice and those heterozygous for Runx! deletion
show a reduced number of myeloid and erythroid progenitors. Similarly,
Chfp-null mice manifest the same spectrum of abnormalities, which likely
reflects the interdependence between RUNXI1 and CBFf in hematopoiesis.
These findings confirm the critical role of RUNX1/CBFp in normal hemato-
poiesis [106].

RUNX1/CBFp Structure

RUNX proteins, represented by the prototypical family member RUNXI
(Fig. 1A), are evolutionarily related to the Drosophila pair rule protein, Runt
[29]. This evolutionary relationship is most evident within a 128 amino acid
region of RUNX proteins, the Runt homology domain (RHD), that binds to
DNA and mediates interactions with other transcription factors. The RHD
resembles an S-type immunoglobulin (Ig)-fold motif that characterizes the
DNA-binding domains of many other transcriptional regulators including
p53, NF-kB, NFAT, STAT, and T-box proteins [71, 10, 109]. RUNX proteins
were initially purified from nuclear extracts using cis-regulatory elements from
either polyomavirus or Moloney murine leukemia virus enhancers [42, 41, 83].
RUNX proteins bind directly to the DNA sequence 5'-TG(T/c)GGT-3' found
not only in these viral enhancers but also in the promoter/enhancer regions of
many genes that govern cell proliferation and hematopoiesis [83, 103, 98, 120,
97, 73,108, 111, 82, 107, 23, 49, 54, 115, 57].

CBFp (Fig. 1A) indirectly interacts with DNA by binding the RHD of
RUNX proteins. Otherwise, CBFp is localized to the cytoplasm bound to
filamin-A [117]. The interaction between RUNX proteins and CBFf} stabilizes
the association of the complex with DNA at the RUNX response element [64,
45, 53, 18]. Furthermore, CBFf protects RUNXI from ubiquitin-mediated
degradation by the 26S proteasome to augment RUNX1/CBF functions in
transcriptional control [37].

RUNX Proteins in Transcriptional Activation

RUNX binding sites are necessary, but not sufficient for robust transcriptional
activation of target genes. Instead, RUNX proteins cooperate with lineage-
specific transcriptional regulators whose response elements are often adjacent
to RUNX binding sites in DNA (Fig. 2A). In hematopoiesis these
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Fig. 1 Functional domains and interacting proteins for RUNX1/CBFf and representative
translocation partners. (A) RUNXI1b is shown to represent the a-subunit group. The Runt
homology domain (RHD) (60-177), transactivation domain (TD), and repression domains
RD1 (181-220), RD2 (263-360), and RD3 (449-453) are shown. Dual shading of the TD
reflects its role in both transcriptional activation and repression. Interacting proteins are
shown below the domains they bind. CBFf is shown. (B) MTGS8 and the RUNXI-MTGS
fusion protein are shown. For MTGS, nervy homology regions (NHR) 1-4 are indicated,
along with a nuclear localization sequence (NLS). Interacting proteins are shown below
domains/regions with which they interact. RUNX1 and MTGS contributions to the fusion
protein are represented by arrows and amino acid numbers in parentheses, below and above
the fusion protein, respectively. (C) ETV6 and the ETV6-RUNXI fusion proteins are shown.
Helix-loop-helix (HLH)/pointed (PNT) dimerization domain and the ETS DNA-binding
domain are indicated. Corepressor-binding regions in ETV6 are shown. ETV6 and RUNX1
contributions to the fusion protein are indicated by arrows and amino acid numbers in
parentheses below and above the fusion protein, respectively. (D) CBF-MYHI11 is shown.
Binding regions in MYH11 for NCoR and mSin3A are indicated. The VARIABLE designa-
tion reflects that differing lengths of MYH11 have been described in distinct fusion proteins.
The most commonly observed CBFf contribution (165 amino acids) is shown

transcriptional partners include C/EBP-o, TCF/LEF-1, PU.1, c-Myb, ETS, and
GATA-1. RUNXI can interact directly with many of these transcription fac-
tors and stabilize their binding to target promoters [111, 32, 26, 119, 96, 80, 58].
RUNX proteins also recruit coactivators of transcription, including p300/CBP,
MOZ/ZNF220, and ALY to target promoters and synergize with them to
potentiate target gene expression. Thus, RUNXI acts as a transcriptional
organizer. Through coincident contacts with DNA, adjacent, site-specific tran-
scription factors, cofactors and the basal transcription machinery, RUNX
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Fig. 2 RUNXI1 as a A
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proteins facilitate expression of target genes while simultaneously enabling
regulatory events that make gene expression context dependent.

RUNX Proteins in Transcriptional Repression

In the proper context, RUNXI also represses gene expression (Fig. 2B).
RUNXI1 contains three discrete transcriptional repression domains; RDI,
RD2, and RD3 [54, 7]. The first, immediately C-terminal to the RHD, interacts
with both erbA-related gene (EAR)-2, an orphan nuclear hormone receptor,
and mSin3A, a transcriptional corepressor [54, 3]. RD2 is found downstream of
RDI, associates with histone deacetylases (HDACsSs) and the histone methyl-
transferase Suv39H]1, and contributes to transcriptional repression and more
stable gene silencing [54, 100]. At its most C-terminal boundary is the RD3
repressor region. This motif, a 5-amino acid stretch whose sequence is VWRPY,
is required for interaction with corepressors transducin-like enhancer of split
(TLE)-1 through 4, mammalian homologues of the Drosophila protein,
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Groucho [54, 7, 48, 72]. These corepressors bind HDACs, suggesting that
recruitment of epigenetic effectors is a central feature of RUNX-mediated
transcriptional repression.

RUNXI1 and CBFP Mutations in Leukemia Pathogenesis

RUNXI1 and CBFp are preferred targets of proleukemic mutations in humans.
Chromosomal translocations are most commonly observed, but inversions,
amplifications and point mutations have been described as well. Collectively,
alterations in RUNXT1 or CBFp are found in a significant percentage of leuke-
mia cases, and studies of these mutations have revealed much about leukemia
pathogenesis.

AMYL Associated with the t(8;21) Translocation

The best characterized translocation involving RUNX/ is that which occurs
between chromosomes 8q22 and 21g22 and is observed in nearly 50% of M2
and 15% of all cases of AML [79, 65]. This translocation fuses exons 1-5 of
RUNX]I with nearly the entire coding region of Myeloid Translocation Gene
(MTG )-8 (also known as ETO, RUNXITI, or CBFA2TI). The most com-
monly observed chimeric protein juxtaposes amino acids 1-177 of RUNXI
with residues 30-604 of MTGS. Consequently, the fusion protein combines
those functions attributed to the RHD in RUNX1 with those of MTGS.

MTGS is the prototypical member of a gene family that includes MTG16
(also known as ETO2 or CBFA2T3) and MTGRI (also known as CBFA2T?2),
all homologues of the Drosophila protein, Nervy [20, 39]. MTG16is a target of a
proleukemic translocation with RUNXI in therapy-related MDS/AML [27].
MTGRI resides on chromosome 20q within a region that is frequently deleted
in MDS [8]. MTG family members display regulated patterns of expression.

Biochemical and transcriptional analysis suggests that MTG proteins are
essential for epigenetic regulation of gene expression. MTG proteins coordinate
the association of transcriptional corepressors and HDACs with site-specific
DNA-binding proteins to form higher-order repression complexes at target
promoters [39]. The resulting complexes favor repression of the target locus
by altering acetylation of histones and other regulatory proteins, in turn causing
changes in chromatin structure that control access of the basal transcription
machinery to target genes.

MTG proteins share four conserved domains with Nervy, known as nervy
homology regions (NHR) 1-4 [20]. These domains contribute to interactions
governing repressor complex composition and assembly. The NHR1 domain
binds multiple, site-specific transcriptional regulators representing distinct
structural classes. Included among these are Runx1, Gfi-1 [59] (Moore, 2005,
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personal communication) and Gfi-1b, PLZF [66], TAL1/SCL [61], TCF4 [91],
Ldbl [31], and BCL-6 [17]. Each of these factors has been implicated in normal
hematopoiesis, and in several cases (e.g., PLZF, TAL1, BCL-6), have definitive
roles in leukemogenesis or lymphomagenesis. Interactions such as these support
the privileged status of MTG proteins in normal hematopoiesis.

NHR domains 2 through 4, with intervening sequences and a short C-
terminal tail, comprise the C-terminal half of MTG proteins. This region is
largely responsible for recruiting “effectors” of transcriptional repression,
including HDACs, other MTG proteins and corepressors. Specifically, NHR2
contains a hydrophobic heptad repeat (HHR) domain necessary for both
homo- and hetero-oligomerization of MTG proteins [20]. In MTGS, the
NHR2 domain contributes to binding of the corepressor mSin3A [4] and lies
near a functional nuclear localization motif [36]. Interactions with HDACs
and possibly other transcriptional regulators are mediated by the NHR3
domain and adjacent structures. The zinc-finger-containing NHR4 domain is
one of two domains that contact the nuclear hormone corepressors NCoR and
SMRT [55]. Additionally, it contributes binding sites for multiple HDACs.
Between NHR domains, MTG proteins contain three proline/serine/threonine
(PST) rich regions [20]. These regions show the greatest divergence among
MTG proteins, and in conjunction with divergent N- and C-termini, are likely
to specify family member-specific functions and regulation.

Despite absolute conservation of the zinc finger motif in the NHR4 domain,
MTG proteins fail to bind DNA directly. Rather, they are tethered to target
promoters by interactions with site-specific DNA-binding proteins. Their mod-
ular organization enables a diverse collection of DNA-binding transcription
factors to access common “effector” mechanisms of transcriptional repression.
Conceptually, MTG proteins provide a bridge between these “effectors” and
carefully selected sites where repression is to occur. As such, they are uniquely
poised to reconcile inputs from multiple afferent signal transduction cascades to
regulate gene expression programs.

MTGS is predominantly expressed in the nervous system, preadipocytes,
smooth muscle, and gut, and homozygous deletion of M¢g8 in mice results in an
incompletely penetrant, midgut deletion phenotype. MTG16 and MTGRI1 are
more widely expressed [20, 19]. Mtgrl-null mice [5] display abnormal develop-
ment of secretory lineage cells and increased proliferation in the gut. Within
hematopoietic lineages, MTGS is expressed in CD34 " hematopoietic progeni-
tors but is lost in more differentiated cells. MTG16 is most highly expressed in
the CD34" compartment, and its expression declines as differentiation pro-
ceeds. Nevertheless, MTG16 expression is retained in more mature hemato-
poietic cells. MTGRI is also widely expressed in hematopoietic lineages [20].
These patterns of expression intimate a fundamental role for the family in
normal hematopoiesis, and when combined with the RUNX1 RHD can con-
tribute significantly to leukemia pathogenesis.

The RUNXI1-MTGS fusion protein juxtaposes the RHD with oligomeriza-
tion, corepressor, and HDAC-binding domains of MTGS8. However, the binding
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sites for transcriptional coactivators p300/CBP and histone acetyltransferases, as
well as sites for post-translational modifications that increase transactivation by
RUNXI are absent in the fusion protein. By coupling the RHD of RUNX1 with
most of MTGS, the fusion protein acts as a constitutive, transdominant tran-
scriptional repressor at RUNX1-regulated promoters (Fig. 3A, B). This view is
consistent with the observation that RUNXI-MTGS directly represses the
TCRP enhancer [62], the GM-CSF promoter [26], the p14*™ promoter [49],
and the neurofibromatosis (NF)-1 promoter [115]. In these instances, transcrip-
tional repression depends upon recruitment of corepressors and HDACs, and
HDAC inhibitors, such as trichostatin-A, block these effects. Moreover, by more
effectively competing for CBFB, RUNX1-MTGS8 may further negate the effects
of wild-type RUNXI1 [99, 78]. As such, those promoters normally regulated by
RUNXI1 would be inappropriately repressed through RUNX1-MTGS binding
and repressor complex assembly.

Because RUNX1-MTGS retains structural motifs responsible for the full
spectrum of MTGS interactions, it may also interfere with gene expression by
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Fig. 3 Models for altered gene expression by the RUNX1-MTGS fusion protein. (A) Because
RUNXI1-MTGS retains the ability to bind DNA and CBF, it can inappropriately repress
RUNXI-regulated promoters. (B) MTGS interacts with multiple site-specific DNA-binding
proteins (see text). Because the RUNX1-MTGS protein retains the MTGS8 domains respon-
sible for these interactions, the fusion protein may alter transcription of MTGS8-regulated
genes. (C) The MTGS8 domains of RUNXI-MTGS interact with other MTG proteins,
corepressors, and HDACs. In so doing, the fusion protein may relieve repression of MTG-
regulated genes by redirecting these factors
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redirecting MTGS8-binding proteins away from the promoters normally regu-
lated by them. By redirecting corepressors and HDACs, gene expression may be
paradoxically activated by RUNX1-MTGS (Fig. 3C). For example, the M-CSF
receptor promoter is activated by RUNX1-MTGS8 both in vitro and in vivo [86].
Likewise, RUNXI1-MTGS activates the TCF4/B-catenin-responsive reporter
TOPFLASH in vitro independent of DNA binding and instead dependent
upon corepressor binding [67]. Moreover, unbiased screens for genes whose
expression is regulated by RUNX1-MTGS identified multiple candidates not
normally regulated by RUNXI1 [92, 93]. Expression of a subset of these genes
required an intact NHR2 domain. These data are consistent with fusion pro-
tein-regulated gene expression that involves diverting and sequestering tran-
scriptional regulators away from their normal sites of action.

The effects of RUNX1-MTGS on gene expression are extensive and the
underlying mechanisms complex. In an effort to transcend this complexity,
mouse models of t(8;21) AML have been developed to definitively address the
role of RUNX1-MTGS in leukemia pathogenesis. A “gene knock-in” strategy
was used to mimic t(8;21) by inserting a RUNXI1-MTGS expression cassette
into the RUNXI locus [78]. Embryos heterozygous for the fusion gene mani-
fested impaired fetal liver definitive hematopoiesis and suffered catastrophic
central nervous system hemorrhage at embryonic day 13.5. This phenotype
closely matches that seen for homozygous deletion of either the RUNX1 or the
CBFJ loci, but with important differences. Heterozygous embryos harbored
dysplastic, multilineage hematopoietic progenitors with abnormally high self-
renewal capacity in vitro. The numbers of hematopoietic progenitors and
mature progeny were dramatically reduced relative to wild-type controls.

To overcome the embryonic lethality of RUNX1-MTGS expression, a tetracy-
cline inducible RUNXI-MTGS transgene was employed [85]. Induction of
RUNXI1-MTGS expression in adult hematopoietic progenitors again resulted in
elevated self-renewal capacity. These and related data in retrovirally transduced
mouse and human hematopoietic progenitors suggest that RUNX1-M TGS expres-
sion enhances self-renewal capacity and impairs hematopoietic differentiation [70].

The t(8;21) translocation seems insufficient to cause leukemia in isolation
[85, 118, 35]. Transgenic mice expressing RUNX1-MTGS under control of the
myeloid-specific hMRP8 promoter have only mild hematopoietic abnormal-
ities, but develop a myeloproliferative disorder following treatment with N-
ethyl-N-nitrosurea (ENU). However, a naturally occurring splice variant of
RUNXI1-MTGS8 whose encoded protein lacks the C-terminus, including the
NHR3 and NHR4 domains from MTGS, rapidly induces an immature myeloid
leukemia in mice [114]. Also, the NHR2 domain contributes to RUNXI-
MTGS8-mediated immortalization of hematopoietic progenitors [51]. These
findings suggest additional events influencing repressor complex integrity are
required for RUNX1-MTGS expressing cells to progress to a fully malignant
phenotype. Identifying the mediators of these cooperating events is an active
area of investigation.
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The cumulative data support a model of RUNX1-MTG8-mediated leuke-
mogenesis characterized by alterations in the expression of RUNXI- and
MTG8-regulated genes creating an imbalance between hematopoietic stem
cell self-renewal and lineage specification (Fig. 4). This imbalance creates a
permissive environment for acquiring secondary mutations that contribute
to malignant progression. Three target genes appear to be critical for
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Fig. 4 A model for leukemogenesis mediated by proleukemic fusion proteins. (A) Normal
hematopoiesis. Quiescent hematopoietic stem cells (HSCs) are recruited into the active pool
dictated by the needs of the individual. These cells undergo symmetric divisions to maintain
the HSC compartment, and asymmetric divisions giving rise to multipotent progenitors
(MPPs). MPPs differentiate directionally toward terminally differentiated formed elements,
progressively losing self-renewal capacity. HSCs and MPPs are highly regulated by growth
and differentiation factors and context-dependent feedback. Replicative errors that occur
trigger cell cycle checkpoints and apoptosis. This produces an appropriate balance of circulat-
ing formed elements for diverse circumstances. (B) Malignant hematopoiesis in setting of
proleukemic fusion proteins. Latent HSCs with leukemic translocations are recruited to the
active pool, giving rise to preleukemic stem cells (PSCs). PSCs undergo symmetric divisions
that theoretically increase the population of PSCs in the marrow. Asymmetric divisions give
rise to abnormal myeloid progenitors (AMPs) with altered/restricted differentiation potential
and enhanced self-renewal capacity. This supports abnormal myelopoiesis and presumably
altered feedback controls. Proleukemic fusion proteins may also alter checkpoint functions.
Combined, this state promotes and propagates cooperating secondary mutations, enhancing
survival and precipitating acute leukemia
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leukemogenesis: C/EBPo, PU.1, and p14*®*. The suppression of C/EBPx and
PU.1 is likely to affect cell cycle control, promoting self-renewal of immature
progenitor cells. The consequences of these cell cycle effects may be com-
pounded by fusion protein-mediated repression of pI4*%¥, allowing affected
cells to escape the p53 oncogenic checkpoint. The resultant survival advantage
would further accelerate progression toward the fully transformed phenotype.

This model predicts that t(8;21) would be an early event in myeloid leuke-
mogenesis. Indeed, retrospective studies of neonatal blood spots reveal the
presence of the t(8;21) translocation in patients that went on to develop myeloid
leukemia, and cord blood samples identify the t(8;21) translocation at an
incidence that is approximately 100-fold greater than the incidence of myeloid
leukemia in the general population [69, 112]. These findings suggest that the
translocation fusion protein acts as an initiator in myeloid leukemia
pathogenesis.

The t(12;21) Translocation in Acute Leukemia

The t(12;21)(p13;q22) translocation is frequently observed in pediatric B-line-
age ALL [94, 30]. This translocation fuses the ETS family transcriptional
regulator ETV6 (also known as TEL) with RUNXI to generate ETVo6-
RUNXI. ETV6 is characterized by an N-terminal, helix-loop-helix region
known as the pointed (PNT) domain and a highly conserved, 85-amino acid,
C-terminal ETS domain [76, 11]. The PNT domain mediates oligomerization of
ETV6, while the ETS domain coordinates DNA binding at a GGAA/T motif.
Because of its ability to bind NCoR, SMRT, and mSin3A, ETV6 is thought to
function as a transcriptional repressor, and analysis of Efv6-null mice reveals its
role in homing of hematopoietic cells to the bone marrow [104, 24, 16, 33]. The
ETV6— RUNXI fusion protein excludes the ETS domain, but otherwise con-
tains all of ETV6 fused in frame with nearly the entirce RUNXI protein.
ETV6-RUNXI1 binds DNA and associates with CBFp through the RHD.
The ETV6 portion of the fusion protein contributes oligomerization and cor-
epressor recruitment functions, and thus, like RUNXI1-MTGS, can act as a
transdominant repressor toward RUNX1-regulated promoters [102, 34].

Like the t(8;21), cooperating secondary events are believed to be necessary
for leukemogenesis related to the t(12;21). For example, transgenic mice expres-
sing ETV6-RUNXI1 in lymphoid cells fail to develop leukemia after 24 months
and show no phenotypic abnormalities in their hematopoietic cells [6]. This
finding is consistent with the characteristically indolent nature and generally
good prognosis of B-lineage ALL cases harboring t(12;21). They also predict
that t(12;21) leukemias would have a long latency between acquiring the trans-
location and developing a fully transformed phenotype. Monozygotic twin
studies support this notion [25, 113].
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Inv(16) and t(16;16) in Acute Myeloid Leukemia

By either an inversion or more rarely a translocation mechanism, CBFf is
disrupted in M4 eosinophil predominant (M4eo) AML [44, 21, 101, 90, 110].
Both alterations juxtapose a portion of CBF with varying lengths of the tail
domain of the myosin heavy chain gene, MYH11. The most common variant of
inv(16)(p13;q22) contains 165 residues of CBFf coupled with 446 residues of
MYHI11 [84]. The CBFp portion retains RUNXI1 binding, while the MYH11
region promotes oligomerization and may also contribute to RUNXI1 binding.

Two models for CBFB-MYH11-mediated leukemogenesis, a “cytoplasmic
sequestration” model and a “dominant repressor” model, have been proposed
[38]. The dominant inhibitory function of CBF-MYH11 toward CBF is best
illustrated in transgenic mice whose CBFp locus was replaced by a CBFf-
MYHI11 expression cassette. Just as was seen for Chfi null and Runx!] null
mice, CBFB-MYHI11 heterozygous mice lack definitive hematopoiesis and
experience fatal central nervous system hemorrhages at E12.5 [13]. Since mice
heterozygous for deletion of either CBFff or RUNXI locus display phenotypi-
cally normal hematopoietic differentiation, this result strongly suggests that the
CBFB-MYHI11 fusion protein dominantly interferes with hematopoiesis direc-
ted by RUNX1/CBF.

The “cytoplasmic sequestration” model is based on the observation that
CBFB-MYHI11 preferentially co-localizes with RUNXI1 in the cytoplasm
through interactions between the RUNX1 and the CBF domain and concur-
rent interactions between the MYH11 domain and the actin cytoskeleton [1].
This model predicts that CBF-MYH11 effectively negates the functions of
RUNXI1 in hematopoietic differentiation by controlling its bioavailability.
However, cytoplasmic sequestration of RUNXI is not seen in RUNXI-
MTGS “knock-in” mice (see above), whose phenotype is similar. Moreover,
CBFB-MYHI11 expression does not phenocopy Runx! deletion in adult hema-
topoietic progenitors. As such, the importance of RUNXI cytoplasmic seques-
tration to leukemia pathogenesis is uncertain.

The “dominant repressor” model is based on the observation that CBFj-
MYHI11 cooperates with RUNXT1 to enhance repression of RUNX1-regulated
genes and can interact with both mSin3A and HDACS through the MYH11
domain. This model predicts that through concurrent interactions with
RUNXI1, mSin3A, and HDACS (and perhaps other repressor complex compo-
nents), CBFB-MYHI11 becomes a transdominant repressor of RUNXI1-regu-
lated genes [56, 22]. Thus, CBFB-MYH11 would act in a manner similar to that
of RUNX1-MTGS, which is consistent with the murine “knock-in” phenotypes
and with studies where integration of retroviral enhancers near RUNX loci
cooperates with CBF-MYHI11 to induce AML.

Accumulating evidence suggests that CBFB-MYHI1 cannot transform
hematopoietic stem and progenitor cells alone, but instead requires cooperating
secondary events. Chimeric CBF-MYHI11 mice fail to develop leukemia even
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after a long latency [13], yet readily do so after either treatment with a single
dose of ENU [15], retroviral integration [14], coexpression of the E7 oncopro-
tein from human papillomavirus, or expression on a p16™%4/p14*RF_deficient
background [116]. The need for cooperating secondary events in order to
progress to leukemia is consistent with the detection of the inv(16) mutation
in a neonatal blood spot from a patient who went on to develop inv(16) AML
[60]. The clonality of the neonatal and diagnostic specimens was established by
sequencing of the corresponding chromosomal breakpoints. Of note, the
latency period for the patient in question was 9.4 years. The long latency is
thought to reflect postnatal persistence of inv(16)-positive, quiescent multi-
potent cells that when recruited into the myelopoietic pool acquire secondary
changes needed for malignant transformation. A CBFB-MYHI11 conditional
“knock-in” approach was recently used to demonstrate this point in vivo,
providing evidence for recruitment of a latent “leukemic stem cell” into a
proliferative pool [43].

Alternative Mechanisms of RUNX Dysfunction in Leukemogenesis

The pivotal contributions of RUNXI1/CBFp to normal and malignant hema-
topoiesis have prompted searches for more subtle mutations within RUNX/ in
sporadic and familial leukemia syndromes [28]. RUNX I nonsense and missense
mutations, as well as monoallelic RUNX deletion contribute to the autosomal
dominant FPD/AML syndrome. The latter is consistent with haploinsuffi-
ciency as a contributing factor in FPD/AML. Nonsense codons introduced
by frameshift mutations have been identified in two FPD/AML patient
families. In vitro, the truncated proteins fail to bind DNA and are unable to
transactivate a RUNXI1-responsive promoter [63]. However, the likelihood that
they are expressed in vivo is low in the setting of nonsense-mediated RNA
decay. Missense mutations, concentrated at DNA binding surfaces within the
RHD, variably impair the interaction of RUNXI1 with target promoters. How-
ever, these mutants typically spare interactions with CBF and transcriptional
regulators that bind RUNXI beyond the C-terminal boundary of the RHD.
Collectively, these findings suggest that haploinsufficiency through deletion or
epigenetic gene silencing, or redirection of limiting transcriptional regulators,
may contribute to the primary manifestations and leukemic predisposition in
FPD/AML syndrome.

RUNXI1 point mutations have also been described in approximately 10% of
sporadic cases of AML, often of the undifferentiated MO subclass [28]. These
mutants cluster in the RHD and impair DNA-binding and transactivating
functions. Interestingly, leukemias characterized by sporadic RUNXI point
mutations typically lack wild-type RUNXI1 expression. This may be due to
epigenetic silencing, somatic mutation, or deletion of the wild-type allele with
duplication of the germ-line mutation [81]. Of note, while RUNXI point
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mutations are commonly observed, point mutations within CBFf; have not been
described [46].

The overexpression of RUNX family members has also been implicated in
leukemogenesis. For example, RUNX! amplification, through either tandem
duplication or polysomy, has been observed in pediatric ALL, whereas hap-
loinsufficiency and point mutations of RUNXI1 have been observed in AML
and preleukemic, myelodysplastic syndromes [64]. These findings imply that
strict controls must be maintained over the abundance and activity of RUNXI1
in normal hematopoiesis.

Conclusions

Emerging from the study of translocation fusion proteins involving RUNXI
and CBFp are common themes regarding the pathogenesis of leukemia. Muta-
tions in these proteins appear to act as initiators in leukemia pathogenesis,
altering the expression of genes necessary for coordinate control of growth, and
differentiation in hematopoiesis. The resulting changes in stem cell self-renewal
and cell fate specification reflect inappropriate repression and activation of
RUNXI1/CBF target gene transcription, creating a fertile ground for coop-
erating secondary events that precipitate the fully transformed phenotype. The
prolonged latency that follows primary alterations in RUNX1/CBF functions
represents an opportunity for chemoprevention strategies that target these
cooperating secondary events. Defining these changes and the genetic and
environmental influences that promote them is a major challenge for us all.
Likewise, understanding those signaling events that regulate RUNX1, CBF},
and the proleukemic fusion proteins to which they contribute will provide us
with new targets for active chemoprevention and therapy.

Acknowledgment The authors greatly appreciate the thoughtful comments and support from
members of the Hiebert Laboratory during the preparation of this monograph.

References

1. Adya N, Stacy T, Speck NA, Liu PP. The leukemic protein core binding factor beta
(CBFbeta)-smooth-muscle myosin heavy chain sequesters CBFalpha2 into cytoskeletal
filaments and aggregates. Mol Cell Biol. 1998;18(12):7432—7443.

2. Adya N, Castilla LH, Liu PP. Function of CBFbeta/Bro proteins. Semin Cell Dev Biol.
2000;11(5):361-368.

3. Ahn MY, Huang G, Bae SC, Wee HJ, Kim WY, Ito Y. Negative regulation of granulocytic
differentiation in the myeloid precursor cell line 32Dcl3 by ear-2, a mammalian homolog of
Drosophila seven-up, and a chimeric leukemogenic gene, AML1/ETO. Proc Natl Acad Sci
USA. 17 1998;95(4):1812-1817.



Proleukemic RUNX1 and CBF3 Mutations 141

4.

10.

11

13.

14.

15.

16.

18.

19.

20.
21.

22.

23.

Amann JM, Nip J, Strom DK, et al. ETO, a target of t(8;21) in acute leukemia, makes
distinct contacts with multiple histone deacetylases and binds mSin3A through its oligo-
merization domain. Mol Cell Biol. 2001;21(19):6470—6483.

. Amann JM, Chyla BJ, Ellis TC, et al. Mtgrl is a transcriptional corepressor that is

required for maintenance of the secretory cell lineage in the small intestine. Mol Cell
Biol. 2005;25(21):9576-9585.

. Andreasson P, Schwaller J, Anastasiadou E, Aster J, Gilliland DG. The expression of

ETV6/CBFA2 (TEL/AMLI) s not sufficient for the transformation of hematopoietic cell
lines in vitro or the induction of hematologic disease in vivo. Cancer Genet Cytogenet.
2001;130(2):93-104.

. Aronson BD, Fisher AL, Blechman K, Caudy M, Gergen JP. Groucho-dependent and -

independent repression activities of Runt domain proteins. Mol Cell Biol. 1997;17(9):
5581-5587.

. Asimakopoulos FA, Green AR. Deletions of chromosome 20q and the pathogenesis of

myeloproliferative disorders. Br J Haematol. 1996;95(2):219-226.

. Bae SC, Yamaguchi-Iwai Y, Ogawa E, et al. Isolation of PEBP2 alpha B cDNA repre-

senting the mouse homolog of human acute myeloid leukemia gene, AMLI1. Oncogene.
1993;8(3):809-814.

Berardi MJ, Sun C, Zehr M, et al. The Ig fold of the core binding factor alpha Runt
domain is a member of a family of structurally and functionally related Ig-fold DNA-
binding domains. Structure. 1999;7(10):1247-1256.

. Bohlander SK. ETV6: a versatile player in leukemogenesis. Semin Cancer Biol.

2005;15(3):162-174.

. Bresnick EH, Chu J, Christensen HM, Lin B, Norton J. Linking Notch signaling,

chromatin remodeling, and T-cell leukemogenesis. J Cell Biochem Suppl. 2000;(suppl
35):46-53.

Castilla LH, Wijmenga C, Wang Q, et al. Failure of embryonic hematopoiesis and lethal
hemorrhages in mouse embryos heterozygous for a knocked-in leukemia gene CBFB-
MYHI11. Cell. 1996;87(4):687-696.

Castilla LH, Perrat P, Martinez NJ, et al. Identification of genes that synergize with Cbfb-
MYHI11 in the pathogenesis of acute myeloid leukemia. Proc Natl Acad Sci USA.
2004;101(14):4924-4929.

Castilla LH, Garrett L, Adya N, et al. The fusion gene Cbfb-MYHI11 blocks myeloid
differentiation and predisposes mice to acute myelomonocytic leukaemia. Nat Genet.
1999;23(2):144-146.

Chakrabarti SR, Nucifora G. The leukemia-associated gene TEL encodes a transcription
repressor which associates with SMRT and mSin3A. Biochem Biophys Res Commun.
1999;264(3):871-877.

Chevallier N, Corcoran CM, Lennon C, et al. ETO protein of t(8;21) AML is a core-
pressor for Bcl-6 B-cell lymphoma oncoprotein. Blood. 2004;103(4):1454—1463.
Coffman JA. Runx transcription factors and the developmental balance between cell
proliferation and differentiation. Cell Biol Int. 2003;27(4):315-324.

Davis JN, Williams BJ, Herron JT, Galiano FJ, Meyers S. ETO-2, a new member of the
ETO-family of nuclear proteins. Oncogene. 1999;18(6):1375-1383.

Davis JN, McGhee L, Meyers S. The ETO (MTGS) gene family. Gene. 2003;303:1-10.
de la Chapelle A, Lahtinen R. Chromosome 16 and bone-marrow eosinophilia. N Engl J
Med. 1983;309(22):1394.

Durst KL, Lutterbach B, Kummalue T, Friedman AD, Hiebert SW. The inv(16) fusion
protein associates with corepressors via a smooth muscle myosin heavy-chain domain.
Mol Cell Biol. 2003;23(2):607—-619.

Erman B, Cortes M, Nikolajczyk BS, Speck NA, Sen R. ETS-core binding factor: a
common composite motif in antigen receptor gene enhancers. Mol Cell Biol. 1998;18(3):
1322-1330.



142 M.E. Engel and S.W. Hiebert

24. Fenrick R, Amann JM, Lutterbach B, et al. Both TEL and AML-1 contribute repression
domains to the t(12;21) fusion protein. Mol Cell Biol. 1999;19(10):6566-6574.

25. Ford AM, Bennett CA, Price CM, Bruin MC, Van Wering ER, Greaves M. Fetal origins
of the TEL-AMLI fusion gene in identical twins with leukemia. Proc Natl Acad Sci USA.
1998;95(8):4584-4588.

26. Frank R, ZhangJ, Uchida H, Meyers S, Hiebert SW, Nimer SD. The AML1/ETO fusion
protein blocks transactivation of the GM-CSF promoter by AMLIB. Oncogene.
1995;11(12):2667-2674.

27. Gamou T, Kitamura E, Hosoda F, et al. The partner gene of AML1 in t(16;21) myeloid
malignancies is a novel member of the MTG8(ETO) family. Blood. 1998;91(11):
4028-4037.

28. Ganly P, Walker LC, Morris CM. Familial mutations of the transcription factor
RUNXI1 (AMLI1, CBFA2) predispose to acute myeloid leukemia. Leuk Lymphoma.
2004;45(1):1-10.

29. Gergen JP, Butler BA. Isolation of the Drosophila segmentation gene runt and analysis of
its expression during embryogenesis. Genes Dev. 1988;2(9):1179-1193.

30. Golub TR, Barker GF, Bohlander SK, et al. Fusion of the TEL gene on 12p13 to the
AMLI gene on 2122 in acute lymphoblastic leukemia. Proc Natl Acad Sci USA.
1995;92(11):4917-4921.

31. Grosveld F, Rodriguez P, Meier N, et al. Isolation and characterization of hematopoietic
transcription factor complexes by in vivo biotinylation tagging and mass spectrometry.
Ann N Y Acad Sci. 2005;1054:55-67.

32. Hernandez-Munain C, Krangel MS. Regulation of the T-cell receptor delta enhancer by
functional cooperation between c-Myb and core-binding factors. Mol Cell Biol.
1994;14(1):473-483.

33. Hiebert SW, Lutterbach B, Amann J. Role of co-repressors in transcriptional repression
mediated by the t(8;1), t(16;21), t(12;21), and inv(16) fusion proteins. Curr Opin Hematol.
2001;8(4):197-200.

34. Hiebert SW, Sun W, Davis JN, et al. The t(12;21) translocation converts AML-1B from
an activator to a repressor of transcription. Mol Cell Biol. 1996;16(4):1349—-1355.

35. Higuchi M, O’Brien D, Kumaravelu P, Lenny N, Yeoh EJ, Downing JR. Expression of a
conditional AMLI1-ETO oncogene bypasses embryonic lethality and establishes a murine
model of human t(8;21) acute myeloid leukemia. Cancer Cell. 2002;1(1):63-74.

36. Hoogeveen AT, Rossetti S, Stoyanova V, et al. The transcriptional corepressor MTG16a
contains a novel nucleolar targeting sequence deranged in t (16; 21)-positive myeloid
malignancies. Oncogene. 2002;21(43):6703—6712.

37. Huang G, Shigesada K, Ito K, Wee HJ, Yokomizo T, Ito Y. Dimerization with PEBP2-
beta protects RUNX1/AMLI1 from ubiquitin-proteasome-mediated degradation. Embo
J.2001;20(4):723-733.

38. Huang G, Shigesada K, Wee HJ, Liu PP, Osato M, Ito Y. Molecular basis for a dominant
inactivation of RUNXI/AMLI1 by the leukemogenic inversion 16 chimera. Blood.
2004;103(8):3200-3207.

39. Hug BA, Lazar MA. ETO interacting proteins. Oncogene. 2004;23(24):4270-4274.

40. Javed A, Guo B, Hiebert S, et al. Groucho/TLE/R-esp proteins associate with the nuclear
matrix and repress RUNX (CBF(alpha)/ AML/PEBP2(alpha)) dependent activation of
tissue-specific gene transcription. J Cell Sci. 2000;113 (Pt 12):2221-2231.

41. Kamachi Y, Ogawa E, Asano M, et al. Purification of a mouse nuclear factor that binds
to both the A and B cores of the polyomavirus enhancer. J Virol. 1990;64(10):
4808-4819.

42. Kania MA, Bonner AS, Duffy JB, Gergen JP. The Drosophila segmentation gene runt
encodes a novel nuclear regulatory protein that is also expressed in the developing
nervous system. Genes Dev. 1990;4(10):1701-1713.



Proleukemic RUNX1 and CBF3 Mutations 143

43.

44

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kuo YH, Landrette SF, Heilman SA, et al. Cbf beta-SMMHC induces distinct abnormal
myeloid progenitors able to develop acute myeloid leukemia. Cancer Cell.
2006;9(1):57-68.

Le Beau MM, Larson RA, Bitter MA, Vardiman JW, Golomb HM, Rowley JD. Asso-
ciation of an inversion of chromosome 16 with abnormal marrow eosinophils in acute
myelomonocytic leukemia. A unique cytogenetic-clinicopathological association. N Engl
J Med. 1983;309(11):630-636.

Lenny N, Westendorf JJ, Hiebert SW. Transcriptional regulation during myelopoiesis.
Mol Biol Rep. 1997;24(3):157-168.

Leroy H, Roumier C, Grardel-Duflos N, et al. Unlike AML1, CBFbeta gene is not
deregulated by point mutations in acute myeloid leukemia and in myelodysplastic syn-
dromes. Blood. 2002;99(10):3848-3850.

Levanon D, Negreanu V, Bernstein Y, Bar-Am I, Avivi L, Groner Y. AML1, AML2, and
AML3, the human members of the runt domain gene-family: cDNA structure, expres-
sion, and chromosomal localization. Genomics. 1994;23(2):425-432.

Levanon D, Goldstein RE, Bernstein Y, et al. Transcriptional repression by AML1 and
LEF-1 is mediated by the TLE/Groucho corepressors. Proc Natl Acad Sci USA.
1998;95(20):11590-11595.

Linggi B, Muller-Tidow C, van de Locht L, et al. The t(8;21) fusion protein, AML1 ETO,
specifically represses the transcription of the p14(ARF) tumor suppressor in acute mye-
loid leukemia. Nat Med. 2002;8(7):743-750.

Liu P, Tarle SA, Hajra A, et al. Fusion between transcription factor CBF beta/PEBP2
beta and a myosin heavy chain in acute myeloid leukemia. Science. 1993;261(5124):
1041-1044.

Liu Y, Cheney MD, Gaudet JJ, et al. The tetramer structure of the Nervy homology two
domain, NHR2, is critical for AMLI/ETO’s activity. Cancer Cell. 2006;9(4):249-260.

Lu J, Maruyama M, Satake M, et al. Subcellular localization of the alpha and beta
subunits of the acute myeloid leukemia-linked transcription factor PEBP2/CBF. Mol
Cell Biol. 1995;15(3):1651-1661.

Lutterbach B, Hiebert SW. Role of the transcription factor AML-1 in acute leukemia and
hematopoietic differentiation. Gene. 21 2000;245(2):223-235.

Lutterbach B, Westendorf JJ, Linggi B, Isaac S, Seto E, Hiebert SW. A mechanism of
repression by acute myeloid leukemia-1, the target of multiple chromosomal transloca-
tions in acute leukemia. J Biol Chem. 2000;275(1):651-656.

Lutterbach B, Westendorf JJ, Linggi B, et al. ETO, a target of t(8;21) in acute leukemia,
interacts with the N-CoR and mSin3 corepressors. Mol Cell Biol. 1998;18(12):7176-7184.
Lutterbach B, Hou Y, Durst KL, Hiebert SW. The inv(16) encodes an acute myeloid leukemia 1
transcriptional corepressor. Proc Natl Acad Sci USA. 1999;96(22):12822—12827.

Lutterbach B, Sun D, Schuetz J, Hiebert SW. The MYND motif is required for repression
of basal transcription from the multidrug resistance 1 promoter by the t(8;21) fusion
protein. Mol Cell Biol. 1998;18(6):3604-3611.

Mao S, Frank RC, Zhang J, Miyazaki Y, Nimer SD. Functional and physical interactions
between AMLI1 proteins and an ETS protein, MEF: implications for the pathogenesis of
t(8;21)-positive leukemias. Mol Cell Biol. 1999;19(5):3635-3644.

McGhee L, Bryan J, Elliott L, et al. Gfi-1 attaches to the nuclear matrix, associates with
ETO (MTGS) and histone deacetylase proteins, and represses transcription using a TSA-
sensitive mechanism. J Cell Biochem. 2003;89(5):1005-1018.

McHale CM, Wiemels JL, Zhang L, et al. Prenatal origin of childhood acute myeloid
leukemias harboring chromosomal rearrangements t(15;17) and inv(16). Blood.
2003;101(11):4640-4641.

Schuh AH, Tipping AJ, Clark AJ, et al. ETO-2 associates with SCL in erythroid cells and
megakaryocytes and provides repressor functions in erythropoiesis. Mol Cell Biol.
2005;25(23):10235-10250.



144 M.E. Engel and S.W. Hiebert

62. Meyers S, Lenny N, Hiebert SW. The t(8;21) fusion protein interferes with AML-1B-
dependent transcriptional activation. Mol Cell Biol. 1995;15(4):1974-1982.

63. Michaud J, Wu F, Osato M, et al. In vitro analyses of known and novel RUNX1/AMLI1
mutations in dominant familial platelet disorder with predisposition to acute myelogen-
ous leukemia: implications for mechanisms of pathogenesis. Blood. 2002;99(4):
1364-1372.

64. Mikhail FM, Sinha KK, Saunthararajah Y, Nucifora G. Normal and transforming
functions of RUNXI: a perspective. J Cell Physiol. 2006;207(3):582-593.

65. Miyoshi H, Shimizu K, Kozu T, Maseki N, Kaneko Y, Ohki M. t(8;21) breakpoints on
chromosome 21 in acute myeloid leukemia are clustered within a limited region of a single
gene, AMLI1. Proc Natl Acad Sci USA. 1991;88(23):10431-10434.

66. Melnick AM, Westendorf JJ, Polinger A, et al. The ETO protein disrupted in t(8;21)-
associated acute myeloid leukemia is a corepressor for the promyelocytic leukemia zinc
finger protein. Mol Cell Biol. 2000;20(6):2075-2086.

67. Moore A. Activation of TCF-dependent gene expression by the RUNX1-MTGS fusion
protein. Paper presented at: FASEB Conference on Hematologic Malignancies. 2005.
Saxon’s River, Vermont.

68. Moore MA. Converging pathways in leukemogenesis and stem cell self-renewal. Exp
Hematol. 2005;33(7):719-737.

69. Mori H, Colman SM, Xiao Z, et al. Chromosome translocations and covert leukemic
clones are generated during normal fetal development. Proc Natl Acad Sci USA.
2002;99(12):8242-8427.

70. Mulloy JC, Cammenga J, MacKenzie KL, Berguido FJ, Moore MA, Nimer SD. The
AMLI1-ETO fusion protein promotes the expansion of human hematopoietic stem cells.
Blood. 2002;99(1):15-23.

71. Nagata T, Gupta V, Sorce D, et al. Immunoglobulin motif DNA recognition and hetero-
dimerization of the PEBP2/CBF Runt domain. Nat Struct Biol. 1999;6(7):615-619.

72. Nishimura M, Fukushima-Nakase Y, Fujita Y, et al. VWRPY motif-dependent and -
independent roles of AML1/Runx] transcription factor in murine hematopoietic devel-
opment. Blood. 2004;103(2):562-570.

73. Nuchprayoon I, Meyers S, Scott LM, Suzow J, Hiebert S, Friedman AD. PEBP2/CBF,
the murine homolog of the human myeloid AMLI and PEBP2 beta/CBF beta proto-
oncoproteins, regulates the murine myeloperoxidase and neutrophil elastase genes in
immature myeloid cells. Mol Cell Biol. 994;14(8):5558-5568.

74. Ogawa E, Inuzuka M, Maruyama M, et al. Molecular cloning and characterization of
PEBP?2 beta, the heterodimeric partner of a novel Drosophila runt-related DNA binding
protein PEBP2 alpha. Virology. 1993;194(1):314-331.

75. Ogawa E, Maruyama M, Kagoshima H, et al. PEBP2/PEA2 represents a family of
transcription factors homologous to the products of the Drosophila runt gene and the
human AMLI gene. Proc Natl Acad Sci USA. 1993;90(14):6859-6863.

76. Oikawa T. ETS transcription factors: possible targets for cancer therapy. Cancer Sci.
2004;95(8):626—633.

77. Okuda T, van Deursen J, Hiebert SW, Grosveld G, Downing JR. AMLI, the target of
multiple chromosomal translocations in human leukemia, is essential for normal fetal
liver hematopoiesis. Cell. 1996;84(2):321-330.

78. Okuda T, Cai Z, Yang S, et al. Expression of a knocked-in AMLI1-ETO leukemia gene
inhibits the establishment of normal definitive hematopoiesis and directly generates
dysplastic hematopoietic progenitors. Blood. 1998;91(9):3134-3143.

79. Peterson LF, Zhang DE. The 8§;21 translocation in leukemogenesis. Oncogene.
2004;23(24):4255-4262.

80. Petrovick MS, Hiebert SW, Friedman AD, Hetherington CJ, Tenen DG, Zhang DE.
Multiple functional domains of AMLI1: PU.1 and C/EBPalpha synergize with different
regions of AML1. Mol Cell Biol. 1998;18(7):3915-3925.



Proleukemic RUNX1 and CBF3 Mutations 145

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

9s.

96.

97.

98.

99.

Preudhomme C, Warot-Loze D, Roumier C, et al. High incidence of biallelic point muta-
tions in the Runt domain of the AML1/PEBP2 alpha B gene in Mo acute myeloid leukemia
and in myeloid malignancies with acquired trisomy 21. Blood. 2000;96(8):2862-2869.
Prosser HM, Wotton D, Gegonne A, et al. A phorbol ester response element within the
human T-cell receptor beta-chain enhancer. Proc Natl Acad Sci USA. 1992;89(20):9934-9938.
Redondo JM, Pfohl JL, Hernandez-Munain C, Wang S, Speck NA, Krangel MS. Indis-
tinguishable nuclear factor binding to functional core sites of the T-cell receptor delta and
murine leukemia virus enhancers. Mol Cell Biol. 1992;12(11):4817-4823.

Reilly JT. Pathogenesis of acute myeloid leukaemia and inv(16)(p13;q22): a paradigm for
understanding leukaemogenesis. Br J Haematol. 2004;128:18-34.

Rhoades KL, Hetherington CJ, Harakawa N, et al. Analysis of the role of AMLI-ETO in
leukemogenesis, using an inducible transgenic mouse model. Blood. 2000;96(6):
2108-2115.

Rhoades KL, Hetherington CJ, Rowley JD, et al. Synergistic up-regulation of the
myeloid-specific promoter for the macrophage colony-stimulating factor receptor by
AMLI and the t(8;21) fusion protein may contribute to leukemogenesis. Proc Natl
Acad Sci USA. 1996;93(21):11895-11900.

Rosmarin AG, Yang Z, Resendes KK. Transcriptional regulation in myelopoiesis:
hematopoietic fate choice, myeloid differentiation, and leukemogenesis. Exp Hematol.
2005;33(2):131-143.

Rowley JD. The role of chromosome translocations in leukemogenesis. Semin Hematol.
1999;36(4 Suppl 7):59-72.

Rubnitz JE, Look AT. Molecular basis of leukemogenesis. Curr Opin Hematol.
1998;5(4):264-270.

Schmitz N, Godde-Salz E, Gassmann W, Loffler H. Acute myelomonocytic leukemia with
involvement of eosinophils and inversion of chromosome 16. Blut. 1984;48(5):263-267.
Moore AC, Amann JM, Williams CS, et al. Myeloid translocation gene family members
associate with T-cell factors (TCFs) and influence TCF-dependent transcription. Mol
Cell Biol. 2008;28(3):977-987.

Shimada H, Ichikawa H, Nakamura S, et al. Analysis of genes under the downstream
control of the t(8;1) fusion protein AML1-MTGS: overexpression of the TIS11b (ERF-1,
cMG1) gene induces myeloid cell proliferation in response to G-CSF. Blood.
2000;96(2):655-663.

Shimada H, Ichikawa H, Ohki M. Potential involvement of the AML1-MTGS fusion
protein in the granulocytic maturation characteristic of the t(8;21) acute myelogenous
leukemia revealed by microarray analysis. Leukemia. 2002;16(5):874-885.

Shurtleff SA, Buijs A, Behm FG, et al. TEL/AMLI fusion resulting from a cryptic
t(12;21) is the most common genetic lesion in pediatric ALL and defines a subgroup of
patients with an excellent prognosis. Leukemia. 1995;9(12):1985-1989.

Speck NA, Terryl S. A new transcription factor family associated with human leukemias.
Crit Rev Eukaryot Gene Expr. 1995;5(3-4):337-364.

Sun W, Graves BJ, Speck NA. Transactivation of the Moloney murine leukemia virus
and T-cell receptor beta-chain enhancers by cbf and ets requires intact binding sites for
both proteins. J Virol. 1995;69(8):4941-4949.

Suzow J, Friedman AD. The murine myeloperoxidase promoter contains several func-
tional elements, one of which binds a cell type-restricted transcription factor, myeloid
nuclear factor 1 (MyNF1). Mol Cell Biol. 1993;13(4):2141-2151.

Takahashi A, Satake M, Yamaguchi-Iwai Y, et al. Positive and negative regulation of
granulocyte-macrophage colony-stimulating factor promoter activity by AMLI1-related
transcription factor, PEBP2. Blood. 1995;86(2):607-616.

Tanaka K, Tanaka T, Kurokawa M, et al. The AML1/ETO(MTGS) and AMLI1/Evi-1
leukemia-associated chimeric oncoproteins accumulate PEBP2beta(CBFbeta) in the
nucleus more efficiently than wild-type AMLI1. Blood. 1998;91(5):1688—1699.



146

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

M.E. Engel and S.W. Hiebert

Telfer JC, Hedblom EE, Anderson MK, Laurent MN, Rothenberg EV. Localization of
the domains in Runx transcription factors required for the repression of CD4 in
thymocytes. J Immunol. 2004;172(7):4359-4370.

Testa JR, Hogge DE, Misawa S, Zandparsa N. Chromosome 16 rearrangements in
acute myelomonocytic leukemia with abnormal eosinophils. N Engl J Med.
1984;310(7):468-469.

Uchida H, Downing JR, Miyazaki Y, Frank R, Zhang J, Nimer SD. Three distinct
domains in TEL-AML1 are required for transcriptional repression of the IL-3 promoter.
Oncogene. 1999;18(4):1015-1022.

Uchida H, Zhang J, Nimer SD. AML1A and AMLI1B can transactivate the human IL-3
promoter. J Immunol. 1997;158(5):2251-2258.

Wang LC, Kuo F, Fujiwara Y, Gilliland DG, Golub TR, Orkin SH. Yolk sac angiogenic
defect and intra-embryonic apoptosis in mice lacking the Ets-related factor TEL. Embo
J. 1997;16(14):4374-4383.

Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH, Speck NA. Disruption of the
Cbfa2 gene causes necrosis and hemorrhaging in the central nervous system and blocks
definitive hematopoiesis. Proc Natl Acad Sci USA. 1996;93(8):3444-3449.

Wang Q, Stacy T, Miller JD, et al. The CBFbeta subunit is essential for CBFalpha2
(AML1) function in vivo. Cell. 1996;87(4):697-708.

Wang S, Wang Q, Crute BE, Melnikova IN, Keller SR, Speck NA. Cloning and
characterization of subunits of the T-cell receptor and murine leukemia virus enhancer
core-binding factor. Mol Cell Biol. 1993;13(6):3324-3339.

Wargnier A, Legros-Maida S, Bosselut R, et al. Identification of human granzyme B
promoter regulatory elements interacting with activated T-cell-specific proteins: impli-
cation of Ikaros and CBF binding sites in promoter activation. Proc Natl Acad Sci USA.
1995;92(15):6930-6394.

Warren AJ, Bravo J, Williams RL, Rabbitts TH. Structural basis for the heterodimeric
interaction between the acute leukaemia-associated transcription factors AMLI and
CBFbeta. Embo J. 2000;19(12):3004-3015.

Wessels HW, Dauwerse HG, Breuning MH, Beverstock GC. Inversion 16 and translo-
cation (16;16) in ANLL M4eo break in the same subregion of the short arm of chromo-
some 16. Cancer Genet Cytogenet. 1991;57(2):225-228.

Westendorf JJ, Yamamoto CM, Lenny N, Downing JR, Selsted ME, Hiebert SW. The
t(8;21) fusion product, AML-1-ETO, associates with C/EBP-alpha, inhibits C/EBP-
alpha-dependent transcription, and blocks granulocytic differentiation. Mol Cell Biol.
1998;18(1):322-333.

Wiemels JL, Xiao Z, Buffler PA, et al. In utero origin of t(8;21) AMLI1-ETO transloca-
tions in childhood acute myeloid leukemia. Blood. 2002;99(10):3801-3805.

Wiemels JL, Ford AM, Van Wering ER, Postma A, Greaves M. Protracted and variable
latency of acute lymphoblastic leukemia after TEL-AMLI1 gene fusion in utero. Blood.
1999;94(3):1057-1062.

Yan M, Kanbe E, Peterson LF, et al. A previously unidentified alternatively spliced
isoform of t(8;21) transcript promotes leukemogenesis. Nat Med. 2006;12(8):945-949.
Yang G, Khalaf W, van de Locht L, et al. Transcriptional repression of the Neurofi-
bromatosis-1 tumor suppressor by the t(8;21) fusion protein. Mol Cell Biol. 2005;25(14):
5869-5879.

Yang Y, Wang W, Cleaves R, et al. Acceleration of G(1) cooperates with core binding
factor beta-smooth muscle myosin heavy chain to induce acute leukemia in mice. Cancer
Res. 2002;62(8):2232-2235.

Yoshida N, Ogata T, Tanabe K, et al. Filamin A-bound PEBP2beta/CBFbeta is
retained in the cytoplasm and prevented from functioning as a partner of the Runxl
transcription factor. Mol Cell Biol. 2005;25(3):1003-1012.



Proleukemic RUNX1 and CBF3 Mutations 147

118. Yuan Y, Zhou L, Miyamoto T, et al. AML1-ETO expression is directly involved in the
development of acute myeloid leukemia in the presence of additional mutations. Proc
Natl Acad Sci USA. 2001;98(18):10398—10403.

119. Zhang DE, Hetherington CJ, Meyers S, et al. CCAAT enhancer-binding protein (C/
EBP) and AMLI (CBF alpha2) synergistically activate the macrophage colony-stimu-
lating factor receptor promoter. Mol Cell Biol. 1996;16(3):1231-1240.

120. Zhang DE, Fujioka K, Hetherington CJ, et al. Identification of a region which directs
the monocytic activity of the colony-stimulating factor 1 (macrophage colony-stimulat-
ing factor) receptor promoter and binds PEBP2/CBF (AMLI1). Mol Cell Biol.
1994;14(12):8085-8095.



Acute Myeloid Leukemia with Mutated
Nucleophosmin (NPM1 ): Molecular,
Pathological, and Clinical Features

Brunangelo Falini

Abstract The NPM 1 gene encodes for nucleophosmin, a nucleolus-located
shuttling protein that is involved in multiple cell functions, including regulation
of ribosome biogenesis, control of centrosome duplication and preservation of
ARF tumor suppressor integrity. The NPM 1 gene is specifically mutated in
about 30% acute myeloid leukemia (AML) but not in other human neoplasms.
Mutations cause crucial changes at the C-terminus of the NPM1 protein that
are responsible for the aberrant nuclear export and accumulation of NPM1
mutants in the cytoplasm of leukemic cells. Diagnosis of AML with mutated
NPM 1 can be done using molecular techniques, immunohistochemistry (look-
ing at cytoplasmic dislocation of nucleophosmin that is predictive of NPM 1
mutations) and Western blotting with antibodies specifically directed against
NPMI1 mutants. Because of its distinctive molecular, pathological, immuno-
phenotypic and prognostic features, AML with mutated NPMI (synonym:
NPMc+ AML) has been included, as a new provisional entity, in the 2008
World Health Organization (WHO) classification of myeloid neoplasms.

Introduction

The human nucleophosmin (NPM 1) gene [17] contains 12 exons ranging in size
from 58 to 358 bp and maps to chromosome 5q35. Knockout mice models
showed that NPM1 is an essential gene, since its inactivation caused death at
mid-gestation [48], mainly due to ineffective hemopoiesis and developmental
defects in the brain.

The NPM 1 gene encodes a ubiquitously expressed nucleolar phosphoprotein
(also known as B23, NO38, and numatrin) [91] which constantly shuttles
between nucleus and cytoplasm [11]. Nucleophosmin belongs to the nucleo-
phosmin/nucleophosmin family of nuclear chaperones [29, 92] and is involved
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in multiple cell functions, including regulation of ribosome biogenesis, preven-
tion of unscheduled centrosome duplication during the cell cycle, and control of
integrity of the ARF tumor suppressor protein [49].

Much evidence has implicated the NPM [ gene in the pathogenesis of several
human malignancies [49]. NPM [ is over-expressed in various solid tumors [75]
or is involved in tumor progression [6, 50, 106]. In lymphomas and leukemias,
the NPM1 gene fuses with other gene partners to generate chimeric proteins
(NPM-ALK, NPM-RARa, NPM-MLF1) which are thought to play a critical
role in tumorigenesis [39]. About one-third of adult acute myeloid leukemia
(AML) harbor NPM1 gene mutations, usually at exon-12, that aberrantly
dislocate the nucleophosmin protein into leukemic cell cytoplasm, hence the
term NPMc+ (cytoplasmic-positive) AML [38].

Here, I review the structure and functions of the wild-type nucleophosmin
protein, as well as the distinctive molecular, pathological, and clinical features
of AML with mutated NPM 1.

Structure of Nucleophosmin Protein

Alternative splicing from a single gene generates at least two nucleophosmin
isoforms: NPM1 (or B23.1), a 294-amino acid protein which is abundant in all
tissues [110] and resides mainly in the nucleolus; and NPM1.2 (or B23.2), a
truncated 259-amino acid protein, which lacks the last 35 C-terminal amino
acids of NPM1, is expressed at very low levels in tissues and is localized mainly
in nucleoplasm [24].

Several domains [53] in NPM1 structure dictate its multiple biochemical
functions (Fig. 1A). Like NPM2 and NPM3, other members of the nucleo-
plasmin protein family to which nucleophosmin belongs [29, 92], NPM1
shares a conserved N-terminal core structure (the nucleoplasmin domain)
which is required for oligomerization [51] and for histone chaperone activ-
ities (Fig. 1A). The vast majority of cellular NPM1 exists in an oligomeric
form [15] (mostly a hexamer) [116], and the ratio of oligomeric to mono-
meric forms may play a role in regulating the chaperone activity and the
nucleic acid binding capability of NPM1 during ribosome biogenesis [19,
51]. NPM1 chaperone activity serves to prevent protein aggregation in the
crowded environment of the nucleolus, to favor histone and nucleosome
assembly [72, 80, 101], and to increase acetylation-dependent transcriptional
activity [100]. The N-terminal region of NPMI1 also harbors two leucine-rich
nuclear export signal (NES) motifs [109, 114] that are targeted by the
nuclear export receptor Crml/exportinl and play a critical role in the
nucleo-cytoplasmic traffic of nucleophosmin.

The mid-portion of NPM1 contains two highly acidic regions which consist
of stretches of aspartic and glutamic acids [53] (Fig. 1A). They are likely to serve
as binding sites for the positive charge of basic proteins [80] such as histones and
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Fig. 1 The NPM!1 gene encodes for a protein involved in multiple functions. (A) The NPM 1 gene
contains 12 exons. NPM1 is translated from exons 1 to 9 and 11 to 12. The portion encoding
isoform B23.2 contains exons 1 to 10. In the protein, the N-terminus is characterized by a non-
polar domain responsible for oligomerization and heterodimerization. Two functional Nuclear
Export Signals (NES) and a metal binding domain are present in this region. The central
portion of the protein contains two acidic stretches (Ac) that are important for binding to
histones, and a bipartite Nuclear Localization Signal (NLS); this region confers ribonuclease
activity. The C-terminus of the protein contains basic regions involved in nucleic-acid binding,
followed by an aromatic stretch unique to NPM isoform 1, which contains two tryptophan
residues (288 and 290) that are required for nucleolar localization of the protein (NoLS). (B)
Nucleophosmin is a nucleolar phosphoprotein that shuttles between the nucleus and the
cytoplasm. Shuttling plays a fundamental role in ribosome biogenesis, since NPM 1 transports
preribosomal particles. In cytoplasm, NPM1 binds to the unduplicated centrosome and
regulates its duplication during cell division. Furthermore, NPM1 interacts with p53 and its
regulatory molecules (ARF, Hdm2/Mdm?2) influencing the ARF-Hdm2/Mdm?2-p53 oncosup-
pressive pathway. (This figure was originally published in Blood, Falini B. et al. Acute myeloid
leukemia carrying cytoplasmic/mutated nucleophosmin (NPMc+ AML): biologic and clinical
features. Blood. 2007;109: 874-885, copyright 2007 by the American Society of Hematology)
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ribosomal proteins, so as to minimize non-specific interactions within the
congested nucleolar environment. The NPM1 region between the two acidic
stretches underlies NPM1 ribonuclease activity (critical for ribosome biogen-
esis) and also contains one bipartite nuclear localization signal (NLS) [27] which
is responsible for NPM1 nuclear import.

Unique to NPM1 is an RNA-binding domain at C-terminal end (Fig. 1A).
The ability of NPM1 to bind through this domain to target RNA appears to be
strictly dependent upon the oligomerization and phosphorylation status of the
protein [81]. This is supported by the evidence that molecules which interact
with the N-terminal core domain of NPMI1 (e.g., the protein NPM3) [55] may
inhibit the RNA-binding activity of NPM1 by destabilizing nucleophosmin
oligomer formation. The two tryptophans residues at positions 288 and 290
within the RNA-binding domain are also critical for NPM1 localization to the
nucleolus [74]. These residues, together with the two N-terminus NES motifs
and the nuclear localization signal (NLS) of NPM 1, play a key role in regulating
the nucleophosmin shuttling across different cell compartments (nucleolus,
nucleoplasm, and cytoplasm).

Phosphorylation of NPM1 Protein

NPM1 exists in cells as a phosphoprotein and several sites of phosphorylation
by casein kinase II (CKII), by nuclear kinase II (N-II kinase), and by c¢d2 type
kinase have been identified in its highly acid central region [16, 56, 84]. There-
fore, phosphorylation plays a critical role in the functional regulation of NPM1.
Phosphorylation at the cdc2 sites appears to be closely related to nucleolus
breakdown during mitosis. On the other hand, CKII phosphorylation of a
serine residue during the G2 phase increases NPM1 binding affinity to nucleo-
lar components and modulated its chaperone activity. In the C-terminal region
of the protein, several potential cyclin-dependent kinase 1 (CDK1) phosphor-
ylation sites appear to influence binding of NPM1 to the nucleolus and other
subnuclear compartments [73, 102] and, therefore, its mobility and location.
This effect may be important in tuning NPM1 control of ribosome biogenesis.
Finally, phosphorylation of NPM1 at different sites appears to be a critical step
in regulating centrosome duplication during mitosis [79, 109] (see below).

Expression of NPM1 Protein

NPMI protein expression is higher in proliferating than in resting cells [26] and
increased in response to mitogenic stimuli [43]. Conversely, NPM1 levels drop
after retinoic acid-induced differentiation of leukemic cells lines [54].

The NPMI1 protein is found in the granular component of the nucleolus [60]
which contains maturing pre-ribosomal particles [98]. Analysis of NPM1
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Fig. 2 Mechanism of altered traffic of wild-type and mutant NPM1 proteins. (A) Higher panel.
Export from the nucleus to the cytoplasm of wild-type NPM1 is minimum since it contains
only weak physiological NES motifs. Moreover, the two tryptophans at the C-terminus drive
wild-type NPMI1 to the nucleolus, where the bulk of protein accumulates. Immunofluores-
cence analysis (lower panel) clearly shows nucleolar localization of NPM1 in NIH3T3 mouse
fibroblasts transfected with eGFP/wild-type NPM1. (B) Higher panel. NPM 1 mutants accu-
mulate in cytoplasm since the mutation creates an additional NES motif at C-terminus which
is available for Crm1-mediated nuclear export. Moreover, mutation of the two tryptophans
impairs nucleolar localization. Dimerization between mutated and wild-type (encoded by the
normal allele) NPM1 partially delocalize the latter into cytoplasm. The image in the lower
panel is a confocal micrograph of NIH3T3 cells transfected with eGFP-NPM mutant A
showing complete dislocation of the mutant in the cytoplasm. Nuclei are counterstained red
with propidium iodide. Cells were analysed with a Zeiss LSM 510 confocal microscope and
reconstructed with Imaris software (Bitplane, Zurich, CH). (This figure was originally pub-
lished in Falini B. et al. Translocations and mutations involving the nucleophosmin (NPM1)
gene in lymphomas and leukemias. Haematologica. 2007;92:519-532)
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functional domains explains why the protein localizes selectively in the nucleo-
lus [60, 98], despite its ability to shuttle from nucleus to cytoplasm [11, 115]. The
following scenario can be envisaged. The NLS signal drives NPM1 from
cytoplasm to nucleoplasm, where it is translocated to the nucleolus by the C-
terminus tryptophans 288 and 290 [74]. Since the two NES motifs within
residues 94-102 [109] and 42-49 [114] have low nuclear export strength [10],
little NPMI1 is exported from nucleus to cytoplasm (Fig. 2A). Therefore, as
nuclear import of wild-type NPM1 predominates over export, most NPMI1
resides within the nucleolus (Fig. 2A), where it represents one of the most
abundant proteins [4].

Functions of the NPM1 Protein

The ability of the NPM1 protein to act as a key regulator for several cellular
activities mainly depends upon its chaperone [53, 101] and shuttling activities
[109, 114]. Here, we focus on the main NPM1 functions that have been deci-
phered to date (Fig. 1B).

Regulation of Ribosome Biogenesis

Given its predominant expression in the nucleolus (an intranuclear organelle
which is primarily dedicated to forming ribosome particles), NPM1 is assumed
to play a pivotal role in ribosome biogenesis. This function is mediated through
NPM1 nucleo-cytoplasmic shuttling properties [109, 114] and intrinsic RNAse
activity [52], as well as through its ability to bind nucleic acids [108], to process
pre-RNA molecules [90] and to act as a chaperone [101]. The main functions of
NPMI are to impede protein aggregation in the nucleolus during ribosome
assembly [116] and to facilitate transport of large (60S) and small (40S) riboso-
mal subunits into cytoplasm where, together with mRNAs, they form the
polyribosomes that are required for protein synthesis. NPM1 was recently
shown to mediate 5S rRNA nuclear export through interaction with the ribo-
somal protein L5 [114]. Interaction between NPMI1 and its binding partner
ARF also appears crucial in regulating ribosome biogenesis [5].

Control of Centrosome Duplication

The NPM1 protein plays a fundamental role in maintaining genomic stability
[20, 48] through a tight control of DNA repair mechanisms [62, 112] and
centrosome duplication [77]. Regulation of centrosome duplication depends
closely on the shuttling properties of nucleophosmin. NPM1 traffic is, in turn,
controlled by the Ran/Cmrl complex which, through interaction with the
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nucleophosmin NES motifs, dictates NPM1 transportation to the centrosome
[12]. Ran-Cmrl-mediated transport of NPM1 also seems to be influenced by
phosphorylation on Ser-4 of nucleophosmin by Plkl and Nek2A [113]. The
following events involving NPM1, Ran/Cmrl, and centrosomes are likely to
take place during the different phases of the cell cycle. In resting cells, NPM1
associates with unduplicated centrosomes. During the late G1 phase, CDK2/
cyclinE-mediated phosphorylation on Thr199 causes NPM1 to dissociate from
centrosomes [78], thereby enabling proper chromosome duplication. ROCK 11
kinase serves as the effector of the CDK2/cyclinE-nucleophosmin pathway [66].
During cell cycle progression from the S to the G2 phase, most NPM1 protein is
located within the nucleolus where it regulates ribosome biogenesis. At the
beginning of mitosis, when the nuclear membrane breaks down, nucleophosmin
relocalizes to centrosome [117], thus impeding centrosome re-duplication. This
regulation network ensures that centrosomes duplicate only once per cell cycle
which is a major pre-requisite for proper cell division and prevention of aneu-
ploidy, an important factor in neoplastic transformation [63]. The critical role
played by NPMI in protecting cells from aneuploidy is supported by evidence
that, in NPM1~/" mice models, the unrestricted centrosome duplication caused
by NPM 1 haploinsufficiency leads to development of a myelodysplastic-like
syndrome [48].

Control of p53 Activity and Stability

The NPM1 protein is involved in the apoptotic response to stress and oncogenic
stimuli [87, 88] and is believed to modulate p53 protein activity and stability [21,
58, 59, 61]. Disruption of nucleolar integrity (e.g., following stimuli which
induce a cellular stress) causes NPM1 to re-locate from nucleolus to nucleo-
plasm where NPMI1 stabilizes p53 by binding to and inhibiting Mdm?2 [59].
These events in turn activate p53 [58, 67] with consequent arrest of cell growth.

Interaction of NPM1 with the Oncosuppressor ARF

In the nucleolus, the NPM1 protein co-localizes with the oncosuppressor ARF,
forming molecular complexes of high molecular weight [7]. Since ARF assumes
a stable structure only when bound to NPM1 [96], the NPM 1-ARF interaction
appears to protect ARF from degradation. ARF stabilization by NPMI
contributes to maintain the basal levels of ARF, ensuring it escapes the rapid
proteasome-mediated destruction [20, 57] which many misfolded proteins are
subject to [47]. NPM1 is responsible not only for protecting ARF from degra-
dation but also for dictating its nucleolar location [96]. Since stability and
subcellular distribution of ARF are essential for its functional activity [46],
NPMI1 appears to play an important role in modulating growth-suppressive
pathways.
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NPM1 Acts as an Oncogene and Oncosuppressor

The above features explain why NPM 1 may act as oncogene and oncosuppressor
[49]. When NPM 1 expression aberrantly increases, the protein acts as oncogene
by promoting abnormal cell growth through enhancement of ribosome machin-
ery [89] and, possibly, by inhibiting programmed cell death [49]. Conversely,
NPM 1 may paradoxically behave as oncosuppressor since its reduced expression
due to haploinsufficiency and/or altered subcellular distribution (as in AML
carrying a mutated NPM [ gene) may facilitate leukemogenesis, possibly through
destabilization and functional impairment of the ARF-tumor suppressor path-
way and increased genomic instability [49]. NPM ] gene translocations or muta-
tions may contribute to malignant transformation through alteration of NPM1
subcellular distribution and functions.

AML with Mutated NPM1

In 2005, we reported that leukemic cells in about 35% of adult AML showed
aberrant cytoplasmic expression of nucleophosmin [38] caused by mutations
occurring at exon-12 of the NPM 1 gene [38]. This discovery derived from our
immunohistochemical studies on anaplastic large cell lymphoma carrying the
t(2;5)/NPM-ALK fusion gene [69], a lymphoma entity with distinct clinical and
pathological features [36]. Using specific anti-NPM monoclonal antibodies [23],
we had observed that NPMI, instead of showing the expected nucleolar-
restricted location, was ectopically expressed in the cytoplasm of ALCL cells
with t(2;5) [41]. We linked this finding to the presence of the NPM-ALK fusion
protein in the cytoplasm of lymphoma cells and reasoned that, by looking at
aberrant NPM1 expression in cytoplasm, immunohistochemistry would serve as
a simple, rapid screening test for putative NPM I gene alterations in a wide range
of human neoplasms. This led us to discover the first AML cases which we
named as NPMc+ (cytoplasmic positive) to distinguish them from the NPMc™
cases which carried the expected nucleus-restricted expression of NPM1 [38].
Subsequent studies clearly demonstrated that NPMc+ AML had distinct bio-
logical and clinical features, including mutual exclusion of recurrent genetic
abnormalities, close association with normal karyotype, and CD34 negativity
[38]. All this information reinforced our hypothesis that aberrant NPM cyto-
plasmic dislocation in AML reflected an underlying, as yet unidentified, genetic
lesion. Absence of the known NPM I fusion gene/transcripts in the leukemic cells
of NPMc+ AML prompted us to sequence the entire coding region of the
NPM1 gene, where we discovered mutations at exon-12 [38].

General Characteristics of NPM1 Mutations

One of the most remarkable features of NPM I mutations is their specificity for
AML [64]. The rare occurrence of NPM 1 mutations in patients with chronic
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myelo monocytic leukemia[13, 76] should be interpreted cautiously, since these
cases usually progressed rapidly to AML and, according to our experience,
might have been examples of M4 or M5 AML with marked monocytic differ-
entiation. The finding of NPM [ mutations in about 5% of myelodysplastic
syndromes [118] remains also controversial, since no NPM [ gene mutations
were detected in a recently reported series of myelodysplastic syndromes carry-
ing various alterations in chromosome 5 [30, 97]. Moreover, a significant
fraction of AML with mutated NPM I shows myelodysplasia-related changes
which can lead to a misdiagnosis of myelodysplastic syndrome.

NPM]I gene mutations are consistently heterozygous [40] and usually occur
at exon-12 [8, 28, 38, 93, 99, 105, 107]. Extremely rare mutations involving
exons other than exon-12 have been reported [1, 31, 68]. Analysis of thousands
of AML patients has identified to date about 50 molecular variants of NPM
mutations. Mutation A (a TCTG tetranucleotide duplication at positions
956 to 959) is the most common variant, which accounts for 75-80% of all
NPMI-mutated adult AML [38]. Mutations B and D have been detected in
about 10 and 5% of cases, while other NPM [ mutations are very rare. Despite
their heterogeneity, all NPM 1 mutations lead to common alterations at the
C-terminus of the NPM1 which are responsible for the aberrant nuclear export
and accumulation in cytoplasm of the protein (see below). NPM [ mutation is
very stable in AML [18, 34, 94], suggesting it is a founder genetic alteration.

Frequency of NPM [ mutations among human myeloid leukemia cell lines is
interesting. Although AML with mutated NPM [ accounts for about one-third
of adult AML, the NPM I mutation was detected only in 1/79 myeloid cell lines
(i.e., the OCI-AML3 cell line [85]), suggesting that microenviromental factors
may favor the growth of leukemic cells. Notably, the OCI-AMLS3 cell line
exhibits the distinctive features of AML with mutated NPM1, i.e., mutation
A and expression of cytoplasmic nucleophosmin [85], and it may, therefore,
serve as in vitro model for AML with mutated NPM 1.

AML with cytoplasmic-mutated NPM1 closely associates with normal
karyotype and is mutually exclusive of major recurrent genetic abnormalities
[37, 38]. About 14% NPMc+ AML carries secondary chromosomal aberra-
tions [38]. Notably, about 40% of AML with mutated NPM harbor the
FLT3-ITD mutation [38]; FLT3-ITD is thought to be a secondary event [105]
that may even disappear during the course of the disease. Partial tandem
duplications within the MLL gene (MLL-PTD) and cytoplasmic mutated
NPM]1 are mutually exclusive [38, 93, 105]. In two large studies, CEBPA,
KIT, and NRAS mutations did not appear to differ in NPM I-mutated versus
NPM I-unmutated AML with normal karyotype (AML-NK) [28, 93]. Muta-
tions of the p53 gene have been detected only in 3% of AML with mutated
NPM1[99]. This finding is in keeping with previous reports showing that p53
mutations, unlike NPM I mutations, usually occur in AML carrying karyo-
type abnormalities [42, 111].
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Aberrant Cytoplasmic Location of NPM1 Mutants

Aberrant accumulation of nucleophosmin in the cytoplasm of the leukemic cells
[38] (Fig. 2B) is the consequence of two changes that all NPM [ mutations
induce at the C-terminus of NPM1 protein: i) generation of a new nuclear
export signal (NES) motif [71] and ii) loss of tryptophans at positions 288 and
290 (or tryptophan 290 alone) [38] which are critical for binding of NPM1 to
nucleoli [74]. These events are both essential in dislocating NPM1 to cytoplasm
[32] (Fig. 2B). Interestingly, the type of mutation-induced C-terminus NES
motif appears to vary according to whether both 288 and 290 or 290 alone
were mutated [32]. Mutants lacking tryptophans 288 and 290 carry the weak
NES motif L-xxx-V-xx-V-x-L, while the rare mutants retaining tryptophan 288
harbor C-terminus NES variants where Valine at the second position is replaced
by another hydrophobic amino acid (leucine, phenylalanine, cysteine, or
methionine) [32]. To unravel the nature of this close correlation, we used a
Rev(1.4)-based shuttling assay that measured the nuclear export efficiency of
different C-terminal NES motifs in leukemic mutants [10]. Notably we found
that, when both tryptophans were mutated, NPM1 mutants lost their nucleo-
lus-binding capability and only needed a weak NES motif (L-xxx-V-xx-V-x-L)
to be exported from the nucleus into cytoplasm [10]. In contrast, the rare NPM 1
mutants carrying only mutated tryptophan 290 had to harbor a stronger NES
motif to counterbalance tryptophan 288 which drives mutants to the nucleolus
[10]. Thus, the opposing balance of forces (tryptophans and NES) seems to
determine the subcellular localization of NPMI1. The fact that the NPM1
mutants retaining tryptophan 288 always combine with the strongest NES
motif reveals a mutational selection pressure toward efficient export of the
leukemic mutants into cytoplasm, pointing to this event as critical for AML
development [10].

Since mutants retain their ability to bind wild-type NPM1 (through forma-
tion of heterodimers) and the oncosuppressor ARF, they might recruit these
molecules into ectopic sites (nucleoplasm and cytoplasm) [22, 25, 32] (Fig. 2B)
and interfere with their functions. Contribution of these events to leukemogen-
esis remains to be clarified.

Diagnosis of AML with Mutated NPM1

AML with mutated NPM ] is easily diagnosed using molecular biology techni-
ques, immunohistochemistry, or western blotting. Several molecular assays
have been described for detecting and characterizing NPM I mutations [3, 86,
95, 103]. Immunohistochemical detection of cytoplasmic NPM1 in B5-fixed/
EDTA decalcified bone marrow biopsies is predictive of NPM I mutations [35]
and may be used as a simple, rapid, and specific first-line screening to rationa-
lize cytogenetic and molecular studies in AML. Moreover, immunohistochem-
istry is particularly useful in diagnosing AML presenting with “dry tap” or
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myeloid sarcoma [9, 33]. Smears or cytospins are not suitable for NPM1
immunostaining [38], probably because the protein diffuse out of the cells.

Three different types of antibodies directed against fixative-resistant epi-
topes of nucleophosmin are available for immunohistochemistry: those
recognizing wild-type and mutant NPM1 proteins and those specifically
directed against either the mutant or the wild-type NPM1 protein. Mono-
clonal antibodies that recognize both wild-type and mutated NPM1 [23, 32,
38] are the most reliable reagents for immunohistochemical diagnosis of
AML with mutated NPM1 [35]. They label leukemic cells in cytoplasm
(which contains mutant and wild-type NPM1) and nucleus (which contains
only wild-type NPM1) (Fig. 3, top). Polyclonal antibodies which recognize
mutant but not wild-type NPM1 [32, 83, 85] label only the cytoplasm of
leukemic cells (Fig. 3, middle), providing evidence that mutants are comple-
tely dislocated in the cytoplasm. These reagents are very useful for research
purposes but are not suitable for routine diagnosis of AML with mutated
NPM]1 in paraffin sections, since the epitopes they recognize are frequently
denatured by fixation and embedding procedures [83]. Finally, a monoclonal
antibody recognizing only wild-type NPM1 [32, 83] stains the leukemic cells
in nucleus and cytoplasm, indicating that, in AML with mutated NPM 1, the
mutant recruits wild-type NPMI1 into the cytoplasm. Although useful for
research purposes, it is of little diagnostic relevance. The best control for
specificity of aberrant cytoplasmic expression of nucleophosmin is immunos-
taining with an antibody against C23/nucleolin, another abundant shuttling
nucleolar protein [11] which, in AML with mutated NPAM, is located only in
the nucleus [38] (Fig. 3, bottom).

Morphological Features and Immunophenotype of AML
with Mutated NPM1

AML with mutated NPM [ frequently exhibits the morphological features of
myelomonocytic (M4) or acute monocytic (M5) leukemia [28, 38, 93]. NPM1
mutations can be detected at a lower frequency in other FAB subtypes (M1,
M2, and M6). A significant fraction of AML with mutated NPMI shows
multilineage dysplasia.

Notably, at phenotypic analysis, over 95% of AML with mutated NPM 1 is
CD34-negative [38]. Paradoxically, CD34 negativity associates with over-
expression of most HOX and TALE genes [2, 107] which are implicated in
stem cell maintenance and leukemogenesis [65, 82]. HOX gene dysregulation in
AML with mutated NPM I resembles, but clearly differs from what is observed
in AML with MLL rearrangements, since upregulation of HOXB2 and B6 is
typical of NPM [ mutated but not of MLL-rearranged AML [70].
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Fig. 3 Aberrant cytoplasmic expression of nucleophosmin in AML with mutated NPM1. (Top)
Nuclear plus cytoplasmic expression of nucleophosmin in leukemic blasts (arrows). Normal
residual haemopoietic cells show nucleus-restricted NPM1 (arrowhead). Bone marrow
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Clinical Features of AML with Mutated NPM1

The frequency of AML with mutated NPM varies with age [38, 93, 99, 105]. It
accounts for 2.1-6.5% of AML in children [14, 18, 70] (9-26.9% of pediatric
AML-NK [14, 18, 70]) and 25-35% [8, 18, 28, 38, 93, 99, 105, 107] of AML in
adults (45.7-63.8 of adult AML-NK [8, 18, 28, 38, 93, 99, 105, 107]). Adult and
children with AML also appear to differ in the frequency of NPM [ mutation type.
Mutation A, the most frequent in adults, appears to be rare in children [104]. AML
with mutated NPM 1 tend to occur more frequently in women [28, 93, 105].
AML with mutated NPM 1 is characteristically a de novo leukemia [38].
Patients with this form of leukemia have higher white blood cell and platelet
counts than AML-NK without NPM I mutations [28, 105] and usually show a
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Fig. 4 Prognostic value of NPMI mutations in AML. Kaplan—Meier analysis of overall
survival in normal karyotype or intermediate-risk AML in subgroups defined by the presence
or absence of frameshift mutations in NPM [ and/or internal tandem duplication mutations of
FLT3. The panels were modified from Fig. 3B of Dohner et al (left), Fig. SA of Schnittger et al.
(middle), and Fig. 4A, B of Verhaak et al. (right). The vertical hash marks in the left and middle
panels indicate censored patients. Illustration by Frank Forney. (This figure was originally
published in Blood, Gallagher R. Dueling mutations in normal karyotype AML. Blood.
2005;106:3681-3682, copyright 2005 by the American Society of Hematology)
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Fig. 3 (continued) biopsy paraffin section stained with monoclonal antibody 376 that
recognizes wild-type and mutated NPM1 (APAAP technique; hematoxylin counterstaining;
x 1,000). (Middle) Cytoplasmic-restricted expression of mutant NPM1 protein in NPMc+
AML (arrow). Bone marrow biopsy paraffin section stained with a polyclonal antibody (Sil-
A) that recognizes mutated but not wild-type NPM1 (APAAP technique; hematoxylin
counterstaining; x 1,000). (Bottom) Nucleus-restricted expression of C23/nucleolin in
NPMc+ AML. Bone marrow biopsy paraffin section stained with a specific anti-C23
monoclonal antibody (APAAP technique; hematoxylin counterstaining; x 1,000). (This
figure was originally published in Falini B. et al. Translocations and mutations involving
the nucleophosmin (NPM1) gene in lymphomas and leukemias. Haematologica.
2007;92:519-532)
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good response to induction therapy [38, 93, 99, 105]. AML with mutated NPM [
without concomitant FLT3-ITD in patients under 60 years of age has a favor-
able prognosis [28, 45, 93, 105, 107] (Fig. 4) which is comparable to AML
carrying favorable genetic abnormalities, such as t(8;21) or inv(16). These
patients might possibly be exempted from allogeneic stem cell transplantation
[28] as first-line treatment. Interestingly, in the Medical Research Council series
[44], NPM I mutations emerged as an independent prognostic value, since
NPM [-mutated/ FLT3-1TD-positive AML had better prognosis than NPM I-
unmutated/FLT3-ITD-negative AML.

Unsolved Issues and Future Directions

Future efforts should focus on further elucidating the role NPM [ mutations in
leukemogenesis and its significance in the management of AML patients. As
wild-type NPM 1 protein performs multiple functions, unraveling the molecular
mechanism underlying AML with mutated NPM [ is anticipated to be a difficult
task. However, several factors that might contribute to AML development can
be envisaged. The perturbed cellular traffic of the NPM I mutants is likely to
interfere with the activities of wild-type NPM 1 and ARF proteins, and possibly
other yet unidentified NPM1 interacting partners, by recruiting them into
ectopic sites and interfering with their functions. Given the close association
of FLT3-ITD with NPM I mutations which is observed in clinical practice [28,
38, 93, 105, 107], the cooperative role of FLT3-ITD in AML with mutated
NPM] should be explored in animal models. Moreover, it remains to be
clarified whether the HOX gene upregulation typical of AML with mutated
NPM] reflects its derivation from a normal hematopoietic progenitor which
physiologically harbors this molecular signature or whether it is causally related
to the NPM1 mutant that could genetically re-program a common myeloid
progenitor to confer to this cell self-renewal capabilities.

Several major diagnostic and clinical issues are also on the agenda. Because
of its distinctive biological and clinical features, AML with mutated NPM [ has
been included as provisional entity in the 2008 World Health Organization
(WHO) classification of hemopoietic neoplasms. The good favorable prognos-
tic impact of NPM I-mutated/FLT3-1TD-negative genotype in AML patients
older than 60 years needs to be established. As NPM [ mutations are stable in
the course of the disease, they represent an ideal target for quantitative mon-
itoring of minimal residual disease in about one-third of adult AML. The value
of this approach in predicting early relapse and long-term survival in AML with
mutated NPM should be assessed in prospective clinical trials. Finally, better
understanding of NPM [-mediated leukemogenesis may eventually lead to the
development of targeted therapies. In this regard, the OCI-AMLS3 cell line
which exhibits the distinctive features of AML with mutated NPM I[85] might
serve as in vitro model for testing the activity of new drugs.



Acute Myeloid Leukemia with Mutated Nucleophosmin (NPM]1) 163

Acknowledgments Supported by the Associazione Italiana per la Ricerca sul Cancro (AIRC).
We would like to thank Mrs. Claudia Tibido for her excellent secretarial assistance and Dr.
Geraldine Anne Boyd for her help in editing this paper. B. Falini applied for a patent on
clinical use of NPM1 mutants.

References

11.

12.

13.

14.

15.

16.

18.

. Albiero E, Madeo D, Bolli N, et al. Identification and functional characterization of a

cytoplasmic nucleophosmin leukaemic mutant generated by a novel exon-11 NPM1
mutation. Leukemia. 2007;21:1099-1103.

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.
Ammatuna E, Noguera NI, Zangrilli D, et al. Rapid detection of nucleophosmin (NPM1)
mutations in acute myeloid leukemia by denaturing HPLC. Clin Chem. 2005;51:2165-2167.
Andersen JS, Lam YW, Leung AK, et al. Nucleolar protecome dynamics. Nature.
2005;433:77-83.

Apicelli AJ, Maggi LB, Jr, Hirbe AC, et al. A non-tumor suppressor role for basal
pl9ARF in maintaining nucleolar structure and function. Mol Cell Biol.
2008;28(3):1068-1080.

Bernard K, Litman E, Fitzpatrick JL, et al. Functional proteomic analysis of melanoma
progression. Cancer Res. 2007;63:6716-6725.

Bertwistle D, Sugimoto M, Sherr CJ. Physical and functional interactions of the Arf
tumor suppressor protein with nucleophosmin/B23. Mol Cell Biol. 2004;24:985-996.
Boissel N, Renneville A, Biggio V, et al. Prevalence, clinical profile, and prognosis of
NPM mutations in AML with normal karyotype. Blood. 2005;106:3618-3620.

Bolli N, Galimberti S, Martelli MP, et al. Cytoplasmic nucleophosmin in myeloid
sarcoma occurring 20 years after diagnosis of acute myeloid leukaemia. Lancet Oncol.
2006;7:350-352.

Bolli N, Nicoletti I, De Marco MF, et al. Born to be exported: COOH-terminal nuclear
export signals of different strength ensure cytoplasmic accumulation of nucleophosmin
leukemic mutants. Cancer Res. 2007;67:6230-6237.

Borer RA, Lehner CF, Eppenberger HM, et al. Major nucleolar proteins shuttle between
nucleus and cytoplasm. Cell. 1989;56:379-390.

Budhu AS, Wang XW. Loading and unloading: orchestrating centrosome duplication
and spindle assembly by Ran/Crm1. Cell Cycle. 2005;4:1510-1514.

Caudill JS, Sternberg AJ, Li CY, et al. C-terminal nucleophosmin mutations are uncom-
mon in chronic myeloid disorders. Br J Haematol. 2006;133:638-641.

Cazzaniga G, Dell’Oro MG, Mecucci C, et al. Nucleophosmin mutations in childhood
acute myelogenous leukemia with normal karyotype. Blood. 2005;106:1419-1422.

Chan PK, Chan FY. Nucleophosmin/B23 (NPM) oligomer is a major and stable entity in
HelLa cells. Biochim Biophys Acta. 1995;1262:37-42.

Chan PK, Liu QR, Durban E. The major phosphorylation site of nucleophosmin (B23) is
phosphorylated by a nuclear kinase I1. Biochem J. 1990;270:549-552.

Chan WY, Liu QR, Borjigin J, et al. Characterization of the cDNA encoding human
nucleophosmin and studies of its role in normal and abnormal growth. Biochemistry.
1989;28:1033-1039.

Chou WC, Tang JL, Lin LI, et al. Nucleophosmin mutations in de novo acute myeloid
leukemia: the age-dependent incidences and the stability during disease evolution. Cancer
Res. 2006;66:3310-3316.



164 B. Falini

19. Chou YH, Yung BY. Cell cycle phase-dependent changes of localization and oligomer-
ization states of nucleophosmin/B23. Biochem Biophys Res Commun. 1995;217:313-325.

20. Colombo E, Bonetti P, Lazzerini Denchi E, et al. Nucleophosmin is required for DNA
integrity and pl19Arf protein stability. Mol Cell Biol. 2005;25:8874-8886.

21. Colombo E, Marine JC, Danovi D, et al. Nucleophosmin regulates the stability and
transcriptional activity of p53. Nat Cell Biol. 2002;4:529-533.

22. Colombo E, Martinelli P, Zamponi R, et al. Delocalization and destabilization of the Arf
tumor suppressor by the leukemia-associated NPM mutant. Cancer Res. 2006;66:3044-3050.

23. Cordell JL, Pulford KA, Bigerna B, et al. Detection of normal and chimeric nucleophos-
min in human cells. Blood. 1999;93:632-642.

24. Dalenc F, Drouet J, Ader I, et al. Increased expression of a COOH-truncated nucleo-
phosmin resulting from alternative splicing is associated with cellular resistance to ioniz-
ing radiation in HeLa cells. Int J Cancer. 2002;100:662—668.

25. den Besten W, Kuo ML, Williams RT, et al. Myeloid leukemia-associated nucleophosmin
mutants perturb p53-dependent and independent activities of the Arf tumor suppressor
protein. Cell Cycle. 2005;4:1593—-1598.

26. Dergunova NN, Bulycheva TI, Artemenko EG, et al. A major nucleolar protein B23 as a
marker of proliferation activity of human peripheral lymphocytes. Immunol Lett.
2002;83:67-72.

27. Dingwall C, Dilworth SM, Black SJ, et al. Nucleoplasmin cDNA sequence reveals
polyglutamic acid tracts and a cluster of sequences homologous to putative nuclear
localization signals. EMBO J. 1987;6:69-74.

28. Dohner K, Schlenk RF, Habdank M, et al. Mutant nucleophosmin (NPM1) predicts
favorable prognosis in younger adults with acute myeloid leukemia and normal cytoge-
netics: interaction with other gene mutations. Blood. 2005;106:3740-3746.

29. Eirin-Lopez JM, Frehlick LJ, Ausio J. Long-term evolution and functional diversifica-
tion in the members of the nucleophosmin/nucleoplasmin family of nuclear chaperones.
Genetics. 2006;173:1835-1850.

30. Falini B. Any role for the nucleophosmin (NPM1) gene in myelodysplastic syndromes
and acute myeloid leukemia with chromosome 5 abnormalities? Leuk Lymphoma.
2007;48:2093-2095.

31. Falini B, Albiero E, Bolli N, et al. Aberrant cytoplasmic expression of C-terminal-
truncated NPM leukaemic mutant is dictated by tryptophans loss and a new NES
motif. Leukemia. 2007;21:2052-2054; author reply 2054; discussion 2055-2056.

32. Falini B, Bolli N, Shan J, et al. Both carboxy-terminus NES motif and mutated trypto-
phan(s) are crucial for aberrant nuclear export of nucleophosmin leukemic mutants in
NPMc+ AML. Blood. 2006;107:4514-4523.

33. Falini B, Lenze D, Hasserjian R, et al. Cytoplasmic mutated nucleophosmin (NPM)
defines the molecular status of a significant fraction of myeloid sarcomas. Leukemia.
2007;21:1566-1570.

34. Falini B, Martelli M, Mecucci C, et al. Cytoplasmic mutated nucleophosmin is stable in
primary leukemic cells and in a xenotransplant model of NPMc+ AML in SCID mice.
Haematologica. 2008;93(5):775-779.

35. Falini B, Martelli MP, Bolli N, et al. Immunohistochemistry predicts nucleophosmin
(NPM) mutations in acute myeloid leukemia. Blood. 2006;108:1999-2005.

36. Falini B, Mason DY. Proteins encoded by genes involved in chromosomal alterations in
lymphoma and leukemia: clinical value of their detection by immunocytochemistry.
Blood. 2002;99:409-426.

37. Falini B, Mecucci C, Saglio G, et al. NPM1 mutations and cytoplasmic nucleophosmin
are mutually exclusive of recurrent genetic abnormalities: a comparative analysis of 2562
AML patients. Haematologica. 2008;93(3):439-442.

38. 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.



Acute Myeloid Leukemia with Mutated Nucleophosmin (NPM]1) 165

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
6l.

Falini B, Nicoletti I, Bolli N, et al. Translocations and mutations involving the nucleo-
phosmin (NPM1) gene in lymphomas and leukemias. Haematologica. 2007;92:519-532.
Falini B, Nicoletti I, Martelli MF, et al. Acute myeloid leukemia carrying cytoplasmic/
mutated nucleophosmin (NPMc+ AML): biologic and clinical features. Blood.
2007;109:874-885.

Falini B, Pulford K, Pucciarini A, et al. Lymphomas expressing ALK fusion protein(s)
other than NPM-ALK. Blood. 1999;94:3509-3515.

Fenaux P, Jonveaux P, Quiquandon I, et al. P53 gene mutations in acute myeloid
leukemia with 17p monosomy. Blood. 1991;78:1652-1657.

Feuerstein N, Chan PK, Mond JJ. Identification of numatrin, the nuclear matrix protein
associated with induction of mitogenesis, as the nucleolar protein B23. Implication for the
role of the nucleolus in early transduction of mitogenic signals. J Biol Chem.
1988;263:10608-10612.

Gale RE, Green C, Allen C, et al. The impact of FLT3 internal tandem duplication
mutant level, number, size and interaction with NPM1 mutations in a large cohort of
young adult patients with acute myeloid leukemia. Blood. 2008;111(5):2776-2784.
Gallagher R. Dueling mutations in normal karyotype AML. Blood. 2005;106:3681-3682.
Gjerset RA, Bandyopadhyay K. Regulation of pl4ARF through subnuclear compart-
mentalization. Cell Cycle. 2006;5:686—690.

Goldberg AL. Protein degradation and protection against misfolded or damaged pro-
teins. Nature. 2003;426:895-899.

Grisendi S, Bernardi R, Rossi M, et al. Role of nucleophosmin in embryonic development
and tumorigenesis. Nature. 2005;437:147—-153.

Grisendi S, Mecucci C, Falini B, et al. Nucleophosmin and cancer. Nat Rev Cancer.
2006;6:493-505.

Hayami R, Sato K, Wu W, et al. Down-regulation of BRCA1-BARD1 ubiquitin ligase by
CDK2. Cancer Res. 2005;65:6—-10.

Herrera JE, Correia JJ, Jones AE, et al. Sedimentation analyses of the salt- and divalent
metal ion-induced oligomerization of nucleolar protein B23. Biochemistry. 1996;35:
2668-2673.

Herrera JE, Savkur R, Olson MO. The ribonuclease activity of nucleolar protein B23.
Nucleic Acids Res. 1995;23:3974-3979.

Hingorani K, Szebeni A, Olson MO. Mapping the functional domains of nucleolar
protein B23. J Biol Chem. 2000;275:24451-24457.

Hsu CY, Yung BY. Down-regulation of nucleophosmin/B23 during retinoic acid-
induced differentiation of human promyelocytic leukemia HL-60 cells. Oncogene.
1998;16:915-923.

Huang N, Negi S, Szebeni A, et al. Protein NPM3 interacts with the multifunctional
nucleolar protein B23/nucleophosmin and inhibits ribosome biogenesis. J Biol Chem.
2005;280:5496-5502.

Jones CE, Busch H, Olson MO. Sequence of a phosphorylation site in nucleolar protein
B23. Biochim Biophys Acta. 1981;667:209-212.

Kuo ML, den Besten W, Bertwistle D, et al. N-terminal polyubiquitination and degrada-
tion of the Arf tumor suppressor. Genes Dev. 2004;18:1862-1874.

Kurki S, Peltonen K, Laiho M. Nucleophosmin, HDM?2 and p53: players in UV damage
incited nucleolar stress response. Cell Cycle. 2004;3:976-979.

Kurki S, Peltonen K, Latonen L, et al. Nucleolar protein NPM interacts with HDM?2 and
protects tumor suppressor protein p53 from HDM?2-mediated degradation. Cancer Cell.
2004;5:465-475.

Lam YW, Trinkle-Mulcahy L, Lamond AI. The nucleolus. J Cell Sci. 2005;118:1335-1337.
Lambert B, Buckle M. Characterisation of the interface between nucleophosmin (NPM)
and p53: potential role in p53 stabilisation. FEBS Lett. 2006;580:345-350.



166 B. Falini

62. Lee SY, Park JH, Kim S, et al. A proteomics approach for the identification of nucleo-
phosmin and heterogeneous nuclear ribonucleoprotein C1/C2 as chromatin-binding
proteins in response to DNA double-strand breaks. Biochem J. 2005;388:7—15.

63. Lingle WL, Salisbury JL. The role of the centrosome in the development of malignant
tumors. Curr Top Dev Biol. 2000;49:313-329.

64. Liso A, Bogliolo A, Freschi V, et al. In human genome, generation of a nuclear export
signal through duplication appears unique to nucleophosmin (NPM1) mutations and is
restricted to AML. Leukemia. 2008;22(6):1285-1289.

65. Look AT. Oncogenic transcription factors in the human acute leukemias. Science.
1997;278:1059-1064.

66. Ma Z, Kanai M, Kawamura K, et al. Interaction between ROCK II and Nucleophosmin/
B23 in the regulation of centrosome duplication. Mol Cell Biol. 2006;26:9016-9034.

67. Maiguel DA, Jones L, Chakravarty D, et al. Nucleophosmin sets a threshold for p53
response to UV radiation. Mol Cell Biol. 2004;24:3703-3711.

68. Mariano AR, Colombo E, Luzi L, et al. Cytoplasmic localization of NPM in myeloid
leukemias is dictated by gain-of-function mutations that create a functional nuclear
export signal. Oncogene. 2006;25:4376-4380.

69. Morris SW, Kirstein MN, Valentine M B, et al. Fusion of a kinase gene, ALK, to a nucleolar
protein gene, NPM, in non-Hodgkin’s lymphoma. Science. 1994;263: 1281-1284.

70. Mullighan CG, Kennedy A, Zhou X, et al. Pediatric acute myeloid leukemia with NPM 1
mutations is characterized by a gene expression profile with dysregulated HOX gene
expression distinct from MLL-rearranged leukemias. Leukemia. 2007;21:2000-2009.

71. Nakagawa M, Kameoka Y, R. S. Nucleophosmin in acute myelogenous leukemia (letter).
N Engl J Med. 2005;352:1819-1820.

72. Namboodiri VM, Akey IV, Schmidt-Zachmann MS, et al. The structure and function of
Xenopus NO38-core, a histone chaperone in the nucleolus. Structure. 2004;12:2149-2160.

73. Negi SS, Olson MO. Effects of interphase and mitotic phosphorylation on the mobility
and location of nucleolar protein B23. J Cell Sci. 2006;119:3676-3685.

74. Nishimura Y, Ohkubo T, Furuichi Y, et al. Tryptophans 286 and 288 in the C-terminal
region of protein B23.1 are important for its nucleolar localization. Biosci Biotechnol
Biochem. 2002;66:2239-2242.

75. Nozawa Y, Van Belzen N, Van der Made AC, et al. Expression of nucleophosmin/B23 in
normal and neoplastic colorectal mucosa. J Pathol. 1996;178:48-52.

76. Oki Y, Jelinek J, Beran M, et al. Mutations and promoter methylation status of NPM1 in
myeloproliferative disorders. Haematologica. 2006;91:1147-1148.

77. Okuda M. The role of nucleophosmin in centrosome duplication. Oncogene. 2002;21:
6170-6174.

78. Okuda M, Horn HF, Tarapore P, et al. Nucleophosmin/B23 is a target of CDK2/cyclin E
in centrosome duplication. Cell. 2000;103:127-140.

79. Okuwaki M. The structure and functions of NPM1/Nucleophsmin/B23, a multifunc-
tional nucleolar acidic protein. J Biochem. 2008;143(4):441-448.

80. Okuwaki M, Matsumoto K, Tsujimoto M, et al. Function of nucleophosmin/B23, a
nucleolar acidic protein, as a histone chaperone. FEBS Lett. 2001;506:272-276.

81. Okuwaki M, Tsujimoto M, Nagata K. The RNA binding activity of a ribosome biogen-
esis factor, nucleophosmin/B23, is modulated by phosphorylation with a cell cycle-
dependent kinase and by association with its subtype. Mol Biol Cell. 2002;13:2016-2030.

82. Owens BM, Hawley RG. HOX and non-HOX homeobox genes in leukemic hematopoi-
esis. Stem Cells. 2002;20:364-379.

83. Pasqualucci L, Liso A, Martelli MP, et al. Mutated nucleophosmin detects clonal multi-
lineage involvement in acute myeloid leukemia: impact on WHO classification. Blood.
2006;108:4146-4155.

84. Peter M, Nakagawa J, Doree M, et al. Identification of major nucleolar proteins as
candidate mitotic substrates of cdc2 kinase. Cell. 1990;60:791-801.



Acute Myeloid Leukemia with Mutated Nucleophosmin (NPM]1) 167

85.

86.

87.

88.
. Ruggero D, Pandolfi PP. Does the ribosome translate cancer? Nat Rev Cancer.

90.

91.

92.

93.

94.

95.

96.
. Shiseki M, Kitagawa Y, Wang YH, et al. Lack of nucleophosmin mutation in patients

98.

99.

100.

101.

102.

103.

104.

105.

Quentmeier H, Martelli MP, Dirks WG, et al. Cell line OCI/AMLS3 bears exon-12 NPM
gene mutation-A and cytoplasmic expression of nucleophosmin. Leukemia. 2005;19:
1760-1767.

Roti G, Rosati R, Bonasso R, et al. Denaturing high-performance liquid chromatogra-
phy: a valid approach for identifying NPM 1 mutations in acute myeloid leukemia. J Mo/
Diagn. 2006;8:254-259.

Rubbi CP, Milner J. Disruption of the nucleolus mediates stabilization of p53 in
response to DNA damage and other stresses. EMBO J. 2003;22:6068—6077.

Rubbi CP, Milner J. pS3-guardian of a genome’s guardian? Cell Cycle. 2003;2:20-21.

2003;3:179-192.

Savkur RS, Olson MO. Preferential cleavage in pre-ribosomal RNA by protein B23
endoribonuclease. Nucl Acids Res. 1998;26:4508-4515.

Schmidt-Zachmann MS, Franke WW. DNA cloning and amino acid sequence determi-
nation of a major constituent protein of mammalian nucleoli. Correspondence of the
nucleoplasmin-related protein NO38 to mammalian protein B23. Chromosoma.
1988;96:417-426.

Schmidt-Zachmann MS, Hugle-Dorr B, Franke WW. A constitutive nucleolar protein
identified as a member of the nucleoplasmin family. EMBO J. 1987;6:1881-1890.
Schnittger S, Schoch C, Kern W, et al. Nucleophosmin gene mutations are predictors of
favorable prognosis in acute myelogenous leukemia with a normal karyotype. Blood.
2005;106:3733-3739.

Scholl S, Luftner J, Mugge LO, et al. Sustained expression of nucleophosmin (NPM1)
mutation at late relapse presenting as isolated myeloid sarcoma in a patient with acute
myeloid leukemia. Ann Hematol. 2007;86:763-765.

Scholl S, Mugge LO, Landt O, et al. Rapid screening and sensitive detection of NPM 1
(nucleophosmin) exon 12 mutations in acute myeloid leukaemia. Leuk Res.
2007;31:1205-1211.

Sherr CJ. Divorcing ARF and p53: an unsettled case. Nat Rev Cancer. 2006;6:663-673.

with myelodysplastic syndrome and acute myeloid leukemia with chromosome 5
abnormalities. Leuk Lymphoma. 2007;48:2141-2144.

Spector DL, Ochs RL, Busch H. Silver staining, immunofluorescence, and immunoelec-
tron microscopic localization of nucleolar phosphoproteins B23 and C23. Chromosoma.
1984;90:139-148.

Suzuki T, Kiyoi H, Ozeki K, et al. Clinical characteristics and prognostic implications of
NPMI1 mutations in acute myeloid leukemia. Blood. 2005;106:2854-2861.
Swaminathan V, Kishore AH, Febitha KK, et al. Human histone chaperone nucleo-
phosmin enhances acetylation-dependent chromatin transcription. Mol Cell Biol.
2005;25:7534-7545.

Szebeni A, Olson MO. Nucleolar protein B23 has molecular chaperone activities.
Protein Sci. 1999;8:905-912.

Tarapore P, Shinmura K, Suzuki H, et al. Thr199 phosphorylation targets nucleophos-
min to nuclear speckles and represses pre-mRNA processing. FEBS Lett. 2006;580:
399-409.

Thiede C, Creutzig E, Illmer T, et al. Rapid and sensitive typing of NPM1 mutations
using LNA-mediated PCR clamping. Leukemia. 2006;20:1897-1899.

Thiede C, Creutzig E, Reinhardt D, et al. Different types of NPM 1 mutations in children
and adults: evidence for an effect of patient age on the prevalence of the TCTG-tandem
duplication in NPM1-exon 12. Leukemia. 2007;21:366-367.

Thiede C, Koch S, Creutzig E, et al. Prevalence and prognostic impact of NPM1
mutations in 1485 adult patients with acute myeloid leukemia (AML). Blood.
2006;107:4011-4020.



168

106.

107.

108.

109.

110

111.

112.

113.

114.

115.

116.

117.

118.

B. Falini

Tsui KH, Cheng AJ, Chang PL, et al. Association of nucleophosmin/B23 mRNA
expression with clinical outcome in patients with bladder carcinoma. Urology.
2004;64:839-844.

Verhaak RG, Goudswaard CS, van Putten W, et al. Mutations in nucleophosmin
(NPM1) in acute myeloid leukemia (AML): association with other gene abnormalities
and previously established gene expression signatures and their favorable prognostic
significance. Blood. 2005;106:3747-3754.

Wang D, Baumann A, Szebeni A, et al. The nucleic acid binding activity of nucleolar
protein B23.1 resides in its carboxyl-terminal end. J Biol Chem. 1994;269:30994-30998.
Wang W, Budhu A, Forgues M, et al. Temporal and spatial control of nucleophosmin
by the Ran-Crm1 complex in centrosome duplication. Nat Cell Biol. 2005;7:823-830.
Wang D, Umekawa H, Olson MO. Expression and subcellular locations of two forms of
nucleolar protein B23 in rat tissues and cells. Cell Mol Biol Res. 1993;39:33-42.

Wattel E, Preudhomme C, Hecquet B, et al. p53 mutations are associated with resistance
to chemotherapy and short survival in hematologic malignancies. Blood. 1994;84:
3148-3157.

Wu MH, Chang JH, Yung BY. Resistance to UV-induced cell-killing in nucleophosmin/
B23 over-expressed NIH 3T3 fibroblasts: enhancement of DNA repair and up-regula-
tion of PCNA in association with nucleophosmin/B23 over-expression. Carcinogenesis.
2002;23:93-100.

Yao J, Fu C, Ding X, et al. Nek2A kinase regulates the localization of numatrin to
centrosome in mitosis. FEBS Lett. 2004;575:112—-118.

Yu'Y, Maggi LB, Jr., Brady SN, et al. Nucleophosmin is essential for ribosomal protein
L5 nuclear export. Mol Cell Biol. 2006;26:3798-3809.

Yun JP, Chew EC, Liew CT, et al. Nucleophosmin/B23 is a proliferate shuttle protein
associated with nuclear matrix. J Cell Biochem. 2003;90:1140-1148.

Yung BY, Chan PK. Identification and characterization of a hexameric form of nucleo-
lar phosphoprotein B23. Biochim Biophys Acta. 1987,925:74-82.

Zhang H, Shi X, Paddon H, et al. B23/nucleophosmin serine 4 phosphorylation med-
iates mitotic functions of polo-like kinase 1. J Biol Chem. 2004;279:35726-35734.
Zhang Y, Zhang M, Yang L, et al. NPM 1 mutations in myelodysplastic syndromes and
acute myeloid leukemia with normal karyotype. Leuk Res. 2006;31:109-111.



MicroRNAs: New Players in AML Pathogenesis

Milena S. Nicoloso, Bharti Jasra, and George A. Calin

MicroRNAs: Biogenesis and Function

MicroRNAs (miRNAs) constitute a class of regulatory non-coding RNAs
involved in gene silencing pathways. They are single-stranded RNA molecules
ranging from 19 to 25 nucleotides and may be considered the natural counter-
parts of small interfering RNAs (siRNAs). Because of their fine regulation of
gene expression at the post-transcriptional level, miRNAs are crucial players in
several regulatory pathways, including developmental timing, organogenesis,
differentiation, hematopoiesis, apoptosis, cell proliferation, and tumorigenesis
[2]. The regulatory network of miRNA and messenger RNA (mRNA) is com-
binatorial and unique to each cell type; in fact, a single miRNA molecule can
bind and repress several different mRNAs and multiple miRNAs cooperate to
control a single mRNA target, in a cell-customized manner [36]. Because of
their pleiotropic gene expression regulation potential, miRNAs are also con-
sidered cellular micromanagers [2, 36].

miRNAs are transcribed from endogenous genes by RNA polymerase II [5,
35] and the primary transcripts (pri-miRNAs), which can be up to 1-kb long,
contain cap structures as well as poly(A) tails, like all class II gene transcripts.
To generate mature miRNAs, primary transcripts undergo two sequential
digestion steps (Fig. 1). The first step occurs in the nucleus through the action
of DROSHA, a double-stranded RNA-specific ribonuclease I [33] that is
responsible for cropping the hairpin-shaped secondary structures of pri-miR-
NAs into precursor miRNAs (pre-miRNAs), which are 60—110 nucleotides
long. After the nuclear export of the pre-miRNAs via EXPORTIN-5/RAN-
GTP [37, 49], the second step occurs in the cytoplasm through DICER, another
class III ribonuclease, initially generating a double-stranded product 19-25
nucleotides long [3, 27]. Only one strand of the miRNA duplex will be
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Fig. 1 MicroRNA biogenesis and mechanism of action. In the nucleus, the polymerase 11-
dependent primary microRNA transcript is processed into the hair pin-shaped precursor
miRNA. The maturation of the precursor miRNA occurs in the cytoplasm, where the active
RISC-miRNA complex is assembled and recognizes its multiple substrates. According to the
degree of the miRNA-mRNA complementarity, the silencing mechanism is based on the
inhibition of protein translation or mRNA degradation. In either case, the final effect is a
reduction in total protein expression levels

incorporated into an RNA—protein effector complex, the RNA-induced silencing
complex (RISC) [17, 46]. Dicer plays an active part in RISC assembly, along with
the double-stranded RNA-binding protein TARBP2 and proteins of
the Argonaute family, which are the core components of RISC [23, 47].
RISC distinguishes the guide strand of the duplex miRNA from the passenger
strand and specifically incorporates the single-stranded mature miRNA,
coupling miRNA biogenesis and target-RNA interference [12]. Mature miRNAs,
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loaded onto RISC, mediate target gene regulation by base-pairing with the 3’
untranslated regions (3° UTR) of mRNAs [1]. Finally, miRNA-bound mRNAs
remain untranslated, with reduction in corresponding protein levels, or are
degraded, with reduction in both the mRNA transcript and the protein levels.

miRNAs are commonly associated with complex transcriptional loci and can
be classified into exonic or intronic subsets according to their genomic locations
[45]. Since most miRNAs are found in intergenic regions (>1 kb away from
annotated or predicted genes) or are oriented antisense-wise to neighboring
genes it has been postulated that miRNAs can be transcribed as autonomous
units [47, 48]. When localized close to each other, miRNAs give rise to a single
polycistronic transcription unit [34] with its own promoter. Additionally, it is
very likely that the tissue-specific expression profiles of intronic miRNAs,
which are oriented sense-wise to the host gene, correlate with those of the
corresponding mRNAs.

MiRNA in Hematopoiesis

Cell differentiation during hematopoiesis requires a precise gene reprogramming
that has recently been shown to rely on the fine modulation of gene expression by
miRNA ([8]; Table 1). miRNA expression patterns display large differences
between hematopoietic and non-hematopoietic cells and specific hematopoietic
lineages have unique characteristics. Fully differentiated effector cells (Th1 and
Th2 (T helper) lymphocytes and mast cells) and precursors at comparable stages
of differentiation (double-negative thymocytes and pro-B cells) are characterized
by similar miRNA motifs. The distinctive miRNA milieu of a cell affects not only
the process of cellular lineage commitment but also the process of cell differentia-
tion and the maintenance of cell identity [38].

Table 1 MiRNAs involved in hematopoiesis
MicroRNA Lineage Function in hematopoiesis Reference

miR-142 Myelopoiesis Highly expressed in myeloid ~ [8]
lineages/ induces T-cell
lineage commitment when

overexpressed.
miR-223 Myelopoiesis/ Highly expressed in myeloid ~ [8, 15,
granulopoiesis lineages/ induces T-cell 19-21]
Megakaryocytopoiesis lineage commitment when

overexpressed; increased
during RA-induced
granulocytic
differentiation; reduced at
first and then increased
during megakaryocytic

differentiation.
miR-15a, miR-15b Megakaryocytopoiesis  Reduced at first and then [19, 20]
Granulocytic increased during

differentiation




Table 1 (continued)

MicroRNA Lineage Function in hematopoiesis Reference
megakaryocytic
differentiation;
increased by ATRA
treatment.
miR-16 Megakaryocytopoiesis  Reduced at first and then [19-21]
granulopoiesis, increased during
monocytopoiesis, megakaryocytic
B-lymphopoiesis differentiation; increased
by ATRA treatment.
Let-7a, Let-7¢, Let- Granulopoiesis Increased by ATRA [20]
7d, miR-342, treatment.
miR-181 B-Lymphopoiesis and  Induces B-cell lineage [8, 21]
all branches of commitment when
hematopoiesis overexpressed; blocked in
early differentiation.
miR-128 All branches of Blocked in early [21]
hematopoiesis differentiation.
miR-221 and miR- Erythropoiesis Induce growth arrest and [16, 21]
222 differentiation.
miR-155, miR-24, Myelopoiesis and [21]
miR-17 B-lymphopoiesis
miR-103, Granulopoiesis, [21]
monocytopoiesis,
B-lymphopoiesis
miR-150 Lymphopoiesis Highly expressed during B [38]
and T development and
maturation; reduced in
Thl and Th2
differentiated state
miR-146 Lymphopoiesis Upregulated in Th2 [21, 38]
differentiated state
miR-17-5p, miR-20a, ~ Monocytopoiesis Downregulated during [18, 38]
miR-106a initial phases of
monocytic differentiation
and maturation
miR17-92 cluster Erythropoiesis Overexpression in
erythroblastic cell lines [10]
triggers EPO-induced
proliferation.
miR-10a, miR-10b, Megakaryocytopoiesis  Downregulated during [19]
miR-30¢, miR-106, differentiation.
miR-126, miR-
130a, miR-132
miR-143 Megakariocytopoiesis ~ Downregulated during [19]
differentiation.
miR-107 Granulopoiesis, Increased by ATRA [20, 21]
monocytopoiesis, treatment.

B-lymphopoiesis
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Chen et al. performed the first study confirming the importance of miRNAs in
hematopoiesis by dissecting miRNA expression in murine hematopoietic lineages
[8]. This work demonstrated how certain miRNAs are specifically expressed in
hematopoietic cells and how their expression is dynamically regulated during early
lineage commitment. According to this expression study, murine B cell progenitors
express abundant miR-181a, while myeloid lineages highly express miR-223 and
miR-142. In fact, ectopic expression of miR-181 in hematopoietic stem and pro-
genitor cells enhanced the number of B-lineage cells, whereas miR-223 and miR-
142 expression unexpectedly induced a T-cell lineage commitment [8§].

Monticelli’s group’s systematic miRNA gene profiling of murine hemato-
poietic cell types at immature, mature, and effector stages also confirmed that
miRNA expression patterns were modulated along each differentiation and
maturation step [38]. In particular, they observed a high expression of miR-150
during the developmental stages of B- and T-cell maturation, followed by its
downmodulation during the differentiation of naive T cells into effector Thl
and Th2 cells, while miR-146 was upregulated solely in Th1-committed cells.

Felli et al. [16] showed that miR-221 and miR-222 expression decreases
during early erythropoiesis, with a concomitant accumulation of ¢c-KIT protein,
which is in turn responsible for erythroblast expansion. Indeed, when they
overexpressed miR-221 and miR-222 in CD34™ cell lines or in erythroid leuke-
mic cell lines, they observed growth arrest and accelerated differentiation
accompanied by a loss of ¢c-KIT protein. Furthermore, transplantation experi-
ments in NOD-SCID (non-obese diabetic severe combined immunedeficient)
mice revealed that the expression of miR-221 and miR-222 in CD34" cells
impairs their engraftment capacity and stem cell activity, suggesting a more
generalized regulation of differentiation [16].

In another study, Fazi et al. [15] explored how human granulopoiesis is
controlled by the mini-circuitry comprising miR-223 and transcription factors
NF1-A and C/EBPa. NF1-A and C/EBPa act as miR-223 transactivators, with
NF1-A constitutively interacting with and repressing the miR-223 promoter
and C/EBPu activating miR-223 expression in a differentiation-specific way.
During retinoic acid (RA)-induced granulocytic differentiation, C/EBPa dis-
places the repressive NF1-A from the miR-223 promoter, upregulating miR-223
expression; miR-223 in turn acts as part of an autoregulatory loop, targeting
NFI-4 mRNA and blocking its translation. Therefore, miR-223 reinforces its
own sustained expression, so as to mediate lineage-specific reprogramming.
Indeed, in acute promyelocytic (APL) cell lines, both NFI/-4 RNA interference
and miR-223 overexpression enhanced differentiation, whereas miR-223 knock-
down inhibited the differentiation response of granulocytes to RA [15].

The miRNA expression profile of CD34" hematopoietic stem—progenitor
cells (HSPC) correlates with the mRNA expression profile of CD34" cells
based on predicted miRNA interactions This finding, supported by experimen-
tal evidence (e.g., results from luciferase and differentiation assays), allowed
Georgantas et al. to identify miRNAs participating in each step of human
hematopoiesis, based on the differentiation potential of the predicted targets
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[21]. Specifically, miR-181 and miR-128 were found to inhibit differentiation in
all hematopoietic lineages, whereas miR-146 was specifically found to partici-
pate in lymphoid differentiation; miR-155, miR-24, and miR-17 in granulocytic,
monocytic, erythroid, megakaryocytic, and B-lymphoid differentiation; and
miR-16, miR-103, and miR-107 in granulocytic, monocytic, and B-lymphoid
differentiation [21]. Georgantas’ study also pinpointed miRNAs specific to a
single lineage; for example, miR-221 and miR-222 were found to be important in
erythroid development and miR-223 was found to be important in granulocytic
development, both in agreement with results from other investigators [15, 16].
On the contrary, the miRNA profiling in hematopoiesis from Georgantas et al.
does not resemble the miRNA behavior observed for mouse miR-142, miR-181,
and miR-223 [42], suggesting that miRNAs may act differently in human
hematopoiesis and mouse hematopoiesis.

Fontana et al. identified three miRNAs (miR-17-5p, miR-20a, and miR-106a)
from the miRNA 17~92 and miR-106a~92 clusters to have regulatory roles
during monocytic differentiation. Their report proposes the existence of a
cascade-controlling monocytopoiesis associated with a sequential decrease in
miR-17-5p, miR-20a, and miR-106a levels and a concomitant increase of AMLI
and M-CSFR (monocytic-colony-stimulating factor receptor) expression. Blast
cell proliferation and the inhibition of monocytic differentiation and matura-
tion were enhanced by high levels of miR-17-5p, miR-20a, and miR-106a, which
are found highly expressed in CD34 " hematopoietic progenitor cells (HPCs).
These miRNAs were shown to interact directly with AMLI 3’ UTR and to
block AMLI protein synthesis. The downregulation of AMLI leads to the
downregulation of M-CSFR expression, which in turn promotes the mainte-
nance of an undifferentiated state [4]. These miRNAs were also shown to be
downregulated during the initial stages of monocytopoiesis to enhance AM LI
translation. Furthermore, AM LI has been shown to form a negative feedback
loop by inhibition of the miRNA 17~92 and 106a~92 transcription through
direct promoter binding; as a consequence, AMLI reinforces the monocytic
differentiation and maturation program [18].

The expression patterns of miR-17-5p, miR-20a, and miR-106a are different
in monocytic and erythroid lineages [16]. In monocytic differentiation, the levels
of these miRNAs are inversely correlated with that of AM LI protein, whereas
in erythroid differentiation no inverse correlation was found. Therefore, the
processing of these miRNAs is controlled in part by lineage-specific factors [18].

miRNAs have also been demonstrated to be important in megakaryocyto-
poiesis. By studying miRNA expression in megakaryocytes differentiated in
vitro from CD34" hematopoietic progenitors, Garzon et al. identified a dis-
tinctive miRNA signature characterized by the downregulation of miR-10a,
miR-10b, miR-30c, miR-106, miR-126, miR-130a, and miR-132 and by the
upregulation of miR-143 [19]. Interestingly, miR-223, miR-15, and miR-16
showed biphasic expression with downregulation during the initial phases of
megakaryocytic differentiation and gradual upregulation in later phases. The
significance of this modulation was confirmed by the finding that mRNA
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targets for these miRNAs are well-known regulators of megakaryocytopoiesis.
Additionally, miR-130a was shown to regulate the transcription factor M AFB,
which is involved in the activation of the GPIIB promoter, a key protein in
platelet function [19].

MicroRNAs in Acute Myelogenous Leukemia

A large body of evidence has accumulated since the original discovery of the
loss of function of miR-15a/16-1 in chronic lymphocytic leukemia (CLL) [6]
that miRNAs are now widely accepted as active players in tumorigenesis
(Table 2). miRNA genes are frequently located at fragile sites, minimal regions
of loss of heterozygosity, regions of amplification, and common chromosomal
breakpoints [7]. Many miRNAs can act either as tumor suppressor genes or as
oncogenes and have been proven to accelerate the oncogenic process, depend-
ing on the mRNA they target [14]. For example, the first oncomir, i.e., the
cluster miR-17~92, accelerates ¢-Myc-induced lymphomagenesis in mice [25].
Nonetheless, very few studies have been published on the expression and role of
miRNAs in acute myelogenous leukemia (AML).

In one study, Ramkissoon et al. [42] compared the expression of hematopoi-
esis-specific miRNAs (miR-142, miR-155, miR-181, and miR-223) from 17 com-
mercially available malignant hematopoietic cell lines with miRINAs from normal
human B, T, monocytic, and granulocytic lineages. The group demonstrated
that, although expression patterns were similar to those in normal human hema-
topoietic linecages, malignant cells had altered miRNA expression levels, indicat-
ing a role for miRNA deregulation in human hematopoietic malignancies as well.

Table 2 Demonstrated miRNA targets relevant in myeloid malignancies

MicroRNA Target Target gene function Reference
miR-223, miR- NFI-A Transcription factor known to regulate genes [15,20]
107 involved in cell proliferation.
miR-221 and c-KIT Transmembrane tyrosine-kinase receptor for [16]
miR-222 stem cell factor, required for normal
hematopoiesis.
miR-17-5p, AMLI DNA binding subunit of the hematopoietic [18, 35]
miR-20a, transcription factor CBF, controlling multiple
miR-106a genes involved in myeloid differentiation.
miR-130a MAFB Transcription factor involved in the activation [19]
of GPIIS, a key protein for platelet
physiology.
miR-10a HOXAI Homeodomain transcription factor with a role [19]
in regulating definitive hematopoiesis.
miR-15a, miR- BCL2 Anti-apoptotic protein. [9, 19]
16-1
Let-7a RAS Small GTPase involved in the regulation of cell ~ [20]

proliferation, survival, and apoptosis.
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Recently, it was proven that miRNA expression levels could be used to sub-
classify AML with normal karyotypes and a possible function has since been
proposed for miR-181a in lineage development and differentiation state of
AML [11]. In their study, Debernardi et al. used quantitative real-time PCR
to compare five specific miRNA expression levels with the transcriptome profile
of 30 diploid karyotype AML samples. The five miRNAs included miR-10a,
miR-10b, miR-196a-1, located within the HOX clusters and known to target
homeobox genes, and miR-181a and miR-223, which are important in hemato-
poietic development. Of these miRNAs, miR-181a had the highest number of
correlations with its predicted target genes, indicating that it may directly
regulate the transcript level of the negatively correlated target genes or indir-
ectly regulate positively correlated genes. Furthermore, investigators were able
to use miR-181a to classify the AML samples into FAB (French-American-
British classification of leukemia) subsets, as it was expressed at distinctively
higher levels in M1 and M2 AML samples than in M4 or M5 AML samples.
This observation strongly supports the possibility of using in the near future
miRNA expression profiles to stratify AML patients according to diagnosis,
and eventually also to prognosis and response to treatment, leading overall to
better patient management.

In Debernardi’s study it was also reported that the three miRNAs located in
the intergenic regions of the HOX clusters, miR-10a, miR-10b, and miR-196a-1,
had high positive correlations with almost all the genes of the HOXA and
HOXRB clusters, except for HOXAI and HOXA13 in cluster A and HOXBI
and HOXBI3 in cluster B [11]. This finding was in agreement with previous
work by Garzon et al. showing that miR-10a and HOX A1 interact directly and
that their levels are inversely correlated during megakaryocytic differentiation
[19]. Additionally, Garzon et al. described a common regulatory transcription
mechanism for the HOX cluster genes and the miRNAs located within them
that are positively correlated (i.e., HOXB4 and HOXBS5 and miRI10a) [19].
Notably, the HOX family of homeodomain transcription factors are critical
regulators of definitive hematopoiesis, and the deregulation of HOX gene
expression is a characteristic of poor AML prognosis [13].

Altogether these findings suggest that miRINA alteration in AML is a part of
the deregulated HOX code relevant to the pathogenesis of myeloid malignan-
cies [48]. In fact, in AML samples with normal karyotypes, 30% of the genes
correlating with miR-10a, miR-10b, and miR-196a-1 expression are known for
their oncogenic potential, and many are transcription factors, further support-
ing a HOX-driven oncogene activation in leukemogenesis. Although prelimin-
ary and merely descriptive, the study by Debernardi et al. [11] clearly opened the
field of miRNA involvement in AML pathogenesis and suggested that a more
extensive analysis of a larger number of miRNAs could provide valuable
insights into leukemogenesis.

AMLI/RUNXI is a gene frequently deregulated in AML by t(8;21)
translocations, which are associated with 12% of de novo AML cases and up
to 40% of AML subtypes with M2 morphology. These translocations have also
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been reported in a small portion of M0, M1, and M4 AML samples [41]. The
fusion protein AMLI-ETO that results from the translocation process inter-
feres with AMLI1-dependent gene transactivation [26]. The overexpression of
miR-17-5p, miR-18a, miR-20a, and miR-106a downregulates AML1 and can
mimic the role of the AMLI-ETO fusion protein, which promotes the prolif-
eration of immature cells and blocks monocytopoiesis by inhibiting the AMLI-
dependent transcription of the M-CSFR gene [39, 43]. Specifically, the effects of
miRNA overexpression are reminiscent of the phenotype of M2/M4 AML
subtypes that are associated with AMLI1-ETO fusion protein expression
(i.e., blockade of myeloid and monocytic differentiation coupled with extensive
self-renewal capacity). However, miR 17-5p, miR-18a, miR-20a, and miR-106a
overexpression is not leukemogenic per se and requires additional genetic
alterations, as seen in AMLI-ETO knock-in mice [30].

This evidence that miRNAs are relevant in leukemia has opened a new area
of targeted drug development. For example, antagomirs—chemically modified
anti-miRNA oligonucleotides conjugated with cholesterol—inhibit miRNA
activity in mice and might be useful as therapeutic agents [29]. By using
antagomirs, Krutzfeldt et al. were able to inhibit endogenous miRNA-17-5p
and miR—20a in HPCs and to induce more rapid monocytic differentiation and
inhibition of proliferation. In AML cases in which these miRNAs are over-
expressed, the administration of antagomirs may become a therapeutic option.
Additionally, the experiments of Felli et al. in c-KIT + erythroleukemic cells,
which differentiated in response to miR-221 and miR-222 overexpression, sug-
gest a potential role for miR-221 and miR-222 genes in AML therapy [16].

A novel oncogenic role in erythroid leukemia has been attributed to the miR-
17~92 cluster [10]. In particular, by studying the murine model of F-MuLV-
induced erythroleukemia, Cui et al. identified a novel gene, FLI-3, that was
activated or amplified by insertional mutagenesis and highly conserved in the
human C130rf25 gene. Interestingly, C130rf25 is also frequently amplified in
several types of human tumors, including lymphoma and lung cancer [24, 44],
and it has been demonstrated to encode the miR-17~92 cluster. In the FLI-3-
driven erythroleukemic cell lines, the miR-17~92 cluster was upregulated,
suggesting an oncogenic role in erythroleukemia, analogous to its role in the
¢-M Y C-driven B-cell lymphoma mouse model [24]. According to Cui et al., the
overexpression of the cluster in erythroblastic cell lines switched Erythropoietin
(EPO)-induced differentiation to EPO-induced proliferation and activated the
RAS and PI3K pathways. The direct target genes of the miR-17~92 cluster that
are involved in the erythroleukemic transformation process have yet to be
identified, although the cellular program the miR-17~92 cluster activates over-
laps with the one induced by Fli-1 expression in erythroblastic cell lines and is
characterized by the increase of SPI-1 and the downregulation of the cell cycle
inhibitor p27 [10].

Recent developments now indicate that miRNA may have a role in acute
promyelocytc leukemia (APL), a form of AML characterized by maturation
arrest at the promyelocytic stage, chromosomal translocation t(15;17), and
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consequent expression of the fusion gene PML-RARu. It is well known that
the PML-RAR« gene product inhibits myeloid differentiation by the tran-
scriptional repression of retinoic acid (RA)-responsive genes and that phar-
macological levels of all-trans retinoic acid (ATRA) can induce terminal
differentiation by reverting the PML-RARo dominant-negative effect [22].
In RA-responsive myeloid cell lines, Fazi et al. found that miR-223 expression
is strongly increased during ATRA treatment and that the differentiation
effect of RA treatment is mediated by miR-223. They report that the upregu-
lation of miR-223 may be due to the direct involvement of RA binding to
either a functional PML-RAR« or a endogenous wild-type RARa [15]. As
shown by the expression profiling study of Garzon et al., ATRA treatment of
APL cells upregulated a number of miRNAs (miR-15a, miR-15b, miR-16-1,
Let-7a-3, Let-7¢, Let-7d, miR-223, miR-107, and miR-342), whereas only miR-
181b was downregulated [20]. In agreement with the conclusions of Fazi et al.,
Garzon et al. found miR-223 to be upregulated in ATRA-treated APL cell lines.
Additionally, Garzon et al. showed that the upregulated miR-107 targets NFI-A
and therefore mimics the regulatory circuitry of miR-223 and C/EBPu« during
granulocytic differentiation. In APL, the expression levels of miR-15a and miR-
16-1 in ATRA-treated samples displayed a negative correlation with the anti-
apoptotic protein BCL2, as previously shown for CLL [9], suggesting that a
similar pathway is involved in APL pathogenesis. Similarly, also Let-7a expres-
sion induction by ATRA was followed by a reduction of its known targets, such
as RAS [28], resembling a tumorigenic pathway common in solid tumors. Addi-
tionally, Garzon et al. found that NF-kB, an ATRA-regulated transcription
factor, binds the Let-7a-3/let-7b cluster upstream and is essential for its transac-
tivation [20].

Garzon et al. have further proven the widespread deregulation of miRNAs in
AML through the miRNA profiling of acute megakaryoblastic leukemia
(AMKL) cell lines [19]. In this study, five miRNAs important in megakaryo-
cytic differentiation were found to be upregulated during leukemogenesis: miR-
101, miR-126, miR-99a, miR-135, and miR-20. Whether this profile merely
represents a state of AMKL cell differentiation or miRNAs play a pathogenic
role in AMKL remains to be elucidated. So far, one report [40] supports the
second hypothesis, specifically naming miR-106, miR-135, and miR-20 as the
miRNAs predicted to target AMLI1, a transcription factor frequently affected
by translocations in AML.

Concluding Remarks

Deciphering the miRNA expression profiles of tumors with greater accuracy is
a novel and informative tool that can classify AML cases; furthermore, the
identification of alterations in miRNA expression patterns may disclose patho-
genic pathways offering alternative strategies to target AMLs. We are only
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beginning to understand the contribution of miRNAs to AML, but promising
and exciting possibilities have already emerged.
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Murine Models of Human Acute Myeloid
Leukemia

Julie M. Fortier and Timothy A. Graubert

Abstract Primary human AML cells can be isolated and studied in vitro, but
many experimental questions can only be addressed using in vivo models. In
particular, tractable animal models are needed to test novel therapies. The
genetic complexity of human AML poses significant challenges for the genera-
tion of reliable animal models.

The hematopoietic systems of both zebrafish (Danio rerio) and Drosophila
have been well characterized (reviewed in [5, 31]). Both organisms are well suited
to forward genetics mutagenesis screens. Although this approach has been useful
for identification of mutants with hematopoietic phenotypes (e.g., cloche), the
impact on cancer biology and hematopoietic malignancies in particular has been
limited. A zebrafish model of acute lymphoblastic leukemia has been generated
[37] and Drosophila models have shed light on the biology of epithelial tumors
(reviewed in [60]). Nonetheless, in vivo modeling of human AML relies most
heavily on mice. Most cellular, molecular, and developmental features of the
hematopoietic system are well conserved across mammalian species. The avail-
ability of the human and mouse genome sequences and the capability of manip-
ulating the mouse genome make mice the most valuable model organism for
AML research. Mice have additional practical value because they have a short
reproductive cycle and are relatively inexpensive to house.

Introduction: Strategies for Modeling Human AML in Mice

An ideal mouse model of AML would be robust, reproducible, and should
recapitulate the key phenotypic features of human AML (e.g., leukocytosis,
organ infiltration, lethality). Short latency, high penetrance models are pre-
ferred because of cost savings.
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Despite intensive effort from many laboratories around the world and sub-
stantial progress, none of the existing models is ideal. A key obstacle is that
AML is not caused by a single genetic event. Using a variety of complementary
approaches, considerable progress has been made. This review will emphasize
the principle advantages and drawbacks of the most commonly employed
systems for modeling human AML in mice (see Table 1).

Table 1 Comparison of strategies used for mouse models of human AML

Xenotransplantation  Retroviral transduction Transgenesis
Advantages Primary human cells Relatively high Regulated
throughput expression
Disadvantages Incomplete Unregulated expression Resource intensive
phenotype
Sample variability Insertional mutagenesis Integration site
effects

Short life span

Xenotransplantation

Incremental technical advances over the past two decades have made it possible
to adoptively transfer primary human AML cells into immunodeficient mice
with good efficiency. These murine xenograft models provide a powerful system
for observation and characterization of human AML without significant a
priori knowledge of the genetic and/or epigenetic changes present in these cells.

The murine xenotransplantation models for human AML rest on a founda-
tion of prior success engrafting normal human hematopoietic cells in immuno-
deficient mice [39]. B6.CB17-Prkdc*“//SzJ severe combined immunodeficiency
(SCID) mice lack functional mature B and T cells due to a spontaneous muta-
tion in DNA-dependent protein kinase catalytic subunit (Prkdc), a protein
kinase required for antigen receptor rearrangement [7]. Primary human AML
cells engraft variably and at low levels in SCID mice and require exogenous
human hematopoietic cytokines (e.g., IL-3, SCF, GM-CSF) for survival [38, 9].
Non-obese diabetic/severe combined immune deficiency (NOD/SCID) mice are
more permissive hosts, allowing higher levels of engraftment and circumventing
the need for cytokine supplementation in most cases [41, 47]. These mice lack
hemolytic complement and have additional defects in innate immunity due to
the NOD background, which causes deficiencies in macrophage and natural
killer cell function. Third-generation immunodeficient hosts combining addi-
tional mutations (e.g., beta-2 microglobulin —/—, beige, IL-2 receptor y —/—)
on the NOD/SCID background are more efficient recipients for normal human
HSC engraftment [47, 35, 28]. Newborn NOD/SCID/I12rg —/— (“NOG”) hosts
support the highest level of engraftment reported to date for primary, unmani-
pulated human AML cells [28].
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In a typical transplant, 5-40 x 10° donor bone marrow or peripheral blood
mononuclear cells from AML patients are injected via the lateral tail vein
or retro-orbital venous plexus of sublethally irradiated (350400 cGy) hosts
[9, 1]. The intrafemoral route has been used by several groups and appears to
result in more rapid engraftment of normal cells and higher levels of chimerism
[43]. Pretreatment of NOD/SCID hosts with an anti-CD122 antibody also
increases the level of human cell engraftment [55]. This antibody is directed
against the interleukin-2 receptor beta chain, targeting both NK cells and
macrophages.

Adoptive transfer of human AML cells infrequently causes leukemia in
these immunodeficient hosts. Some of the clinical features of AML are
reproduced in the chimeric mice (e.g., organ infiltration), but others are
generally not (e.g., leukocytosis, lethal dissemination) [38]. Instead,
the readout in these experiments is measurable engraftment of human
cells and recapitulation of some phenotypic features of the primary
disease. Engraftment is measured by Southern blot or flow cytometric
analysis of the peripheral blood or bone marrow of recipient mice.
Chimerism is often low (<0.5%) and rarely exceeds 50% [47, 53].
AML chimerism can be overestimated if the assay does not account
for cotransplanted normal hematopoietic cells. Multiparameter flow
cytometry can be used to distinguish engraftment of normal cells
(CD45+CD19+CD20+ B cells predominate) from AML engraftment
(typically, CD45+CD34+ CD33+CDI14+) [9], although there can be sig-
nificant drift in the immunophenotype as the cells are passaged in NOD/
SCID mice [53]. RNA profiling has been applied as a rigorous measure of
genetic stability in the transplanted leukemic cells. In two small studies in
which expression profiling was performed pre- and post-transplant, fewer
than 5% of genes had more than a 2-fold change in expression level [41, 47].

The xenograft model has proven most useful in helping to characterize the
leukemic stem cell, operationally defined as the “SCID leukemia-initiating cell”
(SL-IC) [9]. These cells are rare, ranging from 1 to 100 per 10° cells in the
peripheral blood of AML patients [38]. Analysis of SL-ICs has shown them to
be enriched in the Lin-CD34 + CD38— compartment and depleted in the Lin-
CD34+CD38+ fraction. This supports the model that human AML is
arranged in a hierarchy that resembles normal hematopoiesis [9]. Although
normal human HSC are characterized by high ALDH activity [25], this prop-
erty is not consistently observed in SL-ICs [48]. Side population (SP) cells,
identified using the DNA-binding dye Hoechst 33342, are enriched for HSC
[20] and are also present in leukemic bone marrow. In samples with abnormal
cytogenetics, the clonal abnormality is present in the SP population [65],
although the SP+CD34+CD38— subpopulation appears to contain
cytogenetically normal SCID-repopulating cells in some cases [19]. Efforts to
identify cell-surface markers that can differentiate SL-IC from HSC have
utilized the interleukin-3 receptor alpha (CD123) [30] and the novel transmem-
brane glycoprotein CLL-1 [2, 59]. Using a genetic approach, Morrison and
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colleagues recently demonstrated that loss of Pten can functionally separate
L-ICs from normal HSCs [68]. This suggests that agents targeting the PI3K
pathway downstream of Pten (e.g., mTor inhibitors) might selectively inhibit
L-ICs while sparing normal HSCs.

There is substantial variability in NOD/SCID engraftment potential from
donor to donor. Some degree of engraftment variability is intrinsic to the NOD/
SCID model (even with normal hematopoietic grafts) because of residual
immunity in these mice. A body of literature suggests that engraftment varia-
bility may also reflect differences in the underlying biology of the leukemia.
FAB subtype appears to be a good predictor of engraftability. For unexplained
reasons, M3 AML cells typically fail to engraft, while chimerism is highest with
MO and M1 samples and variable with M2, M4, and M5 samples [38, 9, 53].
Samples from patients with adverse prognostic features (e.g., high WBC, poor
risk cytogenetics, FLT3-ITD positive, high CD34 expression) tend to engraft
better [41, 53], although high WBC and FLT3-ITD were not predictors of
engraftment success in another study [47]. Nucleophosmin mutational status
also has no apparent impact on the success of engraftment [47]. There does not
appear to be a dose-response relationship nor does the source of the graft (bone
marrow versus peripheral blood) appear to significantly affect engraftment in
NOD/SCID mice [47].

Immunodeficient mice pose additional technical challenges for these experi-
ments. Nearly 70% of NOD/SCID mice develop thymic lymphomas by 40
weeks of age [49]. The high frequency of spontancous lymphomas and small
litter size make it difficult to maintain large colonies. The shortened life span of
this strain (mean 8.5 months) also limits the duration of tumor watches,
although this obstacle has been largely overcome with NOG mice (life
span >90 weeks) [28]. In addition, B- and NK-cell deficiency is not absolute
in SCID mice. Although the SCID mutation is less “leaky” in the NOD back-
ground, breeders must be screened to verify lack of mature lymphocytes.

Additional technical refinements may lead to higher levels of engraftment,
less variability between samples, and a phenotype that more closely resembles
human AML. The promise of this model for translational studies might then be
more fully realized. Robust xenotransplantation models are an ideal platform
to test novel therapies (e.g., small molecule inhibitors, immunotherapy, and
other biologics). In one recent example, the sesquiterpene lactone parthenolide
was shown to specifically target L-ICs without impairing engraftment of nor-
mal HSCs in NOD/SCID mice [23].

Retroviral Transduction/Transplantation

Gene transfer into primary hematopoietic cells using oncoretroviral vectors
provides a relatively rapid means of analyzing the role of single genetic
changes in the pathogenesis of AML. Genes of interest are cloned into a
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replication-incompetent retroviral expression vector, most commonly a
modified murine stem cell leukemia virus (MSCV). Bone marrow is harvested
from donor mice, usually 2448 h after treatment with 5-fluorouracil (5-FU) to
deplete lineage-committed progenitors and stimulate cell cycle entry of more
primitive, quiescent stem cells. Transduction is carried out by cocultivation of
bone marrow cells with high titer retroviral supernatants with or without
polybrene in a cocktail containing recombinant cytokines (e.g., interleukin-3,
interleukin-6, stem cell factor) to promote proliferation and survival of primi-
tive cells [32]. Transduced marrow is transplanted into lethally irradiated reci-
pient mice. A reporter gene (e.g., EGFP) is often incorporated to assess trans-
duction efficiency (typically 30-50%) and for lineage-specific tracking of
transduced cells in vivo.

Results from these experiments reinforce the paradigm that a single muta-
tion is insufficient to cause AML. For example, retroviral transduction/trans-
plantation of FLT3-ITD alleles into Balb/c hosts caused a myeloproliferative
disorder (MPD) characterized by leukocytosis, hepatosplenomegaly, and a
median survival of 40 days [32]. Although this syndrome was rapidly fatal,
there was no accumulation of immature forms consistent with acute leukemia.
Transduction/transplantation of bone marrow cells from PML/RARA trans-
genic mice with the MSCV FLT3-ITD virus accelerated the onset of acute
leukemia with promyelocytic features and increased penetrance compared to
transplantation of PML/RARA-expressing cells alone [33].

One important feature of retroviral transduction is that each proviral inte-
gration site provides a unique signature that can be used to track the clonality of
tumors. For example, retroviral transduction/transplantation with MSCV-
NUP98/HOXA9 causes an oligoclonal MPD [36], implying that NUP98/
HOXADJ9 alone is not sufficient for leukemic outgrowth. The disease remained
oligoclonal in secondary recipients, demonstrating that self-renewing long-term
repopulating cells were targeted by the retrovirus. In contrast, when the MPD
evolved to AML, the disease was exclusively mono- or biclonal, suggesting that
rare additional cooperating mutations were required for disease progression in
this model [36].

The retroviral gene transfer system also lends itself well to asking whether an
oncogene can transform hematopoietic cells at all stages of differentiation or
whether the targeted cellular compartment restricts transformation potential.
For these studies, bone marrow cells are sorted into subpopulations (e.g., HSC,
CMP, GMP) prior to retroviral transduction and transplantation. In one
example, the BCR/ABL fusion was competent to transform only HSC, whereas
MOZ/TIF2, the product of the inv(8)(p11q13), conferred self-renewal potential
on committed progenitors [27]. Thus, the leukemic phenotype in this case was
dictated by the oncogene (the molecular “seed”) rather than the cellular com-
partment (the “soil”) [64].

The relatively high throughput and flexibility of the transduction/transplan-
tation away are well suited to “proof of principle” preclinical therapeutic studies
with novel compounds such as small molecule tyrosine kinase inhibitors [56].
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Structure/function questions can also be asked by generating and testing panels
of mutant constructs on a time scale that would not be feasible with other
techniques (e.g., transgenesis). This strategy was used to map the critical tyrosine
residues required for induction of MPD by the TEL/PDGFBR fusion [57].

Murine genetic backgrounds can have a confounding influence on the out-
come of these experiments. For example, the FLT3-ITD mutations that induce
MPD in Balb/c mice cause T-cell lymphomas in a B6C3HF1 background [33].
The hypomorphic Cdkn2a allele present in Balb/c mice resulting in reduced
pl6(INK4a) activity [70] may account for this bias toward myeloid leukemogen-
esis. Further study is needed to clarify the effects of strain background on the
latency, penetrance, and phenotype of AML in all the models discussed in this
review (see below). Some investigators have turned to lentivirus-mediated trans-
fer of oncogenes into primary human hematopoietic cells as a strategy to over-
come the limitations inherent in using mouse cells to model human AML [3].

Dysregulated transgene expression is a caveat that must be considered when
interpreting experiments using retroviral gene transfer. Expression is driven off
the strong viral LTR promoter, leading to levels of gene expression that may not
be physiologically relevant [50]. This may have important consequences, since
careful studies in transgenic models have shown that high-level expression of
fusion oncogenes can be toxic and low-level expression may be associated with
higher disease penetrance [63].

Finally, the lack of control over proviral integration site makes insertional
mutagenesis a potential confounder in these experiments. Retroviral transduc-
tion with an MSCV vector expressing only a neomycin registance cassette
readily immortalized murine bone marrow cells in association with integration
most commonly at the Evil or Prdmli6 loci [16]. Retroviral vectors are also
leukemogenic in humans, as illustrated by T-cell leukemias arising in X-SCID
patients due to LMO2 activation by the integrated gene transfer vector [34].

Transgenesis

The entire spectrum of available transgenic tools has been applied to the task of
modeling human AML in mice. The relative advantages and disadvantages of
each strategy are well illustrated by considering one example: the t(8;21) asso-
ciated with M2 AML. Despite intensive study, the role of RUNXI1/ETO, the
fusion protein generated by the t(8;21), is still not well understood. Correlative
studies using human samples suggested that RUNXI1/ETO is not sufficient to
cause AML. Over the past decade, many laboratories have generated transgenic
models of RUNXI1/ETO to define the role of this protein in the pathogenesis of
AML.

The first approach, taken by two laboratories, was to recreate the fusion by
targeting human E7TO into the Runx! locus via homologous recombination in
embryonic stem cells. In both cases, the heterozygous Runx] ™ /RUNXI-ETO
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mutation proved to be lethal at E13.5 [46, 67]. The animals had pale livers,
massive hemorrhage within ventricles of the central nervous system and the
pericardial cavity, and a complete absence of definitive fetal liver-derived hema-
topoiesis [46, 67]. This was a phenocopy of the Runxl null mouse [45, 62],
providing genetic evidence that RUNXI/ETO acts as a dominant negative
inhibitor of RUNXI1. The utility of these mutant mice for studies of the
mechanism of leukemogenesis is obviously limited because of the embryonic
lethal phenotype.

A second-generation conditional model overcame this obstacle. A “floxed”
transcriptional stop cassette, placed immediately 5 of the knocked in RUNX1 /
ETO cDNA, prevented expression of the fusion protein during development
[26]. The heterozygous mice developed normally and were crossed with an Mx1-
Cre transgenic line. Treatment of Cre+ RunxI/F'°*°d mjce with poly I:C
activated RUNXI1/ETO expression in adult bone marrow. These mice have
only subtle hematopoietic defects, reinforcing the paradigm that RUNX1/ETO
expression is not sufficient to induce AML. Despite the importance of this
model, its complexity (two transgenes, mixed strain backgrounds, interferon
induction, Cre-mediated recombination) limit its usefulness as a platform to
test potential mutations that can cooperate with RUNXI1/ETO to induce AML.
In another model, targeted expression of RUNX1/ETO under the control of the
Scal promoter avoided embryonic lethality (possibly because both Runxl
alleles remained intact) and produced MPD at high penetrance [18]. In an
elegant refinement of the targeted approach, compound heterozygous mice
were generated containing floxed Runx! and Eto alleles. These mice were
crossed to a nestin-Cre transgenic line, resulting in rearrangement between
RunxI and Eto at a frequency of <10™ cells in the brain, kidney, and heart
[10]. Although this technical tour de force demonstrated that interchromosomal
translocation can be driven in vivo, lack of bone marrow RUNX1/ETO expres-
sion limits its utility for the study of leukemogenesis.

Transgenic models of RUNXI/ETO have also been generated using the
hMRP8 promoter and a tetracycline inducible system [52, 69]. These animals
developed normally with no detectable hematopoietic phenotype, as expected
given the necessity of cooperating events for RUNX1/ETO-associated AML.
Interpretation of these random integration transgenic models must take into
account integration site and copy number effects on transgene expression [21]
and the extent to which the heterologous promoter mirrors activity of the
endogenous locus.

Modeling “Second Hits”

Genetically engineered mouse models of human AML illustrate that thisis not a
“single hit” disease. Much of the attention in AML research currently centers on
identifying the second and subsequent genetic “hits” that are responsible of
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disease initiation, progression, relapse, and resistance to treatment. Mouse
models provide an extremely useful platform to identify and validate cooperat-
ing genetic events that can lead to the development of AML. In general, the
approaches involve either inducing second hits or waiting for them to occur
spontaneously. In an example of the latter approach, hCG-PML/RARA trans-
genic mice uniformly develop MPD that evolves to AML with partial pene-
trance (10-30%) and long latency (>200 days) [22], implying that spontaneous
mutations are required for the transition from MPD to AML. Spectral karyo-
typing of these leukemias revealed an interstitial deletion in chromosome 2 as a
common acquired abnormality [71]. The minimally deleted segment contained
Pu.1, a member of the Ets family of transcription factors, raising the possibility
that PU.1 acted as a tumor suppressor to restrict progression from MPD to
AML in hCG-PML/RARA transgenic mice. This hypothesis was confirmed by
crossing the PML/RARA transgene into a PU.1 haploinsufficient background,
resulting in a >5-fold increase in AML incidence [61].

Second hits can be actively induced by combining the approaches discussed
above (e.g., retroviral transduction/transplantation of transgenic cells) or by
performing genome-wide mutagenesis to screen broadly for potential cooperat-
ing mutations. The most commonly employed mutagenesis techniques are the
subject of the remainder of this review.

Chemical Mutagenesis

Chemical mutagens are used to create sporadic mutations within the mouse
genome. Alkylating agents such as N-ethyl-N-nitrosurea (ENU) are most com-
monly employed. ENU is the most potent known mutagen in mice [54]. This
agent has been shown to induce mutations that cooperate with the core binding
factor rearrangements, resulting in myeloid malignancies [26, 69, 12].

The use of ENU to induce these second hits is problematic because ENU
alone causes tumors in most inbred strains of mice. Susceptibility to ENU-
induced tumors is highly strain dependent [17]. The most common hematopoie-
tic tumor induced by ENU is thymic lymphoma [17]. Careful histologic and
flow cytometric analysis can readily distinguish this “noise” from the AML
“signal.”

In general, complementation by ENU mutagenesis is a proof of principle
experiment designed to demonstrate that a mutation of interest can participate
in the development of AML. Identification of the cooperating mutations
induced by ENU is difficult because of the non-selectivity of the agent. There
are a few known “hot spots” for ENU mutagenesis (e.g., Kras) [42]. Until
recently, the search for mutated alleles has been restricted to a candidate gene
resequencing approach. Unbiased, genome-wide mutational screens may soon
be feasible, as sequencing costs on “Next Generation” platforms are falling
rapidly.
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Insertional Mutagenesis

Endogenous murine retroviruses are oncogenic owing to insertional activation
of oncogenes or inactivation of tumor supressors. In the recombinant inbred
strains AKXD-23 and BXH-2, somatic mutagenesis by endogenous murine
leukemia viruses (MuLV) leads to AML with nearly complete penetrance by 1
year of age [4, 44]. Large-scale integration site cloning and resequencing efforts
using these and other strains have resulted in the identification of commonly
targeted loci that represent potential leukemia pathogenesis genes [40]. These
data have been compiled in the Retroviral Tagged Cancer Gene Database at:
http://RTCGD.ncifcrf.gov.

These recombinant inbred strains are powerful tools to employ in the search
for cooperating mutations in AML. First, multiple integration sites found
within the same AML specimen provide strong a priori evidence that the tagged
genes cooperate to cause AML. In a striking example that recapitulated the
events leading to the development of leukemia in the X-SCID patients cited
above, a mouse leukemia sample was identified that contained integrations at
Lmo?2 and I/2rg, the therapeutic gene contained in the clinical gene transfer
vector [15].

To search for genes that cooperate with a specific mutation, transgenic
lines are backcrossed into the BXH-2 background. The tumor latency,
penetrance, and common integration sites are then compared to data
from control wild-type BXH-2 mice. This strategy has been employed to
screen for cooperating genes in several models, including mice transgenic
for CBFB/MYHI11, NUP98/HOXAY, or haploinsufficient for NfI or
Runx1 [11, 66, 29, 6].

Radiation-Induced mutagenesis

Radiation is leukemogenic in humans and mice [13, 58]. This model system has
been used for more than 25 years to search for leukemia genes in mice. After a
single 3—5 Gy dose of gamma radiation, susceptible mice develop AML with a
latency of >300 days. This phenotype is highly strain dependent, ranging
from <10% in most strains to 20-30% in CBA/Ca, C3H/HeJ, and SJL/J
mice [51]. Steroid pretreatment increases penetrance to 50-70%, possibly by
reducing the frequency of radiation-induced thymic lymphomas [51]. Genetic
analysis of these AML mice demonstrated loss of heterozygosity at the band D
region on chromosome 2 [24]. In an extraordinary convergence of two indepen-
dent lines of research, this interval overlapped the region commonly deleted in
hCG-PML/RARA leukemias. Indeed, the radiation-induced leukemias
with del(2) also lack one copy of PU.I and frequently mutate the remaining
allele [14].
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Despite this track record, it is time consuming and difficult to evaluate
genetic changes induced by radiation. Unlike retroviral integration, radiation
does not leave a footprint that can be used to identify a mutation. Classically,
regions with loss of heterozygosity were mapped using polymorphic microsa-
tellite markers in an F1 intercross. Spectral karyotyping and comparative
genomic hybridization are high-throughput, high-resolution techniques that
can be performed in inbred strains. The relatively low penetrance and long
latency of AML add to the difficulty in working with this model, requiring large
cohorts and long follow-up, which is both time consuming and costly.

Conclusions

A large international effort has generated many useful murine models of human
AML. Because of space constraints, only representative examples could be cited
here. It is likely that mice will remain the dominant model organism for AML
research in the foreseeable future.

An important theme that has emerged from these studies is that murine
genetic background is a variable that significantly influences leukemia suscept-
ibility and phenotype. The Mouse Phenome Project is an international colla-
boration that seeks to collect and disseminate data on diverse phenotypes in
mice, including cancer susceptibility [8]. This information can be correlated
with a growing database of strain-specific polymorphisms to inform our under-
standing the genetic basis of complex diseases such as AML.
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Apoptosis in Leukemias: Regulation
and Therapeutic Targeting

Ismael Samudio, Marina Konopleva, Bing Carter, and Michael Andreeff

Abstract Nearly 25 years after the seminal publication of John Foxton Kerr
that first described apoptosis, the process of regulated cell death, our under-
standing of this basic physiological phenomenon is far from complete [39].
From cardiovascular disease to cancer, apoptosis has assumed a central role
with broad ranging therapeutic implications that depend on a complete under-
standing of the molecular events involved in orchestrating cellular demise.
More than 145,301 (as of April 2008) published works on this subject have
increased our understanding of this process, yet have also identified an incred-
ibly complex regulatory system that is critical for development and is at the core
of many diseases, challenging scientists and clinicians to step into its molecular
realm and modulate its circuitry for therapeutic purposes. This chapter will
review our understanding of the molecular circuitry that controls apoptosis in
leukemia and the pharmacological manipulations of this pathway that may
yield therapeutic benefit.

Introduction: Apoptosis pathways

Apoptosis can be orchestrated from within the cell (intrinsic), or from the
plasma membrane (extrinsic). Phenotypically, the end results of activating the
intrinsic or extrinsic pathways of cell death (plasma membrane blebbing, mito-
chondrial dysfunction, and chromatin lysis) are indistinguishable; however,
these end points are achieved via distinct mechanisms. The extrinsic pathway
(Fig. 1) is activated by ligation of plasma membrane receptors such as FAS,
tumor necrosis factor receptor, and TRAIL receptors [92]. The ligands that
activate these receptors comprise a superfamily of secreted peptides that may
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Fig. 1 The extrinsic apoptotic pathway

act in an autocrine, or paracrine fashion, and upon binding their cognate
receptor, induce a conformational change that recruits various components of
the death inducing signaling complex (DISC) resulting in the activation and
processing of the initiator caspases, caspase 8 and/or caspase 10 [21, 64, 79].
Within the DISC, initiator caspases are activated via the “induced proximity”
model [70, 85]. In this model, catalytic activation of caspase 8 or caspase 10
occurs by dimerization of the inactive enzymes facilitated by small-scale rear-
rangements induced by the DISC. The initiator caspases once activated can
autocatalytically process themselves, as well as cleave and activate executioner
caspases such as caspase 3, caspase 6, or caspase 7. Executioner caspases in turn
proteolyze over 100 different proteins involved in various structural and meta-
bolic processes resulting in the characteristic morphological changes associated
with apoptosis.
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Fig. 2 The intrinsic apoptotic pathway

In contrast to the extrinsic pathway, the intrinsic pathway is activated by
mitochondrial dysfunction, independent of alterations in the plasma membrane
(Fig. 2). Initiation of the intrinsic pathway involves an increase in the perme-
ability of the outer mitochondrial membrane (MOMP), which facilitates the
release of death promoting proteins such as cytochrome C, AIF, EndoG, Omi,
and DIABLO that reside in the intermembrane space of this organelle [29].
MOMP appears to be mediated by the formation of a supramolecular pore
composed of several mitochondrial proteins like VDAC, Cyclophilin D, and
ANT [3, 109]. Of the death-promoting proteins released into the cytosol via
MOMP, cytochrome C is essential for the activation of the initiator caspase 9,
whereas Omi and DIABLO serve to facilitate the activation of the executioner
caspases by caspase 9 [84, 97]. Activation of caspase 9 requires the formation of
a multiprotein complex called the apoptosome. The apoptosome consists of
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cytochrome C, Apaf-1, caspase 9, and ATP, and therefore depends on the
intracellular energy stores of the cell [62]. Similar to the DISC-induced activa-
tion of caspase 8, caspase 9 is also activated by “induced proximity” within the
apoptosome [80]. Interestingly AIF (apoptosis-inducing factor) and EndoG can
induce caspase-independent apoptotic cell death by directly mediating chroma-
tinolysis [60, 63], an effect that allows mitochondrial dysfunction to orchestrate
cell death even in the absence of caspase activation

The Extrinsic Pathway in Leukemia

The death-inducing ligand TRAIL has received considerable attention as a
therapeutic strategy for the treatment of human cancer because of its limited
toxicity to normal tissues [116]. Interestingly, albeit the majority of leukemia
cells express TRAIL receptors, these samples are notoriously resistant to apop-
tosis induction by TRAIL [65, 83, 95, 115]. The reasons for this inherent
resistance to TRAIL-induced cell death are not completely understood, but
may depend on the presence of decoy receptors that bind TRAIL but are not
able to induce DISC formation, the expression of FLIP (an inhibitor of caspase
8 activation), or overactivation of NFxB — a near universal consequence of DR
ligation [65, 95, 115]. Nevertheless, recent work has demonstrated that a variety
of agents can sensitize leukemia cells to apoptosis induction by TRAIL, either
by directly affecting the recruitment and assembly of DRs on the cell surface,
increasing the expression of DRs, or decreasing the levels of FLIP [91, 99]. One
such agent is the novel triterpenoid CDDO. CDDO has been shown to sensitize
AML cell lines and primary samples to the cytotoxic effects of TRAIL by
decreasing the levels of FLIP [99]. On the other hand, several HDAC inhibitors
in clinical use have been shown to sensitize leukemia cells by facilitating the
formation of an active DISC and increasing expression of the DRs [91]. Finally,
since DRS is a p53-responsive gene, many forms of genotoxic chemotherapy
sensitize leukemia cells with an intact p53 pathway to TRAIL-induced apop-
tosis via increased expression of DR5 [36, 37, 61]. Currently, two pharmaceu-
tical companies have therapeutic activators of the extrinsic pathway, Genentech
with TRAIL itself and Human Genome Sciences with agonistic antibodies to
the DRs that mimic the action of TRAIL. First results with agonistic antibodies
are encouraging.

The Intrinsic Pathway in Leukemia

The intrinsic apoptotic pathway is critically regulated by pro- and anti-apopto-
tic members of the Bcl-2 family. Anti-apoptotic members of the Bcl-2 family
contain four conserved Bcl-2-homology (BH) domains, designed BH1-BH4,
whereas pro-apoptotic members of this family only contain BHI-BH3 [19]. In
addition, there is a subset of pro-apoptotic Bcl-2 family members that contain
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only the BH3 domain and are thus termed “BH3-only” proteins. Of these BH3-
only proteins, activators, like Bid and Bim are required to directly activate the
pro-apoptotic function of the BHI-BH3 proteins Bax and Bak, whereas sensi-
tizers like Bad, Noxa, or Puma displace Bim or Bid from antiapoptotic Bcl-2
proteins facilitating the subsequent activation of Bax and Bak making BH3
interactions a finely tuned rheostat for apoptotic control [28]. During apopto-
sis, Bax and Bak oligomerize and form supramolecular pores in the outer
mitochondrial membrane leading to the release of pro-apoptotic proteins like
cytochrome c and AIF [29]. Interestingly, the expression, intracellular localiza-
tion, and function of pro- and anti-apoptotic Bcl-2 family members can vary
widely depending on cell context and may be temporally regulated throughout
development. For instance, the antiapoptotic Bcl-2 protein Mcl-1 has been
shown to be a critical regulator of early hematopoietic development [75, 76],
and down-regulation of Mcl-1 levels has been shown to be an effective strategy
to decrease the viability of multiple myeloma cells [25]. Similarly, the interac-
tions between pro- and anti-apoptotic Bcl-2 proteins display particular selec-
tivity such that the BH3-only proteins Bim, Bmf, and Puma can antagonize Bcl-
X1 and Mcl-1, whereas Bid, Bik, and Bad can oppose the anti-apoptotic
function of Bcl-X; , but not of Mcl-1[56]. This is exemplified by the differences
in the subcellular location of Bim, which is sequestered to the dynein motor
complex and translocated to the mitochondria upon apoptotic stimuli in some
experimental systems [81]. However, Bim is already localized at the mitochon-
dria, complexed with anti-apoptotic Bcl-2 family proteins in hematopoietic cells
[122], including AML lines [31]. These observations clearly suggest that the
mitochondrial levels of expression of various pro- and anti-apoptotic Bcl-2
family members are important determinants of sensitivity of AML cells to
apoptotic insults.

Most genotoxic chemotherapeutics activate the intrinsic apoptotic path-
way via activation of p53 signaling resulting in the expression of pro-
apoptotic target genes such as Noxa, Puma, and Bax, as well as the
accumulation of cytoplasmic p53 which functions outside the nucleus as a
pro-apoptotic protein by antagonizing the function of Bcl-X; and directly
activating bax [22] or by binding to manganese superoxide dismutase and
promoting the formation of reactive oxygen species (ROS) [121]. Addition-
ally, alkylating agents can directly promote MOMP by oxidation of critical
cysteine residues of components of the supramolecular pore, in particular
ANT [40, 67]. On the other hand, the novel triterpenoid CDDO and its
derivatives have been shown to directly induce MOMP, independently of the
formation of a supramolecular pore (Fig. 3), possibly by disrupting the
impermeability of the inner mitochondrial membrane which leads to matrix
swelling with subsequent rupture of the outer membrane [5, 86]. A role of
ceramide has also been suggested [49].

These compounds have shown promise in numerous preclinical investiga-
tions [54, 102] and in clinical trial in leukemias [53].
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Fig. 3 The CDDO derivative, CDDO-Me, directly induces MOMP via disruption of inner
mitochondrial membrane impermeability. Top — U937 cells treated with 0.1% DMSO.
Bottom — U937 cells treated with 300 nM CDDO-Me for 3 h. Images on /left were captured
at 10,000 x direct magnification (bar = 2 pm); images on right correspond to 50,000 x direct
magnification of boxed area (bar = 500 nm)

Endogenous Inhibitors of Caspase Activity

The i nhibitors of a poptosis p roteins (IAPs) are family of proteins that suppress
both mitochondrial and death receptor-mediated apoptosis primarily by inhi-
biting caspases. Currently, eight ITAP members have been identified in humans.
Among them, XIAP is the most potent cellular caspase inhibitor. XIAP directly
binds to caspase-9 by BIR3 domain and caspases-3 and -7 by BIR1 and BIR2
domains (Deveraux QL, Reed JC. EMBO J. 1999;18:5242-5252) and inhibits
their activities. The antiapoptotic function of XIAP is supported by multiple in
vitro and in vivo studies demonstrating that overexpression of XIAP confers
resistance to both mitochondrial and death receptor pathway activation
(Wilkinson JC, Duckett CS. Mol Cell Biol. 2004;24:7003-7014; Berezovskaya
O, Schimmer AD, et al. Cancer Res. 2005;65:2378-2386; Tong QS, Zheng LD.
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Cancer Gene Ther. 2005;12:509-514). Decreasing XIAP levels with siRNA
or antisense oligonucleotide restores chemosensitivity to malignant cells.
We have demonstrated in HL-60 cells that knockdown XIAP with antisense
oligonucleotide induces caspase activation, apoptosis, and enhances Ara-C-
induced cell death [17]. Phenylurea-based small-molecule XIAP inhibitors,
which bind to BIR2 domain of XIAP, induce apoptosis in various AML cell
lines and patient blasts in a caspase-3-dependent manner [11]. Triptolide, a
diterpenoid isolated from a Chinese herb, inhibits XIAP and potently induces
AML cell death [13, 15]. Interestingly, XIAP knockout mice looked normal and
showed no apparent defect in apoptosis (Harlin H, Reffey SB, et al. Mo/ Cell
Biol. 2001;1:3604-3608).

Overexpression of XIAP has been reported by several groups [1, 12, 16, 17,
34,103, 104] . In addition, we have found that XIAP expression is higher in both
AML stem (CD34 + /CD38-) and progenitor (CD34+ /CD38+) cells than in
their normal counterparts by Taqg-Man RT-PCR (Andreeff M et al., unpub-
lished results). Clinically, increased XIAP expression is correlated with
decreased survival in AML [103, 104]. We have demonstrated that the expres-
sion of XIAP is induced by cytokines through the MAPK and the PI3K path-
waysin AML[12, 16, 17] suggesting that hematopoietic growth factors promote
AML cell growth and survival at least in part through upregulating XIAP
protein expression. Nuclear factor-kB (NF-kB) also participates in the upregu-
lation of XIAP levels in various malignancies [98]. In AML, NF-«B is consti-
tutively activated [4, 8, 30] which undoubtedly contributes to XIAP
overexpression.

Survivin, another member of the IAP family, has an interesting dual function
as a caspase inhibitor and as a component of the apoptotic spindle. Inhibition of
survivin by survivin AS ODN in leukemia cells results in G,M block, followed
by apoptosis. In CML, survivin levels are entirely dependent on ber-abl signal-
ing: ber-abl inhibition with imatinib abrogates survivin expression, while in
imatinib-resistant CML there is no effect [13, 15]. In this setting, survivin AS
ODN induces pronounced apoptosis [13, 15]. Clinical trials with survivin AS
ODN are in progress.

Caspase-Independent Cell Death: The Role of Apoptosis-Inducing
Factor (AIF)

Albeit caspases are central players during apoptosis induction, many agents
induce apoptosis-like cell death even in the absence of caspase activation or in
the presence of pharmacological inhibition of these thiol proteases. In fact, we
have reported that in AML cell lines treatment with traditional chemothera-
peutic agents like Ara-C, doxorubicin, vincristine, and paclitaxel induce caspase
activation and apoptosis, but pharmacological blockade of caspase activity
does not prevent cell death induced by any of these agents and did not inhibit,
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or only partially inhibited, mitochondrial release of apoptosis-inducing factor
(AIF) and loss of mitochondrial membrane potential [12, 17]. Caspase inhibi-
tion also did not protect AML blasts from chemotherapy-induced cell death in
vitro. These results suggest that cytotoxic insults that promote the release of
AIF from mitochondria may not require caspase activation to induce cell death.
AIF is a bifuctional apoptogenic flavoprotein with NADH oxidase activity
resides in the intermembrane space of the mitochondria in healthy cells and has
a vital function in oxidative phosphorylation (OXPHOS), possibly due to
indirect modulation of OXPHOS complex I [63, 107]. AIF is synthesized in
the cytosol as a 67 kDa precursor molecule with a predicted mitochondrial
localization sequence (MLS) in its N-terminal prodomain. AIF is matured into
a 57 kDa protein that lacks the first 100 amino acids and resides in a soluble
form in the mitochondrial intermembrane space. In response to certain pro-
apoptotic stimuli that elicit MOMP, AIF is released into the cytoplasm.
AIF will then translocate into the nucleus and induce caspase-independent
large-scale DNA fragmentation (~ 50 kbp) and chromatin condensation. AIF
contains a DNA-binding domain that is necessary and sufficient to induce
apoptosis [117]. In contrast, the NADH oxidase domain is not necessary for
apoptotis induction, but is required for the vital role of AIF in modulating
OXPHOS [107]. Interestingly, it has been reported that the release of AIF
may require caspase activation under some conditions, suggesting that this
protein may also amplify caspase-dependent apoptosis [112]. Notably, the
synthetic triterpenoid CDDO promotes the release of AIF via perturbations
of the permeability of the inner mitochondrial membrane that lead to caspase-
independent MOMP [51], suggesting that agents that directly target the mito-
chondrial membrane could provide therapeutic efficacy even in the context of
caspase dysfunction or inhibition.

Targeting the pS3 Pathway to Induce Apoptosis in Leukemia

The transcription factor and tumor suppressor p53 is the most frequently
mutated gene in cancer [96]. Activation of the transcriptional activity of p53
by a variety of stress signals leads to the expression of genes, which may
orchestrate growth arrest, apoptosis, or both [32]. In addition, p53 has also
been shown to function outside the nucleus as a pro-apoptotic protein by
antagonizing the function of Bcl-XL and directly activating bax [22] or by
binding to manganese superoxide dismutase and promoting the formation of
reactive oxygen species (ROS) [121]. The levels of p53 are controlled by the
ubiquitin ligase MDM-2 which targets this tumor suppressor protein for pro-
teosomal degradation [69]. Interestingly, mutations in p53 have been found in
only ~5% of patients with AML [33, 89], but it has been proposed that over-
expression of MDM-2 may abrogate the function of p53 in this malignancy
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[26, 90]. Indeed, MDM-2 overexpression was observed in up to 53% of
leukemias and was associated with unfavorable cytogenetic characteristics
and poor prognosis [7, 9, 26]. Recently, potent and selective small-molecule
antagonists of MDM-2, Nutlins, have been reported to activate the p53 path-
way in cancer cells leading to growth arrest and apoptosis in vivo and in vitro
[108]. It has been reported that Nutlins potently induce p53-dependent apop-
tosis in primary leukemia samples and leukemia cell lines with wild-type p53
[43, 45]. Nutlin activity was positively correlated with baseline MDM?2 levels
suggesting that the inhibition of MDM-2 may offer considerable clinical benefit
for the therapy of leukemia.

MDM-2 inhibition activates transcription-dependent and transcription-
independent pro-apoptotic effects of p53 in a cell context-dependent manner
[45]. For instance, confocal microscopy analysis revealed that MDM-2 inhibi-
tion induced predominantly nuclear accumulation of p53 in the AML cell line
MOLM13 (Fig. 2), and in these cells, apoptosis was greatly dependent on de
novo protein synthesis. Conversely, MDM-2 inhibition induced mostly cyto-
plasmic accumulation of p53 in OCI-AML3 cells (Fig. 4), and in these cells
inhibition of de novo protein synthesis did not markedly abrogate apoptosis.
Nevertheless, in both cell types, induction of the p53 targets Noxa and PUMA,
as well as complex formation between p53 and Bcl-xL was observed supporting
the notion that p53 modulates the Bcl-2 apoptotic rheostat directly, by behav-
ing as a BH3-only protein, and indirectly by increasing the levels of sensitizer
BH3-only proteins. Interestingly, Deng et al. have reported that p53 can
directly bind to Bcl-2 and induce a conformational change that exposes the
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BH3 domain of this protein, converting Bcl-2 into a pro-apoptotic molecule,
adding yet another mechanism by which p53 modulates the Bcl-2 apoptotic
rheostat [24]. HDM4 inhibits p53 transcriptionally and can either be inhibited
specifically [78, 110] or non-specifically, as it has been shown to be down-
regulated by genotoxic stress including chemotherapy [66].

Nutlins potently synergized with doxorubicin, cytarabine, and fludarabine
to induce apoptosis in primary leukemia samples [43, 45], suggesting the possi-
bility that potentiation of p53-mediated apoptosis may occur through an
increase in steady-state p53 protein levels, as effected by nutlin 3a, in combina-
tion with further activation of p53 signalling induced by traditional genotoxic
chemotherapeutics. Combinations of nutlin with an aurora kinase inhibitor
[46], a dual inhibitor of P13 kinase and mTOR ([48], and a CDK 1 inhibitor [47]
all point to potential clinical combination therapies. Alternatively, it has
recently been reported that DNA damage directly activates the BH3-only
activator protein Bid via ATM-dependent phosphorylation [38, 123] and
decreases the levels of MDM-4 [20, 72], a transcriptional repressor of p53,
suggesting that the synergistic nature of nutlin 3a and genotoxic agent combi-
nations may be mediated directly at the level of the MOMP, or by enhancement
of p53-dependent transcription. Notably, nutlins fail to inhibit the binding of
p53 to MDM-4 [77], suggesting that neutralizing the function of this MDM-2
homolog would result in increased transcription-dependent pro-apoptotic
activity of the nutlins.

Targeting the Bcl-2 Rheostat to Induce Apoptosis in Leukemia

Bcl-2 overexpression or unchanged levels of Bcl-2 after chemotherapy confers
drug resistance to both solid tumors and hematological malignancies [6, 10, 68,
105]. Since the discovery of Bcl-2 in 1984 several approaches have been inves-
tigated to decrease bcl-2 levels and increase the efficacy of chemotherapy
including antisense oligonucleotides and small molecule BH3 mimetics. Small
molecule BH3 mimetics bind to the hydrophobic pocket of antiapoptotic Bcl-2
proteins releasing pro-apoptotic Bcl-2 proteins, which in turn induce apoptosis
in leukemia cell lines and primary samples via activation of the mitochondrial
pathway of cell death [82]. The scientific literature has reported many naturally
occurring as well as synthetic compounds that bind to Bcl-2 and antagonize its
prosurvival function. Among these are antimycin A [106], epigallocatechin
gallate (EGCG) [58], HA14-1 [111], vitamin E [93], gossypol [42], thiazolidene-
diones [94], ABT-737 [50, 75], BH3I-1 and -2 [23], and GX015-070 [52, 82].
Albeit all these various compounds induce apoptosis, bind to Bcl-2, and dis-
sociate BH3 peptides from Bcl-2, only ABT-737 demonstrates an absolute
requirement for both Bax and Bak to induce apoptosis suggesting this agent
induces apoptosis solely through perturbations in the Bcl-2 rheostat. Interest-
ingly, ABT-737 was originally postulated to only induce apoptosis in
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combination with chemotherapy; however, early evidence suggested that this
agent could induce apoptosis in a cell context-dependent manner, and this
depended on the composition of the Bcl-2 rheostat — particularly the levels of
BH3-only activator proteins [18, 73]. Additionally, our observations suggested
that the activity of ABT-737 was minimized by the expression of Mcl-1, a
finding that at second glance was not surprising since ABT-737 bound Bcl-2,
Bcl-xL, and Bcl-w, but failed to interact with Mcl-1 or A1 [50]. This peculiar
property resulted from the NMR-guided, structure-based design used to gen-
erate ABT-737 where the hydrophobic pocket of Bcl-2 served as the docking
target for lead compounds. More interestingly, however, was our observation
that ABT-737 also induced apoptosis in primary leukemia samples and cell lines
at low nanomolar doses, and this was independent of Bim expression since
siRINA ablation of this BH3-only activator failed to rescue leukemia cells from
apoptosis induced by this agent [50]. Furthermore, in contrast to the findings in
the original report by Oltersdorf et al., we observed that ABT-737 induced
cytochrome ¢ release from isolated leukemia cell mitochondria [50]. Taken
together, the above observations suggest that leukemia mitochondria, but not
mitochondrial from solid tumors, are poised to activate free Bax and Bak, even
in the absence of BH3-only activator proteins, to induce apoptosis via MOMP.

Another peculiar property of ABT-737 was observed in the context of Bcl-2
phosphorylation. Studies in our laboratory have identified Bcl-2 phosphoryla-
tion in most primary AML samples, and this was associated with increased
antiapoptotic potential and resistance to ABT-737-induced apoptosis. Since
ERK is a Bcl-2 kinase, we hypothesized that the ERK and MEKI1 inhibitor
PD98059 would sensitize cells expressing phosphorylated Bcel-2 to the apoptotic
effects of ABT-737. As predicted, PD98059 potently synergized with ABT-737
to induce apoptosis in leukemia cells. Unexpectedly, however, it was observed
that PD98059 in addition to decreasing Bcl-2 phosphorylation also decreased
the levels of Mcl-1, suggesting that multiple effects were responsible to the
powerful synergy in between ABT-737 and ERK/MEKI inhibition [50]. In
support for the criticality of Mcl-1 in preventing ABT-737-induced apoptosis,
it was observed that ABT-737 inhibited clonogenic growth in primary AML
samples, and their relative sensitivity to this agent was highly correlated to Mcl-
1, but not to Bcl-2 protein expression. Moreover, multicolor flow cytometric
analysis of primary AML samples treated with ABT-737 or cytarabine revealed
that ABT-737, but not cytarabine, preferentially induced apoptosis in the
leukemia stem cell compartment — a critical requirement for maximal therapeu-
tic efficacy of any drug (Fig. 5). In contrast, no inhibition was observed of
colony formation by normal bone marrow cells treated with ABT-737, and this
was associated with high expression of Mcl-1 in these cells. Clinically, this
identifies leukemia as a bona fide tumor target for ABT-737, as long as Mcl-1
is not the dominant antiapoptotic Bcl-2 protein.

We have also demonstrated that the combination of nutlin 3a and ABT-737
synergistically induces mitochondrial apoptosis in leukemia cells, via in part an
interplay of cell cycle modulation with the bcl-2 apoptotic rheostat [44]. While
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nutlin-3a induced p53-mediated apoptosis predominantly in S and G2/M cells,
ABT-737 induced apoptosis predominantly in G1, the cell cycle phase with the
lowest Bcl-2 protein levels and Bel-2/Bax ratios. The complementary effects of
nutlin-3a and ABT-737 in different cell cycle phases, as well as the induction of
pro-apoptotic Bel-2 family proteins in response to nutlin 3a, account in large
part for their synergistic activity. Our data suggest that combined targeting of
Mdm?2 and Bcl-2 proteins could offer considerable therapeutic promise in AML
[44]. ABT-737 lowers the apoptotic threshold and should therefore be synergis-
tic or at least additive with other agents. One potential choice is the combina-
tion with Gleevec (imatinib) in CML [55] and with the FLT3-ITD inhibitor
Sorafenib [119, 120].

Another Bcl-2 “inhibitor” with a detailed preclinical and also recent clinical
history [87] is Obatoclax Mesylate (GX-015-070). This agent was shown to
target the BH3 region, although probably at a lower affinity than ABT-737.
A clinical trial has been reported in AML with inconclusive results [87]. No on-
target effects on platelets (which contain large amounts of Bcl-X; and are
highly sensitive to ABT-767 and ABT-263) have been observed and no dose-
dependent anti-leukemia effects. As Obatoclax targets Mcl-1, unlike ABT-737,
potential synergistic effects with ABT-737 could be exploited and Mcl-1-depen-
dent malignancies could be targeted. Another group of compounds, Gossypol
and Apo-Gossypol, target the BH3 hydrophobic grove, but other established
mechanisms make these compounds less specific, which is also borne out in the
reported toxicities of Gossypol [35, 41, 113].
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Interestingly, recent observations suggest that the FLT3 inhibitor sorafenib
can activate the expression of multiple pro-apoptotic Bcl-2 proteins such as
Bim, Bad, Bax and Bak [119], while simultaneously decreasing the levels of Mcl-
1 and XIAP, changes that render AML cells exquisitively sensitive to ABT-737.
These observations support the combinatorial use of sorafenib with BH3
mimetics as a novel therapeutic strategy in AML. Promising results of a phase
I study in hematological malignancies utilizing ABT-263, the orally available
clinical analog of ABT-737, are evolving and Sorafenib showed high activity as
single agent in FLT3-ITD AML [120]. Optimized, mechanism-based combina-
tions of targeted agents should result in “synthetic lethality” overcoming
mechanisms of resistance of their combinatorial partner agents.

Targeting XIAP to Potentiate Apoptosis in Leukemia

Giving its role in opposing apoptosis and promoting chemoresistance, as well as
its overexpression in malignant cells over normal cells, XIAP has attracted great
attention as a potential therapeutic target for cancer. A phase I/II clinic trial
with a XIAP antisense oligonucleotide [57] alone or in combination with
chemotherapies is ongoing in various solid tumors and AML. Various small
molecules that inhibit BIR3 or BIR2 domains of XIAP are under preclinical
development [59, 74, 88, 100, 101, 114]. Among them, polyphenylurea-based
small molecular BIR2 inhibitors of XIAP induce apoptosis in various AML cell
lines and patient blasts in a caspase-3-dependent manner [12]. By screening a
library of molecules isolated from Chinese herbs, Nikolovska-Coleska et al.
identified embelin, a natural product from the Japanese Ardisia plant that binds
the surface groove in the BIR3 domain of XIAP. Its binding affinity is similar to
the SMAC peptide and induces apoptosis of malignant prostate cancer cells at
low micromolar concentrations [71]. Our group has found that triptolide inhi-
bits XIAP mRNA and protein and potently induces AML cell death at low
nanomolar concentrations [13, 15]. Curiously, triptolide can also activate p53
resulting in increased expression of DRS5 and potent synergism with TRAIL to
induce apoptosis of AML cell lines and primary samples [14]. A clinical trial
with a water-soluble derivative of triptolide in solid tumors is being conducted
in France. The potent effect of triptolide in leukemia cells in culture warrants its
clinical evaluation in AML.

Conclusions

The findings presented here support hypothesis-driven therapeutic concepts to
maximize the induction of apoptosis in leukemia cells. For example, the inacti-
vation of p53 by HDM2 is frequent in leukemias and can be overcome by agents
that disrupt the HDM2-p53 interaction. HDM4 which inhibits p53 through a
different mechanism will also need consideration. Second, the inactivation of
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certain pro-apoptotic by anti-apoptotic Bcl-2 family members is very frequent
in leukemias and both protein—protein interactions are presently being investi-
gated in targeted clinical trials. The inhibitor-of-apoptosis (IAP) family pro-
teins are likely to contribute to apoptosis resistance, and clinical trials targeting
XIAP and survivin are ongoing (Schimmer, Andreeff 2009, In Press). The
notion that p53 modulates the Bcl-2 apoptotic rheostat directly, by behaving
as a BH3-only protein, and indirectly by increasing the levels of sensitizer BH3-
only proteins, provides a rationale to combine HDM2 inhibitors with BH3
mimetics. Ongoing work has indeed revealed that nutlins potently synergize
with ABT-737 to induce apoptosis in AML cell lines and primary samples.
Second, the finding that inhibition of MAPK signaling decreased the levels of
Mcl-1 and abrogated Bcl-2 phosphorylation resulting in increased sensitivity to
ABT-737 demonstrates that the true “Achilles heel” of leukemia may be
exploited by targeting both signal transduction and apoptotic programs simul-
taneously (“synthetic lethality”). Third, XIAP and survivin inhibitors have
progressed to clinical trials to maximize the contribution of caspase activation
to cell death. While still incomplete, our present understanding of the apoptotic
circuitry of leukemia cells is illustrated in Fig. 6. Activation of the intrinsic
apoptosis pathway, particularly the induction of MOMP, is a central event in
promoting cell death of leukemia cells, whether by activated p53 signaling, BH3

! Nu;lin 3a
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Fig. 6 Targeting the apoptotic circuitry in leukemia cells



Apoptosis in Leukemias 211

mimetics, or IAP inhibition alone or in combination strategies with kinase
inhibitors and classical apoptosis inducers, such as chemotherapeutic agents.
Critical knowledge will be gained in carefully analyzed clinical trials. The
expected surprises will extend our knowledge of the apoptotic machinery of
leukemia cells, lead to refinements of the basic concepts discussed here, and the
development of new agents that will need to exert pro-apoptotic activity against
leukemic stem cells in hypoxic microenvironments that takes into account
biochemical and molecular realities not yet fully appreciated in our current
concepts [2, 27, 118].
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Acute Promyelocytic Leukemia: A Paradigm
for Differentiation Therapy

David Grimwade, Anita R. Mistry, Ellen Solomon, and Fabien Guidez

Abstract Acute promyelocytic leukemia(APL) is characterized by the t(15;17)
chromosomal translocation leading to the formation of the PML-RARw onco-
protein. This leukemia has attracted considerable interest in recent years, being
the first in which therapies that specifically target the underlying molecular
lesion, i.e., all-trans retinoic acid (ATRA) and arsenic trioxide (ATO), leading
to induction of differentiation and apoptosis have been successfully used in
clinical practice. The advent of ATRA therapy has transformed APL from
being a disease with a poor outlook to one of the most prognostically favorable
subsets of acute myeloid leukemia. Further improvements in outcome may be
achieved with the use of ATO, which achieves high rates of remission in the
relatively small proportion of patients now relapsing following standard first-
line therapy with ATRA and anthracycline-based chemotherapy. Moreover,
recent studies have suggested that ATO and ATRA, oreven ATO alone, used as
front-line treatment of PML-RARA- associated APL can induce long-term
remissions. This raises the possibility that some patients can be cured using
differentiation therapies alone, without the need for chemotherapy, thereby
potentially reducing treatment-related toxicity. It is clear that the success of
such an approach is critically dependent upon molecular diagnostics and mon-
itoring for minimal residual disease (MRD) to distinguish those patients who
can potentially be cured with differentiation therapy from those requiring
additional myelosuppressive agents. This represents an exciting new phase in
the treatment of acute leukemia, highlighting the potential of molecularly
targeted and MRD-directed therapies to achieve an individualized approach
to patient management.
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Clinical Features of Acute Promyelocytic Leukemia

Acute promyelocytic leukemia (APL) is one of the commonest forms of acute
myeloid leukemia (AML) accounting for around 10% of cases arising in children
and younger adults [30]. APL can be readily identified, based upon the distinct
morphological appearance of the leukemic cells, with two major subtypes being
recognized in the French-American-British (FAB) classification of AML [4]. The
majority of cases (~75%) present with the classical form of the disease (FAB M3)
with a marrow replaced by heavily granulated promyelocytic blasts, including
characteristic cells crammed with bundles of Auer rods (“faggot cells”). This
hypergranular form of APL is typically accompanied by cytopenias with few or
no abnormal cells in the peripheral blood. Approximately a quarter of cases
present with the hypogranular (microgranular) variant form of the disease (FAB
M3v), which is associated with leucocytosis due to circulating blasts characterized
by bilobed nuclei, which appear less heavily granulated than those of classical APL
by light microscopy. Despite the morphological differences, the majority of cases
harbor a common molecular lesion, i.e., the PML-RARA fusion gene, whose
presence predicts a favorable response to molecularly targeted therapies in the
form of all-¢rans retinoic acid (ATRA) and arsenic trioxide (ATO) [29].

A key clinical feature that needs to be taken into account in the initial manage-
ment of APL is the severe bleeding tendency, reflecting to varying degrees
triggering of the coagulation cascade with disseminated intravascular coagula-
tion (DIC), increased fibrinolysis and proteolysis, compounded by thrombocy-
topenia [19]. The coagulation defect is exacerbated by chemotherapy through
disruption of APL blasts and their granular contents; indeed cerebral hemor-
rhage remains one of the commonest causes of death, leading to the demise of up
to 10% of patients. In contrast to the effects of chemotherapy, ATRA has been
found to have an ameliorating effect on the coagulopathy; hence prompt initia-
tion of ATRA therapy as soon as the diagnosis is suspected is of paramount
importance [57]. Moreover, randomized trials have demonstrated that the addi-
tion of ATRA to conventional chemotherapy leads to a substantial reduction in
rates of relapse associated with improved overall survival [21, 70]. Over the last 15
years it has also been recognized that APL is exquisitely sensitive to anthracy-
clines, which correlates with the low levels of P-glycoprotein expression observed
in this subset of AML [60, 35]. These data have led to the adoption of extended
courses of ATRA combined with anthracycline-based chemotherapy as the
standard treatment approach to PML-RARA-associated APL, leading to the
cure of approximately 70% of patients [65].

Molecular Pathogenesis of APL

While ATRA and ATO have ultimately proved to be highly effective molecularly
targeted therapies, ironically both agents were discovered to be particularly
efficacious in APL by physicians working in China long before the molecular
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basis of the disease was determined [14]. Indeed, it was the particular sensitivity to
retinoic acid (RA) that prompted some investigators to focus upon and ulti-
mately identify the gene encoding Retinoic Acid Receptor Alpha (RAR) located
at 1721 as the translocation target in APL [13] (reviewed in [59]). Seven fusion
partners of RARA have been identified to date (Fig. 1). The vast majority of cases
involve the PML (P roM yelocytic L cukemia) gene as a result of the
t(15;17)(q22;921) chromosomal translocation. Other less common fusion part-
ners include the PLZF (P romyelocytic L eukemia Z inc Finger) (~1% APL) and
nucleophosmin (NPM1) genes (~0.5% APL) due to t(11;17)(q23;q21) and
t(5;17)(q35;q12-21), respectively. Nu clear M itotic A pparatus protein (NuMA)
and S ignal T ransducer/A4 ctivator of T ranscription 5b (STATSb) have been
identified as the fusion partner in cases with t(11;17)(q13;q21) and interstitial 17q
deletion, respectively, but have only been reported in single patients to date.
Recently, the number of APL fusion partners has been further extended with the
discovery of cases involving the PRKA R A (encoding the regulatory subunit type
1-alpha of protein kinase A) and FIPILI (Fipl-likel) genes (Fig. 1). Precise
molecular diagnosis of APL is essential, since the nature of the fusion partner
has an important bearing upon disease biology, particularly the response to
molecularly targeted therapies. APL involving PML, NPMI1, FIPIL1 and

RARGa fusion proteins in APL

IR -

| RING [B1/B2]Coiled-coill D i PML-RARo

R PR, @.F-AAR
I °111-RARG
I R .1A-RARG

{ | DBD | [sm3| | STAT5b-RARa

B FrKARTA-RAR
FIPIL1-RARG

Fig. 1 Fusion proteins underlying the pathogenesis of acute promyelocytic leukemia. Schematic
representation of RARo and the APL-associated RARa fusion proteins. RARo functional
domains (A to F) are as indicated. Different colors are used to represent functional regions of
the PML, PLZF, NPM1, NuMA, STAT5b, PRKARIA and FIPILI proteins. PML regions
labeled as RING, B1, and B2 represent cysteine-histidine rich domains. Circled Zn ™ * and PRO
symbols represent Kriippel-like zinc finger motifs and proline-rich regions in the PLZF moiety,
respectively. Labeled coiled-coil regions in PML, NuMA, and STAT5b and oligomerization and
POZ domains in NPM1 and PLZF, respectively, represent protein—protein interaction motifs
which are present in the N-termini of all the RARo chimeras. Relative positions of STATSb
DNA-binding (DBD), SH3, and SH2 domains are also indicated. The fusions involving
PRKARIA and FIPIL1 generated by a 17q rearrangement [9] and t(4;17)(q12;q21) [41]
respectively, are the latest to have been described to date
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Fig. 2 RARa/RXR heterodimers and APL fusion proteins function as retinoic acid concen-
tration-dependent transcription factors. In the absence of ligand (retinoic acid, RA), RAR«
heterodimerizes with RXRa and acts as a transcriptional repressor by recruiting nuclear
receptor corepressors, including N-coR, Sin3, and in turn histone deacetylases (HDACsS)
(upper panel, left). The presence of RA, at physiological concentrations, induces an allosteric
change in the receptor leading to the release of the corepressor complex and the recruitment of
the co-activator complex thus leading to the activation of transcription of genes required for
cellular differentiation and growth inhibition (upper panel, right). At this concentration of the
ligand, both PML-RAR« and PLZF-RARx are potent transcriptional repressors in view of
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NuMA is retinoid responsive, while that involving PLZF or STATS5b responds
poorly to ATRA. Sensitivity to ATO has only been demonstrated in cases with an
underlying PML-RARa fusion, indeed those with PLZF-RARo have been
shown to be resistant to this agent (reviewed in [59]).

The consistent association between APL and rearrangement of the RARA
locus highlights the importance of deregulation of RARa which functions as a
ligand- (i.e., retinoic acid, RA) dependent transcription factor involved in
myeloid differentiation, in determining the disease phenotype. Indeed, genomic
break points consistently occur within intron 2, such that the same domains of
RARa (B through F) are retained within the APL fusion proteins (see Fig. 1);
these include the DNA-binding domain (C) and the E-region which includes the
ligand-binding domain (LBD) and regions involved in binding to coactivator or
corepressor complexes in a ligand-dependent fashion (as discussed in more
detail below). The E-region also provides an interface for heterodimerization
with a second family of nuclear hormone receptors, retinoid-X-receptors
(RXRs), required for high-affinity binding to the specific response elements
(retinoic acid response elements, RAREs) within regulatory regions of retinoid
target genes [10, 61]. Both RARs and RXRs act to transduce the retinoid signal
and are activated by 9-cis retinoic acid (9-cis RA); but in addition, RARs are
specifically activated by ATRA [43].

Unliganded RARu is capable of binding DNA response elements with high
affinity leading to transcriptional repression due to interaction with corepressor
molecules, i.e., SMRT (silencing mediator for RAR and TR) and N-CoR
(nuclear receptor corepressor) [42, 62]. The corepressors in turn recruit the
histone deacetylase (HDAC)-containing Sin3a complex, leading to deacetyla-
tion of core histones and chromatin condensation [62]. The chromatin in this
state is inaccessible to transcriptional activators and the basal transcription
machinery, effectively silencing retinoid target genes (Fig. 2). Conversely, bind-
ing of ligand to the receptor induces a conformational change, favoring recruit-
ment of coactivator complexes to previously inaccessible residues accompanied
by dissociation of corepressors, leading to transcriptional activation at retinoid
target genes. The coactivator complexes act in concert to initiate transcription in
a number of ways, including acetylation of core histones (CBP, ACTR),

<

Fig. 2 (continued) an increased and aberrant affinity for nuclear corepressors and HDACs
(middle and bottom panels, left). At pharmacological doses of RA, while PML-RAR« can be
freed from corepressor interactions thus directly mediating trans-activation of RAR« target
genes (middle panel, right), corepressor binding to the N-terminal POZ domain PLZF-RAR«
persists correlating with the retinoid insensitivity of this subset of APL (bottom panel, right).
Recent studies have shown that the PML-RARa protein induces promoter DNA hyper-
methylation at CpG dinucleotides by direct recruitment of DNA methyltransferase
(DNMT) enzymes and by forming stable complexes with the methyl binding protein
MBD1, which docks to methylated CpG sites to establish a silenced chromatin state. The
presence of SUV39H 1, which induces trimethylation of histone H3 (H3K9), further reinforces
the epigenetic silencing mediated by APL fusion proteins
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unwinding of DNA mediated by helicases (Tripl/Sugl), and interaction with
components of the basal transcription machinery (TIF-1) [62]. Hence RAR« has
the potential to exert a dual function; with unliganded receptor acting as a
negative regulator of granulocytic differentiation, while RA-bound RAR« sti-
mulates this process. The APL fusion proteins such as PML-RARu« effectively act
in a similar fashion, but operating at a higher threshold concentration of RA.
While at physiological levels of RA the wild-type RAR« receptor functions as a
transcriptional activator to induce myeloid differentiation, this concentration of
ligand (10~°-10"*M) is insufficient to displace the corepressor complexes includ-
ing SMRT/N-CoR, Sin3a, and HDACs from APL fusion proteins, leading to
chromatin condensation at regulatory elements of target genes [34, 31, 49, 28].
Epigenetic silencing is further compounded by recruitment of DNA methyltrans-
ferases (DNMTs) [15], MBDI1 [72], and the histone methyltransferase SUV39H1,
responsible for trimethylation of lysine 9 of histone H3 [7] (Fig. 2). A number of
potential RA-RAR« target genes which could be aberrantly regulated by APL
fusion proteins have been identified. These include the HOX gene cluster and
genes encoding CCAAT enhancer binding proteins  and ¢ (C/EBPp, C/EBPe),
interferon regulatory factor 1 (IRF1), STATla, c-MYC, and p21VAF/CIP [17]
(reviewed in [59]). The PML-RARw oncoprotein not only retains binding activity
for classical RARESs but can also bind to novel DNA response elements, thereby
providing a potential gain of function for the fusion protein leading to the
repression of an extended range of target genes that could potentially contribute
to the block in differentiation and the mechanisms underlying leukemic transfor-
mation [39, 77]. Recruitment of repressor complexes by the APL fusion proteins
may be further enhanced by the oligomerization capacity conferred by dimeriza-
tion domains within each of the respective fusion partners (see Fig. 1), which
appears to play an important role in leukemogenesis [77, 69, 44, 50, 58].

Mechanisms Underlying ATRA Response in APL

While APL fusion proteins block myeloid differentiation at physiological levels
of RA (see above); paradoxically they also have the capacity to mediate myeloid
differentiation at pharmacological concentrations of ATRA (10~ '-10"°M).
This effect is critically dependent upon displacement of corepressor complexes
from the APL fusion protein in favor of coactivators (Fig. 2). While binding of
ligand leads to dissociation of corepressor complexes from the C-terminal
RARo moiety of the APL fusion proteins; a number of studies have shown
that the resistance to ATRA therapy that characterizes APL with the PLZF-
RARu fusion is correlated with persistent retinoid-insensitive binding of cor-
epressor complexes to the POZ repressor domain of the PLZF moiety of the
fusion protein (Fig. 2). Indeed, subsequent in vitro studies have indicated that
primary leukemic blasts with the PLZF-RARa fusion can be induced to differ-
entiate if ATRA is combined with the HDAC inhibitor trichostatin A [31, 40].
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In addition to mediating release of corepressor molecules, ATRA has been
shown to induce degradation of the PML-RARw« oncoprotein through caspase-
dependent cleavage within the PML moiety and through the ubiquitin/proteo-
some system (reviewed in [59]). This has a number of effects which could
contribute to differentiation. Cleaved PML-RARo can no longer interact
with wild-type PML, thereby allowing the multiprotein nuclear body structures
(PML nuclear bodies), which have been implicated in cellular growth control
and whose disruption is a hallmark of PML-RAR« associated APL, to re-form.
Additionally, it can be envisaged that the cleaved PML-RAR« protein could
activate RA-RARu target genes. Furthermore, degradation of PML-RAR«
leads to release of sequestered RXR, which could interact with wild-type
RARu and other nuclear hormone receptors.

Differentiation of APL blasts is followed by upregulation of the death ligand
TRAIL (tumor necrosis factor-related apoptosis-inducing ligand) leading to
induction of apoptosis [1]. TRAIL is believed to act through the death-
signaling receptors DR4 and DRS5. Interestingly chemotherapeutic agents can
induce DRS. Hence in patients treated with ATRA and chemotherapy the
TRAIL pathway could be activated at multiple points, potentially contributing
to the success of current combination treatment approaches.

Mechanism of ATO Activity in APL

ATO has wide-ranging effects on a variety of biological pathways and enzyme
systems through cross-linking of proteins containing thiol (-SH) groups
(reviewed in [59]). Clinical efficacy of this agent in PML-RARu-associated
APL seems to reflect a combination of concentration-dependent responses
involving partial differentiation and induction of apoptosis (Fig. 3).

At lower concentrations (0.1-0.5 uM), differentiation is favored, which can
result in clinical complications relating to induction of hyperleucocytosis and
differentiation syndrome (see below). ATO reverses a number of processes
implicated in the pathogenesis of PML-RARa-associated APL, which could
contribute to release of the block in differentiation (Fig. 3). In particular, it
triggers MAP kinase-dependent phosphorylation of SMRT, leading to disso-
ciation of corepressor/HDAC complexes from the PML-RARu fusion protein
thereby abrogating its transcriptional repressor function [36]. Moreover, ATO
induces degradation of the fusion protein, a process that takes place in the
reconstituted PML nuclear bodies (see below).

At higher concentrations (0.5-2 uM), ATO can induce apoptosis of APL
blasts. The precise mechanisms have not been elucidated, but a number of
pathways have been implicated (reviewed in [59]). These include a direct effect
on the transition pore of the mitochondrion, altering transmembrane poten-
tials, leading to release of cytochrome C and culminating in triggering of the
caspase cascade. In addition, arsenic may induce apoptosis through more indirect
effects on the mitochondrion involving an increase in reactive oxygen species,
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through a number of mechanisms including inhibition of glutathione peroxidase
which converts hydrogen peroxide to water (reviewed in [59]) and upregulation of
NADPH oxidase [11]. Further studies have focused upon the modulatory effects
of ATO on components of signal transduction pathways, including MAP kinases
p38, INK, and ERK [12, 33, 71, 26]. It has been appreciated for several years that
treatment of APL blasts with ATO restores nuclear architecture, leading to
relocalization of wild-type PML protein to multi- protein nuclear body structures
(PML nuclear bodies) that are disrupted in the presence of the PML-RAR«
oncoprotein. The pathways through which ATO mediates such effects are now
being elucidated, with a recent study providing evidence that ATO induces
phosphorylation of ERK, inducing downstream phosphorylation of PML, pro-
moting conjugation with SUMOI (for S mall U biquitin-related MO difier)
which in turn leads to relocalization of PML to form nuclear bodies. This process
is accompanied by recruitment of other nuclear body constituents such as Daxx,
thereby promoting apoptosis [33]. ATO has also been shown to activate ATR
(ataxia telangiectasia mutated and Rad3-related kinase) leading to activation of
Chk2 inducing P53-dependent apoptosis. Activation of Chk2 is further enhanced
by restoration of PML function following the degradation of PML-RARa
mediated by ATO [38].
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Interestingly, a more recent study has suggested that the particular sensitivity
of APL to ATO correlates with expression level of the transmembrane protein
aquaglyceroporin 9 (AQP9) which may be involved in uptake of the drug [48].
AQPY expression is upregulated by ATRA leading to increased intracellular
levels of ATO, which may contribute to the apparent clinical benefit of combi-
nation therapy with these agents [48].

It has become clear over the last few years that ATO not only has very far
reaching effects on a wide range of cellular pathways but also influences the
marrow micro-environment (see Fig. 3). As such, the extent to which any given
mechanism contributes to mediating the differentiation and pro-apoptotic
responses observed in APL or indeed apoptotic responses in other forms of
hematological malignancy remains to be established.

Establishment of ATRA in the Treatment of APL
Early Experience with ATRA as Single-Agent Therapy

Use of ATRA in APL was the first successful clinical application of differentia-
tion therapy, leading to induction of morphological remission in virtually all
patients with newly diagnosed PML-RARx-associated disease [8, 37].
However, unfortunately it soon became apparent that use of ATRA as single-
agent therapy is insufficient to maintain remission, with disease relapse typi-
cally occurring within a few months. A number of mechanisms have been
implicated in the development of secondary resistance to retinoid therapy
[59, 74, 23]. Of key importance is the decline in plasma levels that occurs over
the first few weeks of therapy due to increased drug metabolism through the
induction of cytochrome P450, interaction with lipid hydroperoxides, and
possibly upregulation of M DRI, but also due to induction of cellular retinoic
acid binding proteins (e.g., CRABPII), such that intracellular RA concentra-
tions fall below the threshold required to target the PML-RAR« oncoprotein.
A further mechanism of resistance that has been observed in patients subject to
prolonged ATRA therapy involves the emergence of leukemic clones harboring
mutations in the LBD of the PML-RAR« fusion protein which impair RA
binding (reviewed in [23]). The invariable occurrence of disease relapse in
patients receiving continuous daily ATRA therapy also implies that this treat-
ment approach does not effectively target the leukemic stem cell population.

“Differentiation Syndrome” — The “Downside” of Differentiation
Therapy

In approximately a third of newly diagnosed APL patients receiving ATRA as a
single agent, treatment is complicated by a potentially fatal “differentiation
syndrome” [22]; this typically presents with unexplained fever and dyspnea,
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with evidence of fluid retention with pulmonary infiltrates. The syndrome
usually develops within the first 2 weeks of therapy and is commonly, but not
necessarily, accompanied by a rising leukocyte count. In most cases a fatal
outcome is averted by prompt initiation of steroid therapy. The syndrome is
believed to be due to cytokine release and modulation of adhesion molecules on
the surface of APL blasts and vascular endothelial cells [59]. The syndrome may
in part relate to induction of APL blast aggregation. This phenomenon may be
observed in vitro following exposure of the APL cell line NB4 to ATRA and is
correlated with upregulation of cellular adhesion molecules including LFA1
and ICAM2 [54, 45]. Interestingly, these aggregates rapidly disperse following
exposure to steroids, which may contribute to the clinical efficacy of these
agents in this situation. Early introduction of chemotherapy has significantly
reduced the incidence of differentiation syndrome, which now complicates
remission induction in less than 10% of cases. Patients presenting with elevated
leukocyte counts tend to be at highest risk; this group commonly treated with
prophylactic steroids, although there is no clear evidence that this is beneficial
(reviewed in [57]).

Optimizing ATRA Therapy to Improve Outcome in APL

Since ATRA therapy proved to be insufficient to maintain long-term remission
in APL, subsequent studies investigated the impact of combining ATRA with
chemotherapy. Randomized studies showed that addition of ATRA significantly
reduces risk of relapse and improves overall survival compared to use of che-
motherapy alone [21, 70]. Subsequent randomized trials investigated the best way
to schedule ATRA in relation to chemotherapy. Giving ATRA as a short 5-day
course (with the aim of reducing the coagulopathy) [60] and as a more extended
course (to induce morphological remission) [20] prior to commencing chemother-
apy were both associated with a poorer outcome with higher risk of relapse, as
compared to patients receiving ATRA as an extended course commenced simul-
taneously with induction chemotherapy. The latter approach has been adopted in
the ATRA and anthracycline-dominated protocols developed by the Italian
GIMEMA and Spanish PETHEMA groups that are specific to PML-RARA +
APL and lead to cure of approximately 70% of patients [3, 63].

Experience with Arsenic Compounds in the Management of APL

Approximately 10-15% of APL patients relapse following first-line therapy
with ATRA and anthracycline-based chemotherapy. For such patients, ATRA
cannot be relied upon to induce a further remission due to acquired resistance,
which can in some instances be due to relapse with subclones harboring muta-
tions within the LBD of the PML-RARa oncoprotein (reviewed in [23]).
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However, ATO has been shown to be an extremely active agent in relapsed
APL, achieving high rates of remission (approximately 80%) [67, 68] and has
been confirmed to be effective in cases with LBD mutations [53]. ATO also
carries the distinct advantage that it does not induce myelosuppression and can
therefore be given largely on an outpatient basis. Moreover, in the majority of
cases, clinical response to ATO is accompanied by molecular remission [67, 68];
this is in stark contrast to ATRA, with which achievement of molecular remis-
sion is exceptional at any stage of the disease. As such, ATO is now widely
considered as the first-line treatment approach in relapsed disease [64]. How-
ever, the drug is associated with a number of recognized adverse effects, the
most common being induction of hyperleucocytosis and differentiation syn-
drome [16]. The latter, which is clinically identical to the syndrome induced by
ATRA, can occur in up to a third of patients, is managed in a similar fashion,
and typically responds to steroids. Some concerns have been raised with respect
to the use of ATO due a high incidence of severe hepatotoxicity observed in an
early Chinese study and reports of cardiac toxicity with QT prolongation and
fatal cardiac arrhythmia. However, there has been limited hepatotoxicity and
no fatal cardiac arrhythmias with the use of proprietary drug and it is possible
that the reported adverse effects reflect the nature of the drug preparation used
or the patient population subject to study. The drug can, however, cause
neurological toxicity, particularly peripheral neuropathy which can be dose
limiting. Although most patients with relapsed disease achieve a further remis-
sion with ATO, the rate of subsequent relapse is relatively high [16] and hence
this agent is typically used as “a bridge to transplantation” [47]. In patients
achieving molecular remission in whom it is possible to harvest PCR negative
hematopoietic stem cells, an autologous transplant may be the preferred option
to consolidate remission. Eligible patients with evidence of persistent disease as
determined by molecular monitoring and/or those in whom PCR negative
stem cells could not be harvested may benefit from an allogeneic transplant
(reviewed in [64]).

Following the impressive results obtained with ATO in relapsed disease, a
number of studies have investigated arsenic compounds as a component of
consolidation, but also as first-line therapy in newly diagnosed APL. These
include tetra-arsenic tetra-sulfide (AssS4) [52] and arsenic trioxide (ATO)
[25, 55]. Shen and colleagues reported use of ATRA and ATO for remission
induction of APL, suggesting a benefit for the combination over either alone
[66]. Studies performed in India and Iran have reported exciting results with the
use of ATO as single-agent therapy, with high CR rates, associated with durable
molecular remissions. These findings have been extended by Estey and collea-
gues at the MD Anderson Hospital, Houston, using proprietary ATO in
combination with ATRA to treat APL patients with low presenting leukocyte
count (<10 x 10%/1). A similar approach has been adopted for patients present-
ing with higher WBC, who in addition received anti-CD33-targeted therapy
with gemtuzumab ozogamicin on induction [18]. Patients were monitored reg-
ularly by polymerase chain reaction to identify those with evidence of minimal
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residual disease requiring additional therapy, for example, with gemtuzumab
ozogamicin, anthracycline chemotherapy, and possibly transplantation to
maintain molecular remission. Results were extremely encouraging, including
those obtained in older patients, who normally have a high risk of induction
death with conventional treatment protocols involving chemotherapy. Taken
together, these studies present an exciting prospect that a substantial propor-
tion of APL patients may be curable with differentiation therapy alone, allow-
ing chemotherapy to be dispensed with.

The Future of Differentiation Therapy in APL and Beyond

Over the past decade it has become established that APL fusion proteins
function as transcriptional repressors recruiting HDACs and DNMTs leading
to silencing of genes implicated in myeloid differentiation. This suggests that
demethylating agents and histone deacetylase inhibitors (HDACIs) could be of
value in the management of APL patients. There is some clinical evidence for
efficacy of HDACTSs in this disease, with phenylbutyrate treatment leading to
remission in a patient in clinical relapse [73]; while sodium valproate may have
contributed to prolonged remission in a patient who received minimal therapy
[56]. However, the response to HDACISs in patients with relapsed disease has
generally been disappointing [76]. Nevertheless, targeting epigenetic changes
provides a promising strategy for extending differentiation therapies to other
subsets of leukemia, with early studies showing encouraging results for combi-
nation therapy with an HDACI and demethylating agent in relapsed and newly
diagnosed high-risk AML [24, 27]. Interestingly, the efficacy of this approach
extends beyond the molecularly-defined subgroups of AML characterized by
chimeric fusion proteins that are recognized to recruit corepressor complexes,
such as AMLI1-ETO.

Investigation of pathways which could potentially be exploited to overcome
retinoid resistance in APL has also provided a further exciting avenue to
explore the potential of a differentiation approach to the treatment of other
forms of AML. Agents that specifically target RXR (the so-called “rexinoids”)
have been shown to synergize with cyclic AMP (cAMP) to induce differentia-
tion of APL blasts expressing PML-RARa with a RA-resistance conferring
LBD mutation [5]. Similarly, the combination of rexinoid and cAMP was found
to effectively bypass the RA resistance conferred by the PLZF-RARa onco-
protein to induce differentiation of blasts from a patient with t(11;17)-
associated APL [2]. This pathway may have been implicated in the clinical
response observed in a multiply relapsed APL patient treated with theophylline,
which serves to increase intracellular cAMP levels [32]. This approach may be
applicable to other subsets of leukemia, with combinations of rexinoid and
cAMP agonists inducing apoptosis in a wide range of AMLs, with efficacy
correlated with upregulation of TRAIL and its cognate receptors [2]. Develop-
ment of additional strategies for the induction of differentiation may arise
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from greater understanding of the regulatory networks at the transcriptional
and proteomic level that underlie the response to ATRA and ATO in APL [75].

While ATRA and ATO have highlighted the dramatic potential of differ-
entiation therapies, it is sobering to think that these highly successful molecu-
larly targeted therapies were identified by chance rather than by design.
Nevertheless, results of studies conducted in China [66], India [55], Iran [25],
and the United States [18] using arsenic-based compounds as first-line therapy
in newly diagnosed APL represent an exciting advance in the management of
acute leukemia indicating some patients may be curable with differentiation
therapies alone, without a requirement for chemotherapy. This novel approach
could provide a number of benefits, potentially reducing risk of induction death
in APL due to hemorrhage and enabling treatment to be largely administered
on an outpatient basis. Moreover, elimination of chemotherapy from the
treatment regimen could reduce treatment-related toxicity; indeed it has
become apparent that some APL patients develop secondary myelodysplasia/
AML as a complication of their initial chemotherapy [46, 51]. Use of this
differentiation therapy “chemotherapy-free” approach is a particularly attrac-
tive proposition for the management of older patients with APL. Based on these
encouraging preliminary data, “differentiation therapy” is now being evaluated
in randomized controlled trials against conventional ATRA and anthracycline-
based protocols. However, it is clear that the success of this novel treatment
strategy will be critically dependent upon reliable molecular monitoring to
identify the subgroup of patients who require more conventional therapy [18].

While our understanding of the molecular pathogenesis of APL and its
response to targeted therapies has advanced dramatically over the past decade,
it remains uncertain as to whether sensitivity to differentiation therapies is
dictated solely by the underlying molecular lesion and the mechanisms by
which myeloid development is blocked, or whether the nature of the target
progenitor subject to leukemic transformation has a critical bearing upon the
feasibility of this approach. Certainly use of ATRA and ATO in APL represents
a paradigm for differentiation therapy, transforming APL from a disease with
poor prognosis to one in which most patients can expect to be cured. This has
provided considerable impetus to take on the significant challenge of widening
the scope of this novel treatment strategy to improve outcomes of other subsets
of leukemia in the future.
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Immunotherapy of AML

Gheath Alatrash and Jeffrey J. Molldrem

Abstract The applications of chemotherapy for the treatment of AML have
been unchanged over the past three decades, with only 30% of patients demon-
strating disease-free survival (DFS) [118]. Despite achieving CR following
induction chemotherapy, the majority of patients relapse and succumb to
their disease [6]. In view of the limitations encountered by cytarabine/anthracy-
cline based regimes, attention has shifted to immunotherapy as a means to treat
AML and provide significant long-term DFS. This chapter will discuss the role
of the immune system and recent advances in immunotherapy for the treatment
of AML, focusing on cellular and non-cellular approaches.

Introduction: Biology of Anti-leukemia Immunity

The immune system plays a major role in the prevention of cancer by recogniz-
ing and eliminating malignantly transformed cells, a process known as immune-
surveillance [28, 110], and following tumor establishment by inhibiting and
controlling metastases. Immunodeficiency states, whether genetic [92], virally
acquired [108], or iatrogenic (e.g., post-organ transplantation) [58], have clearly
been correlated with a higher incidence of both solid and hematologic malig-
nancies. The emergence of a clinically significant malignant disorder thus can be
attributed to a failure of the immune system to mount an appropriate anti-
tumor response and eradicate the malignant clone. Defects in the host immune
system, which may be directly caused by tumor-secreted molecule [17], as well as
a myriad of evasion mechanisms employed by tumor cells, can lead to further
disease progression and ultimately to the death of the tumor-bearing host.
Understanding the interactions between tumor and immune cells is critical to
the success of immunotherapy in the treatment of cancer.
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In addition to being morphologically different from normal bone marrow
blasts, leukemia blasts are further distinguished by their distinct patterns of
antigen expression, thereby providing a rationale for applying immunotherapy
to patients with AML. Anti-leukemia effects of HSCT were first reported in
murine models in the late 1950s [4] and subsequently in humans in the 1960s
[81]. Other approaches were attempted in the mid-late 1970s by Gutterman
et al. [49] and Mathe et al. [82], who used BCG and killed AML blasts,
respectively, to enhance anti-leukemia immunity. Although responses were
noted using these therapies, failure to reproduce results in subsequent studies
and the morbidity associated with HSCT’s graft-versus-host disease (GVHD),
initially called “secondary syndrome” [81] posed major limitations. Advances in
our understanding of anti-leukemia immunity, identification of the specific cell
types and mechanisms that lead to graft-versus-leukemia (GVL) effects of
HSCT, and the discovery of leukemia-associated antigens (LAA) have enabled
us to employ novel immunotherapeutic approaches to the therapy of AML.

The success of allogeneic HSCT and DLI in the treatment of leukemia
underscores the ability of the immune system to control and eradicate hemato-
logical malignancies. Immunotherapeutic approaches to cancer therapy can be
broadly divided into two categories: cellular or non-cellular. The major cell
types which have been used in cellular immunotherapy are T cells, natural killer
(NK) cells, and dendritic cells (DC). These cells can be stimulated in vitro or
engineered to express tumor-specific receptors prior to administration to
patients. Examples of cellular immunotherapy that has shown efficacy in
AML include HSCT, DLI, and adoptive cellular immunotherapy. On the
other hand, vaccines, tumor antibodies, and immune modulators (i.e., cyto-
kines) constitute the non-cellular approaches to leukemia immunotherapy. One
of the major limitations to cellular and non-cellular immunotherapy has been
the anti-self immune responses which are generated following their administra-
tion. An example is GVHD which causes significant morbidity and mortality,
despite adequate prophylaxis. Nevertheless, observations that distinct immune
mechanisms lead to GVHD and GVL emphasize the prospect to develop
targeted therapy that would exploit the full potential of GVL while minimizing
GVHD. The interactions between effector cells, helper cells, co-stimulatory
molecules, and leukemia targets highlight the complexity of anti-leukemia
immunotherapy; more importantly, they point to the multiple pathways of
the immune system that can potentially be intervened on, in order to generate
potent, yet highly specific, anti-leukemia immune responses.

Cellular Therapy
Hematopoietic Stem Cell Transplant (HSCT)

Although the efficacy of allogeneic HSCT in treatment of AML has been clearly
demonstrated, much controversy currently exists regarding the timing of
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transplantation and the patient population that should receive this toxic regi-
men. Multiple randomized control trials comparing allogeneic HSCT, autolo-
gous HSCT, and chemotherapy have been conducted over the past decade [18,
20, 63, 103, 116]. Although the results vary slightly, in general, studies have
consistently demonstrated improved DFS with allogeneic HSCT, compared to
autologous HSCT and chemotherapy. However, there does not appear to be
significant differences in overall survival (OS), and patients receiving allogeneic
HSCT have significantly higher treatment-related mortality rates. Transplant-
related morbidity and mortality associated with GVHD, which can occur in up
to 50% of patients receiving allogeneic grafts despite adequate prophylaxis, are
major limitations to HSCT. GVL and GVHD are mediated by donor T-lym-
phocytes which target both tumor cells and normal tissues [33], although NK
cells are also thought to play a role in these phenomena [94]. Attempts at
reducing GVHD by using T-cell-depleted grafts led to a successful reduction
in GVHD incidence, at the cost of increased disease relapse [76]. Although
distinguishing GVL from GVHD remains a difficult task, the two processes
may be separated as they are mediated by specific T-cell populations [23, 25, 34,
42, 59]. Significant GVHD occurs in 50% of patients with DLI, 90% of whom
achieve significant disease response; however, 55% of patients without GVHD
also achieve disease response [43, 60].

In order to further identify the subgroups of AML patients that would
benefit most from allogeneic HSCT, numerous investigators have probed the
role of cytogenetic abnormalities and have demonstrated a correlation with
outcomes following transplant. AML has been divided into three risk categories
based on cytogenetic mutations: favorable (e.g., inv(16)/t(16;16), t(8;21), and
t(15;17)); adverse risk (e.g., -5/del(5q),-7del(7q), t(6;9), t(9;22), 3q26 abnorm-
ality, or complex karyotype [more than three abnormalities]); and intermediate
risk (e.g., normal karyotype, —Y, +8, +21, or others) [19, 48]. In view of the
benefits observed with chemotherapy in the favorable and intermediate risk
groups [20, 107, 116], allogeneic HSCT is often recommended for patients in the
adverse risk group following first CR, although some patients in the intermedi-
ate-risk group are routinely offered allogeneic HSCT [113, 116, 129].

Donor Lymphocyte Infusion (DLI)

Since its initial use in the 1980s, DLI has shown great promise in the therapy of
hematologic malignancies, especially in patients who relapse following HSCT.
The exact mechanisms through which DLI exerts its clinical effects are not yet
fully delineated; however, current data point to T cells as the primary mediators
of DLI’s anti-leukemia activities. One proposed mechanism involves normal-
ization of T-cell clonality following DLI. To examine the influence of DLI on
the T-cell compartment of recipients, Claret et al. [23] analyzed the T-cell
receptor (TCR) repertoire in four patients with relapsed chronic myeloid
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leukemia (CML) who achieved a CR after infusion of CD4" lymphocytes from
HLA-identical sibling donors. TCR repertoire in patients was examined over a
1-yr period before and after DLI and results demonstrated abnormal TCR
patterns persisting during the initial period following DLI but thereafter nor-
malizing; 1 yr after DLI, all patients demonstrated almost complete normal-
ization of V-beta repertoire. Wu et al. [127] analyzed sera from three patients
with relapsed CML who achieved a complete molecular remission after infusion
of donor T cells and noted that sera from these patients recognized 13 distinct
gene products represented in a CML-derived cDNA library, none of which were
recognized by sera from healthy donors or patients with chronic GVHD. These
conclusions imply that the responses to DLI may be mediated by the develop-
ment of coordinated T- and B-cell immunity.

The greatest success with DLI has been encountered in CML, although some
responses were reported in patients with AML. In a retrospective analysis of 84
CML, 23 AML and 22 ALL patients who received DLI, the European Group
for Blood and Marrow Transplantation reported CR in 73% of patients with
relapsed CML, 29% of patients with AML, and zero percent of patients with
ALL [67]. These results were confirmed by another retrospective analysis of 140
allogeneic transplant patients from 25 North American programs. A response
rate of 60% was observed for patients with CML, in contrast to 15 and 18% CR
rates in patients with AML or ALL, respectively.

Similar to HSCT, one of the major limitations encountered is GVHD, which
has been reported in more than 50% of patients following DLI [24, 73]. Multi-
ple approaches have been attempted to reduce GVHD while harnessing the
benefits of GVL following DLI. Mackinnon et al. [74] administered escalating
doses of donor leukocytes to 22 patients with relapsed CML, ranging between
1 x 10° and 5 x 10®. Nineteen of the 22 patients achieved remission at doses
between 1 x 10" and 5 x 10%. A direct correlation was demonstrated between
the incidence of GVHD and the dose of T cells administered. To determine the
effects of CD8™ cells on GVL and GVHD, Giralt et al. [41] administered CD8 -
depleted DLI to 10 patients with CML who relapsed following HSCT. A mean
0f0.9 £+ 0.3 x 10* mononuclear cells/kg were infused, containing 0.6 + 0.4 x 10°
CD3"CD8" cells/kg were administered. Hematologic and cytogenetic remis-
sions were noted in six patients, while only three patients had evidence of
GVHD (two patients developed > grade II acute GVHD and one patient
developed mild chronic GVHD). Alyea et al. [2] administered escalating doses
(0.3, 1.0, or 1.5 x 10® cells/kg) of CD4" donor T cells after ex vivo depletion of
CD8™" lymphocytes to 40 patients with relapsed hematologic malignancies
(CML and MM) after allogeneic HSCT. GVHD increased in parallel to the
increasing doses of CD47 cells. Although all patients in this trial who developed
GVHD demonstrated tumor regression, evidence of GVHD was not a prere-
quisite for achieving a response. Together, these studies demonstrate evidence
that relatively low numbers of CD8-depleted donor lymphocytes can induce CR
and that CD4" donor cells may play a role in GVHD. Although these data were
primarily generated from patients with CML and MM, the effects of T-cell
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depletion of DLI on GVHD and GVL is likely independent of the underlying
disease, and therefore may be reasonably extrapolated to patients with AML.

Selective T-Cell Therapy

T cells appear to be major mediators of HSCT’s GVL therapeutic effects as
demonstrated by (1) higher disease relapse rates in patients receiving autologous
(vs. allogeneic) [38] or T-cell depleted grafts [76, 80] and (2) efficacy of DLI in
disease control in patients with CML and AML who have relapsed following
HSCT [24, 67] (discussed previously). In order for T cells to mount appropriate
anti-leukemia responses, they must first recognize antigens expressed by malig-
nantly transformed clones and subsequently receive co-stimulatory signaling.
The delivery of a strong TCR signal in the absence of co-stimulation or
stimulation with a low-affinity ligand in the presence of co-stimulation leads to
a state of tolerance and anergy [109]. Thus, generation and expansion of cytotoxic
T-lymphocytes (CTL) with specific anti-leukemia activities in vitro remain tech-
nically difficult, especially due to the poor immunogenicity of the leukemic cell.
Nevertheless, numerous approaches have been undertaken to utilize leukemia-
specific CTL in AML, some of which will be discussed in this section.

Studies using in vitro expanded LA A-specific CTL have shown promising pre-
clinical results for AML therapy. The minor histocompatibility antigens (mHAg)
HA-1 and HA-2 are polymorphic antigens selectively expressed by hematopoietic
cells, which in the context of HLA-matched HSCT, were shown to be involved in
both GvL and GvHD [32]. Moreover, HA-1 and HA-2 were targeted by donor
CTL clones that showed restricted specificity to recipient hematopoietic tissue
[27]. Additionally, the emergence of HA-1 and HA-2-specific CTL has been
correlated with clinical remission in CML and MM [79]. These findings predict
that adoptive immunotherapy with mHAg-specific CTL may lead to clinical
efficacy. Many studies have shown the successful in vitro generation of mHAg-
specific CTL by co-culture of donor lymphocytes with donor-derived DC pulsed
with mHAg peptide or retrovirally transduced with the mHAg [95, 96]. Subse-
quent adoptive therapy with human CTL specific for HA-1 demonstrated anti-
leukemia efficacy against human lymphoblastic leukemia in nonobese diabetic
severe combined immunodeficiency (NOD/SCID) mouse model [51]. In a phase
I/II study using in vitro generated CTLs for treatment of patients with relapsed
leukemia after allogeneic stem cell transplantation, Falkenburg et al. demon-
strated efficacy of these CTLs against recipient blasts and reported clinical
responses following CTL administration [78]. Since recipient blasts express
mHAgs, CTL recognizing blast mHAg may have been the major contributor to
the observed clinical efficacy. Further studies are underway to determine the
efficacy mHAg-specific CTL in treatment of leukemia.

Given that AML cells secrete immunosuppressive factors in order to evade
immunity [16, 17] and considering the critical role played by co-stimulatory
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signaling of T cells in generating antigen-specific CTL responses [109], various
methods to enhance T-cell co-stimulation have been undertaken. Using a
poorly immunogenic murine myeloid leukemia cell line lacking B7, the ligand
for the T-cell co-stimulatory receptor CD28, Boyer et al. [12] genetically engi-
neered blasts to express murine B7, and subsequently used them as stimulators
for CD8™ T cells. A large number of CTL was obtained and administered to
leukemia-bearing mice following HSCT. A survival advantage was noted in the
mice which received the CTL, and immune responses were detected up to
3 months post-infusion. Similar studies have been conducted using human
cells, whereby primary AML blasts transduced simultaneously with B7.1 and
interleukin (IL)-2 led to the expansion of activated CD8™ cells and increased
secretion of Thl cytokines (interferon [IFN]-y, tumor necrosis factor (TNF)-«
and IL-2) [21]. Presently, clinical trials are underway to examine the efficacy of
the administration of irradiated autologous tumor cells modified to express B7-
1 and IL-2 in AML patients who achieved first remission following HSCT [21].

TCR modification has provided yet another approach to generate antigen-
specific CTL. CTL expressing TCR specific for Wilms’ tumor antigen (WT1)
have been used to target AML cells. The Wilms’ tumor gene encodes a zinc finger
transcription factor involved in apoptosis, cell proliferation, and organ develop-
ment [57]. Traditionally, the Wilms’ gene is associated with the pediatric renal
cancer which bears its name (i.e., Wilms’ tumor). However, it is also overex-
pressed in many tumors including lymphoid and myeloid leukemias and has been
strongly linked to leukemogenesis [123]. A number of putative HLA-binding
motifs have been documented within the WT1 protein, some of which bind
relevant HLA allele and elicit a peptide-specific CTL response [5]. Xue et al.
[128] modified the TCR in a leukemia mouse model to target WT1 and demon-
strated the ability of these cells to kill leukemia cells and produce cytokines in
vitro. Subsequent administration of TCR-transduced T cells to NOD/SCID mice
harboring human leukemia cells showed elimination of leukemia in animals that
received the WT1-specific CTL, compared with controls. Tsuji et al. [124] trans-
duced TCR genes obtained from WTI peptide-specific CTL into polyclonally
activated Th1l and CTL. TCR gene-modified CTL and Thl cells showed cyto-
toxicity, as well as IFN-y and IL-2 production, in response to WT1-expressing
leukemia targets. Thus, TCR gene-modification may provide the means to gen-
erate leukemia-specific CTL for use in AML immunotherapy.

Despite these promising results, there are major obstacles to T-cell-based ther-
apy that must be overcome. Clinical results with CTL were demonstrated primarily
following the infusion of a large number of CTL to patients. However, the
generation of antigen-specific CTL is a complex and time-consuming process,
thereby limiting the application of CTL therapy to rapidly progressive malignan-
cies such as AML. Furthermore, the long-time interval required for the generation
of antigen-specific CTL may lead to alterations in CTL function and proliferation,
which can in turn interfere with the in vivo activities of CTL following infusion.
The development of more efficient techniques to generate antigen-specific CTL
may improve the clinical outcomes of CTL therapy in AML.
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Natural Killer Cells

NK cells are large granular lymphocytes which make up 3-15% of peripheral
blood lymphocytes, 5% of spleen cells, and approximately 25% of liver lympho-
cytes[119, 120]. NK cells express IgG Fe-receptor IIIA (CD16) and the neural cell
adhesion molecule (NCAM, CD56), but lack CD3 which is found on T cells in
association with the T-cell receptor (TCR) [87]. A distinguishing feature of NK
cells is the ability to lyse target cells without prior sensitization, and when target
and effector are HLA-mismatched [104]. This spontaneous cytotoxicity of NK
cells makes them ideal immune cells, functioning in the first-line defense against
pathogens as part of the innate immune system and in immunesurveillance [60].
In contrast, T cells must first be exposed to specific antigens for their activation,
rendering a latent period of 7-10 days before T cells develop their initial or
primary reactivity [55]. Even though NK cell killing is antigen unrestricted,
numerous activating and inhibitory receptors have been identified on NK cells,
the net of which determines whether or not an immune response is generated.
Among the many receptors identified on NK cells which regulate their activities,
killer immunoglobulin receptors (KIRs) [125] are members of the immunoglo-
bulin superfamily which recognize antigens at the HLA-A, -B, or -C loci, while
natural killer group 2 NKG2/CD9%4 receptors recognize antigens of the nonclas-
sical HLA-E, -F, or -G loci [11, 13, 69]. The identification of these receptors,
along with reports demonstrating normal receptor expression, cytokine produc-
tion, and potent anti-leukemia activities of NK cells from AML patients [112],
has led to the exploitation of the potential for NK cells in AML immunotherapy.

The role of NK cells in anti-leukemia immunotherapy is highlighted by
haploidentical HSCT. In a multivariate analysis by Ruggeri et al. [105] that
examined the role of NK cell alloreactivity on patient outcomes, KIR ligand
incompatibility in the GVH direction was the sole independent predictor of
survival in AML. This was subsequently confirmed by a mouse xenograft
model for AML, in which infusion of alloreactive NK cells demonstrated reduced
GVHD, while maintaining sufficient GVL activity. After failing to demonstrate
anti-tumor activity of autologous NK cell therapy [89], Miller et al. [88] adminis-
tered subcutaneous IL-2 following haploidentical HSCT to patients with solid
and hematologic malignancies including 19 cases of poor-prognosis AML and
demonstrated that adoptively transferred human NK cells were able to expand
in vivo. In addition, induction of complete hematologic remission was shown in 5
of 19 poor-prognosis patients with AML. Similar to T cells, NK cell receptors
modulation, with the goal of increasing target specificity, has been attempted
with promising results. Schirrmann et al. [106] transfected the humanized chi-
meric immunoglobulin TCR targeting CD33, and AML marker, into a human
NK cell line, YT. These cells subsequently demonstrated the ability to lyse the
human AML cell line KG1 more effectively in contrast to untransfected cells.
Most of the NK cell immunotherapy studies for AML has been performed in
vitro and in animal models, and thus remains investigational at this time.



244 G. Alatrash and J.J. Molldrem
NKT Cells

CD1d is a non-classical MHC molecule composed of a monomorphic glyco-
protein heavy chain non-covalently associated with B2-microglobulin. It is
expressed on cells of hematopoietic origin, including circulating T and B cells,
as well as APCs (i.e., monocytes, macrophages, and some subsets of DC) [30,
101, 114]. CD1d was found to be highly expressed in cells from patients with
myeloid and lymphoid leukemia [31, 86]. The immunotherapeutic potential for
CD1d relies on its ability to bind lipid and glycolipid antigens and present them
to NKT cells [36, 44, 100]. The glycolipid antigen «-galactosylceramide (-
GalCer), which binds CD1d, has demonstrated effective activation of NKT
cells [53] and anti-tumor activity against a broad spectrum of malignancies in
murine models and humans [40, 54, 61, 97, 121]. Although to date most trials
using «-GalCer have been conducted in patients with solid tumors [40, 61],
imatinib-treated CML-chronic phase patients in complete cytogenetic response
were shown to have NKT cells capable of producing IFN-y, in contrast to
patients in partial remission [111]. These data, in addition to prior reports
demonstrating CD1d expression by AML cells [86], provide promising evidence
for use of a-GalCer/xz-GalCer-pulsed DC for therapy of AML.

Antibodies

Antibody-based immunotherapy is primarily effective against malignancies
that express lineage-specific surface antigens. CD33 is a cell-surface glycopro-
tein which is mostly expressed on cells from myeloid/monocytic lincage. It is
found in 80% of AML blasts but is absent on pluripotent stem cells [99].
Gemtuzumab ozogamicin (Mylotarg"™), the humanized IgG4 anti-CD33 anti-
body conjugated to a derivative of the anti-tumor antibiotic calicheamicin, has
shown promising results in the treatment of relapsed AML. Phase II studies
conducted in 277 adult AML patients in first relapse who received Gemtuzu-
mab at 9 mg/m? demonstrated an OR rate of 26%. However, these promising
results were tarnished by long duration of pancytopenia, grade III and IV liver
function test abnormalities, and a significant risk of developing veno-occlusive
disease (VOD) [68]. In view of these toxicities and in vitro studies that demon-
strated a re-expression of CD33 antigenic sites on the cell surface of blasts cells
after exposure to Gemtuzumab [126], Taksin et al. conducted a safety/efficacy
trial of fractionated doses of Gemtuzumab (3 mg/m” on days 1, 4, and 7)
administered to 57 patients with AML in first relapse [117]. CR and CRp
(complete remission with incomplete platelet recovery) were reported in 26
and 7% of patients, respectively, with a much lower toxicity profile compared
with the original dose of 9 mg/m*. Gemtuzumab is FDA approved for use in
patients aged 60 or older with CD33+ AML in first relapse who are not
considered candidates for cytotoxic chemotherapy. Ongoing trials are currently
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evaluating the role of Gemtuzumab as part of induction regimens and in
combination with cytotoxic chemotherapy [65, 122]. Other Abs currently
under investigation for use in AML include anti-FMS-like tyrosine kinase 3
(FLT3) Ab, anti-PML Ab, anti-CD44 Ab, antibodies conjugated to radioactive
isotopes, and anti-TRAIL receptor therapies [62, 71, 93].

Cytokines

The application of type-I IFNs (IFNs-o/B) and IL-2 to AML therapy has yielded
disappointing results. Although in vitro activity of type-I IFNs against AML
have been reported [9], there are few clinical studies of IFN therapy in AML. In
one of the largest trials, the United Kingdom Medical Research Council AML-11
trial [45], 362 patients who achieved remission following induction with three
different chemotherapy regimens were randomized to receive a 12-month main-
tenance treatment with low-dose IFN-o. No benefit was seen with respect to
relapse risk, DFS, or OS. Similarly, numerous clinical trials have been conducted
to determine the efficacy of IL-2 in AML patients in remission; none of which
have demonstrated improved disease control following IL-2 therapy [7, 8, 39, 85].
In contrast, conflicting data have been reported with use of IL-2 in the setting of
relapsed or refractory AML. Two studies by Meloni et al. [83, 84] demonstrated
efficacy for IL-2 in the therapy of patients with a low disease burden in the bone
marrow. Maraninchi et al. [77] reported significant anti-leukemia biological
effects in a similar patient population with use of high-dose IL-2. Nevertheless,
the severe toxicity and limited remission rates make IL-2 a less valuable ther-
apeutic option for AML patients with advanced disease.

Vaccine Therapy

The discovery of LAAs and specific T-cell populations which effectively target
and kill LAA-expressing malignant cells has led to major advances in the
development of targeted immunotherapy (Fig 1.). T-lymphocytes which pre-
ferentially target LAA-expressing cells can more efficiently eliminate tumor
cells, and thereby decrease non-specific interactions with normal tissue that
can lead to GVHD. Unlike CML, where 95% of patients bear the Bcr-Abl gene
mutation which provides a therapeutic target, there is no known high-frequency
disease-defining mutation in AML, and this poses some obstacles to developing
targeted therapy for AML. In addition, since the bone marrow origin of AML is
known to demolish the host’s immune system, immunotherapy aimed at boost-
ing the host immunity would be appropriate as an adjunct to chemotherapy, as
part of a post-remission treatment modality. This is a reasonable approach
considering that most patients with AML relapse despite achieving CR follow-
ing induction. To date, the LAA which have been identified in AML include the
following: myeloperoxidase, proteinase 3 (P3) [26], WT1 [37], MUCI epithelial
tumor antigen [14], the anti-apoptotic protein Survivin [1], and the PML-RARa
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Fig. 1 Cartoon depicting Leukemia-Associated Antigens recognized by specific T cell subsets

fusion peptide which is detected in acute promyelocytic leukemia [22]. In addi-
tion, the mHAg HA1 and HA2 (discussed previously) have been shown to
induce an HLAA*(0201-restricted allogeneic cytotoxic response against leuke-
mia cells and are therefore potential targets for immunotherapy [79]. These
LAA are variably expressed during myelopoiesis and are distributed in different
compartments within the cell (Fig. 2). The development of immunotherapeutic
modalities targeting some of these antigens has demonstrated encouraging
results. The following section will highlight some of the leukemia vaccines
which have been applied to AML.
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Fig. 2 LAAs are expressed at varying levels, localize to different subcellular compartments

WTI1

WTI1 has shown promise in AML when used as a part of a vaccine regimen.
Early clinical studies have shown increased frequency of WT1-specific T cells in
AML and myelodysplastic syndrome (MDS) patients following vaccination
with WT1 peptide and direct correlation with clinical response [98]. A phase
I/II trial reported CR in an HLA-A2 patient with relapsed AML who received
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four biweekly and then monthly vaccinations with WT1 peptide plus the T-helper
protein keyhole limpet hemocyanin (KLH) and GM-CSF for a total of 15 vaccina-
tions [75]. More recently, Scheibenbogen et al. reported the results of a phase 11 trial
of 16 HLA-A2-positive patients with AML and 1 patient with MDS who received
up to 18 vaccinations (median 8) of WT1 peptide with KLH and GM-CSF. Twelve
patients had elevated blast counts at study entry and five patients were in CR with a
high relapse risk. In patients with elevated blast counts, six demonstrated evidence
of anti-leukemia activity; one patient achieved CR for 12 months. Furthermore,
tetramer and intracellular cytokine staining demonstrated WTI1-specific T-cell
responses in peripheral blood and bone marrow [64].

PRI

PR1isan HLA-A201 restricted nonomer peptide (VLQELNVTYV) that is derived
from the differentiation stage-specific neutral serine proteases P3 and neutrophil
elastase (NE), which share 54% amino acid (aa) sequence homology and are
normally stored in primary azurophil granules of myeloid progenitor cells [91].
The pre—pro forms of both proteins contain a 25 aa leader sequence which traffics
them to the endoplasmic reticulum (ER) for processing and enzyme activation
[72, 102]. P3 and NE are aberrantly expressed in myeloid leukemia (2-5-fold
higher versus normal cells) and rheumatologic disorders such as Wegener’s
granulomatosis and small vessels vasculitis [10, 15, 26, 35]. The leukemogenic
and immunogenic properties of these proteins, the latter demonstrated by their
essential role in generating autoimmunity characteristic of the aforementioned
rheumatologic diseases, make them ideal targets for the development of anti-
leukemia immunotherapy. PR 1-specific CTL that recognize and kill PR1 expres-
sing HLA-A2 CML cells have been correlated with clinical responses to IFN-o2b
therapy in 11 of 12 patients with CML; in contrast, PR1-specific CTLs were
absent in all non-responders (7= 7) [90, 91]. Similarly, PR 1-specific CTLs were
detected in six of eight patients with CML receiving allogeneic HSCT, while they
were absent in patients who failed to respond to allogeneic HSCT and in those
who received cytotoxic chemotherapy. A phase I/II vaccine study in patients with
refractory or relapsed myeloid leukemia has been conducted which combined
PRI1 peptide and GM-CSF in 15 CML and AML patients with progressive
disecase. PRI1-specific CTL, measured using PRI1/HLA-A2 tetramers, were
detected in eight patients, five of whom obtained a clinical response. In addition,
durable remission was reported in two patients with refractory AML [56].

RHAMM|CDI168

The receptor for hyaluronic acid (HA)-mediated motility (RHAMM/CD168)
has also been used as a target for vaccine therapy for AML. RHAMM is a
glycophosphatidylinositol (GPI)-anchored receptor that is involved in cell
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motility [29]. In addition, it is oncogenic when overexpressed, is critical for ras-
mediated transformation [50], and has been reported in blasts of more than
80% of patients with AML, MDS, and multiple myeloma (MM) [47]. In a phase
I/II vaccine study, clinical and immunological responses were noted following
administration of RHAMM R3 peptide emulsified with incomplete Freund’s
adjuvant and GM-CSF to patients with AML, MDS, and MM overexpressing
RHAMM/CDI168 [46]. Furthermore, a reduction of the RHAMM/CD168
antigen by real-time RT-PCR and a decreased number of CD33+ cells were
also noted following vaccine administration.

Dendpritic Cells (DCs)-Based Vaccines

DCs are the most potent antigen presenting cell (APC) and are unique in their
capacity to sensitize naive, unprimed T cells [3, 52], as they express high levels of
major histocompatibility complex (MHC) class I and class II and can provide
secondary signals essential to T-cell activation. Studies using DCs which have been
incubated with leukemia lysates [70, 115] or transfected with genes encoding over-
expressed antigen (e.g., survivin ) [130] have yielded promising results for AML
therapy, although no clinical trials have yet been conducted using these techniques.
The well-established anti-cancer properties of DCs justify the rationale for con-
ducting additional investigations for their use in AML immunotherapy.

Conclusion

Although the use of immunotherapy in AML is yet to be the standard of care in
frontline settings, the promising results seen with DLI, HSCT, vaccines, and
various other immune-modulating therapies continue to provide the impetus to
further apply immunotherapy in AML. The identification of LAAs and tumor-
specific immune targets, as well as our improved understanding of the biology of
the immune system and its interactions with tumor cells, will enable us to enhance
upon the current applications of HSCT, vaccines, and cytokine therapies in AML.
Ongoing studies which aim to increase anti-leukemia specificity while reducing
treatment-associated toxicity may provide the platform for future applications of
immunotherapy to AML, as well as for the treatment of other malignancies.
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Therapy of Acute Myelogenous Leukemia
in Adults

Gautam Borthakur and Elihu E. Estey

Introduction

The clinical and biological heterogeneity of adult acute myelogenous leukemia
(AML) is increasingly apparent. Incorporation of cytogenetic data into the
WHO classification of AML [67] is a testament to the importance of disease
biology in treatment outcomes. Therefore the approach to treatment of AML in
adults need to be based on a risk-stratified approach, the risk being that of
relapse or refractory disease not responding to induction chemotherapy.
Another risk that needs to be considered in making treatment decisions parti-
cularly in elderly patients or those with poor-performance status and organ
dysfunction is that of induction-related death. Co-morbidity indices can con-
ceivably identify patients with higher possibility of induction-related death
[16, 57] and prospective application of such indices will help to resolve the
question of whether less than intensive chemotherapy can impact outcome in
this group. This review will focus on drug therapy of AML and not on the
hematopoietic stem cell transplant (HSCT).

Risk Categories

Cytogenetic abnormalities at diagnosis have emerged as important prognostic
factors for adult AML [13, 33, 56]. Three risk categories are recognized based
on cytogenetic features: favorable, intermediate, and adverse. Minor differ-
ences exist among reports from various collaborative groups but broad general-
izations are possible (Table 1). The favorable group includes t(15;17) and core
binding factor (CBF) leukemias, i.e., inv16 and t(8;21). Normal karyotype, -Y
are included in the intermediate group. Adverse risk group includes complex
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Table 1 Cytogenetic risk groups in acute myelogenous leukemia (agreed upon by major
studies)

Risk group Cytogenetics

Favorable t(8;21), inv (16)/t(16;16), t (15;17)
Intermediate Normal karyotype, -Y

Adverse Complex karyotype, inv(3)/t(3;3), -7

Refs. [13, 33, 56].

(three or more chromosomal abnormalities) karyotype, -5, -7, abnormalities of
3q. According to the Medical Research Council (MRC) AMLIO0 trial data,
S-year survival was 65, 41, and 14% in patients with favorable, intermediate,
and poor-risk cytogenetics, respectively [33]. However, outcomes are quite
variable within the intermediate-risk group, leading to the search for additional
molecular genetic abnormalities.

More recent identification of mutations/internal tandem duplication (ITD)
of FLT3 receptor tyrosine kinase gene [46], mutations of NPM [ gene leading to
its cytoplasmic retention [26], partial tandem duplication (PTD) of MLL gene
[19], etc., in patients with AML and normal cytogenetics have added to the
appreciation of disease heterogeneity among adult patients with AML. Impact
of these molecular karyotypic abnormalities on AML outcome is discussed
later. Influence of KIT mutations [15] on relapse free survival in patients with
AML with favorable cytogenetics (core binding factor leukemias), a group that
has done well historically with high-dose cytarabine, further underscores the
need for refining risk-stratification of AML. The issue of “standard therapy” of
adult AML needs to be considered against this backdrop.

Age is another well-recognized adverse prognostic factor for patients with
AML. Patients age 55-60 years and above are considered “elderly” for AML
therapy. Remission rates and relapse-free survival rates after achieving CR are
lower in elderly patients with AML [36, 43, 59]. Older age is associated with
adverse risk cytogenetics and secondary (history of antecedent hematologic
disorder including MDS, prior chemotherapy) AML [36, 43]. Poorer-perfor-
mance status and abnormal organ function also account for increased treat-
ment-related mortality among the elderly [4]. Even after accounting for these
known variables, older patients have worse outcomes than younger patients.
This reflects influences of unknown prognostic markers.

Standard Induction and Post-remission Therapy for Adult AML

Standard dose cytarabine (100 mg/m? by continuous intravenous infusion [CI]
over 7 days) with daunorubicin, an anthracycline (45-60 mg/m?), i.v. for 3 days
has been accepted as induction therapy for adult AML particularly for younger
adults and results in remission rates between 65 and 75% [42, 62] in patients
18-60 years of age. Post-remission therapy usually comprises of few cycles of
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Induction
therapy
3+7 regimen

Bone marrow in 2-3 weeks

Blasts <10% Blasts >10%

Repeat marrow
at
weekly interval

.
Post-remission
therapy

_[Two consecutive marrows with

>10% blasts ] :I:\'> Repeat 3+7
Or

HDAC based
—{ Hypoplastic marrow ] therapy

Repeat marrow
at
weekly interval

Blasts persistently>10%

Consider allogeneic [ No CR

Salvage therapy

Fig. 1 Standard management of acute myelogenous leukemia in “younger” adults

transplant

high-dose cytarabine-based regimen in patients with good-risk and standard-
risk cytogenetics adult AML (Fig. 1). The optimum number of cycles of post-
remission therapy is not established. Patients with poor-risk cytogenetics are
usually transplanted in first remission if a hematopoietic stem cell donor is
available. Attempts to improve quality and rates of remissions by incorporating
alternate anthracyclines like idarubicin, topoisomerase inhibitors (e.g., topote-
can, etoposide), nucleoside analogs (e.g., fludarabine) [22, 23, 24, 51], modula-
tors of multi-drug resistance [41, 66], and growth factors [6, 11, 65] did not yield
desired results.

High-dose cytarabine (HDAC) in induction or post-remission therapy
potentially adds to quality of remission. A randomized trial [44] reported by
the Cancer and Leukemia Group B (CALGB) supported the idea of dose-
dependent response to cytarabine in post-remission therapy (after standard
dose cytarabine based induction) with best disease-free survival and probability
of remaining free of relapse at 4 years in the group that received high-dose
cytarabine as post-remission therapy (cumulative dose 18 gm/m?). In this trial
cytarabine 100 mg/m°was considered low dose, 400 mg/m? intermediate dose,
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and 3 gm/m? twice daily (all given for 5 days) was considered high dose.
Participants in this trial also received further consolidation with low-dose
cytarabine and daunorubicin. If HDAC is used for induction, additional
HDAC in post-remission therapy does not offer further benefit [7]. Similarly
in a randomized study sequential multi-agent chemotherapy was found to be
not superior to HDAC alone as post-remission therapy [45].

Impact of Quality of Remission on Survival

Another question is the following: Does quality of remission matter? Outcomes
definitely differ between responders to initial induction therapy versus non-
responders [52, 69], while outcomes may be comparable between responders
with <5% blasts and >5% blasts [69, 53]. Response in these studies were
defined variably as >50% reduction of marrow blasts or <15-25% blasts in
marrow after initial induction therapy not requiring recovery of cytopenias.
However, data from our institution suggested that patients who achieve CR,,
(defined as CR without recovery of platelet counts) rather than CR tend to do
worse with time (unpublished data). Thus quality of remission may impact
outcome.

Risk Adapted Post-remission Treatment of Younger Adults with
AML

Risk-stratification of AML is currently based on cytogenetics. As stated earlier,
age and performance status also contribute significantly to therapy-related
outcomes. Persistence of blasts 2 weeks after induction therapy may define a
high-risk group [69]. After standard induction therapy as described above, a
risk-stratification based on cytogenetics/persistence of blasts can be used to
guide post-remission therapy in adults 18—60 years of age (Table 2). Variation
of intensity of post-remission therapy (e.g., higher numbers of consolidation
courses, incorporation of allogeneic, and autologous stem cell transplant) using
a risk-adapted approach has been attempted with suggestions of improved
outcome with such an approach [52, 8, 35]. Optimal risk-based approach is
yet to be defined.

Good-Risk Cytogenetics Leukemias

Core binding factor (CBF) AMLs include AML with t(8;21) and inv 16 cytoge-
netic abnormalities. These cytogenetic abnormalities result in creations of domi-
nant negative fusion products involving a group of heterodimeric transcriptional
regulators known as core binding factors and thus the associated AMLs are
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Table 2 Current “best options” for post-remission therapy of younger adults with AML

Risk group Best option Comments

Favorable Repetitive cycles of HDAC + /— Optimal dose, schedule, no. of cycles
additional drug unknown
3—4 cycles better than one cycle
Autologous SCT not better than
HDAC-based therapy
Allogeneic SCT not better than
HDAC-based therapy

Intermediate  Repetitive cycles of HDAC +/— Optimal dose, schedule, no. of cycles
additional drug unknown
Multi-agent chemotherapy not better
than HDAC alone

Autologous SCT not better than
HDAC-based therapy

Allogeneic SCT not better than
HDAC-based therapy

Allogeneic SCT should be explored in
biological

Adverse Allogeneic SCT Dismal outcome after intense

chemotherapy

Dismal outcome after autologous SCT

allogeneic SCT may improve outcome

HDAC = high-dose cytarabine; SCT = stem cell transplant.

known as CBF AML. The pathogenesis of CBF AML is due to transcriptional
dysregulation of normal myeloid differentiation by such dominant-negative
fusion products. CBF AMLs share a characteristic of sensitivity to HDAC and
thus HDAC is considered standard post-remission therapy for CBF AMLs [12].
Standard AML induction therapy and post-remission therapy with HDAC result
in overall survival (OS) rates of between 60 and 75% [13, 56, 53] in CBF AMLs.
The ideal number of post-remission therapies is not established but CALGB
studies suggest that repetitive cycles of HDAC (three or more; cumulative dose:
54-72 gm/m?) are superior to only one cycle (18 gm/m?) [12, 14]. A meta-analysis
of 392 adults with CBF AML enrolled in German AML trials did not identify a
relation between the intended dose of post-remission cytarabine (ranged from
26.8 to 56.8 gm/m?) and RFS [53]. Allogeneic HSCT produces inferior outcomes
compared to that after HDAC-based consolidation.

Within this group of good-risk AML subgroups with relatively poorer out-
comes can be identified. These include patients with high WBC count at pre-
sentation [53, 48, 47] (for t(8;21)), presence of trisomy 22 (for inv16) [53], age
[18] (for inv16), c-kit tyrosine kinase domain (TKD) mutations in codon 816
[15]. Presence of mutations in the receptor tyrosine kinases like FLT-3, KIT is
thought to promote proliferation of AML cells in CBF leukemias. Optimal
treatment approaches for these subgroups are not defined because of small
numbers in each series.
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Intermediate-Risk AML

Intermediate-risk group cytogenetics include normal and -Y. Autologous and
allogeneic HSCT have not been proven to improve outcome compared with
conventional consolidation treatments that include HDAC [52, 5]. Thus
HDAC consolidation remains the standard post-remission therapy in this
group.

Presence of FLT3 ITD identifies a subgroup within intermediate-risk group
that has shorter remissions and thus at a higher probability of relapse [54].
Overall and relapse-free survival in patients with FL73 ITD may depend on the
length of ITD [58].

PKC412[68, 60] and CEP-701 [38, 39] (lestaurtinib) are FLT3 inhibitors that
are in clinical trial. Both have a single-agent clinical activity in patients with
FLT3 mutations. Combination treatment of PKC412 with daunorubicin and
cytarabine has shown promising activity [61]. Sorafenib, a Raf kinase inhibitor,
has been identified as FLT3 inhibitor by investigators at our institution and
clinical trials are in progress. Whether HSCT can improve outcome in this
subgroup carrying FLT3 ITD is not yet defined. Analysis of data from two
MRC trials indicated that HSCT did not negate the higher relapse rates asso-
ciated with presence of FLT3 ITD and FLT3 ITD status should not influence
the decision to proceed to HSCT [29].

Mutations in exon-12 of NPM gene leading to abnormal cytoplasmic loca-
lization of NPM identify patients with AML and normal cytogenetics with
higher response to induction therapy [26]. AML patients with NPM1+ |FLT-
ITD are expected to have good response to standard induction therapy [55] and
better overall survival and are thus unlikely candidates for allogeneic HSCT.

MLL-PTD is associated with short remission duration [19]. Since expression
of wild-type (WT) MLL is silenced in AML cells with MLL-PTD, use of DNA
methyl transferase (DNMT) inhibitors or histone deacetylase inhibitors is of
potential therapeutic benefit [70].

High-Risk AML

Traditional definition of high-risk AML includes the group with adverse cyto-
genetics. However, non-response to first induction cycle (>10-15% blasts in
marrow after week 2 of induction) also defines another group with poor out-
comes [69, 34, 37]. Strategies to improve outcome in these groups need to focus
on improving CR rates and maintaining remission with effective post-remission
therapy. Though no significant strides have been made in improving CR rates,
post-remission therapy with allogeneic HSCT is usually recommended in this
group. Using donor to no donor comparison, allogeneic HSCT results in lower
relapses but this has not translated into overall survival advantage [62, 63].
Newer conditioning regimens, HSCT in early aplasia rather than remission,
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etc., are in clinical trials to improve outcome. Since CR rate with first-line
therapy is low, allogeneic HSCT from related or unrelated donors during
aplasia following first or second induction therapy appears to be an effective
and attractive option for patients with high-risk AML [50].

Treatment of Elderly Patient with AML

As mentioned earlier, patients with AML are considered elderly if age 55-60
years or above. The presence of adverse cytogenetics, secondary AML, etc.,
partly explains poor outcome in this group. The cytogenetic risk-stratification
described before holds good for the elderly too [32] even though CR rates and
OS are lower compared with younger patients in each cytogenetic risk category.
Secondary AML is considered with antecedent hematologic disorder (probably
indicating presence of preceding MDS), history of prior malignancies. Adverse
cytogenetics and secondary AML are associated with resistance to induction
therapy. On the other hand, co-morbidities including organ dysfunctions
increase induction-related mortality in this group [36]. Even after accounting
for all known predictors for poor outcome, elderly patients have worse out-
comes than younger patients indicating unknown biologic factors.

Standard remission induction therapy in elderly patients with adequate
organ function and performance status is similar to that used in younger
patients (Table 3). For post-remission therapy low-to-intermediate dose cytar-
abine arabinoside for 2-3 cycles or 23 courses of the drugs used for remission

Table 3 Treatment recommendations for older patients

Relative risk of resistance to
anthracycline + cytarabine

Relative risk of treatment- (AC) in absence treatment- Therapeutic options
related mortality related mortality (in order of preference)
Low (age 55/60-69, good Low (intermediate cytogenetics (1) Investigational
performance status, no and de novo AML) cytotoxic and (2)
infection, normal organ 3+7
function)
Low High (adverse cytogenetics or (1) Investigational
secondary AML) non-cytotoxic and
(2) Low-dose ara-C
(LDAC)

High (either ECOG High or low (1) Investigational
performance status 2, mildly- non-cytotoxic and
moderately abnormal organ (2) LDAC
function, infection, or age
70-79)

Very high (either ECOG High or low (1) Investigational
performance status 34, non-cytotoxic and
severely abnormal organ (2) supportive care

function, or age > 80) only
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induction at attenuated doses are administered. Across the board there is
15-20% mortality in elderly patients in the 4-6 weeks of remission induction
therapy [25]. Attenuation of intensity of induction therapy to reduce induction-
related mortality results in lower CR rates. Concomitant use of growth factors
[65] or induction therapy with gemtuzumab ozogamycin [2] has not impacted
survival in elderly patients with AML. The UK MRC trial 11 randomized 1314
older patients to three induction regimens containing lower dose cytarabine
[30]. The combination of daunorubicin, cytarabine, and 6-thioguanine arm
yielded better CR rates but survival rates were comparable among three arms
because of continued relapses occurring over time. Moreover, addition of
G-CSF resulted in shorter duration of neutropenia but did not improve CR
rates or survival.

Elderly patients with good-risk cytogenetics and those in the 60-69 years of
age with normal cytogenetics, performance status of 0—2, normal creatinine,
and bilirubin are candidates for standard induction therapy (3+7 regimen)
keeping in mind the fact that remission rate at 3 years is still far from satisfac-
tory in these patients. Also, randomized comparison between low-dose cytar-
abine and standard chemotherapy (rubidazone [a daunorubicin-derived agent],
100 mg/m? for 4 days, Ara-C 200 mg/m? for 7 days) showed no survival benefit
in the elderly AML patient with standard chemotherapy [64].

The proportion of elderly patients who fit a favorable profile of good-risk
cytogenetics and preserved organ function (bilirubin and creatinine less than
1.5 mg/dL, no cardiac dysfunction, etc.) is less than 10%. Thus, in the vast
majority of elderly patients standard induction therapy is not an option and
thus participation in clinical trials should be the recommended option for these
patients. Gemtuzumab ozogamycin has been evaluated as single-agent induc-
tion therapy in such patients but CR rates are low and induction mortality is
significant [2]. Sequential use of gemtuzumab and chemotherapy is reported to
produce CR in half the patients with 1-year survival of 34% [3]. Phase III
studies are underway to evaluate this strategy.

For elderly patients not fit for induction chemotherapy use of low-dose
cytarabine at 20 mg twice daily for 10 days every 4-6 weeks has been proposed
as standard based on NCRI (formerly MRC) trial AMLI14 where low-dose
cytarabine was compared with hydroxyurea and the study reported survival
advantage for low-dose cytarabine (hazard ratio 0.61, 95% CI=0.45-0.82,
p = 0.001). However, CR rate of 17% with low-dose cytarabine leaves room
for improvement. Even though patients enrolled in this study were deemed unfit
for standard induction therapy by their treating physicians, onlyl2% of
patients had a performance status of 3—4. This highlights physician’s perception
of appropriate therapy for elderly patients with AML. Targeted therapies with
farnesyltransferase inhibitors, multi-kinase inhibitors, etc., are being pursued to
expand therapeutic options for elderly patients with AML.

For elderly patients with poor performance status (Zubrod 3—4), organ
dysfunction, or age over 80 years, supportive care should be offered as an
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option since treatment-related mortality is high in this group and there is dearth
of data to support use of standard or low-dose cytarabine.

Post-remission Therapy for Elderly

Randomized comparison is not available for no post-remission therapy versus
post-remission therapy in the elderly. However, survival was similar when
1 versus 4 cycles of consolidation therapy (MRC AML trial 11) was compared.

Allogeneic Stem Cell Transplant in the Elderly

Reduced intensity or non-myeloablative HSCT (RI-HSCT) has been explored
to exploit the benefit of graft-versus-leukemia effect and lower upfront treat-
ment-related mortality in elderly patients with AML. In comparison with
myeloablative HSCT [1], acute graft-versus-host disease (grade II-1V) and
treatment-related mortality are lower and relapse rates are higher with reduced
intensity stem cell transplant (RI-HSCT). No leukemia-free survival benefit
was seen with RI-HSCT.

More relevant is the question of general applicability of RI-HSCT to all
older patients with AML. In a study at MDACC [20] only 14% of elderly AML
patients in first CR underwent RI-HSCT despite 86% being considered trans-
plant eligible, thus highlighting the potential limitation of general applicability.
Thus RI-HSCT in elderly AML should be undertaken in the context of clinical
trial.

Salvage Treatment for AML in Adults

Since most adult patients with AML will relapse or a smaller proportion will fail
to enter CR after initial treatment (primary refractory), salvage therapy will be
needed for most. Outcome after first relapse can be prognosticated based on
duration of first remission, cytogenetics at diagnosis, age at first relapse, and
prior SCT [9]. For patients with first-remission duration more than 1 year,
standard induction regimens can be used for salvage since rates of second CR is
40-50% in this group. Analysis of data from MDACC showed that for patients
with first CR duration of over 2 years and 1-2 years, the respective second CR
rates were 73 and 46% [21]. A high-dose cytarabine-based salvage strategy is
appropriate in this patient population. On the other hand, shorter first CR
(particularly if less than 6 months) duration predicts second CR rates of
10-20% only. For patients who are beyond first salvage and have relapsed/
refractory disease, the possibility of achieving CR is dismal. Thus investiga-
tional therapy should be offered to these patients. Once a second CR is
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achieved, patients should be considered for HSCT. For patients with CBF
leukemia, longer first CR duration of over 10 months and donor availability
at second remission predicted for better relapse-free survival [17]. Presence of
FLT3-ITD predicted for lower rates of second CR in patients with normal
cytogenetics and survival. The fact that HSCT at second CR holds promise for
patients with CBF leukemia or normal cytogenetics has to be tempered with the
reality that these two groups of patients together comprise approximately only
half of the patients with relapsed AML.

At present HSCT is restricted to patients whose blast count in the marrow
can be brought down to 10% or less with salvage chemotherapy. There is need
for investigations on the role of HSCT for patients with persistent marrow
blasts >10% or circulating blasts after salvage chemotherapy. Reports of
HSCT for primary refractory AML suggest that approximately one-third of
such patients can potentially be cured [28]. HSCT thus needs to be evaluated
both in the setting of persistent marrow or circulating blasts after salvage and as
initial salvage therapy at relapse.

Treatment of Minimal Residual Disease

With use of multi-parametric flow-cytometry it has been possible to determine
minimal residual disease (MRD) after induction or consolidation in patients
with AML [27]. Prognostic value of MRD detection is being validated by
studies showing that patients with MRD negative status after consolidation
therapy tend to have superior overall outcome compared with MRD positive
patients [10]. Since CBF leukemias are associated with fusion transcripts, levels
of these transcripts can be monitored for detection of minimal residual disease
[49]. In CBF leukemias MRD predicts for higher chances of relapse [49]. In
patients with normal cytogenetics, presence of Flt-3, NPM 1 [31], or PLL
mutations can be used for MRD monitoring. Apart from mutations and fusion
transcripts, high WT1 gene expression after induction therapy correlates with
relapse in pediatric studies [40].

Effectiveness of therapy based on MRD monitoring is well proven for APL.
Though there is increasing evidence linking MRD to disease relapse in other
AMLs, the value of therapy based on MRD is not substantiated. This is
possibly a reflection on the lack of effective therapy for relapses in AML
other than APL.
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