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Preface: Special Issue on Critical Reviews in

Leukemogenesis

Significant progress has been made toward under-
standing the molecular basis of acute lymphoid and
myeloid leukemia. In this issue of Critical Reviews in
Oncogenesis, we have selected articles that highlight
some of the new discoveries over the past decade.
Each of the contributing authors is an expert in his
or her field and area of research. The topics range
from basic mechanisms of leukemogenesis to poten-
tial approaches to treating leukemia.

The reviews in this issue include a variety of
molecules that are important for the pathogenesis of
lymphoid or myeloid leukemias. The role of Gadd45
in hematopoietic stress response and leukemia is
discussed. Among the fundamental themes of normal
and aberrant hematopoiesis is the role of critical
transcription factors involved in leukemogenesis.
Abnormal regulation of these proteins can con-
tribute to myeloid transformation. To address this,
discussions on C/EBPalpha, Hox proteins, Runx1,
GATA-1,and CREB in myeloid leukemogenesis are
included. Furthermore, the zinc finger transcription
factor, Ikaros, has been shown to be mutated in a
significant number of cases of high-risk ALL, and its

important role in leukemia is discussed. Studies on

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

a recently described transcription factor, Sall4, and
its function in regulating stem cell self-renewal are
also found in this issue. The TAM family of receptor
tyrosine kinases has recently been shown to activate
signaling pathways in leukemia and to act as a target
for ALL therapy. Another recent advance in the field
of leukemia is the discovery that overexpression of
CRLF?2 (cytokine receptor-like factor 2) is associated
with activating mutations in IKZF1, JAK1 and JAK?2,
and/or IL-7Ra and a worse prognosis. Additional
approaches to treating leukemia, including target-
ing Notchl for T-cell lymphoblastic leukemia, are
presented. In summary, the reviews in this issue
provide a summary of recently identified molecules
and pathways that are involved in leukemogenesis
and will advance the field in years to come.

Guest Editor: Kathleen Sakamoto, M.D., Ph.D.
Professor and Chief

Division of Hematology/Oncology

Department of Pediatrics

David Geften School of Medicine

University of California, Los Angeles
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lkaros and Tumor Suppression in Acute

Lymphoblastic Leukemia
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ABSTRACT: The IkzfI gene encodes Ikaros—a DNA-binding zinc finger protein. Ikaros functions as a regulator of gene expres-

sion and chromatin remodeling. The biological roles of Ikaros include regulating the development and function of the immune

system and acting as a master regulator of hematopoietic differentiation. Genomic profiling studies identified J2zf7 as an important
tumor suppressor in acute lymphoblastic leukemia (ALL), particularly in ALL that is associated with poor prognosis. This review
summarizes currently available data regarding the structure and function of Ikaros, the clinical relevance of genetic inactivation
of Tkzf1, and signal transduction pathways that regulate Ikaros function.

KEY WORDS: Ikaros, leukemia, ALL, CK2, microarray, high-risk, deletion, phosphorylation, casein kinase, tumor suppression

ABBREVIATIONS

ALL, acute lymphoblastic leukemia; HDAC, histone deacetylase; CML, chronic myeloid leukemia; pre-BCR, pre-B

cell receptor; rag, recombinase activating genes; TdT, terminal deoxynucleotide transferase

I. INTRODUCTION

'The Tkzf1 gene encodes Ikaros protein. Since its dis-
covery, independently, by Georgopoulos et al. and the
Smale group, Ikzf7 has attracted tremendous attention
from the scientific community. This interest is due to
the biological roles of Tkaros in hematopoiesis, immune
function, and tumor suppression, as well as its complex
role in the regulation of transcription and chromatin
remodeling.'” During the past several years, Izf7 has
been established as one of the most clinically relevant
tumor suppressors in high-risk acute lymphoblastic
leukemia (ALL).This review summarizes our current
understanding of the structure and function of Ikaros
protein and the clinical relevance of its inactivation, as
well as insights into the signal transduction pathways
that regulate Ikaros activity.

Il. IKAROS MOLECULAR STRUCTURE

The Ikaros proteins contain several functional
domains discussed in the following sections.

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

A. DNA-Binding Domain

The N-terminal end of Ikaros contains a DNA-
binding domain that consists of three zinc finger
motifs with a typical C2H2 structure, and one
CCHC-type zinc finger. A point mutation in the
tourth zinc finger has been associated with primary
immunodeficiency and pancytopenia in man.*

B. Dimerization Domain

The C-terminal end of Ikaros contains two zinc
finger motifs that are essential for protein—protein
interaction with other Ikaros isoforms or Ikaros fam-
ily members.” This allows for the formation of very
diverse protein complexes among different Ikaros
family members and/or isoforms.

C. Bipartite Activation Domain

'This bipartite activation domain lies adjacent to
C-terminal zinc finger region. The presence of this



domain stimulates basal levels of transcriptional
activation of Ikaros target genes.>®

D. Human lkaros Activation Domain

This 20-amino-acid domain adjacent to the
N-terminal zinc fingers regulates DNA-binding
specificity and function in transcriptional activation
and chromatin remodeling of Ikaros target genes
in humans.”®

lll. IKAROS IN GENE REGULATION AND
CHROMATIN REMODELING

Ikaros has been shown to bind DNA and to directly
regulate expression of its target genes.2>>1 Sub-
sequent experiments have established that Ikaros
regulates transcription of its target genes primarily via
chromatin remodeling. Ikaros is abundantly localized
in pericentromeric heterochromatin in the nucleus.!!
Experiments by several groups have shown that Ikaros
regulates expression of its target genes by recruiting
them to pericentromeric heterochromatin, resulting
in their activation or repression.®112

Ikaros associates with histone deacetylase
(HDAC)-containing complexes by direct interac-
tion with the NuRD complex ATPase, Mi-2f3, and
with Sin3A and Sin3B.'3* It has been suggested
that Ikaros recruits histone deacetylase complex to
the upstream regulatory elements of its target genes,
which results in chromatin remodeling and repression
of the Ikaros target gene.!b15

Ikaros has been demonstrated to function as
transcriptional repressor in a HDAC-independent
way. Ikaros interacts with the corepressor, CtBP 16
and the Ikaros-CtBP complex acts to repress tran-
scription without HDAC involvement, thus Ikaros
can function as a transcriptional repressor of its
target genes through both HDAC-dependent and
HDAC-independent mechanisms.!®

Ikaros interacts with Brg-1, a catalytic subunit
of the SWI/SNF chromatin remodeling complex
that functions as an activator of gene expression.!*1”
It has been suggested that Ikaros functions as tran-
scriptional activator by recruiting the SWI/SNF
nucleosome remodeling complex to the upstream

Payne & Dovat

regions of its target genes, resulting in chromatin
remodeling and activation of the gene. Thus, Ikaros
can both activate or repress transcription of its tar-
get genes via chromatin remodeling, depending on

whether it associates with the NuRD, the CtBP or
the SWI/SNF complex.

IV. IKAROS IN B-CELL ALL

Since the discovery that Ikaros functions as a master
regulator of lymphocyte differentiation and a tumor
suppressor in the mouse, human studies have focused
on determining whether Ikaros acts as a tumor sup-
pressor in human leukemia. Initial studies focused
on the expression of small dominant negative Ikzf1
isoforms. These studies found that expression of DNA
isoforms was associated with adult B cell ALL,!8 as
well as with myelodysplastic syndrome,!* AML,%
and adult and juvenile CML.?! However, due to an
absence of functional data and the small numbers
of patients as well as the lack of genetic evidence
for alteration of J4zf7, these studies did not have a
profound effect on clinical practice.

During the last several years, multiple microarray-
based analyses of genetic changes and alterations
in gene expression have been conducted by several
groups. These genomic profiling studies have pro-
duced strong evidence that that Ikaros plays a key
role in tumor suppression in pediatric B-cell ALL
and particularly in high-risk B-cell ALL. These

findings are summarized as follows.

1. Deletion of a single I4zf7 allele or mutation of
a single copy of Tkzf1 were detected in 15% of
all cases of pediatric B-cell ALL.?? It should be
noted that all of the described mutations were
either nonsense, or frameshift mutations, or
mutations that functionally inactivated a par-
ticular JTZzf1 allele. Thus, each of these defects
resulted in haploinsufficiency of the Ikzf7 gene,
along with expression of a functionally inactive
form of Ikaros which could potentially act as a
dominant-negative form.

2. Deletion or mutation of a single copy of the
Tkzf1 allele was detected in over 80% of BCR-
ABL1 ALL, a subtype of ALL that are associ-

Critical Reviews™ in Oncogenesis
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ated with a poor outcome. Deletion or mutation
of an Jkzf1 allele was also identified in 66% of
chronic myeloid leukemia (CML) patients during
lymphoid blast crisis.?%

3. Deletion or mutation of IZzf7 was identified in
one-third of cases of BCR-ABL1 negative ALL.
Haploinsufficiency of T£zf7 was associated with a
three-fold increase in relapse of ALL following
treatment. 2628

4. Expression profiles of BCR-ABLL1 negative
cases with haploinsufficiency of I£zf7 and poor
prognosis were noted to have similar expression
profiles to BCR-ABL1 positive ALL.? This led
to the definition of the BCR-ABL1-like subtype
of B-cell ALL with haploinsufficiency of Tkzf7

or other transcriptional regulators.?

5. Inherited genetic variations of IZzfI are associ-
ated with the risk of childhood ALL and poor
outcome of the disease.?’39 Genetic variations
have been shown to affect the expression level
of Ikaros, suggesting a potential mechanism for
leukemogenesis.*

6. In 14% of pediatric high-risk leukemia with
a poor outcome,? the CRLF2 gene is overex-
pressed due to rearrangement. This CRLE2 defect
is significantly associated with JAK mutations and
with deletions or mutations of Tkzf7.313?

7. 'The functional, leukemogenic significance of
Ikzf1 haploinsufficiency and/or expression of
dominant-negative Ikaros isoforms has been
confirmed by several animal models. These
models demonstrated that the expression of the
dominant negative Ikzf7 allele in CD34+ cells
results in impaired lymphoid differentiation.
'These models also demonstrate that the haploin-
sufficiency of Ikzf7 accelerates the development
of leukemia in both retrovirally transduced bone
marrow transplants and in a transgenic model

of BCR-ABL1 ALL.34%

Overall, the above data established that: a) Ikaros
acts as a highly clinically-relevant tumor suppressor
in B-cell ALL and particularly in high-risk B-cell
ALL, b) The modest decrease in Ikaros activity
(e.g., haploinsufficiency) is sufficient to contribute to

Volume 16, Number 1-2, 2011

leukemogenesis, and ¢) Genetic alterations of IT4zf1
might serve as a prognostic marker for B-cell ALL
outcome. Based on these results, testing for genetic
alteration of I%zf1 is currently being performed in
prospective clinical trials.

V. IKAROS IN T-CELL ALL

Initial studies of Ikaros in T-cell ALL produced
somewhat conflicting data: All 18 T-ALL patients
in the first study were reported to express dominant
negative Ikaros isoforms (assessed by western blot
analysis and real-time polymerase chain reaction
[RT-PCR]),% suggesting a strong correlation of loss
of Ikaros function with the development of T-cell
ALL. However, in subsequent studies on a total
of 14 T-ALL patients (both adult and pediatric)
dominant-negative isoforms were not detected by
western blot analysis and RT-PCR.1%% However,
the expression of a dominant-negative isoform of
the Ikaros-family member, Helios, was associated
with T-cell ALL in one study.

Deletion of one copy of Ikaros was detected in
5% of T-cell ALL patients in more comprehensive
studies that utilized high-resolution CGH-arrays on
a total of 81 patients.?>3# The most recent study
combined western blot, CGH-array analysis, and
sequencing of Ikaros cDNA following RT-PCR
to provide a more complete view of the relation of
Ikaros and T-cell ALL evaluate. That study of 25
cases of human T-cell ALL detected one patient
(4%) in which one Ikaros allele had been deleted.
The Ikaros protein that was produced by the other
intact allele exhibited association with an abnormal
cytoplasmic structure and a loss of nuclear localiza-
tion.*! This study provided the first definitive func-
tional evidence to link the complete loss of Ikaros
function with human T-cell ALL.*?

In summary, these studies of human T-cell ALL
demonstrate that inactivation of the Ikzf7 gene by
deletion occurs in human T-cell ALL in at least 5%
of cases. Although Ikaros deletion is less frequent in
T-ALL, when compared to B-cell ALL (15%) or
BCR-ABL1 ALL (80%), its occurrence in T-Cell
All is a notable cause of T-cell ALL, and testing
for genetic alteration of I4zf7 in newly diagnosed



patients with this disease is warranted. It remains
to be determined whether Ikaros deletion will have

prognostic significance in T-cell ALL.

VI. MECHANISMS OF IKAROS TUMOR
SUPPRESSOR ACTIVITY

The mechanism by which Ikaros suppresses malig-
nant transformation and the development of ALL
is largely unknown. The discovery of several Ikaros
target genes provided potential mechanisms of the
tumor suppressor action of Ikaros in ALL. These are
summarized in the following sections.

A. Positive Regulation of B Cell Differentiation

Expression of several genes that are essential for
normal B cell differentiation are directly regulated
by Ikaros. Ikaros has been shown to bind the Ig//1
promoter and to regulate expression of this gene in
early B lineage cells.** The Ikaros binding site at the
Igll1 promoter overlaps the binding site of the EBF
transcriptional activator. Thus, Ikaros regulates Ig//1
transcription by competing with EBF for binding
to the Ig//1 promoter and subsequently regulating
Igli1 expression. The Ig//1 gene encodes Lambda5,
a component of the pre-B cell receptor (pre-BCR).
Pre-BCR expression is essential for progression
beyond the pre-B cell stage of differentiation. Thus,
Ikaros controls this critical step in early stages of B
cell differentiation.

Ikaros binds to the promoter region of the
recombinase activating genes (rag) and positively
regulates transcription of both ragl and rag2.%
Upregulation of expression of RAG1 and RAG2,
along with Ikaros-mediated control of the compaction
of the immunoglobulin heavy-chain locus (IGH®@) ,
as well as accessibility of the variable gene segments,
promotes IGH®@ gene rearrangement.® Thus Ikaros
controls another essential step in normal B cell dif-
ferentiation.

B. Positive Regulation of T Cell Differentiation

Ikaros has been shown to regulate expression of mul-
tiple genes that are essential for T cell differentiation.

Payne & Dovat

The regulation of dn#t (terminal deoxynucleotide
transferase -1dT) gene expression during thymocyte
differentiation by Ikaros has been studied by several
groups.”*~8 [karos binds to the D" upstream regula-
tory element of the dn#t gene promoter. This region
contains a consensus binding site that is bound, in
vive, by the Elf-1 activator (a member of the Ets
family of transcription factors). Ikaros and Elf-1
have been shown to compete for the occupancy of
the D' upstream regulatory element of the dn¢f gene
during thymocyte development. Ikaros binding to the
dntt upstream regulatory element results in repres-
sion of TdT transcription, which is associated with
repositioning of the dn#t gene to pericentromeric
heterochromatin.* During induction of thymocyte
differentiation, Ikaros displaces Elf-1 from the D’
upstream regulatory element of dnz#, which results in
downregulation of TdT expression. Phosphorylation
of Tkaros has been shown to regulate Ikaros’ affinity
toward the dn#t upstream regulatory region.*

During thymocyte development, Ikaros binds
to the regulatory element of the CD8a gene. It
has been suggested that Ikaros positively regulates
transcription of the CD8a gene during T cell devel-
opment®® and thus plays an important role in CD4
versus CD8 lineage commitment. This hypothesis
has been supported by decreased numbers of CD8+
T cells in Tkaros-deficient mice.>

Studies by Georgopoulos” group demonstrated
that Ikaros binds to the upstream regulatory region
of the CD4 gene. Ikaros binding at this site, in
complex with the Mi-2f3 chromatin remodeler, results
in expression of CD4, suggesting that Ikaros posi-
tively regulates transcription of CD4 via chromatin
remodeling.?

C. Downregulation of the Notch Pathway

'The Notch pathway is essential for T cell develop-
ment. Activation of the Notch-1 gene has been
found in greater than 50% of T-cell ALL.>? In
addition, T-cell ALL cells have high expression of
the Notch target genes Hes-1 and pT.3 In T-cell
leukemia derived from Ikaros-deficient mice, the
Notch pathway is activated.>*

Critical Reviews™ in Oncogenesis
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'The synergism between Notch activation and the
loss of Ikaros function in T cell leukemogenesis has
been demonstrated by Beverly and Capobianco.”
Because the consensus binding sequences for the
Notch-associated transcriptional activator, CSL,
and Ikaros were highly similar, Ikaros was hypoth-
esized to interfere with CSL binding and Notch
signaling.> Tkaros directly binds to the upstream
regulatory element of a Notch target gene Hes-1,
and downregulates its expression. Ikaros competes
with the transcriptional activator CSL for binding
to the upstream regulator element of Hes-1 in a
manner similar to that demonstrated for EBF1
and EIf1 (described above).”® It has been suggested
that transcriptional repression of Hes-1 by Ikaros
involves chromatin remodeling, as Ikaros binding
to the upstream regulatory region of Hes-1 leads
to decreased histone H3 acetylation at the Hes-1
locus.>”

Ikaros competes with CSL for the binding to
the upstream regulatory region of Deltex1, another
target gene for the Notch signaling pathway.>” Ikaros
represses transcription of Deltex1 by chromatin
remodeling as evidenced by decreased histone H3
acetylation at the Deltex1 locus following Ikaros
binding to the upstream region of Deltex1.%

D. Negative Regulation of Cellular
Proliferation

'The negative regulation of pre-B cell proliferation
by Ikaros has been demonstrated by Ma et al. The
mechanism of inhibition of cellular proliferation
involves direct binding of Ikaros to the promoter of
the c-Myc gene, which results in direct suppression
of c-Myc expression in pre-B cells.’® Repression of
c-Myc by Ikaros in pre-B cells also leads to induc-
tion of expression of p27, as well as downregula-
tion of cyclin D3.8 These data provided a potential
mechanism by which Ikaros suppresses proliferation
of pre-B cells in vivo.

It has also been shown that Ikaros can negatively
regulate cell cycle progression at the G1/S transi-
tion,” suggesting that Ikaros has a role in the regula-

tion of the G1/S check point of the cell cycle.
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E. Regulation of Apoptosis

'The loss of Tkaros function is associated with increased
Bel-xL expression, which suggests that Ikaros down-
regulates Bel-xL expression.2%¢061 These data led to
the hypothesis that Ikaros regulates apoptosis, and
that decreased Ikaros activity in leukemia cells would
increase resistance to chemotherapy. This hypothesis
remains speculative due to a lack of mechanistic data
to support this assertion.

F. Post-Translational Modifications Regulate
Ikaros Tumor Suppressor Function

Post-translational modifications have been shown
to regulate Ikaros’ activity. Sumoylation regulates
Ikaros repressor function.®? The cell-cycle—specific
phosphorylation of Tkaros regulates its DNA-binding
ability and nuclear localization during mitosis.®* In
cycling cells Ikaros is a direct substrate for pro-
oncogenic kinase CK2. Phosphorylation of Tkaros by
CK2 regulates the subcellular localization of Ikaros
to pericentromeric heterochromatin, and its DNA-
binding affinity toward the upstream regulatory
element of the Ikaros’ target gene, TdT,* as well as
its ability to control G1/S cell cycle progression.*
More recent data showed that Ikaros is a substrate
tor PP1 phosphatase, and that CK2 and PP1 exert
opposite effects on Ikaros function in DNA bind-
ing, pericentromeric localization, and chromatin
remodeling.®* Overexpression of CK2 has been
shown to increase degradation of Ikaros protein via
the ubiquitin pathway, while PP1 counteracts this
process (Fig. 1).¢* These data led to the development
of a model whereby the loss of Ikaros activity in
leukemia can result from genetic defects (deletion,
mutation) or functional inactivation of Ikaros due to
hyperphosphorylation by CK2.% More studies are
needed to test this model.

VIl. CONCLUSION

Genomic profiling of ALL identified Ikaros as a
major tumor suppressor in ALL. Functional studies
revealed possible mechanisms of tumor suppression
by Ikaros, as well as the regulatory pathways that
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FIGURE 1. Phosphorylation regulates the tumor suppres-
sor function of lkaros. CK2 kinase directly phosphorylates
and functionally inactivates lkaros, while PP1 phosphatase
counteracts this process. Functional inactivation of lkaros
by CK2 kinase promotes leukemogenesis.

CK2 Kinase

o

Leukemia

control the tumor suppressor function of Ikaros.
Future studies will be directed toward evaluating
genetic changes in Ikaros as a prognostic marker
for ALL, as well as a factor in the decision-making
process to design appropriate therapy. Regulatory
pathways that control the tumor suppressor function
of Ikaros are a potential target for a novel chemo-

therapy for ALL.
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ABSTRACT: Recent genomic analyses of childhood and adult B-precursor acute lymphoblastic leukemia (ALL) samples have
identified novel genetic alterations in essential lymphoid development and signal transduction pathways, providing insight into the
pathogenesis of high-risk ALL associated with treatment failure. Particular advances have been made in unraveling the genetics
of ALL associated with overexpression of the cytokine receptor-like factor 2 gene (CRLF2), which is frequently accompanied by
simultaneous activating mutations in genes encoding Ikaros (IKZF1), Janus kinase 1 (JAKI) and Janus kinase 2 (JAK2), and/or
the IL-7 receptor alpha chain (/L7RA). Children and adults with high-risk CRLF2-overexpressing ALL have high rates of relapse
and dismal overall survival. Various groups have thus attempted to characterize the biochemical consequences of these genetic
lesions via preclinical models with the goal of identifying targets for new therapies. These studies provide early data suggesting
the promise of signal transduction inhibitors (STIs) of the JAK/STAT and PI3K pathways for CRLF2-overexpressing ALL.
Additional research efforts continue to elucidate these aberrant signaling networks to provide rationale for bringing STTs into
the clinic for these high-risk patients. This review highlights the current knowledge of the incidence, prognostic significance, and
biology of CRLF2-overexpressing ALL and future directions for development of targeted therapies.

KEY WORDS: acute lymphoblastic leukemia, CRLF2, JAK2, signal transduction, TSLP, TSLPR
ABBREVIATIONS

ALL, acute lymphoblastic leukemia; BFM, Berlin-Frankfurt-Minster; CNA, copy number alteration; COG, Children’s
Oncology Group; CRLF2, cytokine receptor-like factor 2; DS-ALL, Down Syndrome-associated acute lymphoblastic
leukemia; EFS, event-free survival; GEP, gene expression profiling; HR, high risk; IGH®@, immunoglobulin heavy
locus; IKZF1, Ikaros; IL-7R, IL-7 receptor; IL-7Ra, IL-7 receptor alpha chain protein; IL7Ra, IL-7 receptor
alpha gene; JAK, Janus kinase; JAK1, Janus kinase 1; JAK2, Janus kinase 2; MPNs, myeloproliferative neoplasms;
MRC, Medical Research Council; NCI, National Cancer Institute; OHS, Oxford Hazard Score; pelF4E, phospho-
elF4E; pERK, phospho-ERK 1/2; pJAK2, phospho-JAK2; pSTATS, phospho-STAT'S; pS6, phospho-S6; p4EBP1,
phospho-4EBP1; PI3K, phosphatidylinositol 3-kinase; RES, relapse-free survival; SR, standard risk; STAT, signal
transduction activator of transcription; ST1Is, signal transduction inhibitors; TSLP, thymic stromal lymphopoietin;

TSLPR, thymic stromal lymphopoietin receptor

I. IDENTIFICATION OF NEW GENETIC United States in children younger than 21 years of

LESIONS IN ACUTE LYMPHOBLASTIC
LEUKEMIA (ALL)

B-precursor acute lymphoblastic leukemia is the
most common malignancy of childhood; approxi-
mately 3000 new cases are diagnosed annually in the

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

age. Significant improvements in relapse-free survival
(RES) and overall survival have occurred during the
past 50 years, largely secondary to the introduction
of central nervous system prophylaxes, multi-agent
chemotherapy regimens, and the recognition that
certain subsets of patients require higher doses of
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these agents to achieve cure. In addition, the rec-
ognition of the prognostic significance of leukemia
cell-specific cytogenetic and chromosomal abnormali-
ties, as well as studies that have shown the value of
early response to therapy, have together improved our
ability to refine therapy.!3 Approximately 80—-85% of
children with ALL are cured using these strategies
with current multi-agent therapy. However, up to
20% of children fail our current therapies, and most
of these patients die from their disease. In addition,
adults with ALL have generally worse prognoses,
with an overall survival of 35-50%. One-quarter
to one-third of pediatric ALL patients have no
identifiable leukemia-associated genetic alterations
that are predictive of outcome,* and that statistic is
even higher in adult ALL.® Identification of patients
who remain at high risk of treatment failure despite
contemporary therapies thus remains a priority for
basic scientists and clinical investigators with the
ultimate hope that these discoveries will lead to
new therapies that can improve outcomes. Indeed, a
paradigm for such a therapeutic benefit has occurred
for children with BCR/ABLI-positive ALL; these
patients previously experienced a 5-year event-free
survival (EFS) of less than 40% when treated with
intensive chemotherapy alone, but they now experi-
ence an EFS greater than 80% with the addition of
the tyrosine kinase inhibitor imatinib in combination
with chemotherapy.®

With the advent of sophisticated genome-wide
analytic technologies, it is now possible to profile
the biology of primary human leukemias in a sensi-
tive and high-throughput manner. Recently, several
groups have utilized modern microarray-based
analyses of genetic alterations and gene expression
to identify mutations in key lymphoid development
and signaling genes in high-risk childhood ALL. In
particular, high frequencies of mutations have been
described in genes involved in B lymphocyte develop-
ment (e.g., EBF1,IKZF 1, PAX5) and signaling (e.g.,
BTLA,CD200, RAS) and in cell cycle regulation (e.g.,
CDKN2A/B, PTEN, RB, TP53). Additionally, genomic
analyses of paired diagnosis and relapse ALL samples
have also shed light upon the early origin and clonal
nature of such leukemia-associated mutations.”” A
comprehensive discussion of these genetic alterations
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is beyond the scope of this review and has been
described elsewhere in greater detail.®1°

A. Discovery of CRLF2, JAK1 and
JAK2, and IL7RA Alterations in Acute
Lymphoblastic Leukemia (ALL)

In 2008 and 2009, research groups in Israel and
Europe and in the United States first identified
somatic mutations in the Janus family of kinases
(JAK) in pediatric B-precursor ALL cases via various
strategies employing candidate gene sequencing, gene
expression profiling (GEP), and single-nucleotide
polymorphism arrays.!"1¢ Missense and insertional
mutations were detected in highly conserved regions
of the JAKI pseudokinase domain, JAK2 pseudoki-
nase and kinase domains, and JAK3 (later determined
to be a non-driver mutation), but not in TYK2.1%17
Point mutations within the JAK2 pseudokinase
domain were by far the most common, particularly
JAK2 R683G. Notably, these mutations were dis-
tinct from the JAK2 V617F commonly associated
with myeloproliferative neoplasms, which is also
located in the pseudokinase domain. In particular,
JAK2 mutations occur frequently in children with
Down syndrome-associated ALL (DS-ALL) with
an incidence of approximately 20%.11131418 Screen-
ing of pediatric non-DS-ALL cases demonstrated a
3-10% rate of JAK mutations, which was highest in
patients classified as “high risk” by either the Oxford
Hazard Score (OHS) or the National Cancer Institute
(NCI)-Rome risk criteria (age > 10 years or white
blood cell count > 50,000/uL at diagnosis). In one
study, JAK mutations were also noted to be highly
associated with IKZF I mutations, CDKN2A/B dele-
tions, BCR-ABLI-like gene expression profiles, and
conferred a poor clinical prognosis.!

Shortly thereafter, additional genome-wide
analyses of DNA copy number alterations (CNAs),
transcriptional profiling, and sequencing of these and
other DS-ALL and non-DS-ALL cases detected
alterations in the cyrokine receptor-like factor 1
gene (CRLF2), which encodes the thymic stromal
lymphopoietin receptor (ISLPR). Russell ez a/. first
described deregulation of various cytokine recep-
tors, such as the erythropoietin receptor, mediated
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via juxtaposition to immunoglobulin heavy chain
(IGH@) transcriptional enhancers in approximately
3% of B-precursor ALL cases.??° Subsequently, the
group used serial fluorescent in situ hybridization
and long-distance inverse polymerase chain reac-
tion to identify recurrent CRLF2 abnormalities in
B-precursor ALL.?! They discovered that CRLF2
alterations resulted either from chromosomal break-
ages and translocation of CRLF2 (located on the
pseudoautosomal region of the sex chromosomes;
Xp22.23 or Yp11.32) with IGH@ (14q32.3) or from
interstitial deletion of Xp22.3/Yp11.3 resulting in
tusion of CRLF2 with the G-protein-coupled puri-
nergic receptor P2Y8 gene (P2RYS8).?! Both altera-
tions place CRLF2 under alternate transcriptional
control, resulting in CRLF2 overexpression.?=23 GEP
of these leukemias revealed a BCR-ABLI-like kinase
signature, although the BCR-ABLI translocation was
not detected in any CRLF2-overexpressing ALL
samples.?»? CRLF?2 alterations have been detected
in 5-15% of pediatric and adult non-DS-ALL,
depending upon the risk status of the population
studied,??*?* and, strikingly, in 50-60% of children
with DS-ALL.®22 In general, the P2RYS8-CRLF2
tusion occurs more frequently in younger pediatric
patients, while the /IGH@-CRLF2 translocation
is more common in adolescents and adults with
ALL.2"2* More recently, Yoda et al. described an
activating somatic point mutation in CRLF2 itself
resulting in a phenylalanine-to-cysteine change
at amino acid 232 (F232C) in a small number of
adult ALL patients,?* which also has been detected
infrequently in pediatric ALL patients.!®% In general,
CRLF2-overexpressing ALL samples tend to pos-
sess either the P2RYS-CRLF2 fusion or the IGH@-
CRLF2 translocation, though there are cases that
appear to lack these alterations. Although usually
mutually exclusive, the fusion and translocation or
one alteration in conjunction with CRLF2 F232C
have been detected in a minority of patient samples.
It is not yet known whether both mutations occur
in a single leukemia cell or in two distinct clonal
populations.?

CRLF?2 alterations are further highly associated
with JAK mutations in both DS-ALL and non-
DS-ALL. Approximately half of patients whose
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leukemias have CRLF?2 alterations also harbor JAK
mutations, particularly at the JAK2 R683 residue.
Conversely, virtually all JAK-mutated ALL samples
reported in the literature overexpress CRLF2 via
the P2RYS-CRLF?2 fusion or IGH@-CRLF?2 trans-
location, suggesting the cooperative nature of these
genetic events in leukemogenesis.???

Most recently, gain-of-function somatic muta-
tions in the interleukin-7 receptor alpha chain (IL-
7Ra; IL7RA) have also been described by Shochat
et al. in a small number of patients with CRLF2-
overexpressing ALL and in T cell ALL.?® These
mutations occur as S185C point mutations, located
in the extracellular domain of the IL-7Ra, or as
in-frame insertion and deletion mutations within
the transmembrane domain. Three of the eight
CRLF2-overexpressing B-precursor ALL samples
with IL7RA mutations also had J4K2 mutations,
which further emphasizes the complex association
of these genetic events.?

Importantly, it should be noted that ALL-specific
alterations in CRLF2, JAKI and JAK2, and IL7RA
have not been detected in leukemia cells with known
prognostic cytogenetic abnormalities, such as high
hyperdiploidy, ETV6-RUNX1,TCF-ECF1,MLL rear-
rangements, or BCR-ABLI1,**?7 with the exception
of intrachromosomal amplification of chromosome
21 in some non-DS-ALL patients.?»?%2 CRLF2 and
associated alterations thus seem to comprise a new

cytogenetic subtype of B-lineage ALL (Table 1).

B. NCI High Risk Patients With CRLF2-
Overexpressing ALL Have Poor Outcomes

Following the initial discovery of IGH@-CRLF2 and
P2RYS-CRLF?2 alterations,?! other groups also identi-
fied CRLF?2 alterations via high-resolution genomic
profiling of cohorts of pediatric ALL patients who
had experienced extremely poor clinical outcomes.??
Subsequent GEP and CNA microarray analysis by
Harvey ez al. of 207 high-risk patients treated uni-
formly with an augmented Berlin-Frankfurt-Miinster
(BFM) regimen on the legacy Children’s Oncology
Group study P9906 protocol revealed a 14% inci-
dence of CRLF?2 alterations (29 patients), only two
of whom had Down Syndrome. CRLF?2 alterations
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TABLE 1. Details of Studies Reporting Alterations of JAK1, JAK2, CRLF2, and IL7RA in Acute Lympho-

blastic Leukemia

Study

Cohort

Findings

JAK mutations
Malinge 20075

Flex 20084

Bercovich 2008"

Kearney 2009
Mullighan 20092

Gaikwad 200913
CRLF2 alterations
Russell 200921

Mullighan 200922

Hertzberg 20108

Yoda 20102

Harvey 20104

Cario 201030

IL7RA mutations
Shochat 20112

ALL and AML (N=90)

Adult B-ALL (N=88) and
T-ALL (N=38), pediatric
B-ALL (N=85) and T-ALL
(N=49)

DS-ALL (N=88), non-DS
B-ALL (N=109), DS-AMKL
(N=11), ET (N=96)
DS-ALL (N=42)

High-risk B-progenitor
ALL (N=187)

Pediatric DS-ALL (N=53)

Pediatric ALL (N>1000)

Pediatric B-ALL (N=272)
and T-ALL (N=57)

Pediatric DS-ALL (N=53)
and non-DS-ALL
Adult and pediatric ALL

Pediatric high-risk ALL
(N=207)

Pediatric ALL (ALL-
BFM-2000; N=555)

Pediatric B-ALL (BFM
AIEOP 2000; N=286, of
which 83 DS-ALL) and
T-ALL (BFM ; N=285)

Identification of a transforming JAK2 pseudokinase domain muta-
tion: JAK2 p.1682_Dé86del in a single DS-ALL case

JAK1 FERM, SH2, JH2, and JH1 mutations in 18% adult T-ALL;
mutations transforming in vitro, associated with distinct GEP,
older age, poor outcome

Missense mutations at/near R683 in the JAK2 pseudokinase
domain in 18% DS-ALL; mutations transforming in Ba/F3-EpoR
cells

JAK2 R683 mutations in 28% cases

JAKT (pseudokinase), JAK2 (pseudokinase and kinase) and JAK3
mutations in 20 (10.7%) cases; 18 of 20 cases non-DS B-ALL,;
mutations associated with IKZF1 deletion, deletions adjacent to
CRLF2, BCR-ABLI1-like gene expression profile, and very poor
outcome; mutations transform Ba/F3-EpoR cells in vitro, and
transformation abrogated by pharmacologic JAK inhibitors

JAK2 pseudokinase (R683) mutations in 18.9% DS-ALL cases

97 B-ALL cases with CRLF2 rearrangement; 33 t(X;14)(p22;932) or
t(Y;14)(p11;932) and 64 with PAR1 deletion (del(X)(p22.33p22.33)
or del(Y)(p11.32p11.32)); translocation 0.8% and deletion 4.2%
BCP-ALL. 52% of 68 DS-ALL cases have PAR1 deletion
IGH@-CRLF2 translocation or Xp/Yp PAR1 deletion in 7% B-ALL
and 53% DS-ALL; PAR1 deletion mapped and definitively shown
to result in P2RY8-CRLF2 fusion; rearrangements result in overex-
pression of CRLF2; strong association between CRLF2 rearrange-
ment and JAK mutations; lesions co-transforming in Ba/F3 cells
Confirmatory study identifying CRLF2 rearrangement in 53% DS-
ALL samples

Overexpression of CRLF2 in 15% adult and pediatric ALL; confir-
mation of CRLF2 rearrangement and association with JAK muta-
tions; identification of CRLF2 F232C mutation

Overexpression of CRLF2 in 14% cases due to IGH@ transloca-
tion (62%) and/or P2RY8-CRLF2 (34%), CRLF2 rearrangement
associated with JAK mutation, Hispanic/Latino ethnicity, IKZF1
alteration, and poor outcome

CRLF2 overexpression due to rearrangement and associated with
poor outcome

Identification of IL7RA S185C and insertional/deletional mutations
in 3.1% cases of B-ALL (8 of 9 cases also CRLF2-overexpressing)
and in 10.5 % T-ALL;. mutations transforming in Ba/F3-CRLF2
cells

Abbreviations: AIEOP, Associazione Italiana Ematologia Oncologia Pediatrica; ALL, acute lymphoblastic leukemia; AMKL,
acute megakaryoblastic leukemia; BFM, Berlin-Frankfurt-Minster; DS, Down syndrome; ET, essential thrombocytosis.

Modified from JR Collins-Underwood and CG Mullighan, Genomic profiling of high-risk acute lymphoblastic leukemia.

Leukemia. 2010;24:1676-85." Used with permission.
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were highly associated with JAK and IKZFI muta-
tions (69% and 80%), respectively) and with Hispanic/
Latino ethnicity. Patients with CRLF2-overexpressing
ALL responded slowly to chemotherapy and had
high rates of minimal residual disease (MRD) at
the end of induction. Furthermore, nearly 70% of
these patients relapsed. Relapse-free survival (RFS)
was 35.3% for CRLF2 overexpressors vs. 71.3% for
non-overexpressors treated on this trial at 4 years.
Interestingly, there was no significant effect of the
presence of simultaneous JAK or /KZF1 mutations
upon MRD or RFS, although the number of patients
with CRLF2-overexpressing JAK wild-type IKZF1
wild-type ALL in this study was small.?®

To validate these results and to evaluate CRLF2 over-
expression in standard risk patients, further analyses
were performed of 896 ALL samples from children
enrolled on the COG 9905 study, comprised of both
NCTI high-risk (HR) and standard risk (SR) patients.
One hundred seventeen patients demonstrated high
levels of CRLF?2 expression, which was confirmed by
specific mutational analysis. Of the CRLF2 overex-
pressors, only those patients classified as NCI HR
had a significantly poorer RFS (<40%), which was
in sharp contrast to those initially classified as NCI
SR (RFS >80%).%

Additional analyses of the prognostic significance
of CRLF2 expression have also been performed by
Cario ez al. in 555 leukemia samples from children
treated on the ALL-BFM 2000 protocol.3! Speci-
mens were classified as CRLF2-high (49 patients)
vs. CRLF2-low (506 patients) based upon prior
published gene expression data?!?2 and were further
stratified by HR and non-high risk (NHR) clinical
groups (classified by in vivo response to prednisone).
Predictably, DS-ALL patients were enriched in the
CRLF2-high group. In contrast to the COG studies,
these analyses demonstrated no prognostic effect of
CRLF2 overexpression in the HR cohort, whereas
CRLF2-high NHR patients had worse event-free
survival (EFS) than CRLF2-low NHR patients (61%
and 83%, respectively), particularly those CRLF2-
high patients harboring the P2RY8-CRLF2 fusion
(29% EFS).%

Volume 16, Number 1-2, 2011

17

The Medical Research Council (IMRC) has also
published data regarding the prognostic significance
of CRLF2 overexpression in OHS SR children.?’
Fifty-two of 865 studied patients treated on the
MRC ALL97 protocol showed evidence of deregu-
lated CRLF2 in their leukemia cells (6%), although
this rate was markedly higher in DS-ALL patients
(54%; 14 of 26 DS patients).?” Ensor ef al. noted
that CRLF2-overexpressing ALL patients were more
likely to have hepatosplenomegaly at the time of
leukemia diagnosis, although there was no association
with age, gender, or initial white blood cell count.
CRLF?2 alterations were also associated with IKZF I,
CDKN2A/2B, PAX5, and JAK2 mutations, but to a
lesser degree than previously observed in the COG
cohorts.?»?> While univariate analysis demonstrated
inferior EFS (but not inferior RFS) of patients with
CRLF2-overexpressing ALL, this phenomenon did
not retain significance in a multivariate analysis. This
study also confirmed the association of IGH@-CRLF2
translocation with older age observed by others?—2*
and noted a non-statistically significant trend of
worse EFS for patients with IGH@-CRLF2 versus
those with P2RY8-CRLF2. Ultimately, however, no
significant difference in RFS or overall survival (OS)
was detected between CRLF2 overexpressors and
non-expressors in this SR cohort, as has now been
observed in the COG P9905 analysis.? The authors
concluded that CRLF2 overexpression in OHS SR
ALL patients thus conferred an intermediate-risk,
not high-risk, prognosis.?”

It is important to note the differences among the
P9905,P9906, ALL-BFM 2000,and MRC ALL-97
protocols, which may account for the observed vari-
ability in outcomes. In particular, striking differences
exist between the characteristics of patients treated on
the COG 9906 protocol and on the MRC ALL-97
protocol. The P9906 patients were significantly older
(median age = 12.8 years), had a higher incidence of
IGH@-CRLF?2 translocations and IKZF] mutations,
and were more likely to be Latino/Hispanic. MRC
ALL-97 enrolled patients who were younger, had a
five-fold higher rate of P2RYS-CRLF2 fusions than
IGH@-CRLF2, and had a higher percentage of DS-
ALL patients. In addition, the optimal threshold to
define CRLF2 overexpression by QT-PCR has not yet
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been standardized across international consortia, but
these efforts are ongoing. Despite these differences,
comprehensive data from these analyses do suggest that
CRLF?2 overexpression likely portends a poor prognosis
tor HR, but not SR, ALL patients treated with cur-
rent therapies. The reason for the discrepant clinical
outcomes of HR versus SR CRLF2-overexpressing
non-DS-ALL patients remains unknown. Addition-
ally, Hertzberg e# al. noted a trend toward worse OS
in DS-ALL CRLF2 overexpressors,'>!8 while Gaikwad
et al. observed no difference in EFS between CRLF2-
overexpressing and non-overexpressing DS-ALL
patients.3

C. Adults with CRLF2-Overexpressing ALL
Have the Worst Rates of Survival

While various groups have begun to characterize the
outcomes of pediatric ALL patients with CRLF2
alterations, less is currently known about the prog-
noses of adults with CRLF2-overexpressing ALL. In
one study of adult B-precursor ALL patients whose
leukemias lacked prognostic cytogenetic abnor-
malities, 15 of 90 (16.7%) samples demonstrated
CRLF2 overexpression.?* CRLF2 overexpressors
and non-overexpressors did not differ significantly
in age, gender, or presenting white blood cell count,
but disease-free and overall survival were markedly
worse in the CRLF2 overexpressors (17.8 months
vs. 37.8 months and 25.5 months vs. >100 months,
respectively).?* Although adult patients with ALL
have notably poorer outcomes than children, gener-
ally ascribed to the higher incidence of BCR/ABLI-
positive disease and to their inability to tolerate
intensive multi-agent chemotherapy, CRLF2 overex-
pression also appears to confer a worse prognosis in
this population. Larger analyses of RFS and OS in
adults with CRLF2-overexpressing ALL are indicated
and will likely provide important rationale for the
identification and development of targeted therapies
with potentially fewer toxicities, especially for patients
who are unable to tolerate traditional therapy. Vari-
ous cooperative research groups have thus sought
to understand and characterize the biochemical
consequences of these genetic lesions with the goal
of identifying new therapeutic targets.

Tasian & Loh

Il. ELUCIDATING THE BIOCHEMICAL
SEQUELAE OF CRLF2 ALTERATIONS
IN ALL

A. The Role of the Thymic Stromal
Lymphopoietin Receptor (TSLPR) in ALL

CRLF2 encodes the TSLPR subunit, which het-
erodimerizes with the IL-7Ra subunit to form
the functional TSLPR. Upon binding of its ligand,
thymic stromal lymphopoietin (TSLP), the TSLPR
is known to induce phosphorylation of the signal
transducer and activation of transcription factor 5
(STATS) in normal dendritic and T cells in response
to allergic or inflammatory stimuli, which is likely
mediated by antecedent phosphorylation of J4K2
(pJAK2).313¢ TSLP has also been shown to promote
early development of B cells in vitro.3

Little is currently known about the role of the
TSLPR and TSLP-mediated signal transduction
in leukemia, however. Initial studies by Brown ez a/.
of transgenic murine non—CRLF2-overexpressing
B-precursor ALL cell lines demonstrated TSLP- and
IL-7-induced phosphorylation of STATS5 (pSTATS),
as well as dose-dependent cellular proliferation in
culture.’” TSLP and IL-7 also induced phosphoryla-
tion of S6 (pS6) and 4EBP1 (p4EBP1), which could
be inhibited by rapamycin, a mammalian target of
rapamycin (mTOR) inhibitor. TSLP further rescued
rapamycin-treated primary human ALL cells from
apoptosis in short-term culture.’

B. CRLF2 and JAK Mutations Confer Gain-
of-Function and Result in Aberrant Signal
Transduction

Several groups have created preclinical models of
human CRLF2 and JAK mutations using retrovirally
transduced Ba/F3 cells, an IL-3-dependent murine
lymphoma cell line, to evaluate the biochemical effects
of these genetic lesions. In an initial study by Mul-
lighan ez al.,'> Ba/F3 cells transduced with various
patient-derived JAKI and JAK2 mutations, and the
murine erythropoietin (EPO) receptor demonstrated
moderate cytokine independent growth, as well as
preferential growth inhibition when co-cultured
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with the chemical JAK inhibitor I. These cell lines
also had constitutive levels of pJAK2 and pSTATS,
which were further induced by EPO stimulation.?
Subsequent work by this group using Ba/F3 cells
transduced with the murine IL-7R (Ba/F3-IL-7R),
the P2RYS-CRLF?2 fusion, and JAK?2 pseudokinase
and kinase domain mutations demonstrated cytokine
independence only of the compound CRLF2/JAK2
mutants, but not of cells transduced with either
mutation alone or with wild-type constructs.?? IL-3
independent growth was partially attenuated by short
hairpin-RNA knockdown of CRLF2. CRLF2/JAK2
mutant Ba/F3 cells also demonstrated constitutive
activation of JAK/STAT signaling and preferential
growth inhibition by the pharmacologic JAK inhibi-
tor 1.2 Similar observations of constitutive JAK2/
STATS activation and inhibition with JAK inhibitor
I were also made by Hertzberg ez al. using Ba/F3
cells transduced with wild-type CRLF2 and JAK2
R683S, as well as IL-3 independent growth even in
the absence of transduced IL-7R.18

Another study of CRLF2 overexpression in adult
ALL patients used Ba/F3-IL-7R cells transduced with
wild-type CRLF2 or CRLF2 F232C to explore the spe-
cific effects of this newly discovered point mutation.?*
Using reducing and non-reducing conditions, Yoda ez a/.
demonstrated that mutant, but not wild-type, CRLF2
likely constitutively homodimerizes via intermolecular
disulfide bonds of the cysteine residues. TSLP also
stimulated modest proliferation of Ba/F3-IL-7R CRLF2
F232C cells in vitro.Immunoblotting of lysates from Ba/
F3 CRLF2 F232 cells demonstrated some constitutive
phosphorylation of ERK 1/2 (pERK) and pSTATS.
Additionally, Ba/F3 cells transduced with wild-type
CRLF2 and JAK2 R683G or R683S had markedly
increased basal levels of pJAK2, pSTATS, and pERK
compared to CRLF2 wild-type/JAK2 wild-type cells,*
which was concordant with prior observations.!>??
Growth of mutant cell lines was also preferentially
inhibited by the JAK inhibitor I.24

Most recently, studies of primary human CRLF2-
overexpressing ALL samples with and without simulta-
neous JAK mutations have demonstrated activation of
JAK/STAT and phosphatidylinositol 3-kinase (PI3K)
pathway signal transduction with TSLP stimulation
in vitro. JAK2 inhibition with X1.019 (Exelixis) abro-
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gated TSLP-induced pSTATS and pS6. Minor activa-
tion of TSLP-induced MAPK signaling has also been
observed in human CRLF2-overexpressing ALL cell
lines, but less so in primary samples. Studies are ongoing
to define more precisely the aberrant signal transduction
networks in human CRLF2-overexpressing ALL and
to test relevant signal transduction inhibitors in vitro
and in vivo in preclinical murine xenograft models.*’

C. IL-7Ra Mutations Are Also Transforming
and Activate JAK/STAT and PI3K Signal
Transduction

Given the heterodimeric structure of the TSLPR,
research groups have recently begun to evalu-
ate CRLF2-overexpressing ALL samples for the
presence of IL7RA mutations. The group that first
identified these somatic missense mutations in
CRLF2-overexpressing ALL (and in T cell ALL)
also tested whether or not these lesions conferred
cytokine independent growth using Ba/F3 models.?
Cells transduced with the transmembrane domain
in-frame insertional IL7RA mutation InsPPCL
demonstrated IL-3 independent growth, while
simultaneous CRLF2 wild-type and IL7RA S185C
constructs were necessary to confer cytokine inde-
pendence, suggesting biologic differences between
the subtypes of IL7RA mutations. TSLP induced
preferential proliferation of CRLF2 wild-type/ IL7RA
mutant cells in comparison to CRLF2 wild-type/
IL7RA wild-type cells. CRLF2 wild-type/ IL7RA
mutant cells demonstrated constitutive pSTATS
and pS6, which was further inducible with TSLP
stimulation. Substitution of the mutant amino acid
185 cysteine residue with a glycine residue in the
IL7RA constructs markedly diminished cytokine
independent growth and constitutive pSTATS. In
addition, Shochat e a/. observed marked homodi-
merization of Ba/F3-1L-7Ra. InsPPCL cells under
non-reducing versus reducing conditions.?® These
data suggest that, as observed with CRLF2 F232C,*
introduced cysteine residues likely facilitate IL-7Ra
receptor homodimerization and are necessary for the

gain-of-function phenotype.
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FIGURE 1. Proposed schema of aberrant signal transduction mediated by the TSLPR heterodimer in CRLF2-over-
expressing ALL. JAK/STAT, PI3K, and possibly MAPK signaling networks are hyperactive. Targeting hyperactive

signaling nodes with STls (such as JAK, PI3K pathway,
preclinical and clinical testing.

lll. ON THE HORIZON: DEVELOPMENT
OF TARGETED THERAPIES FOR PATIENTS
WITH CRLF2-OVEREXPRESSING ALL

Significant efforts have been made by cooperative
research groups in a relatively short period of time
to improve the biologic understanding of CRLF2-
overexpressing ALL. CRLF2 and other associ-
ated alterations occur in approximately 5-15% of
B-precursor ALL, and children and adults with
CRLF2-overexpressing ALL suffer unacceptably
high rates of relapse with current therapies. These
patients comprise an important, newly defined genetic
subgroup of HR ALL for whom new treatments are
vital to improve RFS and OS.

Extensive preclinical data to date demonstrate
aberrant activation of TSLPR-mediated signal trans-
duction in these leukemias, particularly of the JAK/
STAT and PI3K pathways. Additional preclinical
and translational studies are needed to characterize
the biochemical sequelae of CRLF2 alterations and
associated genetic lesions more fully, however. Early
in vitro work with JAK inhibitors does suggest the
promise of targeting aberrant signal transduction
with small-molecule inhibitors. Identification of

and MEK inhibitors) is a rational therapeutic strategy for

other associated mutations, further delineation of
hyperactive signaling networks and specific targets,
and evaluation of relevant targeted signal transduction
inhibitors (STIs) in CRLF2-overexpressing ALL will
greatly facilitate these goals (Figure 1).

Precedent exists for the addition of STIs for
treatment of pediatric leukemias, as evidenced by
the dramatic improvement in long-term survival
for children with BCR-ABL-positive ALL when
imatinib is added to systemic chemotherapy.® Cur-
rently, STTs targeting hyperactive signaling networks
are also being tested in phase II and I1I clinical trials
for adults with JAK2 V617F-associated MPNs,*-4
and the clinical, but not molecular, efficacy of the
JAK inhibitor INCB018424 (Incyte) in adults with
myelofibrosis was recently reported.*! Determination
of the maximum tolerated dose and dose-limiting
toxicities of INCB018424 in pediatric patients with
relapsed/refractory malignancies is further underway
in a Children’s Oncology Group phase I trial. Simul-
taneous preclinical studies of JAK inhibitors and
other relevant STTIs in combination with cytotoxic
chemotherapy are essential, however, and will provide
additional rationale for development of such thera-
peutic approaches in subsequent clinical trials.
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Modern genomic profiling techniques have
provided important insights regarding the molecular
pathogenesis of high-risk ALL that will hopefully
identify potential new therapeutic targets. Current
data suggest that CRLF2-overexpressing ALL is a
disorder of hyperactive JAK/STAT and PI3K signal-
ing. Future development of STI-based therapies for
adult and pediatric patients with these high-risk leu-
kemias will depend upon the successful identification
of specific agents capable of abrogating hyperactive
signaling networks shown to be perturbed in these
leukemias, as well as our ability to test these agents
in accurate preclinical systems, such as genetically
engineered mice or xenograft models. Important
questions remain, however, regarding why HR,
but not SR or DS-ALL, patients fare poorly with
current therapeutic strategies. While the first steps
toward understanding the biological underpinnings
of this subtype of leukemia have been made, much
additional work is necessary to unravel fully the
mechanisms that contribute to the pathogenesis of
CRLF2-overexpressing ALL.
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ABSTRACT: Although adults with Down syndrome (DS) show a decreased incidence of cancer compared to individuals with-
out DS, children with DS are at an increased risk of leukemia. Nearly half of these childhood leukemias are classified as acute
megakaryoblastic leukemia (AMKL), a relatively rare subtype of acute myeloid leukemia (AML). Here, we summarize the clinical
features of myeloid leukemia in DS, review recent research on the mechanisms of leukemogenesis, including the roles of GATAI
mutations and trisomy 21, and discuss treatment strategies. Given that trisomy 21 is a relatively common event in hematologic
malignancies, greater knowledge of how the genes on chromosome 21 contribute to DS-AMKL will increase our understanding
of a broader class of patients with leukemia.

KEY WORDS: acute megakaryoblastic leukemia (AMKL), GATA-1, transient myeloproliferative disorder (TMD), trisomy 21
ABBREVIATIONS

AMKL, acute megakaryoblastic leukemia; AIML, acute myeloid leukemia; Ara-C, cytarabine; ara-U, arabinoside; BFU-E,
burst-forming unit erythroid; BST2, bone marrow stromal-cell antigen 2; CDA, cytidine deaminase; CBS, cystathionine
beta synthase; CFU-GM, colony-forming unit, granulocyte macrophage; DMR, differentially methylated region; DS,
Down syndrome; EFS, event-free survival; ESC, embryonic stem cells; FL, fetal liver; Hsa21, human chromosome 21;
HSC, hematopoietic stem cell; IGF-2, insulin-like growth factor 2; ML-DS, myeloid leukemia Down syndrome; MPD,
myeloproliferative disorder; MRD, minimal residual disease; M'T'T, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NOD/SCID, non-obese diabetic/severe combined immunodeficient; OS, overall survival; siRNA, small interfer-
ing RNA; SNBP, single nucleotide polymorphism; SOD, superoxide dismutase; TL, transient leukemia; TMD, transient
myeloproliferative disorder

I. INTRODUCTION AMKL cases and are notably absent in non-DS AMKL.®

In this review, we will highlight the clinical manifesta-

Individuals with Down syndrome (DS) display various
developmental abnormalities, including craniofacial dys-
morphy, cardiovascular defects and learning disabilities.
Paradoxically, individuals with DS have a decreased
frequency of solid tumors (epidemiological studies in
Denmark, Finland, and Australia indicated an incidence
ratio respectively of 0.50,0.57, and 0.441-%), but a higher
incidence of leukemia (10-20-fold).* Even more strikingly,
young children (<4 years old) with DS have a 500-fold
increased incidence of acute megakaryoblastic leukemia
(AMKL, also known as ML-DS).> The natural history
of leukemia in children with DS suggests that trisomy
21 directly contributes to the malignant transformation
of hematopoietic cells. In addition, somatic mutations of

the GAZA1 gene have been detected in nearly all DS

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

tions, outcomes,and new observations related to signaling
pathways aberrantly controlled by trisomy 21 or GAZA1
mutations during DS-AMKL leukemogenesis.

Il. CLINICAL FEATURES

A well-recognized preceding transient myeloprolifera-
tive disorder (TMD), aka transient leukemia (TL),
occurs in the neonatal period in 4-5% of infants with
DS.7 TMD is a clonal pre-leukemia characterized
by an accumulation of immature megakaryoblasts in
the fetal liver and peripheral blood.® The incidence of
TMD may be underestimated, as not all cases come
to medical attention. The median age of presentation

of TMD, based on pooled data from >200 neonates,
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is 3—7 days.1>12 The clinical presentation of neonates
with TMD ranges from a healthy appearance to
bruising, respiratory distress, fulminant hepatic failure,
hydrops fetalis, or even death in 15-20% of cases that
have been diagnosed. Overall, though, the majority
of cases resolve spontaneously with normal blood
counts at a mean of 84 days.!® After a latency period
of 1-4 years, a subset of these children (20-30%),
develop acute megakaryoblastic leukemia.’ In a series
of 112 patients with AMKL, the median age of DS
patients was 1.8 years old versus approximately 8
years old in non-DS cases.!>!¢ Patients with AMKL
develop anemia, thrombocytopenia, myelofibrosis,
organomegaly, extensive skeletal lesions,!”® and
leukocytosis, although white blood counts are lower
in DS-AMKL than in non-DS-AMKL.12 CNS

involvement is unusual.!6
A. Diagnosis

Histological examination of the bone marrow in
AMKL shows replacement with megakaryoblasts and
reticulin deposition. Megakaryoblasts are identified
by a positive platelet peroxidase reaction,* and by
immunophenotyping for glycoprotein IIb/IIIa or
the von Willebrand factor protein.?? These blasts are
non-reactive for myeloperoxidase and express stem/
progenitor markers CD33,CD34,CD117, erythroid
markers CD36 and glycophorin A, the lymphoid
antigen CD7 and the megakaryocytic markers CD41
and CD42b.22 Of note, cytogenetic differences
between DS and non-DS AMKL include the absence
of the translocation t(1;22), and instead, the presence
of trisomies involving chromosomes 8 and 1,7 as well
as monosomy 7.2627 Because Down syndrome is the
most common cytogenetic abnormality seen at birth
(1/700), improved noninvasive prenatal diagnosis is
an area of active research. Strategies are emerging
based on screening differentially methylated regions
(DMRs) of fetal DNA for chromosome 21 dosage
assessment.?® Moreover, murine models of DS have
helped identify differentially expressed genes in DS-
tetal livers, some of which may represent potential
chromosome 21 specific biomarkers.?

Khan, Malinge, & Crispino

B. Prognosis

Prospective, multi-institutional studies in the United
States, Germany, and Japan have examined the
natural history of TMD in 264 infants.!*2 Early
death occurred in up to 20% of infants and was
significantly correlated with higher white blood
cell count at diagnosis, increased bilirubin and liver
enzymes, and a failure to normalize the blood count.
Later development of leukemia occurred in 19%
of infants at a mean of 20 months of age and was
significantly correlated with karyotypic abnormalities
in addition to trisomy 21, including trisomy 11, del
16q, der(14;21), t(5;13), and tetrasomy 21.1°In DS-
AML, age at diagnosis had independent prognostic
significance, primarily as a result of poor remission
induction in older patients.>° Cytogenetic abnormali-
ties such as monosomy 7 confer an adverse prognosis

in non-DS and DS-AMKL in some studies.2

lll. MECHANISMS
A. Pathogenesis

1. From Trisomy 21 to TMD toward AMKL:
An Incremental Process of Leukemogenesis

If trisomy 21 is considered the first genetic event
in DS-AMKL leukemogenesis, the second hit is a
mutation of the X-linked gene GAZA1, encoding
a blood-specific transcription factor essential for
development of the erythroid and megakaryocytic
lineages. GATAI mutations are present in nearly all
TMD patient samples as early as 21 weeks gesta-
tion.3'3* Using the variable length of nucleotide
insertions and deletions as a marker of individual
TMD clones, sequential samples collected from the
same patient during TMD, remission, and AMKL
showed identical GATA1 mutations that disappeared
during remission.*® This confirms the clonal nature
of AMKL and its evolution from TMD.

TMD is a critical model to understand the natu-
ral history of AMKL, as 20% of TMD cases evolve
into AMKL either overtly, or following an apparent
remission. AMKL and TMD blasts express erythroid
markers such as gamma globulin and delta aminole-
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vulinate synthase as well as GATA-1 and GATA-2,
suggesting origin from the megakaryocyte-erythroid
progenitor cells.® Myeloid and erythroid dysplasia
are common as is the presence of karyotypic abnor-
malities in metaphases from CFU-GM and BFU-E
mimicking those seen in megakaryoblasts.3

2. Fetal Liver Origin of Leukemia-Initiating
Cells

GATAI mutations are most likely occur i utero, based
on neonatal blood spot testing, and may precede
disease development.3”38 Mice expressing a GATAI
mutant ortholog (GATA-1s) of the one seen in
human DS specimens display sustained proliferation
of a yolk sac/early fetal liver megakaryocyte progeni-
tor, implicating this as the target cell for leukemic
transformation in DS-AMKL and TMD.¥* More-
over, GATAI mutations were detected in 2 of 9 liver
samples from terminated fetuses with DS (as early
as 21 to 23 weeks of gestation), supporting the fetal
liver origin of TMD.3!

3. Role of Trisomy 21

Second-trimester DS fetal livers (FLs) show increased
megakaryocyte-erythroid progenitor frequency and
increased clonogenicity. Enhanced erythroid and
megakaryocytic differentiation was seen in NOD/
SCID mice transplanted with DS FL. mononuclear
cells.*? Those observations were obtained from 13- to
23-week-old trisomic FL, preceding the acquisition
of any GATAI mutation.

'Through a high-resolution map of DS generated
using a panel of 30 individuals with rare segmental
trisomies 21, Korbel e a/. identified a critical region
of 8.35 Mb (35-43.35) that likely contributes to the
risk increase for both TMD and AMKL. This region
includes previously known oncogenes, such as RUNX1,
ERG, and ETS2.* Using mouse ES cells (ESCs) bear-
ing an extra copy of human chromosome 21 (Hsa21),
disturbances in early hematopoietic differentiation were
observed and related to increased expression of GA74-2,
Tie-2 and c-4it. An siRNA silencing study implicated
increased level of RUNXT in abnormal Tie-2 and c-kit
expression. Using a panel of partially trisomic ESCs
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mapped with tiling arrays, two non-overlapping regions
of Hsa21 were correlated to abnormal hematopoiesis.*
'The distal region contains RUNX1, DYRK1A,* ETS2,
and ERG, while the pericentromeric region frequently
harbors chromosome rearrangements and increased
disomic homozygosity of DNA markers in DS-TMD
and DS-AMKL.#

Both ERG and ETS2 bind the hematopoietic
enhancer of SCL/TAL1, a key regulator of hematopoi-
etic stem cell and megakaryocytic development.*’
Overexpression of £7°S2 and ERG increase the mega-
karyocytic differentiation of GATA-Is progenitors, and
immortalize Gatals fetal liver progenitors in replating
assays.” Coexpression of ERG and GATA-1s in vivo
results in leukemia with an immature megakaryocytic
phenotype.*

In parallel, several murine models of DS have
been developed to identify dosage-sensitive genes
that contribute to specific hematopoietic phenotypes
(see Figure 1). The Ts65Dn mouse, trisomic for 104
orthologous genes of human chromosome 21, develops
a macrocytic anemia and a myeloproliferative disorder
(MPD) associated with thrombocytosis.>* Interestingly,
unlike trisomy of Runx1 in the Ts65Dn murine model
of DS, reduction to functional disomy of Erg using
a loss-of-function allele, corrects the pathologic and
hematologic features of myeloproliferation.’! Other
segmental trisomy murine models include the Tcl
murine model (212 genes)*? and the Ts1Cje mouse
(81 genes).”® Notably, none of these mouse strains
develops TMD or AMKL alone or in cooperation
with GATA-1s expression, suggesting undiscovered
cooperating mutations.

'There are also 5 micro-RINAs encoded on chromo-
some 21,of which miR-125b2 is overexpressed in TMD
and AMKL. In both fetal liver and human CD34+
cells, overexpression of miR-1256-2 led to hyperprolif-
eration and enhanced self-renewal of megakaryocytic
progenitors attributed to repression of DICER] and the
tumor suppressor ST18.%

4. Role of GATA1

The first insight into the mechanism of DS-AMKL
was the discovery of acquired mutations in the GA7A1
gene. These mutations were restricted to the leuke-
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Partial trisomic murine models

Mouse syntenic
Region (Mmu)

Tcl

Hsa21 (212 genes)

Tl — y 16 ” R——

SOOI

fol:1 17
10

Ts65Dn
(104 genes)

Ts1Cje
(81 genes)

B. Tet Ts65Dn

Ts1Cje

Hematologic phenotype

Macrocytic anemia,
extramedullary hematopoiesis

MPD with thrombocytosis,

megakaryocyte hyperplasia and dysplasia,
myelofibrosis, extramedullary hematopeiesis.

Macrocytosis, anemia and abnermal erythroid

differentiation. Alterations in FL hematoposisis
and reduced LSK cells in BM

Altered HSC and myeloid progenitor

compartiments

Co-operation with GATA-1s

Synergistic increase in CFU-Mk number
{from 16.5d fetal cells)

Mot known

Did not significantly alter the disease spectrum

FIGURE 1. Diagram of Hsa21 and the regions of trisomy in the various murine models of DS. (A) Human chromosome 21 and
specific genes in the DS critical region (DSCR) that may contribute to the development of leukemia are shown. The syntenic
murine Mmu16 with varying degrees of trisomic representation in the different murine models is depicted on the right. (B)
Summary of the hematopoietic phenotype of the murine models and the effect of coexpression of GATA-1s.

mic clones and were not found in normal remission
samples.® The mutation is not detectable in non-
DS leukemia or other sub-types of DS leukemia,*
emphasizing the specific cooperation of G471 muta-
tion with trisomy 21 in megakaryocytic leukemia.
DS and non-DS-AMKL samples exhibit distinct
gene expression profiles and a specific signature for
DS-AMKL was identified with relatively increased
expression of GATA-1 transcripts (as GATA-1s)
and failure to down-regulate proliferation-promoting
genes that are normally repressed by GATA-1.%°7 In
almost all DS-AMKL and TMD samples, mutations
in GATA1 are detectable in exon 2 producing a pre-
mature stop codon within the N-terminal activation

domain.’>%® These mutations prevent the generation
of full-length GATA-1, but preserve the translation
of GATA-1s, a truncated form of GATA-1 lacking
the N-terminal activation domain. Distinct regions
in the GATA-1 N terminus are required for termi-
nal megakaryocyte differentiation and controlling
growth of immature precursors.”>®° Analysis of the
mutational spectrum at G4ZA1 in DS TMD and
AMKL blasts shows predominance of insertions/
deletions, duplications (74%) and base substitutions
(26%).°1 A recent study concluded that the differ-
ent classes of GATAI mutations result in variable
translation efficiency of GATA-1s, and further, that
the level of GATA-1s protein correlates with risk
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of progression to leukemia.®? However, a subsequent
study showed that the G471 mutational spectrum
did not differ between TMD or AMKL, and that
the type of GAZA1 mutation was unable to predict
evolution from TMD to AMKL..%

Mice with lineage-specific mutations of the
GATAI promoter show impaired maturation and
dysregulated proliferation of megakaryocytes.%
Expression profiles of GATA-1s and full-length
GATA-1 expressing murine fetal megakaryocytes
have been contrasted and showed that GATA-1s
fails to repress a number of transcription factor
genes (including Gata2, Tkaros, Myb, and Myc) that
have “pro-proliferative” effect on hematopoietic cell
growth.3%60 Of note, in 2006, a family was discovered
with a germline GATA I mutation in which affected
males generated only the GATA-1s isoform and
exhibited anemia and trilineage dysplasia but failed
to develop leukemia.® This observation established
that trisomy 21 is necessary for leukemogenesis in
the presence of mutated GATA 1.

5. Cooperating Mutations

Mutations in the p53 tumor suppressor gene have
been demonstrated in a proportion of patients after
transformation from TMD to AMKL suggesting a
role in disease evolution. To date, only a single case
of a p53 mutation in TMD has been reported.®®¢”
Several activating mutations of the J4K3 gene have
been identified in TMD, DS AMKL, and non-DS
AMKL patients as well as in DS-AMKL cell lines
(CMK and CMY). These mutations result in consti-
tutive JAK signaling?3¢86% and confer responsiveness
to treatment with JAK3 inhibitors in vizr0.”° Both
JAK3 A572V and the recently identified JAK3
P132A%7 mutants appear to be oncogenic in murine
models. However, recent data have shown that the
purported activating [4K3 mutations are present
in DNA samples from normal blood donors, at a
frequency similar to that observed in patients with
AML, suggesting that they may represent SNPs.”?
Further study in this field is required to clarify the
leukemogenic role of J4K3 mutations in DS-AMKL.
In addition, activating mutations affecting FLT73,
JAK2, and MPL genes were also identified within
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DS-AMKL.7273 A summary of the stepwise acquisi-

tion of mutations is shown in Figure 2A.
6. Abberant Signaling Pathways in DS-AMKL

Fetal liver hepatic stromal cells support hematopoietic
stem cell (HSC) expansion by secreting insulin-like
growth factor 2 (IGF-2).7* Constitutive activation of
IGF signaling was demonstrated in DS-AMKL and
TMD blast cells, as well as in DS-AMKL murine
model.”> Klusmann et al. showed that mutated
GATA-1 fails to restrict IGF-mediated activation of
the E2F transcription network. This aberrant response
converges with overactive IGF signaling to promote
enhanced proliferation and increased survival of DS
tetal liver progenitors, revealing a fetal stage—specific
regulatory network (Figure 2B).

More than 20 genes involved in oxidative metabo-
lism are localized to chromosome 21, including superox-
ide dismutase (SOD)” and cystathionine beta synthase
(CBS).CBS overexpression in DS directs homocysteine
to cystathionine synthesis and away from methionine
remethylation, creating a folate trap and thymidylate
imbalance. Perturbed folate metabolism in turn results
in the accumuation of uracil and its misincorporation
into DNA. This altered metabolism, when paired to
oxidative stress caused by increased SODI activity
seen in DS, has been implicated in a model linking
chromosome 21 genes (CBS and SODI) to the genera-
tion of mutations in the GATA! gene.®! Additionally
AMKL blasts, unlike TMD cells, have demonstrable
telomerase activity, implicating telomerase with the
malignant character of a leukemic proliferation.””

IV. THERAPY
A. Treatment Options

One of the first clinical trials for this malignancy
studied 12 children with DS-AML. These patients
(POGB8498) showed heightened sensitivity to high-
dose cytarabine- and anthracycline-based therapy,
with a significantly superior event-free survival (EFS)
compared to non-DS AML (3-year EFS 100% in
DS-AML vs.33% in non-DS AML).” In subsequent

trials, intensive induction showed unacceptable toxicity
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and increased mortality in DS-AML as did autologous
and allogeneic transplant.’> AMKL has been treated
on protocols involving either conventional (100-300
mg/m?)%* or high-dose cytosine arabinoside (3 g/
m?) with reported 3-year overall survival (OS) >80%.
However, significant toxicity has been reported with
the high-dose Ara-C.161%307 [ ow-dose subcutaneous
Ara-C induced remission in almost all cases of AMKL
and complicated TMD 88! with 5-year EFS and OS
comparable to standard chemotherapy.®?

There was a significant improvement in clinical
trials survival outcomes in DS between 1993 and
1998 mainly due to reduction in treatment-related
mortality. This resulted from reduced anthracy-
cline and cytarabine dosing and longer intervals of
recovery between therapy.®® Due to the limitations
of toxic deaths, infections, and cardiac toxicity in

treating DS-AMKL, new, less-intensive protocols
have been conducted in the United States, Japan,
and Europe.'®84 In a single prospective study, treat-
ment of TMD with low-dose cytarabine (0.5-1.5
mg/kg) improved 5-year EFS from 28% to 52% in
children with risk factors for early death. Treatment
of TMD did not alter risk of developing subsequent
AMKL." The ML-DS prevention trial (EudraCT
no. 2006-002962-20) is ongoing and aims to assess
whether the progression from TL to ML-DS may be
blocked by eradication of the GATA-1s clone using
low-dose cytarabine treatment and monitoring for
minimal residual disease (MRD).

B. Chemosensitivity in DS-AMKL

'The enhanced sensitivity of DS myeloblasts to Ara-C
is due to greater extent of Ara-C incorporation into
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DNA and increased relative numbers of double strand
DNA strand breaks,® attributed to dosage effect of
genes localized to chromosome 21, including CBS. In
vitro, DS myeloblasts generate higher concentrations
of Ara-CTP, the active cytarabine metabolite. This is
thought to be due to increased CBS expression and
an elevated ratio of deoxycytidine kinase (CdK) to
cytidine deaminase (CDA). CDA metabolizes Ara-C
to the inactive metabolites uridine arabinoside (ara-
U), and its levels are lower in DS-myeloblasts than
in non-DS myeloblasts. GATA-1 binding sites in
the CDAsf promoter suggest the potential role of
GATA-1 in regulating CDA transcription.

Blast cells from DS patients are also significantly
more sensitive to daunorubicin, melphalan, mitoxantrone,
4-hydroperoxy-cyclophosphamide, vincristine, etoposide,
bleomycin, and pirarubicin than those from non-DS
patients in MTT assays.®” Low levels of bone marrow
stromal-cell antigen 2 (BST2) in DS megakaryoblasts
may lead to decreased interaction of leukemia cells with
bone marrow stroma, a mechanism of protection from
chemotherapy-induced apoptosis. This may be explained
by decreased stimulation of BST2 promoter activity
by GATA-1s compared with the full-length protein.*
DS-AMKL and good prognosis non-DS AMKL blasts
demonstrate high expression of CID36, the thrombos-
pondin receptor. CD36 plays a role in fatty acid transport
and may exacerbate drug-triggered apoptosis by intracel-
lular lipid accumulation in AMKL.%8 RUNXT expression
is lower in DS megakaryoblasts compared with non-DS
megakaryoblasts.”” This suggests that RUNX1 may play
a role in chemotherapy resistance and contribute to
the poor outcomes in non DS-AMKL. Inhibition of
RUNX1 may further chemosensitize leukemia cells by
inhibition of the PI3 kinase survival pathway.®’

V. CONCLUSIONS

It is clear that myeloid/megakaryocytic leukemia
in DS is the result of a series of genetic events and
therefore represents a useful model to understand
the role of chromosome 21 in leukemia in general.
A trisomic background results in oxidative stress and
altered folate metabolism, predisposing the acquisi-
tion of GATAI mutations, which then allows for the
development of TMD. The discovery that mutated
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GATA-1 is unable to suppress E2F transcription
in fetal liver cells may explain the cellular origin of
TMD. Research to identify dosage-sensitive genes
(or regulators) on chromosome 21 that contribute
to megakaryocyte proliferation, implicate the ETS
proteins ERG and ETS2. Recently, overactive IGF
signaling and overexpression of miR-125b-2, which
allow for dis-inhibition of tumor suppressor genes,
have also been highlighted. Subsequent clonal selec-
tion and evolution to AMKL requires additional
insults, including putative cooperating mutations
in JAK3, FLT3, MPL, or TP53. The multi-step
progression to AMKL provides insight into the
steps by which normal HSC and/or progenitors are
transformed into leukemic cells. Moreover, this is
an excellent disease model to understand cell type—
specific signaling pathways and their intersection with
oncogenes during malignant transformation.
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ABSTRACT: Acute myeloid leukemia (AML) is one of the most common leukemias with a 20% 5-year event-free survival in
adults and 50% overall survival in children, despite aggressive chemotherapy treatment and bone marrow transplantation. The inci-
dence and mortality rates for acute leukemia have only slightly decreased over the last 20 years, and therefore greater understanding
of the molecular mechanisms associated with leukemic progression is needed. To this end, a number of transcription factors that
appear to play a central role in leukemogenesis are being investigated; among them is the cAMP response element binding protein
(CREB). CREB is a transcription factor that can regulate downstream targets involving in various cellular functions including cell
proliferation, survival, and differentiation. In several studies, the majority of bone marrow samples from patients with acute lymphoid
and myeloid leukemia demonstrate CREB overexpression. Moreover, CREB overexpression is associated with a poor outcome in
AML patients. This review summarizes the role of CREB in leukemogenesis.

KEY WORDS: CREB, leukemia, oncogenesis, transcription factors
ABBREVIATIONS

14-3-3, assigned name based on fractionation on DEAE cellulose and electrophoretic mobility upon starch gel
electrophoresis when purifying brain proteins; AKT, a serine-threonine protein kinase called protein kinase B;
ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ATF, activating transcription factor; Bcl-2,
B-cell lymphocytic-leukemia proto-oncogene; bZIP, basic leucine zipper; cAMP, cyclic adenosine monophosphate;
CBP, CREB-binding protein; CEBPA, CCAAT/enhancer binding protein alpha; c-fos, proto-oncogene whose
viral homologue v-fos was identified from FBJ-murine osteosarcoma virus; c-kit, v-kit Hardy-Zuckerman 4 feline
sarcoma viral oncogene homolog; CRE, cAMP response element; CREB, cAMP response element binding protein;
cyclin, cell cycle regulator; egr-1, early growth response-1 gene; ERK, extracellular signal-regulated kinase; FL'I'3,
fms-like tyrosine kinase 3; GM-CSF, granulocyte-macrophage colony-stimulating factor; HSCs, hematopoietic
stem cells; IL, interleukin; K562, a human leukemia cell line; KG-501, 2-napthol-AS-E-phosphate compound;
KID, kinase-inducible domain; KIX:, helical CREB-binding domain of CBP; MEIS1, a homeobox gene found to
be activated in myeloid leukemia by retroviral insertion; MEK, mitogen-activated protein kinase; MiR, microRNA;
mRNA, messenger RNA; MSK, mitogen- and stress-activated protein kinase; NGE, nerve growth factor; NPM,
nucleophosmin; p300, adenovirus E1A-associated cellular p300 transcriptional co-activator protein; PBX1, Pre-
B-cell leukemia transcription factor 1; PI3K, phosphoinositide 3-kinase; PKA, cAMP-dependent protein kinase;
PKC, protein kinase C; pp90RSK, ribosomal protein S6 kinase; Ras, RAt Sarcoma, an oncogene; RNAi, RNA
interference; Ser-133, serine 133 amino acid; shRNA, small hairpin RNA; ska, Spindle and KT Associated; TF-1,
a human myeloid cell line; TORC, transducer of regulated CREB activity coactivator; WT, Wilms’ tumor

|. ACUTE LEUKEMIA differentiate normally. Although leukemia affects

approximately 10 times more adults than children,

Leukemia develops when a malfunction in the
normal regulatory mechanisms of mitosis occurs
and allows bone marrow progenitor blood cells to
expand in an uncontrolled fashion. The immature
blasts proliferate more than normal cells and fail to

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

it is the most common cancer among children. The
most common type of leukemia in adults is acute
myeloid leukemia (AML), while acute lymphoblastic
leukemia (ALL) accounts for nearly 70% of child-
hood leukemia.’?
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FIGURE 1. The regulation of CREB activation. A variety of extracellular stimuli can promote CREB phosphorylation
and activation through different kinases. CREB can then interact with coactivators to promote the transcription of
CREB responsive genes. CREB target genes have been shown to mediate effects including cellular proliferation,
survival, differentiation, immune response, and hematopoiesis.

Leukemia is the sixth most common cause of
cancer deaths in men and seventh most common
cause of death among women in the United States.
The treatments for ALL and AML have improved
with the use of chemotherapy based on stratified
risk, molecular markers for prognosis prediction, and
supportive care. Generally, the event-free survival rate
is lower and the relapse rate is higher in adults than
children. The response to treatment for leukemia is
variable and associated with the age of the patient,
as well as a number of other factors on presentation.
'The 5-year event-free survival is 70-85% in some of
the successful clinical trials in children with ALL
and 30-60% in children diagnosed with AML.1=3
According to the SEER Cancer Statistics Review,
tor ALL patients, the 5-year relative survival rate
for adults less than 45 years old is approximately

75%, and for patients more than 45 years old it is
less than 20%; for AML patients, the 5-year rela-
tive survival rate is over 50% for adults less than 45
years old, and it is less than 40% for patients more
than 45 years old.

Il. MOLECULAR MECHANISMS OF LEUKEMIA

Acute leukemia has previously been classified by
morphology, cytogenetics, and cell surface markers;
more recently, it has become clear that molecular char-
acterization of genetic mutations in ALL and AML
may relate more strongly to clinical prognosis and can
provide information for potential targeted therapies.
The advantage of characterizing the phenotype of
human leukemia stems from the observation that it
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is a heterogeneous disease consisting of a variety of
accumulated DNA alterations in progenitor blood
cells. Primary genetic defects have been detected
by molecular analyses, and these somatic mutations
often alter crucial functions of the progenitor cells
such as self-renewal and differentiation.

Similar to other cancers, it appears that leukemia
arises from the accumulation and synergy of more
than one genetic alteration. Many genetic alterations
in AML are loss-of-function mutations in transcrip-
tion factors critical for normal hematopoiesis.>* Data
suggest that mutations that alter proliferation and
survival functions of the progenitor cells cooper-
ate with the mutations of the transcription factors
and result in acute leukemia.*® Examples of genes
that are found mutated in AML include biallelic
mutations in CCAAT/enhancer binding protein
alpha gene (CEBPA), inactivating mutations in
Wilms’ tumor gene (W'T1), activating mutations in
fms-like tyrosine kinase 3 gene (FLI'3), and muta-
tion of nucleophosmin (NPM1), which produces
mislocalized protein product in cells.” In recent
studies, apart from alterations of genes, differential
microRNA expression has also been shown to be
involved in leukemia progression. 1°

Acute leukemias are hypothesized to be the
consequence of cooperation between mutations
that alter proliferation and survival functions of
hematopoietic cells and mutations that result from
defective differentiation and loss of apoptosis in
cells. These mutations may be found at many levels
of cellular processes, such as growth-factor receptors,
kinase phosphorylation cascades, or cellular transcrip-
tion programs. Central to all processes, however, are
transcription factors, which integrate extranuclear
signals and directly influence DNA transcription.
Thus, understanding the function of transcription
factors in blood malignancies can provide a wealth
of information for treatment modalities. CREB,
the cAMP-response element binding protein, has
become of particular interest in leukemias, as it is
known to play a broad range of roles in many critical
cellular processes, and the majority of tissue samples
from patients with ALL and AML overexpress the
CREB in the bone marrow. CREB overexpression is
associated with poor outcome in AIML patients and
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increased survival and growth of myeloid cells.!»1?
Transgenic mice expressing CREB in myeloid cells
develop aberrant monocytosis and, after a prolonged
latency, myeloproliferative disease. Thus, there are
both clinical and laboratory data that implicate CREB
as a potential critical regulator of leukemogenesis.

lll. CREB

CREB is a 43-kDa leucine zipper transcription
factor that belongs to the CREB/ATF family and
regulates proliferation, differentiation, and survival
in a variety of cell types, including neuronal and
hematopoietic cells.?>14

CREB is a modular protein that contains a
kinase-inducible domain (KID), two glutamine-rich
domains, and a basic leucine zipper (bZIP) domain.
'The KID and glutamine-rich domains are critical for
transactivation and phosphorylation of CREB.1314 A
serine 133 (Ser-133) residue within the KID domain
is phosphorylated by various kinases, and this phos-
phorylation promotes the interaction of CREB with
a number of transcription coactivators, especially the
histone acetyltransferases CREB-binding protein
(CBP) or p300.131 CREB can be phosphorylated
and thus activated in response to various stimuli
such as growth factors, neurotransmitters, stress
signals that increase intracellular cAMP, or calcium
levels. CREB is also activated by phosphorylation at
Ser-133 through nuclear translocation of transducer
of regulated CREB activity (TORC) coactivators,
which occurs through a Ser-133 phosphorylation—
independent mechanism.!”1#

CREB family member proteins, when activated,
bind to the cAMP response elements and promote
the recruitment of coactivators such as CBP/p300,
thereby initiating the transcriptional machinery and

inducing CREB target genes."

IV. PHOSPHORYLATION AND ACTIVATION
OF CREB

Phosphorylation is one of the most important post-
translational modifications that can modulate the
charge, activity, stability, cellular localization, and even
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downstream signal transduction of its target proteins,
or that can have impact on proteins through crosstalk
with other posttranslational modifications.?> CREB
was one of the first transcription factors shown to be
regulated by phosphorylation and act as an intracel-
lular signaling second messenger in cells.?2* In the
late 1980s, CREB was found to be phosphorylated
by the cAMP-dependent protein kinase (PKA) in
vitro,and then phosphorylated by forskolin in cells.?3
CREB is phosphorylated at Ser-133, and various
kinases, including ribosomal protein S6 kinase
(pp90RSK), protein kinase C (PKC), protein kinase
B/AKT, and mitogen- and stress-activated protein
kinase (MSK-1), can all phosphorylate CREB at Ser-
133.1324 Numerous stimuli, including stress signals
that increase intracellular cAMP or calcium levels
such as neurotransmitters and growth factors, were
found to activate CREB in cells. Different growth
factors such as mast/stem cell growth factor, basic
fibroblast growth factor, and granulocyte-macrophage
colony-stimulating factor (GM-CSF), can all induce
phosphorylation of CREB.?>?¢ CREB, when acti-
vated, dimerizes and binds to the promoter regions
of its target gene that contains cAMP response ele-
ment (CRE site), TGACGTCA, or CRE half sites
CGTCA/TGACG, and promotes the recruitment
of its transcriptional coactivators, CBP/p300, for
CREB-mediated transcription. Therefore, CREB
can regulate various cellular mechanisms through
modulating its target genes (Figure 1).

V. CREB TARGET GENES

Genome-wide analysis revealed that CREB can
occupy approximately 4000 promoter sites in vivo,
emphasizing the broad array of functions CREB
may exert; it is important in controlling well-known
cell cycle regulators such as Ras, 14-3-3, cyclins, and
heat-shock proteins.?”?® Consistent with that, CREB
is involved in a variety of cellular functions, including
cell proliferation, survival, apoptosis, differentiation,
metabolism, glucose homeostasis, hematopoiesis,
immune response, and neuronal activities such as
memory and learning.?3%

Cho, Mitton, & Sakamoto

A. Transcription Factors, Metabolic, and
Immune Response Regulators

Phosphorylation of CREB at Ser-133 is linked to
regulation of transcription factors including c-fos and
MEIS1, which contain CREB binding motif on their
promoters and can be modulated by CREB.33 CRE
binding sites are critical for c-fos transcription, and
it was suggested that CREB is a general mediator of
stimulus-dependent transcription of c-fos.3! MEIS1
was upregulated in a microarray analysis in CREB-
overexpressing cells, and CREB can induce MEIS1
expression in normal and malignant hematopoietic
cells.? The importance of CREB in metabolism
was also suggested, as numerous CRE-containing
genes were found to function in metabolic regula-
tion.** Moreover, genes regulating immune response
including IL-2 and IL-6, also possess consensus
sites for CREB binding and can be modulated by
CREB.13:35.36

B. Cell Cycle and Proliferation Regulators

CREB is capable of binding to and regulating the
promoter regions of cell cycle genes such as cyclin A,
D1, and D2, and thus impacts cell proliferation.’”%
For example, both PI3K and CREB can regulate
cyclin D2 promoter activity.3® Phosphorylation of
CREB at Ser-133 is critical for IL-2 induced cyclin
D2 transactivation, and the CREB-binding site on
cyclin D2 is also important for cyclin D2 promoter
activity.3® PKA inhibitors reduce lymphocyte pro-
liferation and CREB phosphorylation, and thereby
CREB and PKA regulate lymphocyte prolifera-
tion.*® Cyclin Al is also upregulated in leukemia
cells that overexpress CREB, while mRNA levels
of both cyclin A and D were decreased in CREB
shRNA-transduced leukemia cells, suggesting that
CREB can promote proliferation of leukemic cells
through its downstream targets.!>12

C. Growth Factors and Signaling Modulators

Both GM-CSF and interleukin 3 (IL-3) stimulate the
proliferation and maturation of myeloid progenitor
cells,and each of them can activate signaling pathways
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involving a CREB-binding site of the early growth
response-1 gene (egr-1) promoter.*’ Also, CREB is
phosphorylated on Ser-133 in response to GM-CSF
or IL-3 stimulation, and that phosphorylation of
CREB on Ser-133 substantially contributes to egr-1
transcriptional activation in response to GM-CSE.
In addition, GM-CSF induces pp90RSK activation
and phosphorylation of CREB in the human myeloid
cell line, TF-1.111In TF-1 cells, GM-CSF induces
CREB phosphorylation and egr-1 transcription by
activating pp90RSK through an MEK-dependent
signaling pathway.! These studies suggest that phos-
phorylation of CREB impacts on signal transduction
in myeloid cells.

D. Cell Survival Regulation

The role of CREB in cell survival has also been
described in a number of tissues. Neurotrophins such
as nerve growth factor (NGF) induces phosphoryla-
tion of CREB at Ser-133, and it was proposed that
Ser-133 phosphorylated CREB induces genes that
confer specificity to neurotrophin signals and promote
the survival and difterentiation of neurons.*! In addi-
tion, CREB-mediated gene expression is necessary
tor NGF-dependent survival and crucial to promote
survival of sympathetic neurons.*> Moreover, Bcl-2
is activated by NGF and other neurotrophins in a
CREB-dependent fashion, and overexpression of
Bcl-2 reduces the death-promoting eftects of CREB
inhibition.* Therefore, it appears that activation of
CREB promotes survival of neuron cells through
activating downstream transcriptional target genes
that encode pro-survival factors.

VI. CREB IN HEMATOPOIESIS AND
LEUKEMOGENESIS

A. GM-CSF Signaling and CREB Activation

Genetic alterations are involved in leukemogenesis,
and they can lead to dysregulated cytokine/growth
factor—dependent signal-transduction pathways in
leukemic cells.®>* Growth factors are produced
by myeloid leukemic cells as well as stromal cells,
and they bind their own receptors in an autocrine
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fashion to activate signaling pathways that promote
cell growth and survival. Both GM-CSF and IL-3
stimulation result in the proliferation and matura-
tion of early bone marrow progenitor cells. CREB is
phosphorylated at Ser-133 in response to GM-CSF
or IL-3 stimulation although with different kinetics,
and this phosphorylation substantially contributes
to transcriptional activation of egr-1 in response to
GM-CSF but not IL-3.4%4 Moreover, egr-1-induced
expression by GM-CSF is a PKA-independent
event.*” In TF-1 cells, GM-CSF can induce CREB
phosphorylation and egr-1 transcription by activating
pp90RSK through an MEK-dependent mechanism.?
Furthermore, CREB-binding sites have been identi-
fied in the promoter of genes regulating proliferation
and survival such as Bcl-2 and egr-1, which suggests
multiple layers of CREB regulation in leukemic cells.
Overall, the role of CREB activation in regulating
hematopoietic growth factor signaling in myeloid
cells is clearly demonstrated.

B. CREB Is a Proto-Oncogene in
Hematopoiesis and AML

Our laboratory showed that the majority of bone
marrow samples from patients with acute lymphoid
and myeloid leukemia overexpress CREB protein
and mRNA.* In addition, CREB overexpression is
associated with poor outcome of clinical disease in
AML patients.!*8 To understand the role of CREB
in leukemogenesis and the biological consequences
of CREB overexpression in primary human leukemia
cells, leukemia cell lines and transgenic mice were
investigated.! Overexpression of CREB promotes
growth and survival in leukemia cells, while its
downregulation leads to suppression of myeloid
cell proliferation and survival. Furthermore, CREB
transgenic mice developed myeloproliferative disease
after 1 year, but not leukemia, suggesting that CREB
contributes to leukemic phenotype, but is not suf-
ficient for complete transformation to leukemia.!!
CREB promotes abnormal proliferation and sur-
vival of myeloid cells iz vifro and in vivo through
upregulation of specific downstream target genes
such as cyclin A1.1%# It appears that CREB acts as
a proto-oncogene to regulate hematopoiesis and that
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it contributes to the leukemia phenotype; therefore
these results also suggest that CREB-dependent
pathways may be targets for directed therapies for
leukemia in the future.

C. CREB as a Critical Regulator of Normal
Hematopoiesis and Leukemogenesis

CREB appears to be most highly expressed in lineage
negative hematopoietic stem cells (HSCs). CREB
RNA interference (RNAi) and shRNA techniques
were used to knockdown CREB to elucidate its
role in hematopoietic progenitors and leukemia
cells. Transduction of primary HSCs or myeloid
leukemia cells with lentiviral CREB shRNAs
resulted in decreased proliferation of stem cells,
cell cycle abnormalities, and inhibition of CREB
transcription.!? Transplantation of bone marrow
transduced with CREB shRNA in irradiated mice
had decreased committed progenitors compared to
scrambled control shRNA. However, there was no
effect on long-term engraftment, suggesting that
CREB insufhiciency is not required for HSC activity.
Therefore CREB is critical for normal myelopoiesis
and leukemia cell proliferation, but not essential for
normal function of HSCs.12

Compared to patients with leukemia remission
or without leukemia, CREB was expressed more
highly in bone marrow cells from patients with acute
lymphoid or myeloid leukemia.*® Therefore CREB
expression is a potential marker of malignant disease.
In an effort to define the target genes of CREB in
leukemias, genome-wide analyses were performed and
CREB target genes were described; numerous candi-
date genes have been identified such as transcription
regulators and histones, though these await in vivo
validation.?”?%°° To identify potential downstream
target genes, a microarray analysis with RNA from
leukemia K562 cells overexpressing CREB was per-
formed.>! Approximately 896 genes were differentially
expressed in the CREB overexpressing cells compared
to control parental cells. Among these, 702 genes
were upregulated, and they included members from
the MEIS1 and the PBX1 family, which have both
been reported to be critical for hematopoietic stem
cell self-renewal and leukemogenesis.>3
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VIl. MICRORNAs AND ONCOGENESIS

Although CREB is overexpressed in leukemia
cells, the underlying mechanisms of how CREB
regulates leukemogenesis remain largely unknown.
Small regulatory non-coding RNA molecules,
known as microRNAs, are single-stranded, 20-24
nucleotide-length, RNA molecules that can regulate
gene expression in many cellular mechanisms. These
microRNAs can modulate gene function at the
post-transcriptional level, as they typically reduce
the stability of mRNAs that mediate various cellular
processes including cell cycle regulation, prolifera-
tion, differentiation, and apoptosis and thus have an
impact on oncogenesis.>>

Specifically, differential expression of microRNAs
in AML appears to have functional relevance in
leukemogenesis.!® MiR-193a, which binds to c-kit
proto-oncogene mRNA, was repressed by promoter
hypermethylation in AML cell lines and primary
AML blasts, but not in normal bone marrow cells.
MiR-193a levels were inversely correlated with c-kit
levels. Moreover, restoring miR-193a expression in
AML cells containing mutated or overexpressed
c-kit resulted in reduction in c-kit expression as well
as inhibition of cell growth. The growth inhibition
activity of miR-193a was suggested to be associated
with apoptosis and granulocytic differentiation.*®

CREB pathways are regulated by micro-RNAs
in different cellular backgrounds.*’=? In myeloid cells
that have higher CREB expression levels, miR-34b
was expressed less, while overexpression of miR-34b
resulted in a reduction of the CREB protein levels.*”
Moreover, miR-34b expression caused abnormal cell
cycle progression, reduced cell growth, and altered
expression of CREB targets such as Bcl-2, cyclins,
protein kinases, and cell survival signaling pathways.>’
'The miR-34b promoter is also methylated, which then
regulates miR-34b expression level in the leukemia
cell lines. The study therefore provides a possible
mechanism for CREB overexpression. In another
study, miR-301 was found to indirectly regulate ERK/
CREB pathway, thereby controlling the transcription
and function of its host gene, ska2, a CREB target,
in lung cancer cells.’’ Furthermore, inhibition of
miR-301 or ska2 leads to an increase of the mitotic
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index and a decrease in colony formation, which could
contribute to lung cancer transformation.”

VIIl. CREB AS A POTENTIAL TARGET FOR
THERAPY

As described, several lines of evidence support the
notion that elevated CREB expression is associated
with pathologic growth and survival of hematopoietic
cells in primary human leukemic cells, human leuke-
mia cell lines, and transgenic mice, and that CREB
and pathways downstream of CREB may represent
novel therapeutic targets. CREB levels were found to
be elevated at diagnosis, and intriguingly, they were
also high in patients with relapsed AML. Patients
in remission had similar CREB levels to unaftected
controls. Recent evidence also implicates CBP as
another important determinant in ALL disease
relapse and prognosis. In pediatric patients with
relapsed ALL, some 18% demonstrated a focal dele-
tion or gene-sequence alteration in the CBP gene.®
'These alterations were rare in children with ALL who
did not relapse, suggesting that the presence of CBP
mutations may influence treatment responsiveness.
These data demonstrate that CREB and its binding
partners influence treatment responsiveness, and they
suggest that CREB signaling pathways may represent
a novel therapeutic target.

To this end, small molecules that inhibit binding
of CREB and CBP have already been identified; this
interaction is critical in CREB signaling, and interrup-
tion at this step is postulated to reduce CREB activity.
Studies of the compound 2-napthol-AS-E-phosphate
(KG-501) showed that this molecule specifically
inhibits the interaction between the KID of CREB
and the helical ‘KIX’ domain of CBP in a dose-
dependent and reversible manner.®* This molecule does
not inhibit forskolin-stimulated phosphorylation of
CREB at Ser-133. Furthermore, cAMP-dependent
CREB-targeted gene expression was inhibited in the
presence of micromolar amounts of this drug, without
off-target inhibition of transcriptional machinery.
Thus, CREB appears to be a druggable target, and
small molecules that inhibit CREB signaling may

useful in the clinical setting.*
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IX. CONCLUSION

In summary, CREB is an important target of growth
factor signaling in myeloid cells and promotes the
proliferation and differentiation of myeloid progenitor
cells. CREB overexpression is observed in the major-
ity of AML and ALL bone marrow cells from patients
with leukemia. Ectopic expression of CREB in mice
results in myeloproliferative disease but not leukemia,
suggesting that additional cooperating oncogenes
are required for full transformation. Knockdown
of CREB appears to affect myeloid differentiation
and myeloid leukemia cell proliferation but does not
interfere with long-term engraftment. These results
support the possibility of CREB being a potential
target for drug development to treat AML. Future
directions will focus on understanding how CREB
specifically regulates leukemogenesis and targeting
this critical protein to treat acute leukemia.
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ABSTRACT: In the past 30 years there has been remarkable progress in the treatment of leukemia and lymphoma. However,
current treatments are largely ineffective against relapsed leukemia and, in the case of pediatric patients, are often associated
with severe long-term toxicities. Thus, there continues to be a critical need for the development of effective biologically targeted
therapies. The TAM family of receptor tyrosine kinases—TIyro3, Axl, and Mer—plays an important role in normal hematopoiesis,
including natural killer cell maturation, macrophage function, and platelet activation and signaling. Furthermore, TAM receptor
activation leads to upregulation of pro-survival and proliferation signaling pathways, and aberrant TAM receptor expression
contributes to cancer development, including myeloid and lymphoid leukemia. This review summarizes the role of TAM recep-
tors in leukemia. We outline TAM receptor expression patterns in different forms of leukemia, describe potential mechanisms
leading to their overexpression, and delineate the signaling pathways downstream of receptor activation that have been implicated
in leukemogenesis. Finally, we discuss the current research focused on inhibitors against these receptors in an effort to develop
new therapeutic strategies for leukemia.

KEY WORDS: leukemia, Axl, Mer, Tyro-3, signal transduction, gene expression, targeted, therapeutics.
ABBREVIATIONS
ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CML,

chronic myelogenous leukemia; CSF1: colony stimulating factor 1; HDAC, histone deacetylase; IFN, type I inter-
feron; LXR, liver X receptor; NK, natural killer; NKT, natural killer T cell; RTK, receptor tyrosine kinase; TAM,

Tyro3, Axl, and Mer

I. INTRODUCTION

Cancer is the second leading cause of death in the
United States, resulting in an estimated 23.2% of
all deaths in 2007. While leukemia and lymphoma
only account for approximately 7.6% of these deaths
(43,370 in 2010), leukemia is the primary cause of
cancer-related death in males under 40 and females
under 20 years old. Furthermore, cancer is the leading
cause of disease-related deaths in children (1-14 years
old), and leukemia is the most common pediatric
malignancy.!=

Between 1975 and 2003, the 5-year relative
survival for all leukemia patients has increased sig-
nificantly from 33.4% to 55.6%. This trend is even
more dramatic for children with leukemia, where
relative survival rates have increased from 43% to
94.6% in cases of acute lymphoblastic leukemia

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

(ALL) and from 18.7% to 56.1% in cases of acute
myeloid leukemia (AML).> Although much of this
improvement stems from changes in treatment regi-
mens and dosing during induction and subsequent
courses of therapy, the current success is associated
with a 2- to 4-fold increased rate of severe therapy-
associated health conditions, including organ damage,
infertility, growth decline, reduced mental function,
and secondary malignancy.** Furthermore, current
treatment protocols are largely ineffective against
relapsed leukemia,® highlighting the need for new
antileukemic therapeutic agents.

The TAM family of receptor tyrosine kinases
(RTKs) includes Tyro-3, Axl, and Mer. In normal
hematopoiesis, TAM receptors inhibit inflamma-
tion in dendritic cells and macrophages, promote
phagocytosis of apoptotic cells and membranous
organelles, and are essential for natural killer (NK)
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cell maturation.” The TAM family is also vital for
platelet activation, platelet signaling during thrombus
stabilization,®’ and may have an important role in
erythropoiesis.!? In addition to their role in normal
hematopoiesis, TAM receptors can activate prolif-
eration- and survival-promoting signaling pathways
such as those driven by AKT and ERK1/2, which
contribute to oncogenesis in multiple cancers, includ-
ing myeloid and lymphoid leukemia.!

The goal of this review is to summarize the
role of the TAM family in leukemia. Because little
published data exist on Tyro-3 in hematopoietic
malignancy, we have largely focused on Mer and Axl
receptor tyrosine kinases. Throughout the discussion,
we address leukemia-associated expression patterns
observed for TAM receptors, explore potential
mechanisms underlying their aberrant expression,
and outline the downstream signaling pathways
implicated in leukemogenesis. In the final part of
our review, we detail the ongoing efforts to develop
therapeutic agents against this family of receptors and
discuss how specifically targeting TAM receptors can
potentially enhance leukemia therapy.

Il. TAM RECEPTOR EXPRESSION PATTERNS
IN LEUKEMIA

While macrophages, dendritic cells, NK cells, NKT
cells, megakaryocytes, and platelets normally express
TAM receptors,”$101213 they are not expressed in
thymocytes, mature T- or B-lymphocytes, or granu-
locytes.* However, TAM receptors display altered
expression patterns in leukemia. Below and in Table
1, we compare TAM receptor expression in different
subsets of leukemia.

A. Tyro-3

Tyro-3 (Dtk/Sky/Rse/Brt/Tif ) RNA was identified
inblasts in 6 of 11 AML patients by RNase protection
analysis.’> More recently, a gene expression microarray
found Tyro-3 overexpression in multiple myeloma
samples relative to autologous B-lymphoblastoid cell
lines, and Tyro-3 mRNA transcript was also detected
in primary malignant plasma cells from patients with
plasma cell leukemia or multiple myeloma.!®

Brandio et al.

B. Axl

Axl (Ufo/Jtk11) was first detected in 1988 as an
unidentified gene promoting the transition from
chronic phase to blast crisis in two patients with
chronic myelogenous leukemia (CML).!” Three
years later, two independent groups cloned the
human gene from patients with CML and chronic
myeloproliferative disorder.’®1” Axl mRNA expres-
sion was identified in a large number of cell lines
derived from myeloid and erythromegakaryocytic
leukemias and was notably absent in lymphocytic
cell lines.?® Patient sample analysis confirmed these
cell line results, revealing Axl transcript in 56/99
(56.6%) patients with myeloproliferative disorders
(AML, CML in chronic phase and in blast crisis,
and myelodysplasia), but in only 2.2% of lymphoid
leukemias: out of 45 samples, only one patient with
chronic lymphocytic leukemia (CLL) had detectable
Axl mRNA.2%22 Similarly, Rochlitz et al. identified
Axl transcript in 19 of 54 (35%) AML patient
samples, observing that patients with increased CD34
expression also displayed higher levels of Axl, and
they determined that Axl expression was associated
with worse progression-free and overall survival when
adjusted for age, Auer rods, and leukocyte counts.?
Lastly, a recent study found increased Axl transcript
in myeloid leukemia samples from chemotherapy-
resistant patients; furthermore, chemotherapy induced
Axl expression in an AML cell line, and addition of
Gas6—an Axl ligand—enhanced drug resistance in
cells during chemotherapeutic treatment.?*

C. Mer

'The human Mer gene (MerTK/RP38/Nyk/Tyro12)
was initially cloned from a B-lymphoblastoid expres-
sion library.'* While normal T- and B-lymphocytes
do not express Mer mRNA transcript or protein at
any developmental stage,?>% our lab has detected
ectopic Mer mRNA expression in 19/34 (55.8%)
patient samples, and Mer protein expression in 8/16
(50%) pediatric T-ALL patient samples.? Further-
more, a large-scale microarray analysis demonstrated
that significantly high levels of Mer transcript exist in
the cytogenetic subset of B-ALL patients expressing
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TABLE 1. Expression of TAM Receptors in Leukemia and in the Hematopoietic System
Leukemia Tyro-3  Axl Mer Gasé Protein S References
Myeloid
CML Pos Pos Pos 17, 18, 21, 102
AML Pos Pos Pos Pos 15, 20, 21, 23, 28, 102
Myeloblastic leukemia Pos Pos Pos 20, 28, 102
Monoblastic leukemia Pos Pos Pos 20, 28, 102
Erythroid leukemia Pos Pos Pos 20, 28, 102
Megakaryoblastic leukemia Pos Pos Pos 20, 28, 102
Lymphoblastic
ALL Neg Pos Pos Pos 14, 20, 21, 25-27
CLL Pos Pos 21, 95, 102
Plasma cell leukemia Pos 16
Normal hematopoiesis
Lymphocytes Neg Neg 14, 20, 21
Granulocytes Neg 21
Basophil/Mast cells Pos 7
Macrophages Pos Pos Pos Pos Pos 7,13, 14, 21, 103
Megakaryocytes/platelets Pos Pos Pos Pos 7,14, 104-106
NK cells, NKT cells Pos Pos Pos Neg Pos 7,13
Dendritic cells Pos Pos Pos Pos Pos 7,13
Bone marrow Neg Pos Pos Pos 14, 22, 106, 107
Erythroid cells Neg Pos Pos Pos 10, 108

the E24-PBX1+ fusion protein.?” Consistently, our
lab has identified aberrant Mer protein expression in
16/16 E2A4-PBX1+ B-ALL patient samples, whereas
11/12 B-ALL samples without E24-PBXI did not
express Mer.? To date, there are no published reports
on the role of Mer in myeloid leukemia, but we have
detected increased Mer expression in 11/16 AML
cell lines and in 17/26 primary patient samples by
western blot and flow cytometry.?

The role of Mer in leukemogenesis is further
supported by two animal models. Abnormal activa-
tion of Eyk, the chicken homologue of Mer, via
the naturally occurring RPL30 avian retrovirus,
leads to the development of a spectrum of cancers,
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including lymphomas, in chickens.? Additionally,
ectopic Mer expression in lymphocytes in the Mer
transgenic mouse increases the incidence of leukemia/
lymphoma.3°

lll. UPSTREAM REGULATION OF TAM
RECEPTOR EXPRESSION

TAM receptor overexpression occurs in many cancers
of myeloid lineage, and ectopic expression of Mer,
which normal lymphocytes do not express, is found
in mantle cell lymphoma, the majority of T cell leu-
kemias, and particular subsets of B cell leukemia.?>?”
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FIGURE 1. Experimentally determined regulators of TAM receptor and ligand gene expression. Nuclear modula-
tors include transcription factors, histone acetylation, promoter methylation, and gene amplification. Outside of the
nucleus, several post-transcriptional processes influence protein formation: miRNAs repress translation of Axl and
HIF-1a, potentially altering both MER and AXL transcription; YB-1, an RNA-binding protein, inhibits Mer translation
unless it is phosphorylated by AKT, a downstream target of Mer activation.

Although aberrant TAM receptor levels clearly
enhance oncogenic potential, much remains unknown
about the mechanisms underlying their overexpres-
sion. Several studies have begun to explore epigenetic
and post-transcriptional regulation of TAM receptor
expression, providing us with further insight into the
tangled circuitry of cancer progression. Although
the studies presented here have been conducted in
a variety of systems, their findings may also apply
to processes within hematopoietic development and
leukemogenesis, which are depicted in Figure 1.

A. Genetic Variation

To date, no activating mutations in the TAM
receptor genes have been implicated in malignant
transformation, but recent studies have highlighted
the potential role of copy number variation in TAM
receptor expression. AXI, gene amplification and
corresponding overexpression of its transcript were
tound in a CGH-based microarray profiling study of
glioblastoma samples,® and gastric cancer samples
displayed increased AXL and MER copy numbers
relative to normal controls.3? Additionally, DNA copy
number analysis identified AXZ. gene amplification
in 4/4 lapatinib-resistant breast cancer cell lines,*
and GAS6 amplification has also been detected in
aggressive mouse mammary tumors.>

Analysis of the Axl transcript has also shown
that two alternatively spliced isoforms are expressed
in tumor and normal samples at different ratios.
However, both isoforms have the same transforming
capability, suggesting that receptor overexpression—
rather than a structural difference in the transcript or
protein—drives the oncogenicity of this receptor.!®

B. Transcriptional Regulation

While several putative transcription factors for the
TAM receptor genes have been identified based
on promoter binding site specificity, gene expres-
sion modulation has been most extensively studied
in Axl, as it is the only human TAM receptor for
which the gene promoter has been fully character-
ized. Multiple studies have found that AP-2a, Sp1/
Sp3 and MZF-1 directly regulate Axl transcription,
with MZF-1 levels directly correlating with Axl
expression and metastasis in colorectal and cervi-
cal cancers.’#337 More recently, CXCR4/SDF-1
(CXCL12) has been shown to increase transcription
of both AXZ. and TYRO3 in thyroid carcinoma cell
lines; although the transcriptional interaction was
not further characterized, treatment with a CXCR4
inhibitor did not reduce constitutive Axl expression,
suggesting that its overexpression requires additional
regulatory mechanisms.*® Another study found that
Gas6, the common ligand for both Axl and Mer,
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was transcriptionally upregulated following proges-
terone receptor activation in breast cancer cells.?’
A complete list of transcription factors and their
interactions with the TAM receptor genes has been
compiled in Table 2.

Although the human Mer promoter remains
completely uncharacterized, Wong et al. identified
Sp1, Sp3, and E2F as transcriptional regulators of
the mouse Mertk gene,*® which shares considerable
homology with its human counterpart. Liver X recep-
tor (LXR) was recently shown to directly bind the
Mertk promoter and induce its transcription in mouse
macrophages (without noticeable effects on Axl or
Tyro-3 expression), which promoted phagocytosis of
apoptotic cells and maintained immunity.*! Another
study found that CLL cells display increased LXR
expression relative to normal lymphocytes, but the
potential relationship with Mer expression was not
investigated.** However, disruption of normal LXR
expression in lymphocytes causes age-dependent
lymphoid hyperplasia in mouse models,* findings
similar to those observed upon ectopic Mer expres-
sion in transgenic mouse lymphocytes.3

Mer has also been identified as a glucocorticoid-
responsive gene in mouse mesenchymal stem-like cells:
dexamethasone treatment led to a 4.6-fold increase in
Mer expression relative to vehicle-treated cells, and
ChIP-chip analyses revealed several glucocorticoid
binding sequences upstream of the Mertk transcrip-
tion start site.* Another study found a similar trend
in dexamethasone-induced Mer protein expression
on the surface of cultured human macrophages,*
indicating that Mer upregulation may decrease respon-
siveness to ALL induction therapy, which involves
glucocorticoid treatment. Consistently, our laboratory
has found increased Mer expression in patients with
relapsed leukemia (Eisenman K and Graham DK,
unpublished data), suggesting that Mer may serve as
a survival or resistance mechanism in leukemic cells
following treatment.

Although Mer is upregulated in the £24-PBX1+
cytogenetic subset of B-ALL patients, 2274 expres-
sion of the fusion protein does not appear to induce
Mer transcription (Sawczyn K and Graham DK,
unpublished data) despite the presence of a PBX1-
binding site near the Mer promoter.’ However,
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the PBX domain of the fusion protein is directly
responsible for inducing apoptosis in hematopoietic
precursor B cell lines,* consistent with the idea that
Mer expression arises as a survival response rather
than directly through E2A-PBX1-driven changes

in gene transcription.
C. Epigenetic Regulation

Upon identifying Axl as the only consistently
upregulated protein tyrosine kinase in drug-resistant
AML patient samples, Hong et al. found that treat-
ment of an AML cell line with a chemotherapeutic
agent—doxorubicin, cisplatin, or VP16—increased
Axl expression, but only when its promoter remained
unmethylated.?* Furthermore, a separate study cor-
related promoter hypomethylation with the degree
of Axl overexpression in Kaposi sarcoma: cell lines
expressing high levels of Axl had fewer methylated
sites, whereas other lines expressing less Axl—includ-
ing some derived from other cancer types—displayed
more promoter methylation.* Lastly, it was shown
that SAHA, a histone deacetylase (HDAC) inhibi-
tor, suppresses Gas6 expression in multiple myeloma
cells,>® highlighting another potential mechanism
regulating transcription of TAM receptor-related
genes.

D. Post-Transcriptional Regulation

Currently, miR-335 is the only microRNA reported to
target the Mer 3'UTR.>! However, the study, which
compared expression differences between metastatic
and non-metastatic breast cancer lines, only used
indirect target-validation methods and never assessed
Mer protein expression following manipulation of
miR-335 levels. In functional studies of miRNAs
in leukemic cells, restoration of miR-335 expression
levels with a synthetic mimic did not decrease Mer
protein expression (Migdall-Wilson J and Graham
DK, unpublished data).

Both miR-155 and miR-34a decrease Axl
expression in human monocytes.> miR-155, which
promotes tumor growth in numerous leukemias and
lymphomas when overexpressed, represses transla-
tion of several transcription factors that potentially
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TABLE 2. Transcriptional Regulators of TAM Receptor Expression

Gene Interaction Transcription Factor Effect Cell Type Reference
Tyro-3  Indirect NGF T Rat neuronal cells 109
Tyro-3  Indirect CXCR4/SDF-1 (CXCL12) 1 Thyroid carcinoma 38
Ax| Direct AP-2a ) Hela, 293T, NIH3T3, NSC-34 37
Axl Direct Sp1/Sp3 1 Rko, HCT116, Hela 36
Axl Direct MZF-1 1 Colorectal, cervical cancer 110
Ax| Indirect CXCR4/SDF-1 (CXCL12) 1 Thyroid carcinoma 38
Axl Indirect HIF-1a i Endothelial cells 111
Axl Indirect Net/Elk3 1 Endothelial cells 112
Ax| Indirect NGF 1 Rat neuronal cells 109
Axl Indirect Prox-1 l Blood endothelial cells 113
Ax| Indirect E1A l Breast cancer 35
Ax| Predicted AP-1 24
Axl Predicted C/EBPb 24
Ax| Predicted p300 24
Ax| Predicted CREB 24
Mer Direct Sp1 1,0l Mouse Sertoli cells 40
Mer Direct LXR 1 Macrophages 41
Mer Direct Sp3 1 Mouse Sertoli cells 40
Mer Direct E2F l Mouse Sertoli cells 40
Mer Indirect BRLF1 (R) 1 Several 114
Mer Indirect PAX-FKHR ) Mouse MSCs 115
Mer Indirect GR 1 Mouse MSCs 44
Mer Indirect Net/Elk3 l Endothelial cells 112
Mer Indirect HIF-1a l Endothelial cells 112
Mer Predicted GATA 40
Mer Predicted MZF-1 40
Gasé Direct ER-a ) Breast cancer, normal 116
mammary
Gaséb Indirect PR-B 1 Breast cancer 39
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regulate Axl and Mer expression, including PU.1,
CEBPp, CSF1R, and HIF-1a. In addition to show-
ing that miR-34a and miR-199a/b target the Axl
3'UTR, a recent study also determined that both
miRNA genes and AXL are regulated by promoter
methylation.>

Evdokimova et al. found that YB-1, a regulatory
RNA-binding protein, normally inhibits translation
of Mer mRNA; however, in conditions requiring
increased expression of stress- and growth-related
proteins, Mer translation is de-repressed upon AKT-
mediated phosphorylation.”> While this mechanism
has not been explored in hematopoietic cells, the fact
that AKT is a well-known downstream target of Mer
raises the possibility of a positive-feedback loop occur-
ring through this post-transcriptional mechanism.

IV. MER AND AXL RECEPTOR SIGNALING
IN LEUKEMIA

Mer and Axl activate many different signaling path-
ways depending on cell type and function, a topic
extensively discussed in a review previously published
by our lab.! In this section, we specifically focus on
the Mer- and Axl-activated pathways known to play
a role in leukemogenesis (Figure 2).

A. Ligands

Gas6 and Protein S are two structurally similar,
vitamin K-dependent proteins that activate the
TAM receptors.’>” Both ligands are produced in
a wide range of tissues, including the bone marrow,
thymus, spleen, and plasma,®®*®% suggesting that
leukemia cells expressing Mer or Axl are consti-
tutively activated through a paracrine mechanism.
Consistent with this idea, Gas6 expression has been
correlated with the ability of bone marrow stromal
cell lines to support hematopoiesis,®® and primary
human osteoblasts have been shown to secrete Gas6
in response to Mer-expressing leukemic cells.®!
Furthermore, overexpression of Gas6 and Protein S
has been reported in several cancers and often cor-
relates with poor prognostic markers.®?

Tubby and Tubby-like protein 1 (Tulp1), which
also bind Axl and Tyro-3, were recently described as

Volume 16, Number 1-2, 2011

53

two new Mer ligands important in phagocytosis.®®
It is unclear whether these two ligands play a role
in leukemogenesis.

B. MAPK (ERK) Pathway

Before the TAM receptor ligands had been identified,
initial studies on Mer and Axl downstream signaling
implemented chimeric receptors®® composed of
the Axl or Mer intracellular kinase domain fused to
an extracellular domain of a receptor with a known
ligand. In a study using a colony stimulating factor 1
(CSF1) receptor/Mer chimeric receptor, stimulation
with CSF1 led to phosphorylation of Shc, recruit-
ment of Grb2 and downstream phosphorylation of
MEK and ERK1/2 kinases, indicating MAPK path-
way activation.® These results were later confirmed
with a CD8/Mer chimeric receptor in BaF3 cells,®
and eventually in experiments using the full-length
Mer receptor and recombinant Gas6 for activation
of the receptor in 293 cells.®” More recently, our
lab demonstrated that Mer expression mediates
chemotherapy-induced activation of ERK1/2 in the
697 (human B-ALL) cell line,?® and related studies
showed that Axl stimulation activates the ERK1/2
kinases through Shc, Grb2, and Ras.®%8 Interest-
ingly, results of other investigations have suggested
that Axl-mediated ERK1/2 activation is specifically
required to induce proliferation and depends on
PI3K/AKT and Src activity.®>7°

C. PIBK/AKT/mTOR

Many studies exploring downstream activation of the
MAPK pathway have also identified the PI3K/AKT
kinase cascade as an important component of Axl/
Mer signaling.64¢667.69 Several groups showed that
the p85 subunit of PI3K binds to both Mer and Axl,
and determined that this interaction requires both
ligand binding and kinase activity.646871

In response to Axl stimulation, PI3K/AKT
pathway activation is important for both cell
proliferation—via ERK1/2 activation—as well as
survival, which occurs through phosphorylation of
Bad, a Bcl-2 family member;*>7° furthermore, this
antiapoptotic effect appears to be independent of
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FIGURE 2. Mer/Ax| signaling in leukemia. Receptor activation by Gasé or Protein S leads to activation of MAPK,
PI3K/AKT and Jak/STAT pathways, resulting in increased proliferation and survival. Jak/STAT activation has been
observed both via direct interaction between Jak and Mer, as well as through interaction between Axl and the type

1 interferon receptor (IFNAR,).

MAPK activity.®” Interestingly, studies investigat-
ing how Mer stimulation affects the PI3K/AKT
pathway were less conclusive, partly because they
were performed in different cell types: in the Ba/F3
lymphoid cell line, Mer-mediated PI3K activation
increased cell survival upon IL-3 withdrawal and
minimally impacted cell proliferation.®® However, in
the 32D monocytic cell line, Mer-mediated PI3K
activation alone did not sufficiently prevent apop-
tosis; instead, investigators found that the MAPK
and PI3K pathways play parallel roles: inhibition of
both cascades was necessary to elicit growth factor
withdrawal-induced cell death.”

mTOR kinase, a key regulator of protein syn-
thesis and cell growth, is one of the downstream
effectors of the PI3K pathway. Goruppi et al. showed
that rapamycin, an mTOR inhibitor, blocked AxI-
mediated proliferation and survival in NIH 3T3
cells.®” Furthermore, S6 kinase (S6K)—a downstream
target of mTOR—is activated upon stimulation of a
Mer chimeric receptor in NIH/3T3 cells.%

D. NF-kB

The NF-kB family of transcription factors is a key
regulator of cell growth, development, and survival.
Aberrant NF-kB activation has been observed in
various forms of leukemia/lymphoma” and has also
been implicated downstream of Mer and Axl/Gas6
signaling:%5737* luciferase reporter assays revealed a
10-fold increase in NF-kB transcriptional activity in
Ba/F3 cells expressing a constitutively active chimeric
Mer receptor, along with more robust proliferation
than vector-only control cells.®® In NIH/3T3 cells,
Gas6 induced a transient decrease in the level of
IkB, which binds to and inhibits NF-kB, resulting
in enhanced NF-kB DNA-binding activity and an
NF-kB—dependent increase in expression of Bel-xL,
an anti-apoptotic protein.”® Likewise, expression
of a dominant negative IkB—which keeps NF-kB
in a permanently bound, inactive state—inhibited
Gas6-mediated survival, further implying that the
anti-apoptotic effects downstream of TAM receptor
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activation require NF-kB activity.”3 Lastly, NF-kB
activation depends upon PI3K/AKT activation, sug-
gesting that extensive cross-talk exists between the
various pathways downstream of Mer or Ax1.6>73

E. Jak/STAT Pathway

Constitutive activation of STAT proteins has been
observed both in AML and ALL, as well as in
a variety of other tumors (reviewed in Benekli
et al.”®). Jak/STAT activation arises through various
mechanisms, including cytokine overexpression and
autocrine/paracrine stimulation,’® as well as expres-
sion of a TEL-JAK2 fusion protein.””

Both constitutive Jak activation and STAT phos-
phorylation have been associated with Mer and Axl
activity. COS cells expressing a constitutively active
chicken Mer receptor (CD8-Eyk chimera) displayed
constitutive activation of STAT1, STAT3, and Jak1;
the CD8-Eyk chimera also co-immunoprecipitated
with Jak1.”® More recently, Gas6-induced Axl stimu-
lation led to STAT1 activation in mouse bone mar-
row dendritic cells, an effect dependent upon type I
interferon (IFN) receptor expression.” Interestingly,
Axl co-immunoprecipitated with the IFN receptor
R1 chain, suggesting a possible mechanism for TAM
receptor activation of the Jak/STAT pathway.

V. THERAPEUTIC TARGETING

Several novel biologically targeted therapies have
shown great promise in improving therapeutic out-
comes in leukemia. The most striking examples are
imatinib, dasatinib, and nilotinib, tyrosine kinase
inhibitors used to treat CML and Philadelphia
chromosome-positive (Ph+) ALL.% Imatinib therapy
resulted in a 73.8% rate of complete cytogenetic
response after 19 months, compared with 8.5%
for patients on earlier standards of care.®! Other
examples include lestaurtinib, a FL'I'3 tyrosine kinase
inhibitor currently in clinical trials for treatment of
MLL-rearranged ALL, and rituximab, a monoclonal
antibody against CD20 currently used in therapy for
CD20+ leukemia/lymphoma 828
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Mer and Axl represent two novel targets for the
development of new anti-leukemia therapies, and
multiple studies of receptor inhibition highlight their
potential within this realm. Mer inhibition signifi-
cantly delays leukemia progression in a human ALL
cell line xenograft (Brandio and Graham, unpub-
lished data), and Axl inhibition reduces growth of
lung and breast cancer xenograft tumors in immuno
compromised mice.®* Furthermore, inhibition of
Mer dampens pro-survival pathway activation in a
human B-ALL cell line and renders it more sensitive
to a spectrum of chemotherapeutic agents currently
used in the clinic.?® Similarly, Mer and Axl inhibi-
tion also increases apoptosis and chemosensitivity
in astrocytoma cell lines.®

Three different strategies are available to hinder
TAM receptor signaling: ligand sinks, antibody-
mediated downregulation/blocking, and small-
molecule kinase inhibitors. Our lab has shown that
treatment with a Mer-Fc fusion construct—one
example of a ligand sink—inhibits Gas6 signaling,
apoptotic cell engulfment by macrophages, and plate-
let aggregation.®® Such a construct could be used as
adjuvant therapy to transiently inhibit TAM signal-
ing in leukemia cells at the time of chemotherapy
administration.

Two separate groups have reported that Axl-
specific antibodies inhibit signaling and enhance
the effect of standard chemotherapies on tumor
cells.88788 Zhang et al. showed that treatment with a
polyclonal anti-Axl antibody significantly diminishes
the motility and invasive properties of human breast
cancer cells.®® Furthermore, Ye et al. demonstrated
that an anti-Axl monoclonal antibody blocks Gas6
signaling, reduces Axl surface expression, and syn-
ergizes with standard chemotherapy agents to inhibit
tumor growth in xenograft models of lung and breast
cancer.¥” While there are no published studies regard-
ing the use of Mer-specific antibodies as a therapeutic
agent, our lab has characterized monoclonal anti-Mer
antibodies that decrease surface expression of Mer in
human ALL cell lines.

Although there are few reports of TAM receptor-
specific small-molecule inhibitors, several inhibitors
developed against closely related receptor tyrosine
kinases,?” such as c-Kit and Met, are also active against
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Axl and/or Mer. Foretinib (GSK1363089, GlaxoS-
mithKline), a Met inhibitor currently in several clinical
trials for use against solid tumors, inhibits in vitro Axl
phosphorylation in the low nanomolar range (IC5=11
nM).3 MP470 (Amuvatinib, SuperGen), originally
designed as a c-Kit inhibitor, inhibits Axl activation’?!
and is currently in a Phase II clinical trial to test it as
combination therapy with Platinum-Etoposide against
small cell lung carcinoma. Crizotinib (PF-2341066,
Pfizer), a Met inhibitor also active against ALK kinase,
inhibits Axl with an 1C5,=322 nM,*? and is currently
being evaluated in a variety of clinical trials. Lastly,
BMS777607 (Bristol-Meyers Squibb)—also developed
against Met—has low nanomolar activity in vitro
against Axl, Mer and Tyro-3 (ICs= 1.1, 14, and 4.3
nlV], respectively) and has been evaluated in a Phase 1
dose-escalation clinical trial.”*

Unlike the inhibitors mentioned above, R428
(Rigel) was developed specifically against Axl.* Treat-
ment with R428, which inhibits Axl with an IC;, = 14
nM but shows low activity for Mer and Tyro3, blocked
both in vitro invasion and in vive metastatic potential
of a human breast cancer cell line, and also prolonged
survival in a mouse model of post-mastectomy metas-
tasis.” In a separate study, R428 was also shown to
induce apoptosis in CLL B cells.”

In contrast with Axl, there is no information on
specific small molecule inhibitors targeting Mer or
Tyro-3.In a crystal structural study of Mer, a library
of kinase inhibitors was screened iz vifro against the
kinase domain of the receptor”: several compounds
were identified, but no further reports of biological
activity or toxicity are available.

VI. CONCLUSION

In this review, we have described the role of the
TAM receptor family in leukemia to spotlight the
aberrant expression patterns within different subsets
and illustrate how receptor activation upregulates
particular proliferative and antiapoptotic signaling
pathways known to contribute to leukemogenesis.
Although the mechanisms underlying abnormal
TAM receptor expression are still unclear, the existing
data—insight gained from studies conducted on vari-
ous cell types—underscore how multiple,and perhaps
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context-dependent, processes facilitate overexpression
of TAM receptors in leukemic cells.

'The preclinical data presented here strongly sup-
port the development of specific inhibitors of TAM
receptors: Mer and/or Axl inhibition can enhance
leukemia cell sensitivity to chemotherapeutic agents
currently used in the clinic, thus requiring lower doses
to achieve equal or better efficiency and decreasing
the severity of side effects observed with current
therapies. Given that patients with inactivating Mer
mutations and TAM receptor-knockout mice experi-
ence late-onset health defects,*”19! transient TAM
inhibition during chemotherapy will not likely bear
the same long-term consequences. Furthermore,
current immunophenotyping assays can easily be
adapted to characterize TAM expression in leukemia
patient samples,?>?® highlighting the diagnostic value
of TAM family receptors. For all of these reasons,
we believe that incorporating TAM receptor-targeted
therapies into treatment regimens for leukemia, as
well as for other cancers, is an exciting strategy in
the ongoing fight against this devastating disease.
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ABSTRACT: Acute myeloid leukemia (AML) is a heterogeneous disease with highly variable prognoses. Identification of
recurring chromosomal translocations provides some prognostic information for individual AML subjects. Population based gene-
expression profiling studies also identified abnormalities relevant to prognosis. Such studies associate increased expression of a
set of homeodomain transcription factors with poor prognosis in AML. This set includes HoxB3, B4, A7-11 and Meis1, which
are dysregulated as a group in the bone marrow in poor prognosis AML. Aberrant expression of these homeodomain transcrip-
tion factors is found in AML with chromosomal translocations involving the MLL, MYST3 and CREBBP genes, and in a poor
prognosis subset with normal cytogenetics. Studies in murine models suggest that Hox protein overexpression is functionally
significant for myeloid malignancies. Overexpression of individual Hox proteins expanded various bone marrow populations in
vitro, leading to myeloproliferation and in some cases differentiation block and AML in wivo. Therefore, dysregulated expression
of key Hox target genes may contribute to adverse prognosis in AML. Identification of these genes will provide insights into
the pathobiology of prognosis in AML. Studies are beginning to identify Hox target genes which may be rational targets for
therapeutic approaches to this poor prognosis leukemia subset.

KEY WORDS: leukemogenesis, gene regulation, transcription factor, Hox, myelopoiesis.

ABBREVIATIONS

AML, acute myeloid leukemia; CBP, CREB-binding protein; DNMT, DNA-methyl transferase; GMP, granulocyte/
monocyte progenitors; HHD, homeodomain; Jak2, Janus kinase 2; MLL, mixed lineage leukemia; MPN, myeloprolif-

erative neoplasm; PCG, polycomb group proteins

I. HOX PROTEINS ARE HOMEODOMAIN
TRANSCRIPTION FACTORS

of mammalian HOX genes follows this homology
(Figure 1) (reviewed by Eklund®’). Human and
murine HOX genes are arranged in four groups
(referred to as paralog groups A-D) which are
tound on four different chromosomes. Numbering
of individual HOX genes follows homology between
groups, with greatest similarity between Hox proteins
of different groups with the same number. During
embryogenesis, Hox1—4 are most highly expressed
in the head, Hox5-7 in the thorax, and Hox8-11 in
the abdomen and pelvis.®’ This tight spacial regula-
tion is hypothesized to result in regulation of organ

A. Characteristics of Hox Proteins

Gene expression profiling studies in human AML
correlated increased expression of a subset of Hox
proteins with poor prognosis.'~ These studies led
to increased interest in understanding this family of
homeodomain transcription factors and their roles
in normal and leukemic myelopoiesis.

1. Highly Conserved Homeodomain

Transcription Factors

HOX genes encode homeodomain transcription
tactors which are highly conserved from Drosophila
to man. HOX genes were initially identified due to
homology to Drosophila HOMC genes, and naming

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

specific genes by groups of Hox proteins, although
tew such genes have been identified.

Similarly, HOX gene transcription during
definitive hematopoiesis is tightly regulated, but in
a temporal manner. Maximal expression of Hox1-4
occurs in hematopoietic stem cells (CD34*CD38-
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FIGURE 1. Homology of mammalian HOX genes to Drosophila HOMC genes. Mammalian HOX genes are found on
four different chromosomes which are arranged similarly to homologous Drosophila HOMC genes.

in humans), with down regulation of these genes
during CD38* differentiation. Hox7-11 expres-
sion is maximal in lineage committee progenitors
(CD34+-CD38*) with down regulation as differen-
tiation proceeds.>® In AML, increased expression of
HoxB3, B4, A7-11 is found in the most primitive
progenitors with expression of A7-11 aberrantly
sustained in differentiating progenitors.l? These
observations suggest that identification of Hox target
genes would provide useful insights into stem cell
biology, myelopoiesis, and myeloid leukemogenesis.
Recent studies have identified Hox target genes which
begin to explain the crucial role these proteins play
in hematopoiesis.

2. Mechanisms of Gene Regulation by Hox
Proteins

a. Conserved Domains in Hox Proteins

Hox proteins with the same number but from dif-
ferent groups are well conserved in comparison to
adjacent Hox proteins in the same group (Figure
2). Hox proteins bind to DNA through a home-
odomain (HD) which is found in the C-terminus
of the protein. The HD is highly conserved between
Hox proteins, and Hox-HD are highly conserved
between species. The HD includes conserved tyrosine
residues which may regulate Hox activity.”!! For

example, HD-tyrosine phosphorylation of HoxA10
decreases the binding affinity for cis elements in
phagocyte eftector genes, but increases the binding
affinity of HoxA9 to the same genes.”° Tyrosine
phosphorylation of HoxA9 and HoxA10 occurs
in a Jak2 dependent manner in myeloid progenitor
cells in response to differentiating cytokines.!? HD-
tyrosine phosphorylation alters both protein-DNA
and protein—protein interactions which may change
the profile of interacting target genes.!3

Hox proteins also include a conserved hexapep-
tide domain which is N-terminal to the HD (Figure
2). This domain interacts with proteins of the Pbx
family of transcription factors. Pbx proteins are
trequent DNA-binding partners for Hox proteins,
and they participate in binding site selection, as is
discussed below.!* Meis proteins are also frequent
Hox partners, but the domains involved in Hox/Meis
interactions have not been well defined.

Hox proteins can either activate or repress tran-
scription, depending on the sequence of the binding
site, the partner proteins, and the cellular context.
An activation domain was identified for HoxA10
which is conserved with other Hox10 proteins. This
domain facilitates interaction with the Creb-binding
protein (CBP) and is homologous to PQ_domains
in Ela interacting proteins.’ This domain does not
exist in HoxA9, suggesting that another mechanism
is used for transcriptional activation by this protein.
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FIGURE 2. Hox proteins share conserved domains. HoxA? and HoxA10 share conserved domains, including the DNA-
binding homeodomain and the hexapeptide domain which mediates interaction with Pbx proteins. The remainder

of the HoxA9 and HoxA10 proteins are divergent.

A HoxA10 repression domain was described between
the activation domain and the hexapeptide (Figure
2). This domain facilitates interaction between a
HoxA10/Pbx1 heterodimer and histone deacetylase
.16

b. Binding Site Consensus Sequences

Even before identification of the first genuine Hox
target gene, studies were performed to identify the
Hox-DNA binding site consensus sequences. These
studies used iterative binding site selection techniques
to identify DNA sequences preferentially selected by
various Hox proteins. A relatively loose consensus
(5'-TNATNN-3') was identified by these stud-
ies.’” These studies also determined a binding site
preference across each Hox locus from 5'-T'TAT-3'
on the Hox1 end of each locus to 5'-TGAT-3" on
the Hox13 end of the locus.’” Given the extensive
homology between Hox-HDs, this suggests that
other, less conserved domains are also involved in
binding site selection. The short length and relative
degeneracy of the Hox-DNA binding consensus
make genome-wide sequence analysis of limited use
for identifying candidate Hox target genes. Other
approaches, including gene expression studies and
chromatin immuno-precipitation based assays have
been employed for this purpose, as discussed below.
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c. DNA Binding Partners

Hox proteins often bind DNA as heterodim-
ers with Pbx proteins.* DNA-binding consensus
sequences for Hox-Pbx heterodimers were also
identified by binding-site selection studies.!” In
these studies, 5'-ATGATTNATNN-3' was identi-
fied as the composite consensus sequence, with Pbx
proteins recognizing the 5'-ATGAT-3" end of the
sequence.!” Identified target genes for Hox-Pbx
dimers include the I7GB3 and DUSP#4 (activated by
HoxA10+Pbx2), and CYBB and NCF2 (repressed by
HoxA10+Pbx1).15161819 Pbx proteins have not been
found to directly influence transcriptional repres-
sion or activation of any target gene, but they are
hypothesized to assist the Hox protein in selecting
DNA-binding sites and/or increasing affinity of
Hox-DNA binding.

AbdB-Hox proteins (i.e., A9-13) may also bind
DNA as a heterodimer with Meis proteins, or as a
trimer with both Pbx and Meis. Binding-site selection
studies determined that the consensus for the Meis
half of the DNA binding site is 5'-TGACAG-3';
quite different than the Pbx recognition sequence.?
However, activation of the CYBB gene by HoxA9
involves interaction with Meisl at a binding site
that overlaps the HoxA10-Pbx1 repressor element
on this gene.!
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B. Mechanisms of HOX Gene Regulation

Differentiation stage—specific transcription of various
HOX genes is an important mechanism that regulates
Hox protein activity. Although expression proceeds 5'
to 3" through each H/OX locus during hematopoiesis,
mechanisms that regulate this process have not been
completely defined. No control regions for HOX loci
have been identified, but several transcription fac-
tors have been identified that regulate the promoter
regions of a number of HOX genes.

1. Regulation by the Mixed Lineage
Leukemia (MIl) Protein

Increased and sustained Hox expression is found in a
subset of leukemia with chromosomal translocations
involving the MLL gene.3'This observation suggested
that the MLL gene product (Mixed Lineage Leukemia
or Ml protein) might be involved in HOX regulation.
Consistent with this hypothesis, MIl binds to the
promoter region of multiple /OX genes of the AbdA
and AbdB groups.! Ml is a complex proteins with
AT hooks (involved in DNA binding), DNA meth-
yltransferase domain (DNMT), a PHD domain, and
a SET domain (reviewed by Marschalek??). Functional
studies suggest that MIl binding to HOX promoters
maintains differentiation stage specific transcription
but does not initiate transcription.?! Leukemia associ-
ated Mll-fusion proteins are hypothesized to induce
aberrant /OX transcription because the MIl domains
involved in maintaining transcription are present in the
tusion protein, but domains essential for stage-specific
down-regulation are not. The SET domain has been
implicated in this latter function, as it is reproducibly
deleted in leukemia associated MIl-fusion proteins.

Because “anterior” HOX genes (Hox1-5) also
exhibit aberrant transcription in AML with MLL
translocations, MIl-fusion proteins must influence
events which indirectly dysregulate transcription of
these genes. Conditional knockout of the MLL gene
is an embryonic lethal at day 16.5 in mice. These mice
have a reduced number of hematopoietic stem cells
(HSC) that are unable to compete in repopulation
assays.?3 These results also suggest that MIl influ-
ences 5'HOX genes.

Eklund

2. Regulation by Cdx Proteins

Another family of transcription factors that influence
HOX gene transcription and/or Hox protein expres-
sion are Cdx proteins. Cdx are HD transcription
factors and increased expression of Cdx1, 2 and 4
have been variously documented in human AML.
Gene disruption studies identified roles for Cdx
proteins in HOX gene regulation and hematopoi-
esis. Knockout of individual CDX genes impairs
hematopoiesis during embryogenesis in murine mod-
els, and impairs transcription of multiple /OX genes,
including HoxB2-5 and HoxA7-13.24% Conversely,
overexpression of Cdx4 in murine bone marrow
induces a myeloproliferative disorder and AML in
murine transplantation experiments.? Interestingly,
overexpression of Cdx4 rescues the hematopoietic
defect in murine MIl-/- bone marrow.?”

Mechanisms for cross regulation by Cdx and
Hox proteins have been recently defined. HOXA10
has been identified as a direct Cdx4 target gene in
myeloid progenitor cells.?® In these studies, Cdx4
overexpression activated the HOXAI0 promoter
and increased HoxA10 expression. Additionally,
these studies identified CDX4 as a HoxA10 activa-
tion target gene, establishing a positive feedback
relationship between Cdx and Hox proteins.?® This
has implications for understanding myeloid leuke-
mogenesis with Hox overexpression.

3. Regulation by Polycomb Proteins

Studies in Drosophila determined that HOMC gene
transcription is regulated by Polycomb Group (PcG)
proteins (reviewed by Takihara?). Subsequent studies in
mammalian models determined that PcG proteins bind
to HOX promoter regions where they are thought to
generally repress transcription. This has been described
for YY1 binding to the HOXB4 promoter and Bmil
binding to the HOXA9 promoter.3®3 PcG knockout
in murine models impairs HSC function in various
assays, which is hypothesized to be due to dysregulated
HOX gene transcription.?? Molecular mechanisms for
these effects remain to be clarified.
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C. Function of Hox Proteins During
Hematopoiesis

Investigation of specific activities for various Hox pro-
teins is complicated by functional redundancy between
groups and between adjacent members of the same
group. This makes gene-disruption studies difficult
to interpret unless multiple members of a group are
knocked out, which produces additional complications
for expression of other members of the locus. More
information has been obtained from overexpression
studies, as discussed below.

1. HoxB3 and B4
a. Studies in Knockout Mice

Homologous recombination was used to gener-
ate murine models with disruption of HOXB4 or
double knockout of HOXB3/B4.32 These mice have a
minor hemato-phenotype and mild abnormalities in
hematopoiesis. These abnormalities include impair-
ment of HSC function as indicted by decreased
competitive repopulating activity. The results of
studies with either HOXB4 or HOXB3/B4 knock-
out are similar, suggesting functional redundancy
between these two Hox proteins. The mild nature
of the phenotype suggests there is redundancy with
other HoxB proteins, or anterior Hox proteins of
other groups.

b. Overexpression Studies

More information was obtained with gain of func-
tion studies for HoxB3 and HoxB4. These studies
determined that overexpression of either HoxB3 or
HoxB4 in murine or human bone marrow expanded
the most immature cell populations iz vizro.333> Con-
sistent with these results, mice that were transplanted
with HoxB3 or HoxB4 overexpressing bone marrow
developed a myeloproliferative neoplasm (IMPN)
with expansion of the long-term repopulating HSC
population in the bone marrow.333> However, the

MPN did not progress to AML in these mice.
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2. HoxA9 and A10
a. Studies in Knockout Mice

Constitutive knockout of the HOXA9 or HOXA10
gene in mice results in abnormal development
of the genitourinary system, impaired fertility in
heterozygous knockout animals, and a very mild
hemato-phenotype. Mice with knockout of either
gene are reported to have either mild pancytopenia,
or unremarkable blood counts, depending upon the
report. Studies of bone marrow function are similarly
unremarkable. There is some decrease in competitive
repopulating ability in HOXA9-/- bone marrow
compared to normal, but the difference is not pro-
found.*¢ Similar studies have not been performed with
HOXA10-/- bone marrow, but serial plating assays
are only slightly less efficient in comparison to wild-
type bone marrow. Double knockout of HOXA9 and
HOXA10 has not been studied nor has conditional
knockout in bone marrow cells only.

b. Overexpression Studies

Investigations of HoxA9 and HoxA10 by in vitro and
in vivo overexpression have been quite informative.
In vitro, overexpression of either protein in murine
or human bone marrow preferentially expands the
granulocyte/monocyte progenitor (GMP) population
and immortalizes the cells.~* Mice transplanted
with HoxA10-overexpressing bone marrow develop
a MPN with mature neutrophils that progresses to
differentiation block and AML over 6—8 months.*
Mice transplanted with HoxA9-overexpressing bone
marrow also develop a MPN, which only progresses
to AML after an extremely long lag time, or if the
bone marrow is co-overexpressing Meis1.3 These
results suggest some redundancy and some unique
tunctions for HoxA9 and HoxA10. Additional stud-
ies of murine models suggest the hypothesis that
HoxA10 induces differentiation block, while HoxA9
is involved in selection of myeloid versus lymphoid
lineage commitment.
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Il. HOX PROTEINS ARE ABERRANTLY
EXPRESSED IN AML

A. Association Between Hox Expression and
MLL-Translocation

'The MLL gene is involved in leukemia associated
translocations with more than 70 different partner
genes (the most common of which are listed in Table
1) (reviewed by Marschalek??). These leukemias are
characterized by expression of a fusion protein, which
include the same set of domains from the MIl N
terminus and from the C-terminal domains from the
tusion partner. Gene expression profiles and clinical
characteristics are fairly similar for all leukemias with
translocations involving the MLL gene, suggesting
that M1l domains are the dominant factor driving
pathogenesis. Because MLL is located on the q23
region of chromosome 11, these are referred to as
11q23 leukemias. In adults, 1123 leukemia is often
associated with prior exposure to topoisomerase II
inhibitors and has extremely poor prognosis, even
among therapy-related leukemias. In pediatric
patients, MLL translocations are found predomi-
nantly in a poor prognosis subset of infant leukemias
with both lymphoid and myeloid blasts (hence the
term mixed lineage leukemia).? As discussed above,
11923 leukemias are associated with increased expres-
sion of a set of HD transcription factors in CD34+
bone marrow cells and CD34+CD38+ circulating
blasts; therefore expression of these genes is both
increased and aberrantly sustained in differentiating
myeloid cells. This set includes HoxB3, B4, A7-11
and Meis1. A similar gene-expression profile is found
in AML with normal cytogenetics, but with tandem
duplication of the MLL gene.*

B. Other Forms of Leukemia with Increased
Hox Expression

Studies of the pathogenesis of 11q23 leukemias sug-
gest the hypothesis that aberrant HD-transcription—
factor expression is prognosis driving in AML.
Additional studies in forms of leukemia without MLL
translocations confirmed this hypothesis. Increased
expression of similar sets of Hox proteins and Meis1

Eklund

TABLE 1. MLL Fusion Proteins

MLL-ELL MLL-SEPTINéG
MLL-GAS MLL-AF4
MLL-CBP MLL-AF6
MLL-EEN MLL-AF9
MLL-LTG9Y MLL-AF17

were also described in AML with translocations
involving MYST3 and CREBBP genes.> Statistical
analysis also revealed a poor prognosis subset of
AML subjects with normal cytogenetics (and without
tandem duplications of MLL) with increased Hox
and Meisl expression.* These studies suggest that
Hox proteins may regulate a network of genes which
influence molecular events especially associated with
adverse outcomes in AML.

C. Murine Models to of Leukemogenesis

'The functional contribution of various Hox pro-
teins to myeloid leukemogenesis has been studied
in murine models. These murine models have been
crucial to develop the causal links between increased
Hox expression and the pathogenesis of myeloid
malignancy.

1. HoxA10 and Shp2-PTP

As discussed above, overexpression of HoxA10 or
HoxA9 + Meislin murine bone marrow expands
the GMP population in wvitro and results in a
myeloproliferative neoplasm in murine transplanta-
tion experiments. However, AML does not occur
immediately in mice transplanted with HoxA10 or
HoxA9 overexpressing bone marrow but develops
over the course of months.3$4 These results suggest
that Hox protein overexpression is sufficient to induce
myeloproliferation and that it also predisposes to
acquisition of additional mutations, which are necessary
for differentiation block and AML. Posttranslational
modification of HoxA10 is involved in modulation
of both transcriptional repression and activation func-
tions.” 13 In vitro studies suggest that posttranslational
modification of HoxA10 prevents the overexpressed
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protein from participating in gene regulatory activities
which might lead to differentiation block. Therefore,
mutations that impair cytokine induced tyrosine
phosphorylation of HoxA10 might lead to AML in
HoxA10 overexpressing bone marrow.

HoxA10 is a substrate for Shp2 protein tyrosine
phosphatase.’® Downregulation of Shp2-PTP activity
during myelopoiesis is one factor that contributes
to HoxA10 tyrosine phosphorylation in response
to differentiating cytokines. Leukemia-associated
mutations in the gene encoding Shp2 have been
described that result in constitutive activation of the
PTP#. These mutations are found in 10% of AML
and perhaps a higher percentage of 11q23-AML.
Consistent with this hypothesis, mice transplanted
with bone marrow overexpressing HoxA10 plus a
constitutively active form of Shp2 develop leukemia
immediately.*

2. Mll-Fusion Proteins

Various leukemia-associated Mll-fusion proteins
have been overexpressed in murine bone marrow
cells and analyzed in witro and in vive. Similar to
overexpression studies with individual Hox pro-
teins, Mll-fusion protein expressing murine bone
marrow has increased serial plating capacity and is
immortalized in vitro. Mice transplanted with such
bone marrow develop a MPN with predominance
of mature neutrophils. This MPN progresses to dif-
terentiation block and AML over 6-8 months.**
This in vive process is delayed in mice transplanted
with MIl-fusion protein expressing, Cdx4—/— bone
marrow.?” Various MLL-fusion partners have been
tested in such experiments, and aberrant Hox expres-
sion has been identified which follows a very similar
pattern to that observed in human 11q23-AML.%
Results from studies of Mll-fusion protein expression
in murine bone marrow with knockout of various
Hox proteins has been inconsistent, but the majority
indicate development of MPN and AML in mice
transplanted with HoxA7-/- or HoxA9-/- bone

marrow expressing various MIl-fusion proteins.*48
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TABLE 2. Target Genes

HOXB3 HOXB4

DNMT3BA FLASH

oTXxan HEMGN*
IGFBP1A
MYC#
RAP1#

Alncreased in 11923.
#Decreased in 11923.
*No difference.

lll. HOX TARGET GENES AND
DOWNSTREAM REGULATORY EVENTS

A. HoxB3 and B4

Despite the documented importance of HoxB3 and
HoxB4 in HSC maintenance and function, relatively
tew relevant target genes have been identified that
explain these activities (Table 2). HoxB3 interacts
with the promoter region of O7°X2, which encodes a
homeodomain protein involved in regulating devel-
opment of eye structures, but without a documented
role in hematopoiesis.*’ The gene-encoding DNA
methyltransferase 3B is activated by HoxB3 and
may be involved in epigenetic regulation of HSC
relevant genes.’® A number of HoxB4 target genes
have been identified which impact cell proliferation
and survival (Figure 2), including the genes encoding
myc, IGF binding protein 1, FLASH, and Rap1.51-4
Interestingly, expression of myc and Rap1 are rela-
tively decreased in 11q23-AML. HoxB4 also activates
the HEMGN gene encoding a nuclear protein of
unknown significance, which is expressed in bone
marrow progenitor cells.>

B. HoxA9

A number of target genes for HoxA9 have been
identified, generally using expression microarray
screening for altered gene expression in HoxA9
overexpressing cells (Table 3). HoxA9 activates several
genes of potential significance for the pathogenesis
of AML, including genes encoding F1t3, Pim1 and
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TABLE 3. HOXA9 Target Genes

Eklund

TABLE 4. HOXA10 Target Genes

Cytokines/Receptors  Proliferation  Inflammation

EPHB4# miR155 CYBB*
FLT3A PIM1” NCF2*
OPN SELE*

Alncreased in 11923.
#Decreased in 11923.
*No difference.

miR155.56¢0 F1t3 is the receptor for FIt3L and is
expressed on HSC and myeloid progenitor cells.
Aberrant activation of this receptor due to FLT3
gene mutation is associated with poor prognosis in
AML. Gene expression studies indicate a statistically
significant association between the presence of FLT3
mutation and HoxA9 and HoxA10 overexpression
in AML.%! Pim1 is a kinase, which is frequently
activated by the Moloney murine leukemia virus and
participates in leukemic transformation of such cells.
Expression of miR155 has been described in AML,
and a number of putative target mRNAs have been
identified that may mediate a functional contribution
to leukemogenesis. HoxA9 also activates several genes
that confer the mature phagocyte phenotype, includ-
ing genes encoding the NADPH oxidase component
gp91phox, and E selectin.’»%2 This is consistent with
the hypothesis that HoxA9 is involved in selection
of myeloid lineage commitment.

C. HoxA10

A slightly larger number of HoxA10 target genes
have been identified (Table 4). Similar to HoxA9,
HoxA10 activates a number of genes involved in cell
proliferation and survival.®® HoxA10 activates tran-
scription of several genes involved in proliferation of
HSC and myeloid progenitors, including the genes
encoding Tgfb2 and one a cognate receptor, and the
gene encoding b3 integrin.!¢* HoxA10 also activates
the CDX4 gene in myeloid progenitor cells, which
suggests an important role for HoxA10 in regula-
tion of the Hox-code.®* HoxA10 also activates the
gene encoding Mkp2 (the DUSP4 gene) in myeloid
progenitors.®> Mkp2 inactivates Jnk and p36 Map-

Cytokines/ Proliferation Inflammation
Receptors
ITGB3* MAPK6PS1* ATPGV1H
SELL* NUDTé6A CyBB*
TGFB2* PLCB1# IL11A
TGFBR3* PRKAR2AN NCF2*
TMEMS8A TBXAS1*
Ubiquitination DNA-Binding Apoptosis
Proteins
ARIH27 CDX41 DUSP4*
UBE2S/ CUX1* BRSK1#
MEISTA PDCD57
PBX2A

Alncreased in 11923.
#Decreased in 11923.
*No difference.

kinases, resulting in HoxA10-dependent apoptosis
resistance of progenitor cells. Hoxal0 also regulates
genes that confer the mature phagocyte phenotype
(Table 4). However, in contrast to HoxA9, HoxA10
represses transcription of these genes in myeloid
progenitor cells. This is consistent with descriptive
observations suggesting that HoxA10 induces differ-
entiation block and identifies potentially antagonistic
tunctions for HoxA9 and HoxA10 for regulating

this aspect of myelopoiesis.

IV. CONCLUSIONS

Dysregulated Hox expression is found in a subset
of poor prognosis AML, including leukemias with
MLL gene translocations. Studies in murine models
and human primary cells suggest that increased and
sustained expression of Hox proteins plays a functional
role in leukemogenesis through dysregulation of HSC
and GMP populations. Studies have identified some
Hox target genes that may be relevant to this process.
The products of such genes, and cognate pathways,
may be rational therapeutic targets for personalized
therapeutic approaches to AML with dysregulated
Hox expression.
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ABSTRACT: Translocations and mutations in the core binding factor genes, RUNXI or CBFB, are found in acute myeloid and
lymphocytic leukemia, therapy-related myeloid leukemia, myelodysplastic syndrome, chronic myelomonocytic leukemia, and in
familial platelet disorder with predisposition to acute myeloid leukemia. Here we review the biochemical and biological properties
of the normal Runx1 protein, discuss the nature of RUNXZ mutations in myeloid leukemia, their prognostic significance, and the
mutations that cooperate or co-exist with them in these various diseases.

KEY WORDS: Runx1, AML, MDS, hematopoietic stem cells.

ABBREVIATIONS

ALL, acute lymphocytic leukemia, AML, acute myeloid leukemia, AML1, acute myeloid leukemia 1, CALGB, Cancer
and Leukemia Group B, CBFB, Core Binding Factor Beta, CMML, chronic myelomonocytic leukemia, FAB, French-
American-British, FLT3-ITD, Fms-like tyrosine kinase 3 internal tandem duplication, FPD-AML, familial platelet
disorder with predisposition to acute myeloid leukemia, GM, granulocyte-monocyte, HHR, hydrophobic heptad repeat,
HSCs, hematopoietic stem cells, MDS, myelodysplastic syndrome, MYND, myeloid-nervy-DEAF-1, N-CoR, nuclear
receptor co-repressor, NHR1, nervy homology region 1, NHR2, nervy homology region 2, NHR4, nervy homology

region 4, s-AML, secondary AML, SMRT, silencing mediator of retinoid and thyroid hormone receptor

I. INTRODUCTION

In 1973 Janet Rowley, using new chromosome band-
ing techniques, identified a reciprocal translocation
between chromosomes 8 and 21 in two female
patients with acute myeloid leukemia (AML).! That
same month, Rowley published another paper dem-
onstrating that the end of the long arm of chromo-
some 22 thought to be missing in the Philadelphia
chromosome (a cytogenetic abnormality frequently
associated with chronic myeloid leukemia) had in fact
not been lost but was instead relocated to the end
of chromosome 9.2 These contemporaneous papers
established that consistent chromosomal transloca-
tions could be correlated with specific leukemia
subtypes. Eighteen years later the acute myeloid

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

leukemia 1 (AML1) residing at the breakpoint in
t(8;21)(q22;q22) was cloned® and later renamed
RUNX1.* Hence the discovery of RUNX1 mutations
was an important milestone in the history of cancer
genetics. Janet Rowley’s keen powers of observation
and intuition that translocations were causative in
leukemia, and not simply correlative, begat an era
of intensive research in cancer genetics, which may
have reached its zenith with the application of next
generation sequencing technology.

Fast forward nearly 40 years, and we now know
much about the RUNXT gene and its encoded protein.
Runx1 is a sequence-specific DNA binding protein
and has an obligate non-DNA binding partner
called core binding factor p (CBFp), the gene for
which is also targeted by translocations important in

77
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FIGURE 1. Schematic diagram of Runx1 and AML1-ETO. White/black represent sequences from Runx1, and gold
from ETO. TAD, transactivation domain; NHR1-4, nervy homology domains 1-4.

AML, the inv(16)(p13;q22) and t(16;16)(p13;q22).°
AML with any of these three translocations is often
referred to as “core binding factor leukemia.” Runx1
has essential functions in normal hematopoiesis in
the embryo and the adult. In addition to the t(8;21),
translocations, mutations in RUNXT have been found
in de novo and therapy-related AML, myelodysplastic
syndrome (MDS), chronic myelomonocytic leukemia
(CMML), acute lymphocytic leukemia (ALL), and
in the autosomal dominant pre-leukemia syndrome
familial platelet disorder with predisposition to acute

myeloid leukemia (FPD/AML).

Il. THE Runx1 PROTEIN: DOMAIN
STRUCTURE AND FUNCTION, AND
INTERACTING PROTEINS

Runx1 is a sequence-specific DNA binding protein,
and like most proteins of its ilk, it contains effecter
domains linked by less structured sequences. By far
the most well-characterized domain of Runx1 is its
DNA binding “Runt” domain, named after the first
member of the family to be cloned, the Drosophila
runt protein.%’ (Figure 1) Multiple structures of
the Runt domain have been solved.’!! The DNA
and CBFf interacting interfaces are on opposite
sides of the Runt domain and do not overlap, and
CBFp does not touch the DNA. The primary role
of CBFP is to increase binding of Runx1l to DNA
by stabilizing a particular conformation of the Runt
domain.’ 12 As will be described later, many missense
mutations in the Runt domain have been identified
in AML, MDS, CMML, and FPD/AML, the vast
majority of which involve residues at the DNA
binding interface.

'The second most well-characterized domain
in Runxl is the transactivation domain, which is

located midway between the Runt domain and the
C-terminus; it is essential for Runx1’s iz vive func-
tions.?31¢ No structures of this domain have been
solved, although computational analysis!’ predicts
that parts of the transactivation domain and an
adjacent inhibitory domain are likely to be structured.
Multiple proteins have been identified that interact
with sequences that are C-terminal to the Runt
domain that presumably mediate its activities.!828
Mutations that are C-terminal to the Runt domain
are also found in leukemia and are primarily nonsense
or frame-shift mutations that result in the production
of proteins lacking all or part of the transactivation
domain. A few missense mutations have also been
found, but their functional significance has not been
established.?%

Less well-characterized sequences in the
C-terminus of Runx1 affect Runx1’s DNA bind-
ing potential. Specifically, deletion of C-terminal
sequences causes Runx1 to bind DNA with an affinity
approximately 40-fold greater than that of the full-
length protein.}*3! Therefore Runx1 proteins lacking
the inhibitory sequences can presumably out-compete
binding of the functional full-length protein to DNA,
and dominantly inhibit its activity. For simplicity’s
sake we use the term “Runx1 mutations” to refer to
all mutations other than translocations, including
loss-of-function (amorphic) mutations, hypomorphic
mutations, and antimorphic mutations that create
dominant negative RUNXT alleles.

lll. Runx1 FUNCTION IN NORMAL
HEMATOPOIESIS

Runx1’s earliest role in development is for the dif-
ferentiation of hematopoietic progenitors and stem

cells (HSCs) from a small population of endothelial
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cells in the conceptus.32-* Because mutations in the
germline caused mid-gestation lethality, conditional
deletion strategies were necessary to ascertain its
role in adult hematopoiesis. Deletion of Runx1
in adult HSCs caused multi-lineage blocks in B
and T lymphoid development and megakaryocyte
maturation, and thus the mice are lymphopenic and
thrombocytopenic.3-37 Notably, Runx1 loss in HSCs
does not cause AML on its own but establishes a
pre-leukemic state that predisposes to AML follow-
ing the acquisition of secondary mutations.3$3? The
effects of Runx1 loss on HSCs and progenitors are
not entirely understood. One outcome is an increase
in a population of cells in mouse bone marrow that
lacks lineage markers and expresses the HSC markers
Sca-1 and c-Kit (LSK cells).32:35:36:3839 Runx1 loss
also increases the number of granulocyte and mega-
karyocyte progenitors in the bone marrow and causes
what has been alternatively described as a myelopro-
liferative disease or myelodysplasia,3>37 and in one
study a lower penetrance lymphoma was noted.’”
Runx1 loss does not, however, cause a notable decline
in functional long-term repopulating HSCs,3%4
which is probably a critical property contributing
to the pre-leukemic state, as a mutant HSC that is
rapidly lost from the bone marrow cannot provide
a target population for secondary mutations. Runx1
loss enhances the ability of mouse hematopoietic
progenitors to undergo serial replating in culture,3
which is regarded as a measure of self-renewal activ-
ity and may also contribute to the maintenance of a
dysfunctional progenitor population.

IV. RUNX1 MUTATIONS IN AML
A. The t(8;21) Subgroup

AML can be subdivided into several subtypes, includ-
ing AML with recurrent cytogenetic abnormalities,
AML with multi-lineage dysplasia (this includes
patients with an antecedent MDS or myeloprolif-
erative disease), AML and MDS therapy related
(following chemotherapy or radiation exposure), and
AML not otherwise categorized.* Translocations or
loss of function RUNX1 mutations have been found
in all of these subtypes.
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Characteristic genetic abnormalities include the
t(8;21) and inv(16) in RUNXI and CBFB, respec-
tively, each of which defines subgroups within the
category of recurrent cytogenetic abnormalities, and
confer a favorable prognosis. The t(8;21) breaks the
RUNX1 gene in intron 5, and results in fusion of the
N-terminal portion of Runx1 (including the Runt
domain, but minus the transactivation domain) to a
protein most commonly known as ETO (encoded
by RUNX1T1) (Figure 1).34-% ETO contains four
domains conserved with its Drosophila homologue
nervy, the structures for all of which, along with their
interacting proteins, have been solved.*-! Mutations
that specifically disrupt the interaction between indi-
vidual domains in ETO and their associated proteins
revealed that one domain in particular, nervy homol-
ogy region 2 (NHR2, also known as hydrophobic
heptad repeat or HHR) is critical for AML1-ETO’s
leukemogenic activity in retroviral transduction based
assays.’>>3 NHR2 forms a four-helix bundle (a dimer
of dimers), and mutations that reduced the tetramer
to dimer abrogated AML1-ETO’s leukemogenic
activity.>3 That oligomerization of AML1-ETO per
se was important was demonstrated by the ability
of an oligomerization domain from the forkhead
binding protein to substitute for NHR2 and enable
AML1-ETO to confer serial replating activity to
primary bone marrow cells.>

On the other hand, the most C-terminal domain,
NHRA4, also known as the myeloid-Nervy-DEAF-1
(MYND), appears to restrain AML1-ETO’s leuke-
mogenic activity, as mutations that severely disrupt
the NHR4 fold promote AML1-ETO’s activity.>®
In fact, the full-length unaltered form of AML1-
ETO is not by itself leukemogenic, and it can only
cause AML in mice when combined with another
oncogene such as Fms-like tyrosine kinase 3 internal
tandem duplication (FLT3-ITD), TEL-PDGFBR, or
activated KT7°¢-58 But either the deletion or mutation
of NHR4 will allow AML1-ETO to induce leukemia
in the absence of a co-transduced oncogene.”> NHR4
binds the silencing mediator of retinoid and thyroid
hormone receptor (SMRT) and nuclear receptor co-
repressor (N-CoR) complexes, as well as a protein
called SON, and presumably one or more of these
complexes is responsible for dampening AMIL1-
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ETO’s activity.>>¢! Mutations involving NHR4
have not been found in t(8;21) leukemia, thus this
does not appear to represent a common mechanism
for augmenting AML1-ETO’s activity.®?

Deletions of the NHR1 domain have yielded
conflicting results, with one group reporting an effect
on AML1-ETO’s activity®® and others not.”>** The
NHR1 deletion in the former study® was larger than
in the latter two studies®?** and included sequences
C-terminal to the conserved NHR1 domain that were
previously shown to bind N-CoR and to contribute
to leukemogenesis.’>* The larger deletion prevented
association with p300 and acetylation of two lysine
residues within the Runx1 portion of the AML1-ETO
protein.®3 Substituting one of those lysines with an
arginine impaired AML1-ETO’s leukemogenic activity,
indicating that the ability to recruit p300 and become
acetylated is important for AML1-ETO function.®

'The two other interactions mediated by AML1-ETO
that are essential for its activity are DNA and CBFP
binding by the Runt domain, although there is some
disagreement about the importance of the latter.”>+65-¢7
Thus AMLI-ETO has several surfaces amenable to
targeting with small-molecule or peptide inhibitors:
the Runt domain:DNA interface, potentially the Runt
domain:CBFp interface, and NHR2 oligomerization.
Inhibition of p300 or other histone acetylases may also
provide a therapeutic option.*3

Multiple lines of evidence indicate that the
acquisition of AML1-ETO confers a different phe-
notype than Runx1 mutations. Genetic experiments
in Drosophila showed that AML1-ETO behaves as
a constitutive repressor, blunting the transcription
of genes the Runxl homologue lozenge activates,
but additionally those that lozenge would normally
repress.®® The phenotype of conditional knock-in
mice in which AML1-ETO expression is activated
in the adult bone marrow resembles a somewhat
milder version of Runx1 loss, as the mice had no
evidence of lymphopenia or thrombocytopenia.®’
AMLI1-ETO conditional knock-in mice did, how-
ever, display some of the aberrations in progenitors
seen upon Runx1 loss, including increased numbers
of granulocyte-monocyte (GM) progenitors and
enhanced serial replating activity. AML1-ETO
in the conditional knock-in mice cooperated with
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the HIPI-PDGFBR oncogene to induce a very
rapid myeloproliferative disease (MPD) that was
not observed with either mutation alone.”” As
hematopoietic differentiation was not impeded in
this AML1-ETO knock-in mouse model, this sug-
gests that defects in the stem/progenitor pool caused
by AML1-ETO are fundamental to the leukemic
process. The phenotypes in mice correlate with the
leukemic phenotypes,as AML1-ETO is found in the
French-American-British (FAB) M2 subtype, also
known as acute myeloblastic leukemia with matura-
tion, whereas biallelic RUNXI mutations have been
found in minimally differentiated acute myeloblastic
leukemia, AML MO. Finally, as discussed in more
detail below, RUNX1 mutations confer a considerably
worse prognosis than the t(8;21).

The t(8;21) is the most common translocation
in pediatric AML patients (10-20%).7*7* One study
documented a prenatal origin of the t(8;21) from
the Guthrie cards of half of the t(8;21) pediatric
patients analyzed.” Two of the positive patients
were between 10 and 12 years of age at the time of
diagnosis, therefore harbored a pre-leukemic clone
for more than a decade before developing AML.
Patients in long-term remission can also harbor
residual t(8;21)-containing cells in their bone mar-
row for many years.*7¢ Eighteen percent of healthy
individuals have t(8;21) containing cells detectable
by polymerase chain reaction, and AML1-ETO
transcripts were detected in 40% of cord blood
samples.”””® Thus the t(8;21) results in the acquisi-
tion of a long-lived pre-leukemic HSC that has no
overt clinical manifestations.

The mutations that cause AML are often divided
into two classes: class I mutations which activate sig-
naling pathways, hence proliferation and survival, and
class IT mutations that generally involve transcription
factors and cause impaired differentiation, decreased
apoptosis, and growth arrest. Another class of frequently
mutated genes encodes epigenetic regulators. The class
I mutations most frequently found in t(8;21) AML
include KI7,; NRAS, and KRAS. Approximately 20%
of t(8;21) patients have activating mutations in KI7,
and exon 17 KIT mutations have been found to con-
fer an unfavorable prognosis in multiple studies.”!
FLT3 is the most commonly mutated gene in AML,
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but /LT3 mutations occur at a relatively low rate in

t(8;21) leukemia.

B. Amorphic and Antimorphic RUNX1
Mutations in AML

RUNXI mutations were first described in AML MO
and FPD/AML,32% followed shortly thereafter in
MDS,® and more recently in CMML.858 More
recent larger-scale sequencing efforts are provid-
ing a more comprehensive picture of the frequency
and scope of RUNXI mutations, their prognostic
significance, and the co-existing mutations.

Two groups recently analyzed large numbers of
AML patients for the presence of RUNXI muta-
tions.??30 A report from the German-Austrian AML
study group, which evaluated 18- to 60-year-old
AML patients (primarily de novo AML, but including
a smaller number of secondary and therapy-related
AML patients) found RUNXI mutations in 53 of
945 (5.6%) cases.”’ An earlier study of an older
15- to 90-year-old Taiwanese patient population
with de novo AML reported a higher incidence of
RUNX1I mutations (13.2%, 62 of 470 patients).>° It
was suggested by authors of the former study that
the higher frequency of RUNXI mutations in the
Taiwanese study could be caused by their inclusion
of older patients, as the mutation frequency increases
with age. In both studies most RUNXI mutations
were frame-shift mutations, the remainder included
missense, nonsense, in-frame, or silent mutations, and
the vast majority were mono-allelic. The mutations
were primarily located within the Runt domain
and C-terminal to the Runt domain. Both groups
reported RUNXI mutations were mainly found in
the cytogenetic intermediate-risk group and were
closely associated with trisomy 8. No RUNXT muta-
tions were found in the favorable risk group with
characteristic genetic abnormalities that include
t(8;21) and inv(16). In univariate analyses RUNXT
mutations were found to be associated with refrac-
tory disease and inferior event-free, relapse-free, and
overall survival. Allogeneic hematopoietic stem cell
transplant improved the outcome of patients with
RUNX1 mutations,”*° while patients who instead
received repetitive cycles of high-dose cytarabine
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or autologous hematopoietic stem cell transplant
relapsed or died.?” RUNXI mutations were associ-
ated with the presence of MLL- PTD mutations in
both studies and IDH1/IDH?2 in one study® but
were inversely correlated with CEBPA and NPM1
mutations.?*° No significant correlation was found
with FLT3, NRAS, KRAS, KIT, PTPN11, or WT1
mutations, despite the fact that several of these, and
in particular KI7" mutations, are frequent in t(8;21)
AML. Both groups found RUNXT mutations highly
associated with AML MO; one group also reported
association with M 130 and the other with M2 mor-
phologies.?’

An analysis of 111 pediatric AML cases identi-
fied 5 cases with RUNXI mutations, in addition to
20 t(8;21) cases and 16 inv(16) cases, bringing the
total of core binding factor mutations in this pedi-
atric AML cohort to 36.9%.%7 If one combines the
frequencies of RUNX1 mutations in adult AML (13%
in the unselected Taiwanese study), with the t(8;21)
(7% in a Cancer and Leukemia Group B (CALGB)
study with a median age of 52); and inv(16) (8% in
the same CALGB study),?® this results in an overall
frequency of core binding factor mutations in adult
AML of approximately 28%. RUNXI mutations,
t(8;21), and inversion 16 are mutually exclusive.

V. RUNX1 MUTATIONS IN MDS

MDS is a clonal stem cell disorder characterized by
ineffective production of myeloid lineage cells with
associated dysplasia that can involve one or more
myeloid lineages. There are multiple subcategories of
MDS, including refractory cytopenia with unilineage
dysplasia, refractory anemia with ringed sideroblasts
with associated thrombocytosis, refractory cytopenia
with multilineage dysplasia, refractory anemia with
excess blasts I and II, 5g-syndrome, myelodysplasia
(unclassifiable), and refractory cytopenia of child-
hood. Approximately one-third of MDS patients
progress to AML over time. Fewer than half of
MDS patients have chromosomal abnormalities, and
balanced translocations are rare.

Nevertheless, the first report of a RUNXI
mutation in MDS was a balanced translocation,

the t(3;21)(g26.2;q22).% However loss-of-function
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RUNXI mutations are far more common in MDS,
and numerous reports have documented them 89091
At the time of writing the most recent report was a
mutational screen in 439 MDS patients for a broad
array of cancer-associated genes, in which muta-
tions in RUNXI along with 17 other genes were
identified.”? RUNX1 mutations were the third most
frequent (8.7%), surpassed only by mutations in the
epigenetic regulators 7E72 (20.5%) and ASXL1
(14.4%). A multivariate analysis that included risk
stratification using the International Prognostic
Scoring System?® showed that mutations in RUNXT,
ASXL1, TP53, EZH2, and ETV6 were independent
predictors of poor overall survival in all but the high-
est risk category. Mutations in RUNX1, TP53, and
NRAS correlated with severe thrombocytopenia and
elevated blast counts, but not with neutropenia or
anemia. Loss of function Ruznx] mutations in mice
affect megakaryocyte but not granulocyte or erythroid
differentiation, consistent with the MDS phenotype
seen in human patients with RUNXI mutations. A
13.8% frequency of RUNXI mutations was reported
in an earlier study of 188 MDS + CMML patients.**
Samples from MDS patients who progressed to sec-
ondary AML (s-AML) were analyzed for mutations
at both stages.”*% In most cases RUNXI mutations
were present in both the MDS and s-AML samples,
and in a smaller number of cases RUNXI mutations
were found in the s-AML but not in the antecedent
MDS. Thus RUNXI mutations are likely to be early
events in many cases, but can also be later events in
disease progression. Conversion from mono- to bial-
lelic RUNX1 mutations was also observed in several
s-=AML samples, either through acquisition of an
independent mutation or uniparental disomy.”

In the fourteen samples in the Bejar et al.” study
that had mutations in addition to RUNXI, they
were most often in TET2 (12), ASXL1 (12), EZH2
(8), and NRAS (6), and there was no overlap with
mutations in 7P53, JAK2, ETV6, IDH1/2, NPM1,
GNAS, BRAF, PTEN, or CDKN2A. Thus although
the types of mutations in RUNXZ found in AML
and MDS were similar, the cooperating mutations
were distinct. In general, very few activated tyrosine
kinases were identified in MDS, confirming the pre-
vious hypotheses that MDS is generally associated
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with class II mutations and mutations in epigenetic
regulators and MPD is generally associated with
class I mutations.

An intriguing observation is that loss of function
RUNXI mutations in MDS are highly correlated
with previous exposure to radiation, both therapeutic
and accidental, the latter in atomic bomb survivors
and individuals who lived in close proximity to the
Semipalatinsk nuclear test site in what today is
Kazakhstan.?% The close association of RUNXI
mutations with radiation suggest either that the
RUNX1 gene is particularly sensitive to DNA dam-
age following radiation or that preexisting RUNX1
mutations may predispose patients to M DS following
DNA damage.

RUNX1 mutations were also recently described
in Fanconi anemia (FA) patients, who have a 30-40%
probability of developing MDS and AML by age
40.7 A screen of 57 FA bone marrows for chro-
mosome copy-number changes and mutations in
common MDS/AML genes (TET2, CBL, NRAS,
TP53, RUNX1, CEBPA, NPM1, FLT3, and MLL)
found that the somatic acquisition of only three
abnormalities correlated with MIDS/AML in FA
patients: 3q+, 7/7q-, and RUNXI translocations,
deletions, and mutations.”®

VI. RUNX1 MUTATIONS IN CMML

CMML has overlapping features of MDS and
myeloproliferative neoplasms, including peripheral
monocytosis > 1 x 10°/L, <20% blood or bone mar-
row blasts, and bone marrow dysplasia in one or
more myeloid lineage. CMML progresses to AML
in 15-20% of patients. CMML is a relatively rare
disease, thus sequencing studies of the scale described
above for AML and MDS have not been performed.
In a smaller-scale analysis by the Munich Leukemia
Group, mutations in 7E7, CBL, NRAS, KRAS, JAK2,
RUNX1, and MPL were interrogated in 81 CMML
samples.”” The majority (72.8%) of CMML samples
had a mutation in 7E7T, CBL, NRAS, KRAS, JAK2, or
RUNX1, with RUNX1 mutations in 8.6% of patients.
RUNXI mutations in this study were not found to
be of prognostic relevance. Another analysis was
performed in a Taiwanese population, and RUNXI
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mutations were found in 30/81 patients (37%).
Both were unselected groups with a preponderance
of elderly patients. In the Taiwanese cohort, there
was a trend toward faster progression to AML in
the RUNXI mutated group, which was especially
pronounced when RUNXI mutations occurred in
the C-terminus.5¢

VIl. RUNX1 MUTATIONS IN FPD/AML

FPD/AML is an autosomal dominant disorder
caused by mutations in RUNXI. Many but not all
FPD/AML patients have low platelet counts or
platelet activation defects.'®»1%! The penetrance of
MDS/AML in FPD/AML patients is >40%, with
a median age of incidence of 33 years.1®? Large
intragenic deletions in RUNXI in FPD/AML
established haploinsufficiency is one mechanism
for the disease,® but mutations are also frequently
found in the Runt domain. FPD/AML is clearly an
intriguing syndrome and an improved understand-
ing of the pathogenesis of MDS and AML in this
disorder would seem to be key for unraveling the
mechanisms underlying RUNX7 mutant AML and
MDS in general. However, the ability to gain more
insight into the pathogenesis of MDS/AML in FPD/
AML has been hampered by small patient numbers

and the heterogeneity of the disease presentation.

VIIl. BIOCHEMICAL AND FUNCTIONAL
ANALYSES OF RUNX1 MUTATIONS

'The majority of RUNX1 mutations can be categorized
based on their potential impact on the protein (Table
1). These include 1) large deletions; 2) mutations
resulting in truncation within the Runt domain; 3)
missense mutations in the Runt domain at the DNA
interface that affect DNA but not CBFf binding; 4)
missense mutations in the Runt domain at the CBFp
interface that affect CBFf but not DNA binding; 5)
missense mutations in the Runt domain that affect
both DNA and CBF binding through destabilizing
the Runt domain fold; 6) mutations that truncate
Runx1 C-terminal to the Runt domain and remove all
or part of the transactivation domain; and 7) missense
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mutations that are C-terminal to the Runt domain
(rare). It has been hypothesized that these various
mutations would have different biological effects,
with some behaving as loss of function (amorphic)
mutations, others as hypomorphic mutations, and
some as antimorphic mutations that could create
dominant interfering Runx1 proteins.

Matheny et al.’% compared different categories of
missense mutations in the Runt domain using both
biophysical and genetic approaches, and they could
confirm that mutations that perturbed CBFf binding
or the Runt domain fold resulted in hypomorphic
Runx1 alleles in mice, while a mutation that severely
impaired DNA but not CBFf binding generated a
weakly antimorphic allele. The mechanism for the
antimorphic activity was not clear, but it could involve
sequestering a limiting protein with a Runx1:CBFf
heterodimer that cannot bind DNA. The majority of
leukemia mutations in the Runt domain are at the
DNA interface, indicating that severe disruption of
Runx1 activity is more likely to be pathogenic.

Watanabe et al.'® compared mutations in the
Runt domain that affected DNA binding to a trun-
cation that was C-terminal to the Runt domain that
removed the transactivation domain by overexpressing
the mutant proteins in a bone marrow transplant
model. Both induced MDS, but with different
properties, in that the DNA binding mutant caused
leukocytosis while the C-terminal truncation mutant
caused leukopenia. Thus, different mutations indeed
contribute different biological properties to the Runx1
protein, and presumably to disease phenotype.

Most RUNXI mutations are mono-allelic, and
unfortunately a disease caused by mono-allelic muta-
tions has been very difficult to model in the mouse.
Although moderately (15%) decreased platelet counts
were reported in mice haploinsufficient for Runx1,1%
this was not reproduced in another lab,'® potentially
due to differences in genetic background of the mice.
More pronounced thrombocytopenia was observed
in mice homozygous for a hypomorphic Runxl
allele,'® suggesting that reducing the effective dos-
age by more than 50% may provide a strategy for
more faithfully modeling at least some aspects of
RUNX1 haploinsufficiency in human disease. Hence
one of the more interesting unresolved questions is
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TABLE 1. RUNX1 Mutations in AML, MDS, CMML, and FPD/AML

Mutation Affects Type
DNA CBFp Runt domain  Transactivation

binding binding fold
Large deletion Yes Yes NA Yes Amorphic
Truncation before or within Runt Yes Yes NA Yes Amorphic
domain
Missense mutation in Runt domain Yes Yes or no Yes or no Yes Antimorphic
at DNA interface? or amorphic
Missense mutation in Runt domain No Yes No Yes Hypomorphic
at CBFp interfaceb
Missense mutation in Runt domain, Yes Yes Yes Yes Hypomorphic
not at DNA or CBFf interfaceb
Truncation C-terminal to Runt No No No Yes Antimorphic
domain
Missense mutation C-terminal to No No No Yes Antimorphice

Runt domain®

2aCommon in leukemia. Mutations that affect DNA but not CBFf binding result in antimorphic alleles, and are
more common than those that affect both DNA and CBFf binding.

bRare in leukemia.
‘Presumed, not tested. NA, not applicable.

why mono-allelic RUNXT mutations would confer a
more adverse phenotype than t(8;21)? One possible
explanation is that mono-allelic RUNXI mutations
tend to occur in older AML patients, who may
have accumulated more cooperating mutations than
younger patients with t(8;21).

IX. CONCLUSION

Patients with t(8;21) and inv(16) for the most part
do well with standard induction and high-dose
cytarabine consolidation alone without the need for
allogeneic stem cell transplantation. However even for
these so-called favorable prognosis core binding factor
leukemias, long-term leukemia-free survival is only
50%.1% Prognosis for patients with RUNXI muta-
tions, which typically fall into the intermediate risk
cytogenetic categories (normal and non-complex),
is even worse. Our increased knowledge of core
binding factor mutations and function has not yet
resulted in novel therapeutic approaches. This may
be due, in part, to RUNXT role as a class II muta-

tion that may be involved in altering the expression
of a multitude of target genes. This is illustrated
by the recognition that t(8;21) AML is associated
with its own unique gene methylation profile that
is predictive of outcome.!” Similarly, the presence
or absence of a RUNX1 mutation in AML MO can
be ascertained through the use of gene expression
profiling, because RUNXT mutations result in altered
expression of key target genes in a reproducible
manner.'%® Given the multitude of potential Runx1
targets, one approach would be to focus on therapies
that alter expression of many target genes simulta-
neously, as is the case for hypomethylating agents
in MDS. A second approach would be to focus on
combinatorial therapies, simultaneously targeting the
class II effects of RUNX1 and the class I mutations in
tyrosine kinases that frequently accompany RUNX1,
such as the FLT3-ITD or activated KI7. One such
phase I trial is currently underway at MD Anderson
Cancer Center, in which the hypomethylating agent
5-azacitadine is being tested in combination with the
FLT3 inhibitor sorafenib in relapsed and refractory
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AML. A third approach would be to incorporate
knowledge about specific targets of Runx1 in AML:
a so-called “target the target” approach. For example,
a recent study showed that /K73 and RARA are
upregulated in AML MO0,'%® providing a rationale
for further investigation into the efficacy of small
molecules targeting these pathways. Given the dif-
ficulties in modeling leukemias with mono-allelic
Runx1 deficiency in the mouse (described earlier),
more robust RunxI deficient leukemia models are
needed, and could potentially be created by crossing
Runx1 haploinsufficient mice with mice carrying
tyrosine kinase mutations that are known to cooperate
with Runx1. Such improved models may ultimately
allow us to better “target the target.”

The incentive to engage in research with the
goal of unlocking the secrets of the pathogenesis
of AML with RUNXI mutations would also be
increased if we had an improved understanding of
the prognostic relevance of RUNXI mutations in
specific therapeutic situations. How does RUNX1
mutation status affect response to hypomethylat-
ing agents? FLI3 inhibitors> HDAC inhibitors?
'Therapy with high-dose anthracyclines or high-dose
cytarabine? In MDS? In AML? These questions
remain unanswered, as the prognostic relevance of
RUNX1 mutations have really only been examined
on a global level. Our knowledge about the role of
RUNX1 in AML has clearly made great strides since
Dr. Rowley identified the reciprocal translocation
between chromosomes 8 and 21 nearly 40 years ago,
but much remains undiscovered.
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ABSTRACT: The transcription factor CCAAT/enhancer binding protein o (C/EBPa) is a critical regulator of myeloid development,
directing granulocyte, and monocyte differentiation. As such, it is dysregulated in more than half of patients with acute myeloid
leukemia (AML). C/EBPa expression is suppressed as result of common leukemia-associated genetic and epigenetic alterations such as
AML1-ETO,BCR-ABL,FLT3-ITD, or CEBPA promoter methylation. In addition, 10-15% of patients with AML with intermediate
risk cytogenetics are characterized by mutations of the CEBPA gene. Two classes of mutations are described. N-terminal changes
result in expression of a truncated dominant negative C/EBPap30 isoform. C-terminal mutations are in-frame insertions or deletions
resulting in alteration of the leucine zipper preventing dimerization and DNA binding. Often, patients carry both N- and C-terminal
mutations each affecting a different allele, and a mouse model recapitulates the human phenotype. Patients with mutated CEBPA
AML comprise a clinically distinct group with favorable outcome consistently seen in patients with biallelic mutations. In addition,
C/EBP family members are aberrantly expressing from the immunoglobulin heavy chain locus in 2% of pre-B ALLs. This review
summarizes the normal hematopoietic developmental pathways regulated by C/EBPo and discusses the molecular pathways

involved in mutated CEBP4 AML and ALL.

KEY WORDS: leukemia, myeloid, differentiation, hematopoiesis

ABBREVIATIONS

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BR-LZ or bZIP, basic region-leucine zipper;
C/EBPa, CCAAT/enhancer binding protein a; CMP, common myeloid progenitor; GMP, granulocyte-monocyte
progenitor; HSC, hematopoietic stem cell; miRNA, microRNA; TAD, trans-activation domain

I. REGULATION OF NORMAL MYELOID
DEVELOPMENT BY C/EBPa

A. The Biochemistry of C/EBPa

CCAAT/enhancer binding protein o (C/EBPa)
contains 358 amino acid residues, with the intron-
less human CEBPA gene located on chromosome
19q13.1. C/EBPa has an a-helical, 86 residue,
C-terminal basic region-leucine zipper (BR-LZ or
bZIP) DNA-binding domain.! The LZ contains a
hydrophobic surface that allows homo-dimerization
or hetero-dimerization with other bZIP proteins
as a coiled-coil structure, thereby positioning the
more N-terminal BR to enter the major groove and
contact DNA (Figure 1).2 Additional members of
the C/EBP family of bZIP transcription factors
include C/EBPp, C/EBPS, and C/EBPe. C/EBP

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

as obligatory homo- or hetero-dimers bind the
DNA motif 5'-T(T/G)NNGNAA(T/G). C/EBP
proteins also heterodimerize with members of the
CREB or AP-1 families of bZIP proteins to bind
hybrid DNA elements.>* Once bound to DNA, C/
EBPa activates transcription via its two N-terminal
trans-activation domains.®

Full-length C/EBPa is 42 kd in molecular
weight. Initiation of translation from an internal
ATG located at amino acid 120 of the human protein
leads to co-expression of a shorter, 30 kd isoform in
a subset of normal tissues, though typically the p30
isoform is less abundant (Figure 1).6 C/EBPop30
retains the ability to dimerize and bind DNA but
lacks a potent trans-activation domain (TAD),
allowing the p30 isoform to dominantly inhibit
trans-activation by C/EBPai42, at least for a subset
of C/EBP target genes.
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TAD1 TAD2 BR Lz
1 70 97 127 200 278 358
120
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FIGURE 1. Diagram depicting C/EBPayp42, truncated C/EBPap30, and the location of C/EBPalZ in-frame insertions and dele-
tions. BR, basic region; LZ, leucine zipper; TAD, trans-activation domain.

B. The Biology of C/EBPa During Normal
Myelopoiesis

Within hematopoiesis, C/EBPa is specifically
expressed in granulocytes, monocytes, and eosino-
phils,” though it is also found in hepatocytes, adi-
pocytes, and type II pneumocytes.® Low-level C/
EBPa expression is detectable in the hematopoi-
etic stem cell (HSC) population, and expression
increases as these cells develop into the common
myeloid progenitor (CMP) and subsequently into
the granulocyte-monocyte progenitor (GMP); C/
EBPa levels finally diminish as immature myeloid
cells mature to neutrophils or monocytes.”? Deletion
of the C/EBPa gene leads to arrest at the CMP to
GMP transition, with reduced formation of both
granulocytes and monocytes.” When expressed in
32Dcl3 cells, representative of granulocytic pro-
genitors, exogenous C/EBPa directs granulopoiesis. 1
However, transduction of marrow cells with C/
EBPa leads to increased monopoiesis at the expense
of granulopoiesis;!! this may reflect formation of
C/EBP:AP-1 heterodimers, as C/EBPa proteins
containing artificial acid and basic LZs that force
their homodimerization do not induce increased
monopoiesis, whereas forced heterodimerization of
C/EBPa with c-Jun or c-Fos strongly favors mono-
cytic development.!? Induction of AP-1 proteins in
myeloid cell lines using phorbol ester or IL-6 allows
formation of endogenous C/EBP:AP-1 complexes

during monopoiesis, whereas C/EBPa homodimers
are more abundant in cells undergoing granulopoiesis
in response to G-CSFE.3 Reduced levels or activity
of C/EBPa may be sufficient for monopoiesis via
interaction with AP-1 proteins but not for granu-
lopoiesis, as suggested by the finding that absence of
RUNX1 or NF-xB p50 leads to approximately 25%
of normal C/EBPa protein expression in marrow
and diminished granulopoiesis.!3

In addition to interacting with AP-1 proteins,
C/EBPo may stimulate monopoiesis by inducing
transcription of the PU.1 gene via interaction with
its promoter and -14 kb distal enhancer.'*'> Notably,
in contrast to C/EBPa reduced PU.1 protein levels
due to gene or enhancer deletion favors granulopoi-
esis over monopoiesis,'®'® and exogenous C/EBPa
induces granulopoiesis rather than monopoiesis in
marrow cells lacking the PU.7 distal enhancer.’ A
summary of the transcriptional control of myeloid
development by RUNX1, C/EBPa, PU.1 and coop-
erating factors is shown (Figure 2).

As a major regulator of differentiation C/EBPa
has a strong anti-proliferative effect,’? and in
myeloid cells it inhibits the progression from G1 to S
phase.!% This effect is independent of DNA binding?!
and occurs at least in part through protein:protein
interaction with E2F mediated by the basic region.?
As aresult, C/EBPa down regulates pro-proliferative
transcription factors such as c-Myc. 2 Inhibition
of cell cycle is part of the differentiation program
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/v PU.1 — > MONOCYTES

IN
RUNX1 T ‘??
C/EBPo. ———» GRANULOCYTES
NF-xB p50

FIGURE 2. Model for the transcriptional control of myeloid
development by RUNX1, C/EBPa, and PU.1. RUNX1 stimulates
transcription of the genes encoding C/EBPo. and PU.1, and
C/EBPa. also activates the PU.1 gene. C/EBPa. then hetero-
dimerizes with AP-1 proteins and cooperates with PU.1 to
favor monopoiesis, whereas C/EBPa. homo-dimers cooperate
with NF-kB p50 to favor granulopoiesis.

induced by C/EBPa but is not sufficient by itself
to direct terminal differentiation.?!

Cytokine signals cooperate with C/EBPa to
regulate myeloid development. Study of individual
GMP exposed to G-CSF or M-CSF demonstrates
that these cytokines not only provide survival and
proliferative signals but also contribute to lineage
specification.?* Comparison of M-CSF with G-CSF
signaling in lineage-negative marrow cells demon-
strates that M-CSF more potently activates ERK
via PLCy, whereas G-CSF more potently activates
STAT3 and specifically induces SHP2 tyrosine
phosphorylation.? Moreover, ERK inhibitors reduce
formation of monocytic progenitor colonies whereas
a SHP2 inhibitor reduces formation of granulocytic
colonies. shRNA-mediated knockdown of SHP2
similarly reduces granulopoiesis via inhibition of
CEBPA gene transcription.?® G-CSF activation
of SHP2 may increase CEBP4 mRNA expression
due to the ability of SHP2 to increase the activity
of RUNX1,%” with RUNX1 then directly inducing
CEBPA gene transcription.’® ERK phosphorylates C/
EBPa serine 21, reducing the activity of C/EBPa,
perhaps by weakening its N-terminal TAD.?® Par-
tial inactivation of C/EBPa by ERK downstream
of M-CSF receptor would be expected to favor
monopoiesis; in particular, weakened C/EBPa might
be incapable of directing granulopoiesis but remain
able to hetero-dimerize with AP-1 proteins to direct
monopoiesis.
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Il. C/EBPa DYSREGULATION DURING
MYELOID TRANSFORMATION

Two mechanisms affect C/EBPa function in AML:
reduced expression as a downstream result of other
AML-related mutation or mutation of the CEBPA

gene.
A. Inhibition of C/EBPa in AML

Inhibition of C/EBPa expression or activity occurs
via several mechanisms in different subsets of AML.
As discussed above, deletion of the RUNX1 gene
reduces CEBPA expression, and RUNX1 might
directly activate CEBPA transcription. Related to
these findings, mutation of RUNX1 leading to
reduced RUNX1 levels or expression or fusion
proteins that dominantly inhibit RUNX1 activity
occurs in at least 30% of AML cases.? In particular,
t(8;21) leads to expression of RUNX1-ETO, which
binds DNA via RUNX1 cis elements to repress
target expression; inv(16) leads to expression of
CBFB-SMMHC, which interacts with RUNX1 to
either sequester RUNX1 off chromatin or inhibit
its activity on chromatin; t(3;21) expresses RUNX1-
MDS1/EVI1, which also inhibits RUNX1 activity;
and point mutations that inactivate RUNX1, the
majority heterozygous, are present in a subset of
patients.?>® RUNX1-ETO directly represses the
CEBPA promoter, and blasts from patients with
t(8;21)-associated AML indeed have reduced C/
EBPa protein levels.*! Abnormal expression of EVI1
through translocations involving chromosome 3, is
associated with high risk for AML or MDS. EVI1
tusion protein expression is associated with transla-
tional suppression of C/EBPa expression. 32
Signaling pathways activated in AML can inhibit
C/EBPo. expression or activity. The activated receptor
tyrosine kinase receptor mutant, FLI'3-ITD, found in
30% of AML cases, reduces CEBPA transcription and
leads to ERK modification of C/EBPa S21 to reduce
the activity of C/EBPa.333* BCR-ABL, an intracellular,
constitutively active tyrosine kinase, inhibits transla-
tion of the CEBPA mRNA.* Trib2 induces C/EBPa
proteosomal degradation, dependent upon interaction

with COP1.%
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CEBPA promoter methylation is found in half
of AML cases, often as the indirect consequence of
several of the above mechanisms that down-modulate
CEBPA transcription, and it is most commonly
associated with inv(16) and t(15;17).” In addition,
a subgroup of AML whose gene expression profile
aggregates with mutated CEBR4 AML is character-
ized by CEBPA silencing through promoter hyper-
methylation and expression of T cell markers. The
majority of these patients harbor activating NOT'CH1
mutations and have poor outcome.3%3?

Finally, the CEBPA gene open-reading frame
itself is subject to mutation in approximately 10%
of AML cases. Biologically and clinically this is a
distinct subtype of AML as recognized in the 2008
World Health Organization classification of myeloid
neoplasms* and elaborated on the next section.

B. CEBPA Gene Mutation in AML

As a key regulator of myeloid differentiation CEBPA
is mutated in approximately 5-15% of patients with
AML.4 Two categories CEBPA mutations are
found in AML cases (Figure 1).#>* Interestingly, C/
EBPa null mutations are rare, and the mutated pro-
teins are expressed by the leukemic blasts, suggesting
a selective pressure and an active role in leukemogen-
esis for the mutated C/EBPa proteins. N-terminal
mutations typically lead to premature termination
and translational reinitiation at methionine 120, lead-
ing to expression of the N-terminally-truncated C/
EBPop30, lacking a major TAD. C/EBPoap30 retains
the capacity to bind DNA and to hetero-dimerize
with C/EBPoap42, thereby dominantly inhibiting
C/EBPop42-mediated trans-activation. In addition,
C/EBPop30 induces expression of Ubc9, an E2
conjugating enzyme, which in turn sumoylates C/
EBPap42 on lysine 161. Sumoylated C/EBPap42
has reduced capacity to activate transcription or
slow proliferation.**” C-terminal mutations typi-
cally occur in the vicinity of the first a-helix of the
LZ, preventing dimerization and therefore preclude
DNA-binding. Strikingly, these C/EBPalLZ variants
are in-frame insertions or deletions, indicating that
the resulting proteins contribute to leukemic trans-
formation. Indeed, although they themselves cannot
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bind DNA, several C/EBPoaLZ oncoproteins inhibit
apoptosis via induction of bel-2 or Flice inhibitory
protein, dependent upon interaction of their BR
with NF-kB p50 bound to DNA in the promoter
regions of these target genes.*s*’ Interaction of C/
EBPaLZ oncoproteins with NF-xB p50 displaces
HDAC:sS, inducing transcriptional derepression, with
the C/EBPa TAD then directing transcriptional
activation.*

In two-thirds of AML cases harboring CEBPA
gene mutations, one allele harbors an N-terminal
variant and the other allele a C-terminal variant.
Of note, in a mouse model, C/EBPap30 and a C/
EBPaLZ oncoprotein synergistically contribute to
AML formation.!

Patients with mutated CEBR4 AML typically
present with myeloblastic French-American-British
types M1 or M2 morphology and associated with
the following immunophenotype: HLA-DR(+),
CD7(+), CD13(+), CD14(-), CD15(+), CD33(+),
CD34(+).4-452 CEBPA mutations occur almost
exclusively in patients with intermediate-risk cyto-
genetics and predominantly in those with normal
karyotype. Moreover, other class II mutations such
as core binding factor (CBF) leukemia, mutated
NPM1, or MLL-PTD only rarely overlap with
mutated CEBPA. 41434553

Multiple cooperative groups reported that
patients with mut CEBPA have significantly improved
outcome compared to wtCEBPA, in par with patients
with favorable risk cytogenetics, such as CBF leuke-
mia. Further analysis of several,>>7 but not all,**7
studies suggests that this benefit is restricted to
patients with biallelic mutations. Further, patients
with biallelic CEBPA mutations have a specific gene
expression pattern, while monoallelic mutations do
not aggregate in a specific pattern. °%>” Of particular
importance to risk stratification of normal karyotype
AML is the interplay of several prognostic markers.
For example, mutated NPM1/wt-FLI3 cases have
a favorable outcome while wt-NPMI1/FLT-ITD is
associated with a dismal prognosis. NPM1 is rarely
mutated in patients with biallelic mutCEBPA, and
these patients have a 2—4-fold lower incidence of
FLT3-ITD.#:45357 Interpretation of the combinato-
rial effect of FLT3-ITD and mutCEBPA is compli-
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cated by inconsistent analysis of mono vs. biallelic
mutations and FLT3-ITD allelic ratio. However,
in several reports mutCEBPA predicts favorable
outcome independent of FLI'3 status.*:43°7-5% The
incidence of FLT3-ITD or mutated NPM1 is similar
in wtCEBPA and monoallelic mutCEBPA.>%7

Germline CEBPA N-terminal mutation were
found in pedigrees with familial AML, and progres-
sion to AML is typically associated with acquisition
of a somatic C-terminal mutation.”%¢! Importantly,
approximately 10% of patients with mutCEBPA
AML harbor a germline mutation.*”!

MicroRNAs (miRNA) are small (20-22 bp)
noncoding RNAs that play a key role in transcriptional
regulation. miRNAs silence target genes by binding
untranslated regions of mRNA, resulting in transla-
tion inhibition or cleavage of coding mRNA. Several
miRNAs are induced by C/EBPa in the course of
normal myeloid differentiation.®*** Dysregulation of
miRNA expression is increasingly appreciated as a
common feature of cancer. Global miRNA expression
patterns accurately classify molecular subtypes of AML,
including mutCEBPA leukemia that is characterized by
down-regulation of multiple miRNAs including the 181
family and miR-34a.5% C/EBPa. induces expression
of miR-34a to silence E2F3 and suppress proliferation
during normal granulopoiesis. Restoration of miR-34a
expression in mutCEBPA AML blasts slows prolifera-
tion and induces differentiation.**

In contrast to RUNX1 and CEBPA, mutation of
the PU.1 gene is rare in AML cases, despite the finding
that deletion of the PU.1-14 kb distal enhancer in mice
leads to 20% of control PU.1 expression and highly
penetrant AIML.?® Nevertheless, as both RUNX1 and
C/EBPa activate the PU.1 distal enhancer,'>% their
diminished expression or activity would be expected
to lead to reduced PU.1 levels, contributing to AML
formation.

In addition to stimulating myeloid differentia-
tion and inhibiting apoptosis in cooperation with
NF-xB p50, C/EBPa inhibits G1 to S cell cycle
transition via direct interaction with E2F in myeloid
progenitors, and this effect requires integrity of the
C/EBPo N-terminus via an unclear mechanism.0-22
'Thus, reduced C/EBPa expression or its N-terminal
mutation might contribute to the myeloid transfor-
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mation in part via removal of this cell cycle inhibi-
tory effect.

lll. C/EBPa OVEREXPRESSION IN ACUTE
LYMPHOBLASTIC LEUKEMIA (ALL)

Within hematopoiesis, C/EBPa is restricted to
the myeloid lineages and it is not expressed in
lymphocytes or their progenitors or in the eryth-
roid/megakaryocytic lineages.” Moreover, ectopic
expression of C/EBPa leads to supression of Pax5,
a central transcription factor in B-cell development,
and redirects the fate of B cells into macrophages.®’
Overexpression of wild-type C/EBPa occurs in
B precursor ALL carrying the t(14;19)(q32;q13)
translocation which juxtaposes CEBPA and the
immunoglobulin heavy chain enhancer locus.®® The
leukemic blasts from patients with pre-B ALL
carrying this translocation express high levels of
wild-type C/EBPa. mRNA and protein.®® Impor-
tantly, no mutations were found in CEBP4, and the
AML-associated p30 isoform* was not excessively
expressed. Akasaka et al. extended these findings and
demonstrated involvement of other C/EBP family
members in translocations with the IgH locus in
pre-B ALL patients, and consequently overexpres-
sion of wild-type C/EBPa, C/EBPf, C/EBP9, C/
EBPe, or C/EBPy in approximately 2% of patients
with pre B ALL.% The similar phenotype resulting
from translocations of the various C/EBPs suggests
an important role for the bZIP domain that is highly
conserved among the different family members. Of
note, this region mediates protein:protein interaction
with NF-xB p50 and consequent induction of bcl-2

and FLIP and protection from apoptosis.?>#849

IV. SUMMARY

C/EBPa is a key mediator of normal myeloid dif-
ferentiation, contributing to both granulopoiesis and
monopoiesis. C/EBPa also inhibits cell cycle progres-
sion and stimulates cell survival in cooperation with
NF-kB p50. Alterations in the CEBPA gene or in
pathways that down-modulate C/EBPa expression at
the transcriptional, translational, or posttranslational
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levels likely contribute to myeloid transformation
by inhibiting myeloid differentiation while favoring
myeloid progenitor cell cycle progression. In addi-
tion, C/EBPap30, C/EBPalZ variants, or residual
wild-type C/EBPo. may also contribute to myeloid
transformation by inhibiting apoptosis. Restoration
of C/EBPa expression in AML might provide a
means to induce cell differentiation and slow cell
proliferation to contribute to AML therapy.
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ABSTRACT: NOTCHI is a well-validated target in hematopoietic malignancy, with NOTCHI activating mutations identified
in more than 50% of T-cell acute lymphoblastic leukemias. Moreover, a recent report has identified NOT'CHI activating muta-
tions in 12% of chronic lymphocytic leukemias. While the frequency of NOTCHI mutations and the well-documented role of
this protein in the pathogenesis and maintenance of T-ALL support targeting NOTCH1 as a therapeutic strategy, the critical
role of this protein in normal cell-fate specification and differentiation lead to complexities in its successful targeting. In this
review, we will discuss potential approaches to targeting NOTCHI1 in hematopoietic malignancies, including inhibition of the
enzymes involved in its activation, antibodies directed against either the receptor or its ligands, and direct interference with the
NOTCH1 transcriptional complex. Moreover, we will discuss the challenges to each of these approaches as well as potential
solutions to overcoming these difficulties.

KEY WORDS: NOTCH1, T-ALL, targeted therapy, T-cell acute lymphoblastic leukemia, y-secretase inhibitors.
ABBREVIATIONS

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ANK, ankyrin; CSL, CBF1/RBP-Jk/suppressor
of hairless/LAG-1; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; CCND2, cyclin D2;
DLLA4, delta-like ligand 4; EGFR, epidermal growth factor receptor; EGF-like, epidermal growth factor-like motifs;
GE-HTS, gene expression-based high-throughput screening; GSI, y-secretase inhibitor; HD, heterodimerization
domain; IDENTTTY, interrupting Alzheimer’s dementia by evaluating treatment of amyloid pathology); KLF4,
Kruppel-like factor 4; LBD, ligand-binding domain; LMA, ligation-mediated amplification; LNR, LIN12/NOTCH
repeats; MAML, mastermind-like; NSCLC, non-small cell lung cancer; ICN, NOTCH intracellular domain; NRR,
NOTCH negative regulatory region; N¥¢, NOTCH non-covalently associated extracellular domain; N™ NOTCH
transmembrane domain; PEST domain, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich sequence;
RAG, recombination activating gene; RAM, RBP-Jk-associated module; SAHM1, stapled a-helical peptides derived
from MAML1; T-ALL, T-cell acute lymphoblastic leukemia; TCRB, T-cell receptor f3; TAD, transactivation domain;
VEGE, vascular endothelial growth factor

I. INTRODUCTION

myelogenous leukemia (CML) ushered in a new
era in the treatment of cancer with so-called “tar-

Great strides have been made in treating cancer
with multiagent cytotoxic chemotherapy, such as the
treatment of pediatric acute lymphoblastic leukemia
(ALL). However, we remain without curative therapy
for many malignancies, and even in the case of
pediatric ALL we have reached a plateau in survival
rates. Moreover, for those who are cured, therapy-
related toxicity can be life-long. New approaches to
cancer treatment are needed. The success of imatinib
in the treatment of BCR-ABL-rearranged chronic

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

geted” therapies.? While the activity of imatinib in
CML has been dramatic, response to other targeted
agents has been both tempered and complex, such
as response to FLT-3 inhibitors in acute myeloid
leukemia (AML)3 and response to epidermal growth
factor receptor (EGFR) inhibitors in non-small cell
lung cancer (NSCLC).** In this review, we focus on
an emerging target in both hematological malignan-
cies and solid tumors: NOTCH1. We discuss the
role of NOTCH1 in normal hematopoiesis, the data
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FIGURE 1. Structure of NOTCH1 receptor. The functional domains of NOTCH1 are annotated. During maturation,
NOTCH1 is cleaved by furin producing a heterodimeric complex consisting of two subunits: the non-covalently
associated extracellular (NE¢) and the transmembrane (N™) subunits. The NE¢ contains EGF-like repeats that bind
to NOTCH ligands, three NOTCH/LIN-12 repeats (LNR), and the heterodimerization domain (HD-N). The HD-N
interfaces with the heterodimerization domain (HD-C) of the NEC to maintain a stable association of NE€ and N™
subunits. N™ subunit also contains the transmembrane domain (TM), the RAM domain, a series of ankyrin (ANK)
repeats, a transactivation domain (TAD), and a C-terminal PEST domain (proline (P), glutamic acid (E), serine (S),

and threonine (T) rich) sequence.

supporting a driver role for NOTCHI1 in hemato-
logical malignancies, and potential approaches and

challenges to targeting NOTCHI1.

IIl. NOTCH STRUCTURE AND ACTIVATION

NOTCH receptors mediate a conserved signaling
pathway critical in controlling cell fate specifica-
tion, stem cell maintenance, and differentiation.®
In mammals, the NOTCH family includes four
transmembrane class I receptors (NOTCH 1-4).
NOTCH proteins are synthesized as single precur-
sors (proNOTCH1) and are cleaved by a furin-
convertase activity (S1) in the trans-Golgi network,
resulting in a heterodimer receptor consisting of a
non-covalently associated extracellular domain (NEC)
and a transmembrane subunit (N™) interacting via
a heterodimerization domain (HD) (Figure 1).” The
NEC domain contains repeated epidermal growth
factor-like motifs (EGF-like), critical for the ligand
binding, followed by cysteine rich LIN12/NOTCH
(LNR) repeats. Along with the HD, these LNR
repeats prevent spontaneous activation of the receptor
in the absence of a ligand. The N™ subunit contains
a RAM domain, nuclear localization signals, seven
tandem ankyrin repeats, a transcriptional activation
domain and a C-terminal PEST sequence that medi-
ates NOTCH stability and turnover.

In mammals, canonical NOTCH signaling
requires activation by ligands of the Delta (Delta-
like 1, 3, and 4) and Jagged/Serrate (Jagged 1 and
2) families expressed on the surface of neighboring
cells. Ligand binding initiates two consecutive pro-
teolytic cleavages and endocytosis of the receptor.
The first cleavage is mediated by ADAM10 (and
possibly ADAM17 in some contexts) and occurs
just external to the transmembrane domain site of
N™ at site S2. The second cleavage (S3) occurs
within the transmembrane domain and is medi-
ated by y-secretase, a complex composed of four
proteins: presenilin, nicastrin, APH-1, and PEN-2.
This highly regulated process culminates with the
release of the NOTCH intracellular domain (ICN).
After translocation to the nucleus, ICN binds the
DNA-binding factor CSL and recruits co-activators
of the mastermind-like (MAML) family, forming
a complex that activates the transcription of target
genes such as MYC, DTX1, and HES]I.

A. NOTCH1 in T-Cell Development

In hematopoiesis, the NOTCH signaling pathway
is central to cell-fate commitment and differentia-
tion. The best characterized function of NOTCH1
in hematopoiesis is its essential role in T-cell fate
specification.? Early lymphocyte progenitors require
NOTCH1 activation for T-cell commitment as
demonstrated by the absence of T  cells and increased
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intrathymic B cells with deletion of NOT'CH1 prior
to T-cell commitment.® Later stages of T-cell matu-
ration are also NOTCH1 dependent. NOTCH1
signals support pro-T cell to pre-T-cell maturation
and progression through the DN1, DN2, and DN3
phases.!® NOTCHI1 signaling also regulates 7CRB
gene rearrangements and lineage specification
between af} versus Y0 lineages.!13

B. Activating NOTCH Mutations in
Hematological Malignancies

'The oncogenic role of NOTCH1 was first identified
through its involvement in a rare, recurrent chro-
mosomal translocation t(7;9)(q34;q34.3) in T-cell
acute lymphoblastic leukemia (T-ALL).1*% This
translocation fuses the 3" end of NOT'CH1 with the
TCR? locus, resulting in the synthesis of truncated
and constitutively activated NOTCH1 polypeptides.
In 2004 Weng et al. discovered activating NOTCH1
mutations in 55-60% of human T-ALLs, making
NOTCHI mutations the most common genetic
alteration reported in this disease.’ The majority
of NOTCHI mutations are located in either the
HD or PEST domains. Class 1 HD mutations are
single amino acid substitution or in frame insertions
or deletions generating a constitutively active form
of NOTCHI1 that does not require ligand activa-
tion.%17 A second group of HD mutations (class
2) are longer tandem duplications located in exon
27 that result in high levels of ligand-independent
activation of NOTCHI1 by creating an unprotected
S2 cleavage site.l” An additional class of mutations,
class 3, was described more recently by Sulis et al.!®
These mutations consist of internal tandem duplica-
tions of exon 28 and adjacent intronic sequences in
the NOTCH1 gene, which result in expansion of the
extracellular juxtamembrane region of the NOTCH1
receptor.’® In contrast, mutations leading to the loss
of the PEST domain render ICN1 less susceptible to
proteosomal degradation.!® Similarly, more rare muta-
tions in FBXW7, a gene that encodes an ubiquitin
ligase, result in increased stability of ICN1.1%20
Additional lines of evidence indicate that aber-
rant activation of NOTCHI1 is a critical event
in T-ALL leukemogenesis (reviewed in Grabher
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et al.22and Aster et al.?*?*). For example, it has been
demonstrated that activated intracellular NOTCH1
is important for cellular transformation and tumor
progression and that the tumor initiating activity of
T-ALL primary blasts is dependent on NOTCH1
activation.'®25-28 Furthermore, Demarest et al. dem-
onstrated that in inducible mouse models MYC
cannot substitute for activated NOTCH1, indicat-
ing that multiple targets downstream of NOTCH1
contribute to the maintenance of leukemia.?

Further evidence that NOTCH activation
plays a key role in the pathogenesis of T-ALL is
demonstrated by the frequent finding of NOTCH1
mutations in murine models of T-ALL. NOTCH1
is a common site of proviral integration in murine
T-ALLs induced by retroviral mutagenesis,**3? and
spontaneous mutations in NO7T'CHI, many RAG-
mediated3? are common in T-ALLs arising in SCL/
LMO1,0LIG2/LMO1, OLIG2, LMO1,and NUP9S/
HOXD13 murine models.?* In addition, mice trans-
planted with hematopoietic progenitors transduced
with vectors driving the expression of ICN1 or the
NOTCH ligand Delta-like 4 develop T-ALL.35%
Moreover, O’Neil et al. described that in a mouse
model of 7A4LI-induced leukemia or in thymic
lymphomas in mice defective for H24X, TP53, and
RAG2 genes, the frequency of NOT'CHI mutations
ranged from 31% to 74%.%7

While activating NOT CH1 mutations have been
most commonly reported in T-ALL, NOTCH1
PEST domain mutations have also been reported
in 5.3 to 12.2% of chronic lymphocytic leukemia
(CLL).3%% In both publications, NOTCHI muta-
tions were associated with a low number of somatic
hypermutations in the variable region of immuno-
globulin genes and with a poor prognosis. Sporadic
cases of activating NOTCHI mutations in acute
myeloid leukemia (AML)* and NOT CH2 mutations

in lymphomas have also been reported.*
C. NOTCH Activation in Solid Tumors

Given the critical importance of NOTCH signaling
in a wide range of cell specifications, it is not surpris-
ing that alterations of this pathway are also reported
in non-hematological malignancies. In non—small-cell
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lung carcinoma, for example, Westhoft et al. reported
two major alterations in the NOTCH pathway: loss
of the expression of NUMB, a negative regulator of
NOTCH signaling, and gain-of-function NOTCH1
mutations in 6 of 49 samples evaluated.*? A role for
NOTCH signaling in human breast cancer has been
suggested by both the development of adenocarcino-
mas in the murine mammary gland upon NOTCHI1
activation®® and loss of NUMB-mediated negative
regulation of NOTCH signaling in 50% of human
mammary carcinoma.** Furthermore, activation of
NOTCH pathway components has been reported

in numerous other solid tumors.*

lll. APPROACHES TO INHIBITING NOTCH1

'The studies summarized above strongly support the
development of NOTCHI1 inhibitors for targeted
cancer therapy, particularly for T-ALL where recur-
rent NOT'CHI mutations are common and cancer
dependency has been established. Several approaches
to targeting NOTCH1 have been explored, including
the inhibition of the enzymes involved in its activa-
tion, the application of inhibitory antibodies, and the
direct inhibition of the NOTCH transcription factor
complex (Figure 2). Below, we discuss these strate-
gies, as well as the potential challenges in targeting
NOTCHI1 by each of these approaches.

A. y-Secretase Inhibitors

Over the past decade, inhibitors of y-secretase (GSI),
the enzyme critical in the final activation cleavage of
NOTCH1, have been investigated for cancer therapy.
GSIs were initially identified and developed for their
ability to block the generation of AP polypeptides,
a pathogenic feature of Alzheimer’s disease. With
the discovery of activating NOTCHI mutations
in T-ALL, GSIs have been repurposed to prevent
NOTCHLI receptor activation. Several studies have
confirmed the initial observation that GSI treatment
in T-ALL cells induces GO/G1 arrest along with a
rapid clearance of intracellular NOTCH1.1>1637:46
Based on these findings, a small phase I clinical trial
testing the Merck GSI MK-0752 was conducted.?
Six adult and two pediatric patients with leukemia
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(seven with T-ALL and one with AML) were enrolled
in this study. NOTCHI mutations were identified in
four of the seven T-ALLs. Treatment duration ranged
from 2 to 56 days before patients discontinued the
drug for disease progression or drug-related toxicity.
One patient with T-ALL and a NOTCHI activating
mutation achieved a 45% reduction in a mediastinal
mass but subsequently progressed by 56 days. Dose-
limiting gastrointestinal toxicity, primarily diarrhea,
was observed at drug doses of 300 mg/m?. It was
hypothesized that gastrointestinal toxicity was due
to blockade of NOTCH1 and NOTCH?2 in the gut
leading to intestinal secretory metaplasia, an increased
number of goblet cells and arrested proliferation in
the crypts of the small intestine.*?

Because of the limited anti-leukemic activity in
this trial and the severe gastrointestinal toxicity, stud-
ies were conducted to identify combination therapies
with GSIs. Real et al. demonstrated that gluco-
corticoid therapy in combination with NOTCH1
inhibition by GSIs improved the antileukemic
effect of GSIs as well as reduced their gut toxicity
in vivo.*>* Moreover, this combination abrogated
glucocorticoid resistance in T-ALL cell lines and
primary patient blasts and induced an apoptotic cell
death through induction of BCL2L11. Mice treated
with glucocorticoids and a GSI showed decreased
gastrointestinal toxicity mediated by the induction
of cyclin D2 (CCND2), a cyclin associated with
cell cycle progression, and by the downregulation
of Kruppel-like factor 4 (KLF4), a negative regula-
tor of the cell cycle that is required for goblet cell
differentiation.* Similar results were observed using
PF-03084014, a noncompetitive, reversible GSI
developed by Pfizer.>! This molecule was reported to
induce an anti-leukemic effect in vifro and in vivo
in T-ALL cell lines expressing mutant NOTCHI.
An intermittent dosing schedule of PF-03084014
attenuated gut toxicity, and the addition of gluco-
corticoids to PF-03084014 therapy also abrogated
PF-03084014-induced gastrointestinal toxicity in
mice. A dose escalating study to determine the safety
profile and maximum tolerated dose of PF-03084014
in patients with advanced cancer and leukemia is

ongoing (NCT00878189).
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FIGURE 2. Approaches to targeting NOTCH1. NOTCH1 is normally activated by a series of proteolytic cleavage
events beginning with the S1 cleavage by a furin-like protease resulting in the mature heterodimeric receptor.
NOTCH?1 is then activated by ligand on an adjacent cell leading to a metalloprotease cleavage at S2 followed by
cleavage at S3 by the y-secretase complex and the release of the activated form of NOTCH1, ICN1. ICN1 then
translocates to the nucleus where it associates with other transcription factors in a complex to alter gene transcrip-
tion. The activation of NOTCH1 enables several approaches to its inhibition, such as antibody-based targeting of
the ligand or receptor, inhibition of the enzymes involved in its maturation, and direct inhibition of the transcription

factor complex.

Although GSIs represent a rational approach
to target the NOTCH1 pathway, additional safety
concerns have emerged. In two phase III trials, the
IDENTITY and IDENTITY-2 studies (interrupt-
ing Alzheimer’s dementia by evaluating treatment
of amyloid pathology), LY450139 (semagacestat), a
GSI developed by Lilly, was compared with placebo
in more than 2,600 patients with mild-to-moderate
Alzheimer’s disease. An interim analysis reported in
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a press release by Lilly on August 17, 2010, revealed
that cognition and the ability to complete activities
of daily living actually worsened in patients treated
with semagacestat compared to those treated with
placebo. Moreover, data showed that semagacestat
is associated with an increased risk of skin cancer
compared with those who received placebo, likely due
to inhibition of NOTCH in the skin by chronic GSI

administration. Whether this risk will be ameliorated
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by intermittent, pulsed therapy with GSI, as would
be the schedule in cancer-directed therapy, is still
to be determined.

A tumor suppressor role for NOTCHI1 in the
skin has been supported by several prior studies.’3
In a tissue-specific inducible gene-targeting approach
to study the role of the NOTCHI receptor in the
adult mouse epidermis and the corneal epithelium,
loss of NOTCHI resulted in epidermal and corneal
hyperplasia, the development of skin tumors, and
enhanced chemical-induced skin carcinogenesis.”*
'The role of impaired NOTCH1 signaling in pro-
moting squamous cell carcinoma development was
supported by several additional studies,®¢ includ-
ing recent work suggesting that promotion of skin
tumorigenesis by NOTCH1 loss is through an impact
on the stromal microenvironment.>’

B. Antibody-Based Targeting of the
NOTCH1 Receptor

Because of the therapeutic challenges of GSI therapy
(inhibition of other signaling pathways, inhibition
of multiple NOTCH receptors, and gastrointestinal
toxicity) the development of NOTCH1-directed
antibodies has been explored. In one study, investiga-
tors identified two classes of antibodies with selectiv-
ity for NOTCH1 from cell-based and solid-phase
screening of a phage display library: one directed
against the EGF repeat region of the ligand-binding
domain (LBD) and the second directed against the
NOTCH negative regulatory region (NRR).*® The
antibodies were selective for NOTCH1, were bound
to NOTCH1 on human tumor cell lines, and inhib-
ited the expression of NOTCHI1 target genes. While
the NRR antibodies inhibited ligand-independent
signaling in heterologous cells expressing the more
common class 1 HD point mutations, they did not
antagonize rare class 2 or class 3 mutant receptors.
Moreover, the NRR antibodies were incomplete
antagonists of NOTCHI1 signaling and their effects
were weaker than GSI in T-ALL cell lines express-
ing class 1 mutations.

A second group used a similar phage display
strategy to generate antibodies which specifically
antagonize NOTCH1 versus NOTCH2. The anti-
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bodies were confirmed to stabilize the auto-inhibited
NRR and selectively block NOTCH1 in T-ALL cells
inhibiting growth in vitro and in a xenograft model of
class 1 mutant T-ALL.>® Moreover, the anti-NRR1
antibody deregulated angiogenesis. Interestingly, the
anti-NRR2 antibody alone did not affect intestinal
morphology while the anti-NRR1 antibody induced
modest goblet cell metaplasia. Combined therapies
resulted in weight loss and severe goblet cell meta-
plasia. These studies confirm that selective inhibi-
tion of NOTCH receptors with an antibody-based
approach is feasible, leads to decreased gut toxicity,
and has anti-tumor activity in NOTCHI mutant
models of disease.

C. Targeting NOTCH Ligands

An alternative strategy to ablate NOTCH activa-
tion is to inhibit NOTCH ligands. This approach
has been evaluated in solid tumor models with the
inhibition of delta-like ligand 4 (DLL4). DLL4 is
essential for normal embryonic vasculature develop-
ment,°*®! and its expression is increased with tumor
angiogenesis.®’"% One study by Noguera-Troise et al.
reported that the vascular endothelial growth factor
(VEGF) sustains high expression of DLL4 in the
tumor endothelial cells.** The authors then blocked
DLL4/NOTCH signaling using a retroviral approach
to express forms of DLL4 predicted to activate (full-
length membrane-bound DLIL4) or inhibit (the extra-
cellular region of DLL4 fused to the human IgG1 Fc
constant region) DLL4. In a C6 rat glioma model,
blockade of DLL4 by expressing DLL4-IgG1 Fc
compared to a full-length DLL4 resulted in decreased
tumor growth. Paradoxically DLL4 blockade resulted
in more highly branched and finely interconnected
vessels with increased tumor vascular density leading
to the hypothesis that the DLL4/NOTCH pathway
normally negatively regulates sprouting and branching
during tumor angiogenesis and that the increased
vascularity with NOTCH inhibition is “nonproduc-
tive.” Indeed, there was increased tumor hypoxia with
blockade of DLL4 and decreased vessel perfusion.
These results were recapitulated using adenovirus
expressing DLL4-Fc injected intravenously into a
C6 glioma mouse xenograft model.
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Similar results were described using YW152F; a
Genentech antibody which inhibits the interaction of
DLL4 and NOTCH but not an interaction with other
NOTCH ligands.®> YW152F had activity in multiple
solid tumor xenograft models and also induced a para-
doxical increase in tumor vascular density. Moreover,
because DLL4/NOTCH signaling is largely restricted
to the vascular system, short-term treatment was
well tolerated in mice with no evidence of gastro-
intestinal toxicity observed. Additional studies using
another antibody confirmed to inhibit DLL4-induced
NOTCH pathway activation, 21M18, demonstrated
anti-tumor activity in colon tumor xenografts.®® Fur-
thermore, treatment with 21M18 alone, or in combi-
nation with irinotecan, reduced tumor-initiating cells
and delayed tumor recurrence.

Although targeting DLL4 was well-tolerated and
efficacious in the treatment of solid tumors in short-
term treatment studies, recent reports raise concern
about chronic inhibition of DLIL4.6768 In particular,
Yan et al. evaluated the effect of chronic inhibition of
DLL4 in adult mice, rats, and cynomolgus monkeys
either using a DLL4-specific antibody or using the
antagonist soluble protein (DLL4-IgG1 Fc). The
authors observed changes in liver histopathology, such
as sinusoidal dilatation and centrilobular hepatocyte
atrophy after 3 to 8 weeks of treatment in mice and
monkeys. The development of subcutaneous vascu-
lar tumors was also observed in adult male rats.®
Similarly, in a model of sporadic NOT'CHI loss of
heterozygosity, Liu and colleagues observed wide-
spread vascular tumors and lethal hemorrhaging.®’
Again, as in the case of the chronic administration
of GSI, these studies raise safety concerns regarding
the chronic administration of inhibitors of NOTCH
signaling. Moreover, the targeting of ligand will not
be an effective strategy in the context of NOT'CHI
mutations in T-ALL rendering NOTCH1 activation
ligand independent.

D. Direct Inhibition of the NOTCH
Transcriptional Complex

Another approach to inhibiting NOTCH is to
directly modulate the transcription factor complex.
Historically, transcription factors have been consid-
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ered among the most chemically intractable of protein
targets because of their lack of hydrophobic pockets
and the challenge of designing high-throughput
screening assays to measure protein—protein or
protein-DNA interactions. New chemistry strategies,
however, may enable more effective targeting of this
challenging protein class. One alternative approach
to targeting pharmacologically intractable proteins
employs hydrocarbon stapling to generate peptides
with improved pharmacological properties compared
to unstapled peptides, including increased metabolic
stability, binding affinity and serum half-life.® A
hydrocarbon stapling approach was used to target
the NOTCHI1 transcriptional complex.”® It was
previously shown that a dominant negative fragment
of MAMLI1 antagonizes NOTCH signaling and
cell proliferation in T-ALL cell lines %72 and forms
an a-helix engaging an elongated groove resulting
from the interaction of ICN1 and CSL.” In light
of these findings, Moellering et al. hypothesized
that the NOTCH transcriptional complex might
be amenable to targeting with hydrocarbon-stapled,
o-helical peptides whereby a stapled dnMAML1
fragment might impair binding of MAMLI to the
ICN1-CSL complex. In a proof-of-concept study,
they demonstrated that SAHM1 (stapled o-helical
peptides derived from MAML1) prevents assembly of
the NOTCHI1 transcriptional complex and inhibits
the expression of NOTCHI target genes. Moreover,
SAHM1 treatment resulted in anti-leukemia activity
in vitro and in vivo in NOTCHI mutant T-ALL.
While this peptide approach has not yet been tested
in human clinical trials, Aileron Therapeutics has
advanced an o-helical peptide, designed to activate
the apoptosis pathway, into late-stage preclinical
studies.

E. Emerging Approaches to NOTCH1
Inhibition

As our understanding of NOTCH signaling and
regulation improves, our opportunity for thera-
peutic intervention also increases. For example, it
was recently discovered that the NAD*-dependent

deacetylase SIRT1 serves as a negative modulator of
NOTCH signaling in endothelial cells.”* Acetyla-



110

tion of ICN1 appears to control the amplitude and
duration of NOTCH responses by promoting ICN1
stability. SIRT1 functions as an ICN1 deacetylase,
promoting ICN1 protein turnover. Thus, the altera-
tion of NOTCH acetylation may be yet another
approach to its inhibition.

Discovery efforts to identify NOTCH1 inhibi-
tors with unbiased screening are also in progress. For
example, our laboratory developed a gene expression-
based signature approach (gene expression-based
high-throughput screening (GE-HTS)) for cell-
based, small-molecule discovery as an alternative
to traditional target- and phenotype-based screen-
ing.”” We applied GE-HTS to the modulation of
mutant NOTCH1I in T-ALL.” We developed a gene
expression signature for the NOTCH1 oz versus
off states using microarray expression profiling of
seven different NOTCHI mutant T-ALL cell lines
treated in duplicate with vehicle versus the GSI
compound E.”” From a set of ~500 genes with dif-
terences of p < 0.01 by two-sided Student’s #-test,
28 genes were selected to define the NOTCH1 gff
signature based on mean fold changes >1.5 between
the NOTCH1 on versus off states. We next adapted
this signature to our GE-HTS assay, which uses
ligation-mediated amplification (LMA) and a
Luminex bead-based detection system.” To facilitate
tuture clinical translation, we intentionally selected a
library of approximately 4,500 compounds enriched
tor FDA-approved drugs and known bioactives to
inform studies of compound mechanism of action
and to enable more rapid advancement to the clinic.
Interestingly, molecules that alter ion fluxes scored
highly in the screen, and the characterization of
their phenotypic effects in T-ALL and mechanism
of altering NOTCHI1 is underway.

IV. CONCLUSION

While the genetic and functional data to support
targeting NOTCH1 in hematological malignancy are
compelling, the road ahead has evident challenges.
One difhiculty is the on-target side effects of inhib-
iting NOTCH. As illustrated in the early trials of
GSls, gut toxicity poses a significant challenge due
to inhibition of both NOTCH1 and NOTCH2 in
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the gut. Potential solutions to this challenge include
intermittent dosing, the addition of dexamethasone,
and the development of agents which specifically
target NOTCH1 without effecting NOTCH2, such
as antibody-directed therapies. Another concern-
ing toxicity, reported in a recent trial performed in
patients with Alzheimer’s disease, is the develop-
ment of secondary malignancies, particularly skin
cancer. Moreover, as the list of malignancies in which
NOTCH may have a tumor suppressor role grows
(e.g., chronic myelomonocytic leukemia™), so, too,
does the concern that chronic NOTCH suppression
will lead to secondary malignancies. The hope is that
intermittent dosing of the NOTCH inhibitor will
mitigate this risk. Another possibility is “targeted”
delivery of a “targeted” therapy to tumor cells, such as
a caged derivative or a molecule-antibody conjugate
directed specifically to T-ALL blasts.

A second concern in targeting NOTCH1 has
been the largely cytostatic effect of NOTCHI1
inhibition with GSIs and antibody-based therapy in
preclinical testing. As in the case of cytotoxic therapy
for cancer, targeted therapies will likely need to be
used in combination with other drugs to clinical
efficacy. Preclinical studies have already demonstrated
the success of combining NOTCHI1 inhibitors
with glucocorticoids, both in terms of reducing gut
toxicity but also in terms of enhancing anti-tumor
activity*=1. Moreover, several studies support the
combination of NOTCHI1 inhibitors with inhibitors
of the PI3K-AKT-mTOR pathway.508!

The road ahead will not be easy, but with a
compelling target and a strong clinical need for new
approaches to treating these diseases, NOTCH is
an important target to pursue. In looking toward a
tuture hope of targeted treatments, we should not
forget the lessons of the past: combination therapy is
critical and some toxicity has been acceptable when
therapy is curative.
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ABSTRACT: SALL4, a member of the SALL gene family, is one of the most important transcriptional regulators of stem cells.
It is of particular interest to stem cell biologists because it is linked to the self-renewal of both embryonic stem cells (ESCs) and
hematopoietic stem cells (HSCs), and it is involved in human leukemia. In ESCs, the Sall4/Oct4/Nanog core transcriptional
network governs the self-renewal and pluripotent properties of human and murine ESCs. In normal HSCs and leukemic stem
cells (LSCs), SALLA is linked to three known pathways that are involved in self-renewal: Wnt/B-catenin, Bmi-1, and Pten.
Despite the important shared role of SALL4 in self-renewal of HSCs and LSCs, our recent studies obtained through correlating
global downstream target genes and unique functional studies in normal versus leukemic cells have demonstrated that SALL4
has differential effects on both pro- and anti-apoptotic pathways in normal and leukemic cells. Targeting SALL4, particularly
when combined with the use of ABT-737, a BCL2 antagonist, could lead to leukemic cell-specific apoptosis. This review sum-
marizes our current knowledge on the SALL gene family development, particularly on the role of SALL4 in stem cells, as well
as tumorigenesis, especially leukemogenesis.

KEY WORDS: transcription factor, acute myeloid leukemia, survival factor
ABBREVIATIONS

AML, acute myeloid leukemia; ChlP, chromatin-immunoprecipitation; DRRS, Duane-radial ray syndrome; ESCs,
embryonic stem cells; HDAC, histone deacetylase; HSCs, hematopoietic stem cells; IVIC, Instituto Venezolano de
Investigaciones Cientificas syndrome; LSCx, leukemic stem cells; MDS, myelodysplastic syndrome; NuRD, Mi-2/

nucleosome remodeling and deacetylase; PRCs, polycomb-repressive complexes; SP, side population; TBS, Townes-

Brockes syndrome

I. THE SALL GENE FAMILY

SALLA4,a member of the SALL (spalt-like/sall) gene
family (SALL1 to SALLA4), was originally cloned
based on DNA sequence homology to Drosophila
gene spalt (sal) and has two major isoforms: SALL4A
and SALLA4B.! Sal is a nonclustered, region-specific
homeobox gene and is essential for the development
of the posterior head and anterior tail segments of the
fly.23 Sal proteins belong to a group of C2H2 zinc fin-
ger transcription factors characterized by multiple zinc
finger domains distributed over the entire protein.!
Structural characteristics of human SALL include a
single C2HC zinc finger near the N-terminus and
several C2H2 zinc fingers in the middle portion of
and at the C-terminus of the protein (Figure 1A).*
C2H2 Zinc finger domains can bind to DNA, and
in some cases, to RNA and proteins.

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

Il. THE ROLE OF SALL4 IN ESCs

Over the past few years, remarkable progress has been
made in identifying stem cell factors that are essential
in the maintenance of self-renewal and pluripotent
capacities of embryonic stem cells (ESCs). Several
research groups, including ours, have demonstrated
that Sall4 plays an essential role in this process®* by
interacting with two other key regulators in ESCs:
Nanog and Oct4. Sall4 regulates Oct4 expression by
directly binding to the highly conserved regulatory
region of Oct4, as demonstrated both iz vive and in
vitro. Sall4*- ESCs have significantly reduced levels
of pluripotency markers (Oct4, Sox2, and Nanog)
compared to wild-type (WT) ESCs. These find-
ings were consistent with the results obtained from
RNAi-mediated knockdown of Sall4 using an RNAi
lentiviral vector.® Similar to Oct4, reduction of Sall4
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FIGURE 1. The role of SALL4 in ESC, HSC and LSC. (A) Schematic representation of the main domains present in
human SALL proteins. Rectangles represent the N-terminal C2HC type zinc finger (NT ZF) and C2H2 type zinc fingers
(ZF 1 to 9). Ovals represent the polyQ regions. The black rectangles indicate the C-terminal zinc fingers in SALL2
which are not homologous to those in other SALL proteins. The break lines represent the regions that are absent
in these proteins. (B) Sall4/Oct4/Nanog core transcriptional network in ESC. Sall44 contributes to the maineince of
murine and human ESC stemness by regulating and interacting with Oct4 and Nanog. In addtion, while we have
observed that a positive feedback relationship is present between human SALL4 and OCT4, the strong self-repression
of SALL4 seems to be the "break” for this loop. Black arrow: activation, black dash arrow: inhibition. Red solid line:
interaction. (C) The SALL4/Wnt/Bmi-1/PTEN network in normal and leukemic hematopoiesis. SALL4 contributes to
hematopoietic differentiation at least, in part, through repression of PTEN, activation of Bmi-1 and interacts with
Wnt /B-catenin. During normal hematopoiesis, SALL4 is preferentially expressed in HSCs, down-regulated as HSCs
differentiate into HPCs and is absent in mature myeloid populations such as neutrophils. Down-regulation of SALL4
leads to differentiation. Dys-regulateion of SALL4/Wnt/Bmi-1/PTEN network can lead to leukemic development.
(D) Proposed model on differential effects of SALL4 in normal and leukemic hematopoiesis. While the main effect
of SALL4 in leukemic cells is to promote cell survival; the major functional role of SALL4 in normal hematopoiesis
is to maintain cells at the stem/progenitor state with expression of CD34 and to block differentiation. Upon down-
regulation of SALL4 expression, leukemic cells undergo apoptosis and cell death, while normal hematopoietic stem/
progenitor cells are induced to differentiate spontaneously.

in murine ESCs results in respecification of ESCs  (ChIP-chip).!»? Over thousands of Sall4 target
to the trophoblast lineage.® genes have been identified, and most have been

In addition, we and others have mapped the classified as genes related to stem cell maintenance
global gene targets of Sall4 using chromatin-immu- and development. Co-immunoprecipitation showed
noprecipitation followed by microarray hybridization that Sall4, Oct4, and Nanog formed a complex; this
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is consistent with the finding that Sall4 co-occupied
the promoters of Oct4 and Nanog target genes.!!
Sall4 regulation of pluripotency appears to be tightly
linked to transcriptional regulation as well as the
chromatin-based epigenetic events mediated by
polycomb-repressive complexes (PRCs) and bivalent
domains.’ This evidence suggests that Sall4 plays
a central but diverse role during early embryonic
development.

Most recently, we and others have reported a
similar role of SALL4 in human ESCs and have
shown for the first time that SALL4 is required
for the maintenance of human ESC character-
istics.’® Furthermore, we found a novel SALL4/
OCT#4 transcription regulatory loop in balancing
the proper expression dosage of SALL4 and OCT4
for the maintenance of ESC stemness. While we
have observed that a positive feedback relationship
is present between SALL4 and OCT4, the strong
self-repression of SALL4 seems to be the “break”in
this loop. In addition, we have shown that SALL4
can repress the promoters of other SALL family
members,such as SALL1 and SALL3, and competes
with the activation of these two genes by OCT4.
Overall these studies suggest that SALL4 is a master
regulator that controls its own expression and the
expression of OCT4. Moreover, SALL4 and OCT4
work antagonistically to balance the expressions of
other SALL gene family members.!3

lll. THE FUNCTION OF THE SALL GENE
FAMILY IN DEVELOPMENT

Sal plays an important role in the embryonic devel-
opment of the larval tracheal system and the adult
wing. Sal-related genes have been identified in C.
elegans,'* fish,> frogs (Xenopus),'®'’ mice,'® and
humans.! Salll and Sall3 are normally expressed in
mouse from embryonic day 7 (E7). The expression
of Sall2 in early murine development has not been
well studied yet. Salll”~ mice die in the perinatal
period and have kidney abnormalities,! whereas
Sall2-deficient mice show no apparent abnormal
phenotypes.?’ Sall3~~ mice survive until birth but
fail to feed and eventually die on the first postnatal
day.?! In contrast, Sall4 is visible in the 8- to 16-cell
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stage of the early embryo and becomes enriched
in the inner cell mass, from which the ESCs are
derived. Sall4 null mice die at E6.5,? suggesting that
among the Sall family, Sall4 is most critical for early
embryonic development.

In humans, SALL1 is mutated in patients
with Townes-Brockes Syndrome (TBS), a disorder
characterized by urogenital, limb, anal and cardiac
malformations.??2* Defects in hematopoiesis have not
been reported to date in patients with TBS. Similar
to SALL1, SALL2 is expressed in the developing
neuroectoderm of the brain, inner ear, and uro-
genital ridge-derived structures (e.g., testes, ovaries,
and kidneys), though Sall2-deficient mice show no
apparent abnormal phenotypes and no evidence
shows the association between SALL2 and devel-
opmental disorder in human. SALL3 is expressed in
the developing central nervous system: heart, limb
buds, kidneys, ears, and palate. SALL3 is mapped
to human chromosome 18G23.%° Because the Sall3-
null mice have multiple developmental defects, it has
been suggested that the SALL3 gene product may
be involved in the phenotype of patients with 18q
deletion syndrome characterized by developmental
delay, hypotonia, growth retardation, midface hyp-
oplasia, hearing loss, and tapered fingers.? The latest
SALL gene member, SALL4, is mutated in human
Duane-radial ray syndrome (DRRS) and Instituto
Venezolano de Investigaciones Cientificas syndrome
(IVIC).22? Both syndromes are autosomal-dominant
developmental disorders involving radial-sided hand
anomalies and congenital strabismus. IVIC is also
characterized by leukocytosis and thrombocytopenia,
suggesting that SALL4 may be involved in normal
hematopoiesis.>°

IV. SALL GENE FAMILY IN CANCER

In addition to genetic diseases, the SALL gene family
has been reported in several types of human tumors
(Table 1). Consistently high expression of SALL1 was
detected in Wilms tumor, a pediatric renal cancer.3!
Also, overexpression of SALL1 mRNA was identi-
fied in the carcinoma in sifu cells of testicular germ
cell tumor.3? However, hypermethylation of multiple

CpG islands of the SALL1 gene was reported in
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TABLE 1. SALL Gene Expression in Cancers

Gao, Kong, & Chai

Gene Tumor Status of Gene Reference
Wilms tumor and trophoblast tumors Upregulated 54, 55
Sex hormone-producing tumors Upregulated 55
SALL1 Testicular carcinoma Upregulated 56
Acute lymphocytic leukemia Methylation 57
Breast cancer Methylation 33
SALL2 Prostate and breast cancer Downregulated 58
Lung carcinoma Downregulated 59
Colon and prostate adenocarcinoma Downregulated 59
Ovarian carcinoma Downregulated 60
SALL3 Hepatocellular carcinoma Methylation 38
Bladder cancer Methylation 61
Acute myeloid leukemia Upregulated 42
Acute lymphoblastic leukemia Upregulated 62
Ovarian primitive germ cell tumors Upregulated 39
SALL4 Metastatic germ cell tumors Upregulated 63
Testicular primitive germ cell tumors Upregulated 40, 64
Extragonadal yolk sac tumors Upregulated 65
Gastric cancers Upregulated 41
Kidney cancer Upregulated 66
Breast cancer Up-regulated 44, 67, 68

acute lymphocytic leukemia and breast cancer,3
and all patients with methylation of multiple CpG
islands of SALL1 had a worse overall survival rate.
Therefore, the role of SALLI1 in cancer still needs
to be defined.

The SALL2 gene is mapped to chromosome
14q12.1-13, a region that is associated with loss
of heterozygosity in 49% of ovarian cancers** and
25% of bladder cancers. SALL2 is expressed in a
number of mouse and human tissues. Our previ-
ous study demonstrated loss of SALL2 expression
in some solid tumors® and suggested that SALL2
may function as a tumor suppressor. Murine Sall2
was able to bind to the large T antigen of polyoma
virus, a DNA virus that induces a broad variety of
neoplasms in its natural host.3® Overexpression of
the SALL2 gene by transfection inhibits the growth
and DNA synthesis of the ovarian cancer cell line

SKVO3 and tumor formation in nude mice, as a
result of the induction of p21CiP/Wafl 37 These obser-
vations further indicate that SALL2 may have roles
in suppressing tumorigenesis.

To date, only one study on the role of SALL3 in
cancer has been published. SALL3 can interact with
DNMT3A,a DNA methytransferase,in CpG island
methylation iz vitro. In addition, downregulation of
SALLS3 results in acceleration of DNA methylation
in hepatocellular carcinoma.

'The most well-studied SALL gene in cancer is
SALLA. Recent studies have shown that SALL4 is
a novel sensitive and specific diagnostic marker of
ovarian primitive germ cell tumors and testicular germ
cell tumors.3#° SALLL4 has also been identified as a
sensitive marker for AFP-producing gastric carcinoma
that is especially useful in distinguishing hepatoid

gastric carcinoma from hepatocellular carcinoma.*

Critical Reviews™ in Oncogenesis



SALL4 in Leukemogenesis

V. THE ROLE OF SALL4 IN
LEUKEMOGENESIS

A. SALL4 as a Diagnostic Marker of Leukemia

During normal hematopoiesis, SALL4 is prefer-
entially expressed in human CD34+ hematopoietic
stem/progenitor cells (HSCs) and down-regulated in
CD34 cells during hematopoietic differentiation.*
Using immunohistological staining and quantita-
tive RT-PCR analysis, we found that SALL4 was
aberrantly expressed in many leukemia cell lines and
primary leukemia cells of acute myeloid leukemia
(AML) and precursor B-cell lymphoblastic leukemia/
lymphomas.*? Recent publications from our group
have shown that SALL4 expression correlates with
disease progression in human chronic myeloid leuke-
mia,* and its expression in AML patients correlated
with treatment status. We further explored the role
of SALL4 in drug resistance and found that SALL4
was involved in the maintenance of side-population
(SP) cells by regulating ATP-binding cassette drug
transport genes.* Therefore, SALL4 may be used as
a marker for diagnosis and prognosis for AML.

B. Functional Studies of SALL4 in
Leukemia

Our research group has demonstrated that con-
stitutive expression of SALL4 contributes to
leukemogenesis in adult mice.*> Mice transgenic
for SALLA4B, one of the SALL4 isoforms that we
identified, developed pre-leukemic myelodysplastic
syndrome (MDS)-like features and subsequent acute
myeloid leukemia (AML), suggesting that SALL4
contributes to the initiation of leukemia.*? In addi-
tion, loss-of-function studies have demonstrated that
SALLA4 is a key regulator in leukemic cell survival and
that down-regulation of SALL4 leads to significant
apoptosis of leukemic cells,* suggesting that SALL4

is essential for the maintenance of leukemia.
C. SALL4 Protein Partners
In searching for the mechanism of SALL4-meidated

leukemogenesis, we found that SALL4 could
bind to P-catenin and synergistically enhance the
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Wnt/B-catenin signaling pathway. The expression of
cyclin-D1 and c-Myc, the two known targets of the
Wht/B-catenin pathway, were also increased in the
SALLA4B transgenic bone marrow cells.*?

We also sought to identify SALL4-associated
proteins by tandem mass spectrometry. Components
of a transcriptional repressor Mi-2/nucleosome
remodeling and deacetylase (NuRD) complex were
tound in the SALL4-immunocomplexes with histone
deacetylase (HDAC) activity both in ESCs with
endogenously high SALL4 expression and 293T
cells overexpressing SALIL4.4

D. Important Downstream Target Genes of
SALL4 in Self-Renewal in HSCs and LSCs

'The SALL4-mediated transcriptional repression was
tested on PTEN, one potential SALL4 target gene.
PTEN was confirmed to be a SALL4 downstream
target by chromatin-immunoprecipitation (ChIP).
Moreover, the SALL4 binding site in the pro-
moter region of PTEN was co-occupied by NuRD
components, suggesting that SALL4 repressed the
transcription of PTEN through its interactions
with the Mi-2/NuRD complex. The iz vivo repres-
sive effect(s) of SALL4 were evaluated in SALL4B
transgenic mice, where decreased expression of Pten
was associated with myeloid leukemia.*

In addition to Pten,* we and others have previ-
ously demonstrated that Bmi-1447 is also a SALL4
target gene. We have shown that transcription from
the Bmi-1 promoter is activated by SALL4 in a dose-
dependent manner when using a luciferase reporter
gene assay. Both promoter deletion construct stud-
ies and ChIP from a myeloid stem cell line, 32D,
demonstrating that SALL4 binds to a specific region
of the Bmi-1 promoter. Down-regulation of SALL4
by siRNA in the HL-60 leukemia cell line results
in decreased Bmi-1 expression. Furthermore, Bmi-1
expression is up-regulated in SALL4B transgenic
mice, and the levels of Bmi-1 in these mice increase
as they progress from normal to preleukemic (MDS)
and leukemic (AML) stages.

In summary, both PTEN and Bmi-1, the two
key regulators of self-renewal of normal HSCs and
leukemic stem cells (LSCs),*-0 are direct targets of
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SALL4. Bmi-1 is up-regulated and Pten is down-

regulated in SALL4B murine leukemic model.*#

E. Differential Effects on Pro-/Anti-Apoptotic
Pathways Upon Down-regulation of SALL4 in
Normal and Leukemic Cells

Recently, SALL4 was found to be a robust stimula-
tor in the expansion of hematopoietic stem cells.”?
To determine the transcriptional network that may
be responsible for the function of SALLA4, we per-
formed a genome-wide analysis of SALL4 target
genes in human CD34+ and myeloid leukemic cells.
Chromatin-immunoprecipitated (ChIP) DNA was
obtained from immunomagnetically selected CD34+
cells, leukemic blasts, and leukemic cell line NB4 cells
using an affinity-purified polyclonal anti-SALLA4
antibody. This SALL4 antibody has been previously
used in immunohistochemistry, flow cytometry, and
western blot analysis, and it has been used to identify
SALLA4 targets in ChIP experiments in NB4 cells
and murine ES cells.1%%

When SALL4 targets from leukemia and
CD34+ cells were compared, many genes that were
regulated by SALL4 in normal CD34+ cells could
not be found in the data sets from leukemia cells.
Comparison between the two groups of targets in
CD34+ and leukemia cells yielded some common,
but mostly unique, SALL4 targets, particularly the
pro-/anti-apoptotic pathways.

We next sought to test whether SALL4 has dif-
terential eftects on the pro- and anti-apoptotic path-
ways in these two cell types. While down-regulation
of SALL4 in leukemia triggered significant cell death,
knocking down of SALL4 in normal CD34+ cells did
not affect cell viability. We noticed that three genes
were differentially affected by SALL4 in leukemic
versus normal CD34+ cells. In normal CD34+ cells,
while no obvious apoptotic phenotypes were observed,
the expression of apoptosis induction genes TRO and
ABL1 was decreased, and the expression of apoptosis
inhibition gene, BCL2, was consistently increased
in SALL4-reduced CD34+ cells. In contrast, when
SALLA4 was down-regulated in the leukemic cell lines
KG1a, NB4 and KBM5, and in primary AML cells,
along with the apoptotic phenotypes, the expression
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of TRO and ABL1 increased while the expression
of BCL2 decreased.

Next, we tested whether the SALL4/BCL2
pathway is essential for maintaining the survival of
the leukemic cells by using the small-molecule drug,
ABT-737. ABT-737 is a BH3 domain mimetic
that can interrupt the interaction of BCL2 and
its family members and results in the inhibition
of the anti-apoptotic function of BCL2. It can
trigger leukemic cell apoptosis but has no effects
on normal hematopoiesis.’>** Because SALL4 can
regulate BCL2 expression and ABT-737 can affect
its function, we hypothesized that we may observe an
enhanced effect in promoting leukemic cell apoptosis
if we combined the use of ABT-737 with down-
regulation of SALLA4. To test our theory, 2.5 x 10°
primary human AML cells infected with SALL4
shRINA lentivirus, control shRNA, or no virus control
were treated with either DMSO or 10nM ABT-737
for 12 hours. The cells were tested for apoptosis and
cell death by Annexin V/PI staining. As reported
previously by others,” ABT-737 treatment alone can
lead to apoptosis and cell death in primary AML
samples. Interestingly, by knocking down SALL4
in these cells, in combination with ABT-737 treat-
ment, we observed an additional two- to three-fold
increase in apoptosis compared to cells treated with
ABT-737 alone or ABT-737 with control shRNA.
Cells treated with solvent control DMSO did not
show significant cell death. These results show that
the combination of ABT-737 and down-regulation
of SALL4 could be a novel therapeutic strategy in
treating AML patients.

VI. CONCLUSION

In conclusion, SALL4 is one of few genes that bridge
the self-renewal properties of ESCs, normal HSCs,
and LSCs. In ESCs, the Sall/Oct4/Nanog core tran-
scriptional network governs the self-renewal and pluri-
potent properties of human and mouse ESCs (Figure
1B). In normal HSCs and LSCs, SALL4 is involved
in three known self-renewal pathways: Wnt/p-catenin,
Bmi-1, and Pten pathways (Figure 1C).

Our more recent unpublished studies by cor-
relating global downstream target genes and unique
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function(s) in normal versus leukemic cells have
demonstrate that SALL4 has differential effects on
both pro- and anti-apoptotic pathways in normal
and leukemic cells. It has been proposed that can-
cer stem cells arise from dysregulated normal stem
or progenitor cells; however, the key regulator(s)
responsible for the dysregulated cellular programs
directing proliferation versus differentiation have
not been well defined. There are very few reports of
a single gene inducing difterential effects on normal
stem/progenitor cells and their malignant counter-
parts. While the main effect of SALL4 in leukemic
cells is to maintain cell survival, the major functional
role of SALL4 in normal hematopoiesis is to retain
stem and progenitor cells in an undifferentiated stage
and to antagonize myeloid differentiation (Figure
1D). The differential biological effects of SALL4
in normal versus leukemic hematopoiesis correlate
with the limited number of overlapping SALL4
direct target genes and its differential regulations of
these target genes in the two cell types. Therefore,
SALLA4-mediated stem cell function is cell-context—
dependent. Based on our observation that SALL4 is
an essential factor for survival of the leukemic cells,
it is reasonable to propose future anti-cancer applica-
tions that combine the strategies targeting SALL4.
In addition, ABT-737 can be used to exploit the
unique property that reduced SALL4 expression
or function leads to apoptosis of leukemic but not
normal hematopoietic stem cells.

Finally, many questions regarding the role of
SALLA4 in leukemogenesis, such as the mechanism(s)
of SALL4 gene expression regulation in normal
hematopoiesis and dysregulation in leukemia, still
remain unanswered and require future investiga-
tion.
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ABSTRACT: Gadd45 proteins, including Gadd45a, Gadd45b, and Gadd45g, have been implicated in stress signaling in response
to physiological and environmental stress, including oncogenic stress, which can result in cell cycle arrest, DNA repair, cell
survival, senescence, and apoptosis. The function of Gadd45 as a stress sensor is mediated via a complex interplay of physical
interactions with other cellular proteins implicated in cell cycle regulation and the response of cells to stress, notably PCNA,
p21, cdc2/cyclinB1, and the p38 and JNK stress response kinases. Altered expression of Gadd45 has been observed in multiple
types of solid tumors as well as in hematopoietic malignancies. Using genetically engineered mouse models and bone-marrow
transplantation, evidence has been obtained indicating that Gadd45 proteins can function to either promote or suppress tumor
development and leukemia; this is dependent on the molecular nature of the activated oncogene and the cell type, via engagement

of different signaling pathways.
KEY WORDS: Gadd45, cancer, leukemia

ABBREVIATIONS

BM, bone marrow; DNR, daunorubicin; HCV, hepatitis C virus; IR, g-irradiation; MMS, methylmethanesulfonate;

UV, ultraviolet radiation

I. Gadd45 IN CELLULAR STRESS
RESPONSES

The gadd45 family of genes includes three genes,
gadd45a, gadd45b, and gadd45g, whose cognate
proteins are key players in cellular stress responses.
Gadd45 genes encode for small (18 kDa), evolution-
arily conserved proteins that are highly homologous
(55-57% overall identity at the amino acid level;
Figure 1), are highly acidic, and are localized within
both the cell cytoplasm and nucleus.'™

Gadd45a, originally termed gadd45, was cloned
as one of many growth arrest and DNA damage-
inducible (gadd) genes that are rapidly induced by
UV radiation in Chinese hamster ovary (CHO) cells.?
Gadd45b, originally termed MyDD118, was cloned in
this laboratory, as one of many myeloid differentia-
tion primary response (IMyD) genes, induced in the
absence of protein synthesis following treatment of M1
myeloblastic leukemia cells with differentiation induc-
ers.” Gadd45g, was cloned in this laboratory using an

0893-9675/11/$35.00 © 2011 by Begell House, Inc.

MyD118 (gadd45b) cDNA probe. It was subsequently
found to encode for the murine homologue of human
CRé6* originally cloned as an immediate early response
gene in T cells stimulated by interleukin-2.6

Each of the gadd45 genes is expressed in multiple
murine tissues (including heart, brain, spleen, lung,
liver, skeletal muscle, kidney and testes) but at dif-
ferent levels,* yet mice null for each of these genes
are viable.”® Furthermore, expression of gadd45a,
gadd45b,and gadd45g is induced in response to mul-
tiple environmental and physiological stresses, includ-
ing methylmethanesulfonate (MMS), g-irradiation
(IR),ultraviolet radiation (UV'), VP-16, daunorubicin
(DNR), and inflammatory cytokines.>®° In all cases,
the pattern of expression for each gadd45 gene is
unique, consistent with each gadd45 family member
playing distinct roles in response to each source of
stress. During myeloid differentiation, using either
normal bone marrow (BM) stimulated with different
hematopoietic cytokines or various hematopoietic cell
lines induced to undergo terminal myeloid differen-
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FIGURE 1. Comparison of Gadd45 protein sequences.

tiation, each gadd45 gene has a distinctive pattern of
expression. Consistent with the distinctive expression
patterns, regulation of expression for each gadd45 gene
is unique. For instance, gadd45a is a p53 target gene,
although its induction can also be p53 independent,
whereas gadd45b is a primary response gene to both
IL-6 and TGF-b, and gadd45g is induced as a primary
response to 1L-2 and IL-6.14610-11

Gadd45 proteins have been shown to partici-
pate in cell cycle arrest, DNA repair, cell survival,
and apoptosis in response to environmental and
physiological stress, as well as having a role in
development and carcinogenesis. Gadd45 function
by interacting with and modulating the structure/
function of partner proteins that are implicated in
cell cycle regulation and the response of cells to
stress (Figure 2). The ultimate biological outcome
is highly dependent on the magnitude and type of
stress stimulus as well as cell type.!? Proteins that
interact with Gadd45 include PCNA and histones,
cdkl, p21, MEKK4, MKK7, and p38. There is
evidence that interaction of the Gadd45 proteins
with PCNA promotes nucleotide excision repair

(NER) of DNA. 1316 Interaction with PCNA and/or
histones may also play a role in epigenetic gene acti-
vation by repair-mediated DNA demethylation.17-2!
Interaction with the cdc2/cyclinB1 complex inhibits
the kinase activity of the complex, thereby result-
ing in G2/M cell cycle arrest.?>? It has been sug-
gested that when Gadd45a interacts with p21, it
serves to augment its CDKI activity, promoting
G1 arrest.’®* Association of Gadd45 proteins with
MEKK4 and p38 results in their activation.!? It
was recently reported that the MEKK4 N-terminus
binds to its C-terminal segment, thereby inhibiting
the C-terminal kinase domain, and that binding
of Gadd45 to the MEKK4 N-terminal Gadd45-
binding site disrupts this N—C binding, resulting in
kinase activation.?> Gadd45 binding can also induce
dimerization of MEKK4.% Gadd45 proteins have
also been implicated in activation or repression of
JNK activity via interaction with and modulation of
the structure/function of upstream kinase modula-
tors,”?6732 thereby promoting apoptosis or cell survival
depending on the stimulus and/or cell type. In this
context, Gadd45b is a major player in the endogenous
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NF-kB-mediated resistance to apoptosis in a variety
of cell lines. In fibroblasts this mechanism involves
activation of MKK7,% upstream of JNK, by directly
binding with the kinase ATP pocket. Evidence sup-
ports the existence of a large complex containing an
MKK7-Gadd45b:Gadd45b-MKK7 tetrameric unit,
whose complexity could be further increased by the
dimeric nature of the isolated MKK7.3! Using the
Technical University of Denmark web site (linked
to Entrez), Gadd45 proteins were observed to
harbor several threonine and tyrosine phosphoryla-
tion sites, as well as a sites that are amenable for
acetylation. How post-translational modifications
of Gadd45 proteins might alter their function has
not been documented, and this issue is currently
under investigation. Finally, it is important to note
that Gadd45 proteins can form homo- and hetero-
oligomers with different family members; however,
their role in mediating Gadd45 functions has not
been established.!?33

If protein—protein interactions govern the many
tunctions of the Gadd45 family of proteins, what

Volume 16, Number 1-2, 2011

determines these interactions is the next question
of interest. It is predicted that the interaction of
Gadd45 with its partner protein is regulated by level
of expression, cellular localization, and posttransla-
tional modifications of both the Gadd45 proteins
and their interacting partners, which in turn may be
determined by the type and magnitude of the stress
stimulus and the cell type.

Il. Gadd45 AS SENSORS OF ONCOGENIC
STRESS THAT MODULATE TUMOR
DEVELOPMENT

The complex role of stress sensors in monitor-
ing oncogenic stress and in impacting on tumor
development is not fully understood. The best and
most studied example of oncogenic stress sensors
in tumorigenesis is p53 and its varied cellular func-
tions. Recent observations have implicated Gadd45
proteins as important sensors of oncogenic stress,
both in vitro and in vivo.
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It is known that, whereas primary mouse cells
require introduction of two activated oncogenes for
transformation, disruption of certain key growth con-
trol genes allows single oncogene transformation.3%
For MEFs obtained from Gadd45a~-mice, H-ras has
been shown to be sufficient for transformation.”3¢
'The role Gadd45b and/or Gadd45g play in suscep-
tibility of MEFs to single oncogene transformation
remains to be assessed.

Evidence was obtained that Gadd45 proteins
also play a role in modulation of tumor develop-
ment iz vivo. Gadd45a~- and Gadd45b~~ mice were
observed to display increased mutation frequency,
susceptibility to ionizing radiation (IR), and chemical
carcinogenesis.’” (unpublished data, Liebermann et al.,
2011) NF-kB-mediated repression of Gadd45a and
Gadd45g has also been documented to be essential
for cancer cell survival.”

The exact frequency of mutations in Gadd45
family members in different types of cancer remains
to be established. Nevertheless, reduced expression of
the three Gadd45 family members due to promoter
methylation has been frequently observed in several
types of human cancer. The Gadd45a promoter is
methylated in the majority of breast cancers, resulting
in reduced expression when compared with normal
breast epithelium. In pituitary adenomas, silencing
of the Gadd45g gene is seen in 67% of patients.
'This down-regulation is primarily associated with
methylation of the Gadd45g gene, and reversal of
this epigenetic change results in re-expression of
the protein.’? Gadd45g is also down- regulated in
anaplastic thyroid cancer and in 65% of hepatocel-
lular carcinomas due to hypermethylation of the
Gadd45g promoter.®® In another study, all three
Gadd45 genes were observed to be methylated and
silenced in hepatocellular carcinoma, indicating a
strong linkage between Gadd45 gene expression
and liver cancer." Furthermore, down-regulation of
Gadd45b expression by hepatitis C virus was observed
to lead to defective cell cycle arrest. Hypermethylation
of the Gadd45b promoter in the presence of HCV
was shown to be responsible for this defect, and has
been correlated to HCV-associated hepatocellular
carcinomas.*” Ying et al. analyzed the methylation
status of two regions in the Gadd45g promoter in

Liebermann et al.

a total of 75 cell lines as well as primary tissues and
tumors.® They show that promoter hypermethylation
is frequently detected in tumors cell lines, including
85% of non-Hodgkin, 50% of Hodgkin lymphoma,
73% of naso-pharyngeal carcinoma, 50% of cervical
carcinoma, 29% of esophageal carcinoma, and 40%
of lung carcinoma, but not in immortalized normal
epithelial cell lines, normal tissues, or peripheral
blood mononuclear cells. To gain more insight into
the Gadd45g methylation, they also performed high-
resolution bisulfite genomic sequencing. They found
that densely methylated CpG sites were detected
in all silenced cell lines, indicating that epigenetic
silencing of Gadd45g could be involved in the
pathogenesis of tumors. A methylation-mediated
repression of Gadd45a was observed also in pros-
tate cancer.* The role of Gadd45a as a potential
therapeutic target has been highlighted by the fact
that it is up-regulated on docetaxel treatment and
may contribute to docetaxel-mediated cytotoxicity
of prostate cancer cells.** Other observations have
shown that activated NF-kB leads to repression
of GADDA45a and GADDA45g in various types of
cancer.’” Thus, constitutive activation of NF-kB in
cancers and/or promoter methylation may co-operate
to suppress Gadd45 genes in cancer.

Abnormal Gadd45a expression has been docu-
mented in pancreatic cancer. One study has shown
that gadd45a expression is elevated in several pan-
creatic ductal adenocarcinoma cell lines, and loss of
Gadd45a expression limits growth and survival of one
cell line in culture.® In another study, it was observed
that ectopic expression of Gadd45a in the PANC1
pancreatic cancer cell line resulted in apoptosis and
cell cycle arrest.* These two studies suggest con-
tradictory roles of gadd45a in pancreatic tumor cell
growth and survival. Nevertheless, a study in Japan
attempted to correlate expression of Gadd45a and
p53 inactivation in human pancreatic cancer.*” This
is important because gadd45a is a p53 target gene,
though it has been also shown to be expressed also
independently of p53. Interestingly, elevated Gadd45a
expression levels were reported in 54% of human
pancreatic ductal carcinomas, and the frequency
of point mutations was found to be almost 14%.%
Moreover, overexpression of Gadd45a protein, along
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with possible p53 loss of function, significantly con-
tributed to poor prognosis, compared with patients
with undetectable Gadd45a expression levels.*’ It was
observed that in resectable invasive pancreatic ductal
carcinomas, Gadd45a is frequently mutated, and this
mutation combined with the p53 status affects the
survival of these patients.*” We have observed that
inhibition of endogenous gadd45a expression in
the PANCI1 cell line by shRNA limits cell number,
due to cell cycle arrest and/or apoptosis.*® As such,
turther investigation is needed to better define a role
tor Gadd45a and other family members in pancreatic
cancer development.

Recent work, conducted in this laboratory, has
highlighted the role of Gadd45 proteins, notably
Gadd45a, as sensors of oncogenic stress in breast car-
cinogenesis.**° Generation and side-by-side analysis
of MMTV-Myec versus MMTV-Ras mice strains,
either wild-type or null for gadd45a, have highlighted
a unique role for Gadd45a as either a suppressor or
promoter of breast cancer development, via employ-
ment of distinct signaling pathways in response to
distinct oncogene stressors (Figure 3). Our data
indicate that the Gadd45a tumor suppressor func-
tion, mediated via activation of JNK and p38 stress
kinases, contributes to Ras-induced apoptosis and
senescence, respectively, and is a unique response to
Ras oncogenic stress. In contrast, the tumor promoter
function of Gadd45a, mediated through negative
regulation of MMP10 expression via the GSK3b/b-
catenin signaling cascade, results in increased tumor
vascularization and is a unique response to oncogenic
Myec. These novel findings indicate that Gadd45a
can function to either promote or suppress breast
tumor development through engagement of differ-
ent signaling pathways, depending on the molecular
nature of the activated oncogene.

lll. Gadd45 IN LEUKEMIA

Expression of gadd45 is rapidly induced by differ-
ent stressors in hematopoietic cells; this includes
differentiation-inducing cytokines and genotoxic
agents. Induction of gadd45 genes at the onset
of myeloid differentiation suggests that Gadd45
protein(s) play a role in hematopoiesis, yet no appar-
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ent abnormalities were observed in either the bone
marrow (BM) or peripheral blood compartments
of mice deficient for either gadd45a or gadd45b.
However, under conditions of hematological stress,
including acute stimulation with cytokines, myelo-
ablation, inflammation, and genotoxic stress, both
gadd45a-deficient and gadd45b-deficient mice
exhibit abnormal responses.®?3251

The role Gadd45 proteins play as sensors of
oncogenic stress, and their regulated expression dur-
ing development of hematopoietic cells and upon
response to stress, suggest that altered expression may
play a role in leukemogenesis. Recent documented
observations, as well as unpublished work conducted
in this laboratory, support this notion.

Activating mutations in FL'I'3 (Fms-like tyrosine
kinase) are among the most common genetic lesions
in AML, occurring in approximately 30-35% of
AML cases.”? The most common mutation is an
internal tandem duplication (ITD) in the intracellular,
juxtamembrane domain present in approximately
20-25% of patients. In a recent study GADD45A
mRNA levels were measured in a panel of AML sam-
ples to determine the association with the FLI'3-ITD
mutation.” It was observed that Gadd45a expression
levels were significantly lower in FLT3-ITD* AML
than in FLT3-ITD- AML, which is consistent with
FLT3-ITD-induced down-regulation of Gadd45a in
human AML. Furthermore, Gadd45a expression data
for primary AML samples, extracted from a pub-
lished microarray study,”* indicate significant lower
expression of Gadd45a relative to normal controls,
in a number of AML clusters defined by their gene
expression signature, including a cluster consisting
only of patients with FLI'3-ITD mutations. Down-
regulation in a cluster characterized by a t(11q23)
rearrangement (predominantly MLL-AF9), may
be via a related mechanism, as 1123 events have
been associated with increased FLT3 expression in
several studies.”>* Lower expression of Gadd45a
was observed also in a cluster characterized by the
presence of t(8;21) translocations involving the
AML-ETO fusion oncoprotein.

Based on observations made with breast cancer
mouse models, where Gadd45a was found to behave
as a tumor suppressor in response to H-RAS and as
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FIGURE 3. Schematic diagram demonstrating how Gadd45a modulates mammary tumor development in RAS-driven
compared to Myc-driven tumors. Gadd45a suppresses RAS-driven tumorigenesis via Jnk-mediated apoptosis and p38-
mediated senescence. In contrast, Gadd45a promotes Myc-driven tumorigenesis via GSK3B/B-catenin signaling which
suppresses MMP10 expression, resulting in increased tumor vascularization, decreased apoptosis and senescence, ulti-

mately accelerating tumor growth.
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an oncogene in response to Myc*»? (Figure 2), this
laboratory embarked on assessing if and how Gadd45
proteins may modulate leukemogenesis involving
constitutive ras signaling, BCR/ABL signaling or
deregulated myc expression.

Ras mutations occur at a frequency of 25% in
AML, 30% in myeloma and 6-20% in ALL. The
highest incidence, however, is in MDS, where the
frequency is approximately 30-40%, with highest
frequency (50-70%) in the CMML subset.’” The
most common mutations are found in N-RAS (~30%),
less frequently in K-RAS (~15%), and rarely in
H-RAS 5779 Recently, evidence was obtained showing
that oncogenic N-RAS, K-RAS, and H-RAS exhibit
different leukemogenic potentials in mice,®® with
N-RAS inducing either an AML- or CMML-like
disease and H-RAS always an AML-like disease,
whereas K-RAS invariably induces a CMMUL-like
disease. Using bone marrow transplantation (BMT)
in mice, data obtained in this laboratory (unpublished
data, Liebermann et al., 2011), indicate that loss of
Gadd45a impeded N-RAS—driven leukemia. This
is in contrast to the tumor suppressor function of
Gadd45a in H-RAS—driven breast cancer.*»** These
observations are in line with the hypothesis that the
nature of the Gadd45 oncogenic stress sensor function
depends upon the biological setting, including cell
type, developmental stage, and stress and/or stimu-
lus. Thus, further understanding the role of Gadd45
proteins as mediators of oncogenic Ras signaling
in the context of Ras-driven leukemogenesis and
extending the work to human patients is a highly
critical pursuit.

BCR-ABL is known as the most common trans-
location in the myeloproliferative (MPD) disorder
chronic myelogenous leukemia (CML); it is the first
leukemia to be described®? that is associated with
a consistent cytogenetic abnormality, termed the
Philadelphia chromosome (Ph1).%2 The Philadelphia
translocation is an acquired somatic mutation in the
hematopoietic stem cell®® that results in fusion of
the ABL gene (225 kb) from chromosome 9 to the
BCR gene (135 kb) on chromosome 22.44¢% The
chromosome 9 breakpoint involves a large (200 kb)
region within the ABL alternative first exons (la
and 1b) that results in fusion genes that incorporate
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ABL exon 2.9 The breakpoints on chromosome 22
are clustered within three much smaller regions of
the BCR gene.®® A chimeric mRNA (8.5 kb) is
translated to an activated BCR-ABL oncoprotein
most commonly 210 kD in size.®**” BCR-ABL is
known to localize to the cytoskeleton and to display
constitutively active tyrosine kinase activity that
leads to the recruitment of downstream effectors
of cell proliferation and survival, via several adapter
proteins (e.g., GRB2, GAB2, and CRKL) and sig-
naling pathways (e.g., RAS, PI3K, JAK-STAT, and
PDk2-NFkB), which are all thought to contribute
to the pathogenesis of CML.%” Cross-stalk signaling
between Ber-Abl/Ras/Gadd45 is depicted in Figure
4. The complex nature by which these signaling path-
ways contribute to the initiation and progression of
CML is only partially understood. Data obtained in
this laboratory indicates that loss of either Gadd45a
or Gadd4b accelerates the development of BCR-
ABL-driven leukemia in mouse BM transplantation
studies, and Gadd45 expression was observed to be
altered in human CML samples, correlating with
disease progression, thereby identifying Gadd45 as
a tumor suppressor in the context of BCR-ABL
driven-leukemia (unpublished data, Liebermann et
al., 2011). Clearly elucidating the role Gadd45 plays
as a tumor suppressor in the context of BCR-ABL
driven leukemia, and what signaling pathways and
downstream effectors are modulated by Gadd45
to suppress leukemogenesis is important to better
understand the molecular pathology of CML.
Finally, elevated Myc expression is associated with
many leukemias, as well as solid tumors including
breast (45%), colon (67%), gastric (47%), ovarian
(44%), prostate (70%) and medulloblastoma (35%).7
Multiple extracellular and intracellular signaling
cascades converge to regulate the Myc oncogene.”
Deregulation of Myc is not restricted to gross genetic
abnormalities of the Myc gene, but it can also occur
as a consequence of direct or indirect mutations of
regulatory molecules controlling myc gene expression.
This is exemplified by the observations that Myc
deregulation is associated with its amplification as
well as by activation by other oncogenes associated
with myeloid leukemia, including AML1-ETO,
PML-RARA, and PLZF-RAR, activating mutations
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FIGURE 4. Schematic diagram of Bcr-Abl/Ras/Gadd45 signaling.

in the FL'T'3 receptor tyrosine kinase (associated with
one-third of AML patients), and BCR-ABL.”>77
In mouse models, myc was observed to rapidly
induce acute myeloid leukemia without evidence of
lymphoma-associated antiapoptotic mutations, and
Mcl1 haploinsufficiency was found to protect the
mice from myc-induced acute myeloid leukemia.”®”
Data obtained in this laboratory, has shown that loss
of gadd45a in myc over-expressing myeloid cells
reduced apoptosis, thereby increasing proliferation
(unpublished data, Liebermann et al., 2011). This
data is consistent with Gadd45a playing a tumor
suppressor role in modulating leukemia associated
with elevated Myc (unpublished data, Liebermann et
al.,2011). Thus understanding how Gadd45 proteins
modulate myc-driven leukemogenesis, and extending
these observations to human AML is important.

IV. CONCLUSION

Altered expression of Gadd45 has been observed

in multiple types of solid tumors as well as in
hematopoietic malignancies. Using genetically
engineered mouse models, accumulated evidence
indicates that the function of Gadd45 proteins to
either promote or suppress tumor development and
leukemia depends on the molecular nature of the
activated oncogene and the cell type, engaging differ-
ent signaling pathways. Further research is aimed at
better understanding how Gadd45 proteins interface
with different signaling cascades to either suppress
or promote tumor development and leukemia in
response to distinct oncogenic stressors. Thus Gadd45
proteins, and their signaling targets, may represent a
novel class of molecules for therapeutic intervention
in cancer and leukemia.
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