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Abstract

Acute lymphoblastic leukemia (ALL) is mainly a disease of childhood
that arises from recurrent genetic insults that block precursor B and
T cell differentiation and drive aberrant cell proliferation and survival.
Recurrent defects including chromosomal translocations, aneuploidies,
and gene-specific alterations generate molecular subgroups of B- and
T-ALL with differing clinical courses and distinct responses to ther-
apy. Recent discoveries arising from genome-wide surveys and adop-
tive transfer of leukemia-initiating cells have uncovered multiple gene
copy number aberrations and have yielded new insight into at least one
type of ALL-originating cell. Our understanding of the pathogenesis
of ALL has benefited from genetically modified mouse models that re-
capitulate cellular transformation at specific developmental stages of
lymphoid lineage cells. Here, we review the spectrum of genetic aber-
rations that promote acute B and T cell leukemias and the mechanisms
of cell transformation and malignant progression that are reinforced by
mouse models of human ALL.
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INTRODUCTION

Acute Lymphoblastic Leukemia

Acute leukemias comprise a diverse col-
lection of mainly precursor-stage lymphoid
and myeloid cell malignancies. An estimated
18,700+ new cases of acute leukemia are pre-
dicted for 2008 in the United States alone (1).
Almost three-fourths of childhood leukemia
(ages 0-19) is acute lymphoblastic leukemia
(ALL), whereas acute myeloid leukemia (AML)
is the most common form of acute leukemia
in adults. Current protocols for diagnosing and
treating ALL have achieved overall cure rates,
defined as the absence of disease for at least
10 years, of more than 80% in children, al-
though certain molecular subtypes and adults
with ALL still have a relatively poor prognosis
2,3).

The causes that underlie the vast majority
of ALL cases are unknown. A small percent-
age of cases associate with Down syndrome and
with inherited predisposing genome instability
syndromes, such as ataxia-telangiectasia, Bloom
syndrome, and Nijmegen breakage syndrome.
Collectively, molecular analysis of archived
neonatal blood spots (known as Guthrie cards),
studies of leukemia development in monozy-
gotic twins, and screening of umbilical cord
blood samples implicate an in utero—initiating
lesion for some early childhood ALL cases that
harbor a TEL-AMLI (ETV6-RUNXI) fusion
gene, as discussed below (4-8). A host of often-
conflicting epidemiologic and environmental
associations have been suggested for the re-
mainder of childhood ALL cases (9). Two hy-
potheses involving an abnormal response to in-
fection in early childhood, based upon peak
ALL prevalence at 2-5 years of age, increased
association with developed countries, and oc-
casional geographical case clustering, have also
been advanced (4, 10).

Although root causes have not yet been de-
fined, recurrent genetic defects in ALL have
been identified. These include chromosomal
translocations that deregulate gene expression
or create novel fusion genes, numerical chro-
mosome copy number aberrations (especially
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hyperdiploidy), and gene-specific mutations.
Most often, ALL is subtyped and studied on
the basis of a particular underlying genetic ab-
normality. This approach is consistent with
data from microarray expression analysis, which
shows thataberrant expression of transcription-
factor oncogenes defines distinct molecular, bi-
ological, and clinical subtypes of ALL (11).
Genetic lesions thought to initiate ALL usu-
ally affect either (#) a key transcription factor or
chromatin-modifying factor at or near the apex
of a regulatory hierarchy or () a membrane-
proximal signaling pathway component. A spe-
cific genetic lesion, along with a permissive cell
of origin—which may be from a hematopoi-
etic stem cell (HSC) possessing multilineage
potential (12) or from a later-stage lymphoid
precursor—combines with the local microenvi-
ronment (13) to generate the biological context
for the subtype of acute leukemia that forms.
Abnormal levels of DNA methylation also oc-
cur and associate with silencing of WNT path-
way signaling (14), P15™NK*E and P16™NK* tu-
mor suppressors (15), the TP53 target gene
P21¢™PI (16), and overexpression of miR-128
(17), suggesting that epigenetic deregulation
may be an important contributor to the overall
malignant phenotype and patient outcome in
ALL.

The World Health Organization pro-
vides current diagnostic criteria for ALL
as a precursor B cell acute lymphoblastic
leukemia/lymphoma (B-ALL/B-LBL) or as a
precursor T cell acute lymphoblastic leukemia/
lymphoma (T-ALL/T-LBL) (18). This classi-
fication scheme does not subdivide ALL into
molecular subtypes or into distinct stages of
precursor lymphocyte development. A simi-
lar entity, termed mature B cell acute lym-
phoblastic leukemia or Burkitt lymphoma,
arises from reciprocal chromosomal transloca-
tions between immunoglobulin (IG) heavy- or
light-chain loci and MYC, resulting in aberrant
MYC activation in peripheral germinal-center
B cells; this type of leukemia is not further dis-
cussed herein (see Reference 19).

B-ALL is an aggressive malignancy of small-
to medium-sized precursor B cells. It originates
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in the bone marrow (BM) of children and
adults and potentially in fetal hemogenic
sites in TEL-AMLI+ B-ALL, and it shows
distinct histologic features (summarized in
Reference 18). Of the ALL cases that are
newly diagnosed in the United States each
year, approximately 80-85% are B-ALL pheno-
type, and the remainder are T-ALL phenotype.
B-ALL tumor cells are usually sIG—, CD10+,
CD19+, CD24+, cytoplasmic CD79+, and
terminal deoxynucleotidyl transferase (TdT)+,
with more variable expression of lymphoid lin-
eage CD20, CD22, and CD45 and myeloid
lineage CD13 and CD33 biomarkers. Most
B-ALL molecular subtypes have a good out-
come, with an overall complete remission rate
0f 95% for children and 60-85 % for adults. Hu-
man T-ALL mirrors B-ALL histologically, with
TdT+ tumor cells that variably express CD1A,
CD2, CD3, CD4, CDS5, CD7, and CDS, pat-
terns that usually reflect transformation at—
or differentiation blockade at—distinct stages
of intrathymic T cell development (18). Chro-
mosomal translocations involving T cell re-
ceptor (TCR) a/§ (14q11.2), TCRB (7q35), or
TCRy (7pl14-15) loci with a variety of part-
ner genes are seen in ~33% of T-ALL cases.
With current treatment protocols, both B-ALL
and T-ALL patients show a median survival of
~60 months.

ALL-promoting chromosomal transloca-
tions often involve transcription factors or
chromatin modifiers that regulate normal B-
and T-lineage maturation; these include factors
that control development before the earliest
stages of HSC differentiation (Figure 1). Pre-
multipotent progenitor (MPP) translocations
involve TALI [T cell acute leukmemia 1; also
known as SCL (stem cell leukemia bematopoietic
transcription factor)], required for hematopoi-
etic lineage commitment from hemangioblast
precursors; AMLI (RUNXI), which controls
the emergence of definitive HSCs in fetal
hemogenic sites; MLL, which regulates the
establishment of functional HSCs; and TEL
(ETVE6), which maintains adult HSC sur-
vival (20). It is curious that specific pre-
MPP transcription-factor deregulation gener-

ates either B-lineage-specific (AMLI, MLL,and
TEL) or T-lineage-specific (TALI) ALL. Alter-
ations in post-MPP-stage transcription-factor
genes that regulate early lymphocyte develop-
ment also generate B-ALL or T-ALL. Translo-
cations of EBF or E2A B-lineage-initiating
genes and inactivation of the P4AX5 B-lineage
commitment gene result in B-ALL, whereas
gain-of-function mutations of the NOTCHI
T-lineage commitment gene and MYB du-
plication or translocation promote T-ALL.
Table 1 summarizes major genetic lesions, clin-
ical correlations, and presumed mechanisms of
action that have been causally linked with ALL
development.

Mouse Models of Human Acute
Lymphoblastic Leukemia

Candidate B- and T-ALL-promoting genes
have been studied in mice with genetically mod-
ified BM and adoptive transfer and with trans-
genic and gene-knockin and -knockout tech-
nologies. Mice have also been used for cancer
gene discovery through the use of a wide range
of forward genetic methods, including ethylni-
trosourea and gene trap mutagenesis, proviral
insertion mutagenesis, and Cre-lox-mediated
chromosomal inversions and deletions. Some
mouse models are generated to resemble B- and
T-ALL based on equivalent genetic lesions in
humans, whereas others develop unanticipated
tumors that resemble or phenocopy key aspects
of ALL. Genetic manipulations not seen thus
far in human ALL cell lines or in samples occa-
sionally generate equivalent pre-B-LBL or pre-
T-LBL tumors in mice. Some of these models
link to pathways and mechanisms known to pro-
mote human ALL, providing an opportunity
to develop new insights into acute leukemo-
genesis. Informative models (discussed below)
have been valuable for molecular validation of
identified human lesions, for dissecting molec-
ular mechanisms and companion lesions during
tumor initiation and progression, and in some
cases for preclinical therapeutic evaluations.
Pre-B-LBL is the tumor that represents
human B-ALL/B-LBL in the mouse models
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Transcription factors and chromatin modifiers regulate early hematopoietic development before generation of a multipotent progenitor
(MPP) and are implicated by chromosomal translocation in promoting B cell acute lymphoblastic leukemia (Runx1/Aml1, Mil, and
Tel/Etv6) or T cell acute lymphoblastic leukemia (SCL/7i1). Members of the Hox gene family have been shown to expand the
hematopoietic stem cell (HSC) pool size in vitro and in vivo and are targets of M//-translocated fusion genes. During later development,
alterations in key transcription-factor genes that control early B- or T-lineage initiation, commitment, or precursor differentiation also
result in lineage-specific ALL. Depicted are approximately equivalent stages in mouse and human definitive hematopoiesis, which
originate from the primitive streak mesoderm. Abbreviations: AGM, aorta—gonad—mesonephros region; ELP, earliest lymphoid
progenitor; CLP, common lymphoid progenitor; ETP, early T-lineage progenitor. Figure modified from Reference 20.

of human cancer consortium classification
scheme (21). This leukemia is a high-grade neo-
plasm of small- to medium-sized, round, uni-
form cells with abundant mitoses and apop-
totic bodies; it originates from precursor B
cells in the BM. A leukemic phase with spread
to peripheral lymphoid and nonlymphoid tis-
sues occurs frequently. By flow cytometry the
tumor cells are sIG—, B220+, CD19+, and
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CD43+/—, and by immunohistochemistry the
cells are TdT+. Tumor cells are clonal and
contain Igh (but usually not Ig/) gene rear-
rangements. Due to the differences in their
immunohistochemical staining profiles, we can
distinguish between mature B lymphoblastic
lymphomas, such as mouse-equivalent diffuse
large B cell lymphoma and Burkitt-like lym-
phoma, and mouse pre-T-LBL.
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Table 1 Major genetic lesions in B cell and T cell acute lymphoblastic leukemias

Genetic lesion

Associated clinical features

Presumed mechanism of action

B-ALL
Hyperdiploidy (>50) | 20% with FL'T'3 activation; good prognosis
BCR-ABL t(9;22) Poor prognosis; associated IKZF1 or CDKN2A Constitutive tyrosine kinase; interacts with RAS,

deletions; imatinib resistance develops rapidly

AKT, JAK/STAT pathways

MLL rearrangements

Improved outcome with high-dose cytarabine for
some rearrangements; MLL-AF4 poor outcome

Chimeric TF; some upregulate hRENTT cytarabine
transporter

TEL-AMLI (12;21)

Good prognosis with intensive chemotherapy that
includes asparaginase

Prenatal translocation, chimeric TF, represses
AMLL1 target genes

PAXS Most frequent target of somatic mutation Translocated (rare) or deleted TF

E2A4-PBX1 t(1;19) Intensified chemotherapy improves prognosis Chimeric TF

E24-HLF Aggressive disease; adolescents; hypercalcemia; Chimeric TF with anti-apoptotic SLUG induction;
disseminated intravascular coagulation dimerize E2A proteins

T-ALL

NOTCHI «(7,9)

GSI sensitive or resistant tumors; associated
PTEN mutation confers GSI resistance

Gain-of-function change to increase ICN1 and
induce targets (e.g, MYC)

FBW7 GSl insensitive Inactivating mutation of SCF-type E3 ubiquitin
ligase stabilizes ICN1, MYC
HOX rearrangements | HOX11 T-ALL has better prognosis than other Elevated expression; HOX11 inhibition of PP2A

T-ALL molecular subtypes

and PP1 phosphatases

TAL1/SCL t(1;14)

Data for both good and poor outcomes

Dimerize E47 and HEB transcription factors,
blocking T cell differentiation

LYLI «(7;19) Dimerize E2A and HEB transcription factors,
blocking T cell differentiation
MYB t(6;7) Gene duplication; elevated expression blocks T cell

differentiation

LMO1/2 (11;14)

Binds TAL1/SCL, silent in T cells

CALM-AF10 ¢(10;11)

TCR /8 T-ALL; poor prognosis

HOXA cluster, BMII gene induction

Abbreviations: GSI, y-secretase inhibitor; TF, transcription factor.

Pre-T-LBL is the mouse tumor classifica-
tion that is analogous to human T-ALL/T-
LBL. The histology of pre-T-LBL is similar to
that described for pre-B-LBL. Immunopheno-
typic analysis indicates that tumor cells orig-
inate by transformation at distinct stages of
intrathymic T cell development with immature,
CD3+,CD4—-CD8—,CD4+CD8+,CD4+ or
CD8+, TCR+, and cyt Td T+ staining patterns
(21). Alternatively, transformation initiates ear-
lier in development with subsequent blockade
at a distinct thymocyte precursor stage. Tumor
cells are clonal, and the 7¢rB gene is typically
rearranged.

MOLECULAR PATHOGENESIS
OF B CELL ACUTE
LYMPHOBLASTIC LEUKEMIA

Constitutive Abelson Tyrosine Kinase
Activity with BCR-ABL

The Philadelphia chromosome (Ph) is a
short der(22) chromosome resulting from a
t(9;22)(q34;q11) that occurs in 20-40% of
adults and in 5% of children with B-ALL (22,
23). A reciprocal translocation causes a head-
to-tail fusion of the breakpoint cluster region
(BCR) gene on chromosome 22 with the cel-
lular homolog of the Abelson (c-ABL) viral
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oncogene on chromosome 9, thereby plac-
ing the BCR-ABL oncogene under the con-
trol of the ubiquitously expressed BCR pro-
moter (24). BCR-ABL encodes two main
BCR-ABL fusion oncoproteins of distinct
molecular weights, p190 and p210, that arise
from different translocation breakpoints in the
BCR gene. The p210 isoform is expressed in
~33% of adult Ph+ B-ALL, with the other
66% of adult Ph+ B-ALL expressing the p190
isoform. Approximately 90% of childhood Ph+
B-ALL cases express p190. The source for the
preferential association of distinct BCR-ABL
isoforms in specific patient populations is un-
known. In chronic myeloid leukemia (CML),
the Ph is thought to originate in HSCs, whereas
the Ph in B-ALL—atleast in childhood cases—
appears to arise in lymphoid lineage precur-
sors, consistent with the notion that distinct
target cells and BCR-ABL isoforms dictate the
leukemia subtype that ultimately forms (25).
BCR-ABL is a deregulated, constitutively
active nonreceptor tyrosine kinase, and this
kinase activity is required for cell transforma-
tion (26). Normally, the ABL tyrosine kinase is
presentin a closed inactive conformation thatis
activated by a three-step unlatching mechanism
(27). Unlatching exposes the ABL activation
loop to weak Tyr-412 autophosphorylation or
to more robust phosphorylation by the Src
tyrosine kinase Hck, thereby increasing ABL
kinase activity two- to threefold (28). In con-
trast, increased ABL tyrosine kinase activity in
BCR-ABL appears attributable to inclusion of
a BCR oligomerization domain and is further
heightened by in vitro deletion of a repressive
Src homology 3 (SH3) domain in ABL.
BCR-ABL aberrantly enhances RAS-MAPK
(mitogen-activated protein kinase) pathway
activation, which is essential for transforming
activity through autophosphorylation, genera-
tion of a high-affinity binding site at Tyr-177,
and complex formation through the SH2
domain of the granzyme B2 (GRB2) adaptor
protein with GRB-associated binding protein
2 (GAB2) and son of sevenless (SOS) (29, 30).
Excessive  phosphatidylinositol ~ 3—kinase
(PI3K)-AKT pathway signaling has also been
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linked to BCR-ABL downstream effects
through a GAB2-SH2 domain interaction (31),
implicating two signal transduction pathways
that control cell proliferation, size, survival,
and activation as the main leukemia-promoting
mechanism for BCR-ABL.

Imatinib mesylate (STI-571; marketed as
Gleevec®) is a small-molecule inhibitor that
blocks a small group of tyrosine kinases, includ-
ing BCR-ABL. Itis used as frontline therapy for
chronic-phase CML and forms part of the treat-
ment regimen for Ph+ ALL (32-34). Imatinib
acts as a competitive inhibitor for ATP cofactor
binding and locks BCR-ABL in an inactive con-
formation (35, 36). CML in remission main-
tained on imatinib can become treatment resis-
tant over time, usually as a result of secondary
mutations in the BCR-ABL oncoprotein (37,
38); this phenomenon has spawned the devel-
opmentof a second generation of inhibitors, in-
cluding dasatinib, nilotinib, and INNO-406, to
override imatinib resistance (39). Unlike CML,
durable responses to imatinib in Ph+ ALL are
uncommon (40, 41), and treatment requires
added conventional agents with or without BM
transplantation. Potential sources for increased
Ph+ ALL imatinib resistance include increased
genome instability, which causes more rapid
emergence of BCR-ABL kinase mutations than
in chronic-phase CML, and additional muta-
tions that synergize with BCR-ABL, such as
deletion of the CDKN2A (INK4A-ARF) tumor-
suppressor locus at 9p21, found in ~30% of
patients (42, 43). P16™K*\ is an inhibitor of
CYCLIN-p-dependent kinases, and this inhi-
bition prevents the phosphorylation of RB and
RB-related P107 and P130 transcription factors
to block entry into the S phase of the cell cycle
(44). Functional inactivation of the RB pathway
by deletion or epigenetic silencing of P15™K5
and P16™%* also occurs in most cases of child-
hood T-ALL (15). P14*RF inhibits the histone
demethylase 2 (HDM2) E3 ubiquitin ligase,
which blocks TP53 ubiquitination and proteo-
somal degradation and stabilizes TP353 levels
to regulate the program that controls cell-cycle
arrest or apoptosis due to oncogene-induced
stress (44). Mice deficient in pl6™*#/p1947
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develop aggressive pre-B-LBL, which may re-
semble a method for acquired independence
from BCR-ABL “oncogene addiction” in a siz-
able number of imatinib-resistant Ph+ ALL
cases (45).

A frequent additional complementing le-
sion that may contribute to relatively poor
prognosis and to BCR-ABL treatment resis-
tance is deletion of the IKZF1 locus, which
encodes the nuclear protein IKAROS (46).
IKZF1 deletions were recently identified us-
ing single nucleotide polymorphism (SNP) ar-
rays, and results show that haploinsufficiency,
homozygous loss, or expression of a dominant-
negative IKAROS isoform occurs in ~84% of
pediatric BCR-ABL+ B-ALL. IKZF] deletions
are largely restricted to BCR-ABL+ B-ALL,
suggesting a direct contribution to this ALL
molecular subtype. However, similar deletions
have also been identified with the conversion
of CML to ALL during lymphoid blast cri-
sis. The mechanism of deletion has been sug-
gested (but not explicitly demonstrated) to in-
volve aberrant recombination-activating gene
(RAG)-mediated recombination, as sites inter-
nal to deletion breakpoints contain heptamer
recombination signal sequences that RAG rec-
ognizes during V(D)] recombination. This sug-
gestion has been bolstered by the detection of
randomly inserted nucleotides, suggesting fur-
ther modification by TdT at sites of deletion.
IKAROS, a lymphoid-restricted zinc-finger-
encoded transcription factor with several alter-
natively spliced forms of undetermined signif-
icance, associates with chromatin-remodeling
complexes and is considered a master regula-
tor of lymphocyte differentiation (47). Mice
with reduced Ikaros expression have a partial
block at the pro-B cell stage in development
(48), suggesting a tumorigenic role in block-
ing precursor B cell maturation. The same
genomic screen identified less-frequent DNA
copy number abnormalities in CDKN2A, PAXS,
C200rf94, RB1, MEF2C, EBF1, BTG1, DLEU,
FHIT, and ETV6 genes in B-ALL cases with,
and in some cases without, BCR-ABL driver
translocations. Overall, these results indicate
the potential for additional molecular mecha-

nisms beyond BCR-ABL mutation in the ag-
gressive pathogenesis and targeted therapy re-
sistance of Ph+ ALL.

The oncogenic properties of BCR-ABL
have been extensively evaluated in mice using
a variety of genetic approaches. 5-fluorouracil-
treated mouse BM infected with a BCR-ABL»*!Y
retrovirus, followed by reconstitution into
lethally irradiated hosts, yields B-ALL, T-ALL,
or CML, largely depending on strain (49). Sim-
ilarly, transgenic mice expressing BCR-ABL*’
or BCR-ABI?*"Y develop B-ALL, T-ALL, or
CML, likely depending upon the promoter and
genetic background used. Mice expressing a
fused Ber-v-abl gene develop B-ALL or T-ALL.
“Tet-off” mice that express BCR-ABL*!” when
tetracycline is removed from their drinking wa-
ter generate B-ALL, which is reversed with
the addition of tetracycline to resuppress BCR-
ABIP?! expression. These results demonstrate
oncogene addiction for the initiating molec-
ular lesion and resembles the success of ima-
tinib and its derivatives in humans. Mice with
a BCR-ABL™ knockin into exon 1 of the en-
dogenous Ber locus by homologous recombina-
tion develop B-ALL. Although the p210 iso-
form results in few B-ALL cases in humans,
adoptive transfer of BCR-ABL?!’-expressing,
pl19*®F_null pre-B cells in mice accelerates
pre-B-LBL formation and increases imatinib
resistance, potentially resembling the INK44-
ARF deleted subset of imatinib-resistant hu-
man BCR-ABL+ B-ALL cases (50). Overall,
mice expressing a variety of BCR-ABL onco-
gene isoforms using adoptive transfer, trans-
genic, tetracycline-inducible, or gene-knockin
technologies develop mainly B-ALL, T-ALL,
or CML, with variable penetrance and strain
dependence (51).

Mixed Lineage Leukemia Has
Multiple Translocation Partners

"The mixed lineage leukemia (MLL) gene encodes
a ~430-kDa, multidomain, trithorax-group
methyltransferase that forms part of a larger
multiprotein nuclear transcription complex.
MLL methylates histone H3 lysine 4 (H3K4)
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and positively (or negatively) regulates gene
expression (especially HOX family gene ex-
pression) to control skeletal patterning and
HSC and early hematopoietic progenitor
cell development (52) (Figure 1). The MLL
protein is cleaved after translation to generate
320-kDa  amino-terminal and  180-kDa
C-terminal portions, which self-associate to
form the mature protein.

More than 40 different balanced chro-
mosomal translocations have been identified
as partners for MLL in ALL. The five most
common MLL rearrangements, present in
~80% of MILL-translocated leukemia, are
t(4;11)(q21;923)-encoding MLL-AF4, t(9;11)
(p22;q23)-encoding  MLL-AF9,  t(11;19)
(q23;p13.3)-encoding MLL-ENL, (10;11)
(p12;q23)-encoding MLL-AF10, and t(6;11)
(q27;923)-encoding MLL-AF6 (53). An 8.3-kb
breakpoint cluster region between exons 8 and
13 is the site for most MLL rearrangements,
which always produce in-frame fusion proteins
with variable fusion partners. All MLL fusion
proteins retain AT-hook and CxxC zinc-finger
motifs, which are required for transformation,
and all except the MLL-PTD (partial tan-
dem repeat) fusion lose the C-terminal SET
[su(var)-3-9, Enhancer-of-Zeste, trithorax]
domain.

MLL fusions with AF4, AF9, and ENL re-
cruit small serine-/proline-rich proteins with
nuclear localization signals, which may gen-
erate unique chimeric transcriptional transac-
tivators. Some MLL fusion partner proteins
have no transcriptional activity but do con-
tain dimerization domains, which may gener-
ate dominant-negative chimeric proteins that
inhibit the usual functioning of bound and se-
questered transcription regulators. Rare MLL-
ELL fusions by t(11;19)(q23;p13.1) bring in
an RNA elongation factor that may influence
transcription. Recent studies with MLL-ENL
or MLL-AF9 retrovirally infected, hematopoi-
etic lineage biomarker—negative (Lin—) human
umbilical cord blood cells that were adop-
tively transferred into sublethally irradiated
immunodeficient mice generated pre-B-LBL-
or AML-equivalent lesions (13). Serial tumor
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transplantation identified a primitive cell type
with lymphoid and myeloid lineage bipoten-
tial and with unrearranged IGH genes as the
leukemia-initiating cell (or cancer stem cell) re-
quired for leukemia maintenance, with distinct
fusion gene type and culture conditions favor-
ing either lymphoid or myeloid leukemia upon
transplantation. Overall, these findings indi-
cate that the cell of origin, microenvironment,
and particular MLL fusion gene dictate the
self-renewing capability of the tumor and the
leukemia subtype that forms. Even with these
new cellular findings, exactly how the MLL fu-
sion proteins promote leukemogenesis remains
largely unknown, although HOX genes, which
control HSC pool expansions (54, 55), are likely
critical targets in the process.

An In Utero Leukemia Precursor
Expresses TEL-AML1

The most frequent genetic lesion in pediatric
ALL is a karyotype-cryptic t(12;21)(p13;q22).
This lesion originates from microclustered
breakpoint regions of TEL(ETV6 ) intron 5 and
AMLI(RUNXT) intron 1 or 2 in 20% of pedi-
atric and ~3% of adult B-ALL cases, result-
ing in a TEL-AMLI (ETV6-RUNXI) fusion
gene. t(12;21) arises mainly in utero during fe-
tal hematopoiesis in a B cell precursor to gener-
ate a covert preleukemia clone, suggesting that
TEL-AMLI is an initiating lesion (5). This no-
tion is supported by monozygotic twin studies
in which TEL-AMLI1+ precursor clones mi-
grated transplacentally, followed by B-ALL de-
velopment at distinct postnatal ages but with
the same TEL-AMLI fusion sequence, suggest-
ing that a randomly timed secondary lesion was
required for transformation in each twin. Com-
plementary leukemogenic lesions include post-
natal deletion of the untranslocated TEL allele
and of 11q23, which contains a large number
of candidate tumor—promoting genes including
MLL,; this holds true in a subset of TEL-AMIL1I
B-ALL cases (56).

TEL-AMLI1 is a leukemogenic, chimeric
transcription factor that encodes the amino-
terminal  basic helix-loop-helix (bHLH)
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domain of the ETS family member TEL,
which is fused to the AML1 DNA-binding
Runt and transactivation domains (57). In
mice, Amll is required for definitive em-
bryonic hematopoiesis (58, 59), whereas 7e/
is required for maintenance of definitive
adult-type hematopoiesis (60) (Figure 1).
Mouse xenograft studies using fractionated
TEL-AML1-patient BM samples suggest that
TEL-AML1 functions to enhance self-renewal
and survival of an IGH clonally rearranged
CD344-CD38—/lowCD19+ B cell precursor,
thereby generating a preleukemia cancer—
initiating cell of origin (6). TEL-AMLI may
generate a preleukemia clone by repression
of usually activated AML1 target genes or by
TEL inhibition of other ETS family proteins
via binding through the TEL’s pointed domain
(61, 62). The frequent loss of the untranslo-
cated TEL allele may be required because
TEL overexpression in cell lines generates
a Gy cell-cycle arrest (63). Transduction of
mouse BM cells with a MSCV-TEL-AMLI1
retrovirus, followed by adoptive transfer,
generates a low frequency of pre-B- and
pre-T-LBL with wild-type donor cells and a
higher frequency of an undetermined leukemia
type from pl6™4/p1947 deficient BM cells
(64).

Inactivation or Translocation of PAXS5

In the mouse BM, IKAROS and titered levels
of PU.1 transcription-factor expression enable
HSC-to-CLP (common lymphoid progenitor)
differentiation. The B-lineage is initiated by
early B cell factor (EBF) and E2s4 gene-splice
variant proteins E47 and E12 during the CLP to
pre-pro-B cell transition (65). Pre-pro-B cells
retain myeloid potential, which is abolished by
subsequent expression of the B-lineage com-
mitment transcription factor PAXS (66, 67).
Pax5—/— mice lose all B cell development be-
yond the early pro-B cell stage, are severely
runted, and die in the early postnatal period
(68).

SNP arrays and genomic DNA sequencing
of pediatric B-ALL samples identified somatic

deletions and point mutations targeting the
PAXS gene in ~32% of cases, which caused
reduced PAXS transcriptional activity in
reporter assays (69). This survey also identified
less-frequent deletions of E24 (TCF3), EBFI,
LEF1, IKAROS (IKZF1), and AIOLOS (IKZF3)
transcription-factor genes, several of which
have identified roles in controlling early B cell
differentiation. Rare PAXS translocations in
pro-B cell stage ALL, including PAX5-ETV6,
PAXS5-EVI3, PAXS-ENL, and others, have
been described, with PAX5-ENL inhibiting the
transcriptional activity of PAXS (70). Although
it is not yet proven that Pax5 gene alterations
promote pre-B-LBL in mouse modeling, a
common action of these mutations, deletions,
and translocations may be to block B cell
differentiation, either by lack of PAXS function
or by dominant-negative PAXS fusion protein
activity on PAXS target-gene transcription.
Because differentiation blockade is a critical
aspect of ALL development, altered PAXS5
may participate in this process, as shown
by targeted inactivation of Aiolos and Ikaros
lymphocyte transcription factors in mice.
AIOLOS, IKAROS, HELIOS, EOS,
PEGASUS, and DAEDALUS are members of
a Kriippel-like zinc-finger transcription-factor
family that binds DNA and regulates B and
T cell development and function (71, 72).
Aiolos—/— mice result in hyperproliferation
and constitutive B cell activation, with pre-
B-LBL developing in ~20% of mice (73).
Alternatively spliced Aiolos isoforms lacking a
full complement of DNA-binding domains in
normal and leukemic human B cells have been
reported, but their role in human B-ALL has
not been identified (74).

E2A-PBX1 Chimeric
Transcription Factor

As we discussed briefly above, E2A4 encodes
class I bHLH E47 and E12 E-box transcrip-
tion factors that regulate the CLP to pre-pro—
B cell transition in early B cell development. A
t(1;19)(q23;p13) fuses the PBXT class II diver-
gent HOX gene to E2A4 in 3-5% of B-ALL cases
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and in 25% of cases with a pre—B cell stage ALL
phenotype (75). This rearrangement generates
a fusion gene that encodes a chimeric tran-
scription factor from the amino-transactivation
domains, AD1 and AD2, of E2A and of the
DNA-binding domain of PBX1 (76). Unlike
PBX1, E2A-PBX1 is a transcriptional activa-
tor for reporter constructs that contain PBX1-
binding sites; it also binds to a subset of endoge-
nous PBX target genes in vitro (77). E2A-PBX1
may contribute to leukemogenesis by binding
and sequestering normal partners of the PBX
proteins, such as HOX proteins, and by seques-
tering E2A coactivators, leading to the repres-
sion of E2A target genes and to uncontrolled
cell-cycle progression, as shown by in vitro foci-
forming assays.

E2A-HLF Chimeric
Transcription Factor

A rare t(17;19)(q22;p13) brings together the
amino-terminal transcription-activating AD1
and AD2 domains of E2A with the C-terminal
basic region and the leucine-zipper DNA-
binding and dimerization domains of the PAR
(proline- and acidic amino acid-rich protein)
subfamily bZIP (basic leucine zipper) transcrip-
tion factor known as HLF (hepatic leukemia
factor) (78, 79). The novel chimeric transcrip-
tion factor E2A-HLF promotes aggressive,
treatment-resistant pro-B cell stage ALL that
shows unique clinical associations including
adolescent presentation, hypercalcemia, and
disseminated intravascular coagulation (DIC)
(80). E2A-HLF requires homodimerization
and DNA binding to promote in vitro NIH3T3
cell-foci formation and to cause mainly T cell
malignancies in transgenic mouse models (81,
82). Leukemogenic mechanism(s) likely relate
to aberrant induction of SLUG, an antiapop-
totic DNA damage-induced zinc-finger tran-
scription factor that may inhibit proapoptotic
BH3-only BCL2—family member expression
(83) as well as probable dominant-negative in-
terference by dimerization and sequestration of
E2A proteins that regulate cell-cycle and early
B-lineage-fate decisions.

Teitell o Pandolfi

MOLECULAR PATHOGENESIS OF
T CELL ACUTE LYMPHOBLASTIC
LEUKEMIA

Activation of NOTCHI1 Signaling

Four human NOTCH genes encode unusual
type I transmembrane receptors that function
in signal transduction and control of meta-
zoan development. To date, altered NOTCH]I
is the only family member implicated in T-
ALL (84, 85). NOTCHI1 has an extracellular
domain composed of 36 epidermal growth fac-
tor (EGF)-like repeats, 3 LIN12/NOTCH re-
peats, and 1 juxtamembrane heterodimeriza-
tion domain. Newly synthesized NOTCHI1
is cleaved by a furin-like protease to gener-
ate a heterodimer of extracellular and trans-
membrane/cytoplasmic (M) subunits that are
noncovalently attached to form the mature
NOTCHLI receptor at the cytoplasmic mem-
brane. The intracellular portion of NOTCH1
(ICN1) has one RAM domain, seven ankyrin-
like repeats, one transactivation domain, and
one C-terminal PEST (proline-, glutamic
acid-, serine-, and threonine-rich) domain.
NOTCHI signaling initiates with binding by
a DELTA/SERRATE/LAG-2 family member
on the surface of an interacting cell. This
interaction induces intramembrane proteol-
ysis with ADAM-like metalloprotease cleav-
age, then y-secretase cleavage, which is fol-
lowed by release of ICN1 into the cytoplasm.
Released ICN1 translocates to the nucleus,
where it forms a transcription complex with
CSL (CBF1, also known as RBP-]J, Suppres-
sor of Hairless, and LAG-1), mastermind-like
(MAML) family members, and other cofactors
including p300, RNA pol II-containing com-
plexes, and additional histone modifiers. Nu-
clear ICN1 is short-lived and is targeted for
transcription-linked ubiquitin-mediated degra-
dation by its C-terminal PEST domain.
NOTCHI was discovered from a
t(7;9)(q34;934.3) that occurs in <1% of
T-ALL cases (86). Translocated NOTCHI
encodes a partial NOTCHI1 receptor that lacks
the extracellular portion and retains TM and



Annu. Rev. Pathol. Mech. Dis. 2009.4:175-198. Downloaded from arjournals.annualreviews.org
by University of California- Los Angeles on 02/16/09. For personal use only

ICNT1 subunits, including the juxtamembrane
heterodimerization domain. This truncated
form requires y-secretase proteolysis, but not
ligand binding, to release active ICN1 from
the membrane, suggesting that y-secretase
inhibitors  (GSIs)—currently used mainly
for treating Alzheimer disease—may be an
effective therapy for NOTCH1-altered T-ALL.
With such a low patient frequency, NOTCH1
alterations were considered a minor pathway
to T-ALL until gain-of-function mutations
were discovered in ~55% of translocation-
negative T-ALL cases (87). DNA sequencing
showed NOTCH]I heterodimerization-domain
missense mutations and PEST-domain mu-
tations and deletions involving one or both
domains in ¢s in all immunophenotypic and
molecular T-ALL subtypes. Heterodimeriza-
tion domain missense mutations also cause
NOTCHI  cleavage,
removing this prerequisite to cleavage by

ligand-independent

y-secretase. C-terminal PEST domain dele-
tions stabilize ICN1 by removing an SCFBW?
(SKP1, CULLI, F-box protein) E3-ligase phos-
phodegron sequence, resulting in increased
ICNT1 stability and enhanced reporter assay
activity. Therefore, leukemogenesis
NOTCHI translocations and mutations likely
arises from augmented transcription of ICN1
target genes, such as MYC (88), and from

from

signaling-pathway activation, such as enhanced
mTOR (mammalian target of rapamycin)
signaling through PTEN (phosphatase and
tensin homolog) repression and heightened
PI3K-AKT pathway activity (89), to promote
precursor T cell growth. Because of the central
role of NOTCH in T-lineage development,
these alterations likely originate and deregulate
the earliest intrathymic T cell progenitors,
which drive T-ALL formation when coupled
to secondary transforming alterations such as
loss of the transcriptional repressor IKAROS.
In nonmalignant T cells, NOTCHLI signal-
ing upregulates MYC and HESI (Hairy and
Enhancer-of-Split) transcription factors, caus-
ing antagonistic binding on the PTEN pro-
moter, with HES] repression dominating MYC
induction and resulting in PTEN downregula-

tion with augmented PI3K-AKT pathway sig-
naling (88) (Figure 2). PTEN is a tumor sup-
pressor with lipid and protein phosphatase ac-
tivity that opposes the receptor tyrosine kinase—
PI3K-induced activation of AKT. As soon as
the NOTCH pathway is silenced by cessa-
tion of ligand-bound stimulation and ICN1
proteolysis, PTEN expression returns to base-
line, and signaling through the PI3K-AKT
pathway is again modulated by PTEN. How-
ever, gain-of-function NOTCHI mutations and
mutational loss of PTEN are associated with re-
sistance to GSIs in T-ALL (90), possibly be-
cause the malignant clone transfers its onco-
gene addiction from constitutive NOTCH1
signaling to constitutive PI3K-AKT signaling
(91). PTEN is mutated and is the most con-
sistently downregulated gene in GSI-resistant
T-ALL cell lines. All molecular subtypes of pri-
mary T-ALL patient samples also show PTEN
repression, with PTEN-silencing alterations in
NOTCHI1-activated T-ALL seen both at diag-
nosis and as a secondary event during disease
progression. These important results suggest
that concurrent treatment with both GSI and
therapy targeting PI3K-AKT signaling may
be required for personalized treatment of spe-
cific gain-of-function NOTCHI1 T-ALL cases.
Consistent with the selective role of NOTCH
in early T-lineage development, no NOTCH
alterations have been identified in B-ALL to
date.

Transgenic mice expressing ICN1, lacking
the PEST proteolysis domain, and driven by
the T-lineage-specific Lek proximal promoter
favor TCRap+ CD8+ over CD4+ thymo-
cyte maturation (92), with ~20% of mice devel-
oping CD4+CD8+ pre-T-LBL (93). Interest-
ingly, proviral insertion mutagenesis identified
Tkaros as the main disrupted target gene that co-
operates with and accelerates ICN1-induced T-
ALL, showing a striking similarity to IKAROS
deletion in BCR-ABL+ B-ALL (46). Targeted
removal of the Ikaros DNA-binding domain
is embryonic lethal, but 100% of hemizygous
mice develop thymic-based T cell lymphopro-
liferations, followed by clonal CD4—-CD8—,
CD4+ or CD8+, TCR+ pre-T-LBL (94).
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Figure 2
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FBW?7 (F-box- and WD repeat domain—containing 7) or PTEN (phosphatase and tensin homolog)
functional loss leads to y-secretase inhibitor (GSI) resistance in NOTCH]I gain-of-function T cell acute

lymphoblastic leukemia (T-ALL). Ligand-independent activating NOTCH1 lesions, including truncation by
chromosomal translocation and mutations in NOTCH1 heterodimerization and PEST (proline-, glutamic
acid-, serine-, and threonine-rich) domains, lead to constitutive NOTCHI1 pathway activation following
y-secretase cleavage/release from the membrane and increased intranuclear intracellular portion of
NOTCHI (ICN1). A transcriptional binding/activation complex is formed among ICN1 and CSL (CBF1,
also known as RBP-], Suppressor of Hairless, and LAG-1), mastermind-like (MAML), p300, and other
cofactors, which results in upregulation of MYC among many ICNI1 target genes. HES1 (Hairy and
Enhancer-of-Split) is also a NOTCHI1-induced target gene, and both it and MYC bind to the PTEN
promoter, resulting in HES1-mediated suppression of PTEN overpowering MYC-mediated induction (88).
SCFBW7 (SKP1, CULI, F-box protein) E3 ligase-mediated ubiquitination through the ICN1 C-terminal
PEST domain targets ICN1 for proteosomal degradation and cessation of NOTCHI pathway signaling.
However, mutation of the FBW?7 protein substrate recognition subunit of SCF-type E3 ubiquitin ligase, or

PEST-domain mutations in ICN1 that block ubiquitination, stabilize ICN1 and maintain inappropriate
NOTCHLI signaling pathway activation, which opposes GSI therapy. Transient repression of the PTEN
tumor suppressor and decreased MYC expression are inhibited through ICN1 maintenance. Homozygous
loss of PTEN renders NOTCHI1-activated T-ALL samples resistant to GSI through constitutive PI3K
(phosphatidylinositol 3—kinase)-AKT signaling, which now cannot be reversed by proteolytic removal of
ICNI, to support robust cell proliferation, survival, and size growth (153).

Tumors uniformly demonstrate loss of het-
erozygosity (LOH) of the wild-type Tkaros al-
lele. Although increased levels of IKAROS iso-
forms lacking DNA-binding domains are seen
in B-ALL, T-ALL, and CML in blast crisis,
their role(s) in human ALL has not yet been
determined (74). Additional ICNI-transgenic
and ICNI-modified BM with adoptive trans-
fer mouse models of NOTCHI gain-of-
function signaling also develop CD4+CD8+
pre-T-LBL, often in cooperation with c-MYC
(95-98).

Teitell o Pandolfi

Gene knockout of Pren is embryoniclethal in
mice, whereas Pten-heterozygous CD-1-strain
mice survive and develop thymocyte expan-
sions followed by pre-T-LBL at high frequen-
cies (99). Analyzed tumors demonstrate LOH
at the wild-type Pten locus. Inbred 129Sv- and
C57BL/6 Pten™~—strain mice donot develop T
cell leukemia/lymphoma, indicating that strain-
specific effects contribute to Pten tumor sup-
pression (100). Multiple human tumor types
and patients with Cowden disease, Bannayan-
Zonana syndrome, and Lhermitte-Duclos
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syndrome demonstrate diverse types of PTEN-
inactivating mutations, although PTEN is
rarely mutated or lost in human lymphoid
malignancies.

Inactivation of the SCF*3W7 E3
Ubiquitin Ligase

FBW7 (F-box- and WD repeat domain—
containing 7) is a protein substrate recogni-
tion subunit of the SCF-type E3 ubiquitin
ligases and is mutated in a wide range of hu-
man cancers, where it functions as a tumor
suppressor (101). Known FBW?7 substrates for
degradation include JUN, CYCLIN E, and key
members of the NOTCH signaling pathway
including y-secretase, ICN1, and the ICN1
transcriptional target MYC (102). Missense
mutations in key arginine substrate-binding
residues are the mechanism for FBW7 malfunc-
tioning in T-ALL (103-106). These FBW7 mu-
tations, along with mutations centered around
T?12in the ICN1 PEST domain, block FBW?7-
mediated ICN1 and possibly MYC degrada-
tion, leading to excessive NOTCH pathway
signaling (Figure 2). T-ALL lines and re-
lapsed T-ALL cases containing FBIWW7 mu-
tations are insensitive to GSIs, suggesting a
mechanism for drug resistance that is poten-
tially related to stabilization of MYC expression
(106). FBW7 mutations may also coexist with
NOTCHLI heterodimerization—-domain muta-
tions to further augment NOTCH pathway
signaling. Mice with deletion of Fhw7 are em-
bryonic lethal, HSC-restricted Fbw7-knockout
mice develop pancytopenia, and adoptive trans-
ter of Fhw7-null HSCs impairs long-term HSC
repopulating activity; most animals develop a
CD4+CD8+ pre-T-LBL, probably due to c-
MYC accumulation (107). Collectively, these
results suggest that FBW7 is a tumor suppres-
sor in T-ALL associated with T-ALL promo-
tion, relapse, and drug resistance.

Deregulation of Homeobox Genes

HOX genes regulate axial patterning and cel-
lular differentiation during embryonic devel-

opment. All HOX genes encode transcription
factors that have in common a 61-amino-acid
helix-turn-helix DNA-binding homeodomain.
The class I HOX genes (HOXA-D) cluster at
four chromosomal loci (7pl5, 17q21, 12q13,
and 2q31), whereas class II HOX genes, also
termed non-HOX genes or divergent HOX
genes, are dispersed throughout the genome.
To date, the only class I HOX genes with a
suggested role in T-ALL belong to the HOXA
cluster. One molecular subtype implicates an
inv(7)(pl5q34) that associates with elevated
HOXA10 and HOXAI1I expression (108, 109).
Elevated expression is from juxtaposition to
TCRp enhancers with a postulated role in T-
ALL from simple overexpression versus disor-
dering of the usual developmental expression
and silencing patterns within the HOXA gene
cluster.

Class II HOX genes encode DNA-binding
HOX protein cofactors, are not involved in
homeotic transformations, have a more re-
stricted pattern of expression than class I genes,
and are implicated in organogenesis or cell-
type differentiation. HOXI1 (also known as
T cell leukemia, homeobox 1, and TLXI) is a
class IT orphan HOX gene that mouse knock-
out studies show is normally required for
survival of splenic precursors during organo-
genesis (110, 111). HOXII is not expressed
during T cell development, and it under-
goes a t(10;14)(q24;q11) or t(7;10)(q34;q24),
which induces elevated thymocyte expression
by juxtaposition to TCRa/s- or TCRp-loci-
regulatory elements in ~5% of pediatric to
30% of adult T-ALL (112). Aberrant HOX11
expression may also occur by loss of negative
regulatory elements with cytogenetic rear-
rangements or by loss of silencing DNA methy-
lation. HOX11-containing T-ALL has a bet-
ter prognosis than (#) other T-ALL subtypes
and (b)) a CD4+CD8+ precursor T cell phe-
notype. A mechanism for HOX11-mediated
transformation has not been fully established,
although transcription-independent inhibition
of PP2A and PP1 signaling phosphatases, which
alters RB phosphorylation and deregulates
G1/S cell-cycle growth-control genes, may be
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involved (113, 114). About 20% of CD-1-strain
mice with an Eu-HOXII transgene develop
IGM+IGD+ B cell lymphoma and not pre-
B- or pre-T-LBL (115). An association between
HOX11 expression and B cell cancers in humans
has not yet been established.

HOXI1L2 (TLX3) is another well-studied
class II orphan HOX gene that under-
goes a t(5;14)(q35;q32), bringing it under
the influence of TCRa-/8-regulatory elements
downstream of BCLIIB (a gene expressed
throughout T cell development) in ~20% of
children and ~5% of adults with T-ALL (116).
Microarray studies indicate that HOXII+
and HOX11L2+ T-ALL gene-expression pat-
terns cluster together, suggesting a poten-
tial common mechanism of action, although
HOX11L2+ T-ALL cases have a less favorable
outcome and a broader immunophenotype than
HOX11+ T-ALL cases (11, 108).

Mutation or Translocation
of TAL1 and LYL1

TALI encodes a class II bHLH transcription
factor that is a master regulator of hematopoi-
etic lineage commitment (Figure 1) and
is essential for the development of mouse
HSCs; however, its continued expression is
dispensable for definitive HSC functions (117).
TALI is a target for translocation or mutation
in ~25% of childhood T-ALL cases (118-
120), with t(1;14)(p32;q11), t(1;14)(p34;q11),
and deletions aberrantly activating 7TALI
during thymocyte maturation, promoting
transformation. An interesting hypothesis for
its contribution to T-ALL is its inhibition
of the function of class I bHLH E47 and
HEB (TCF12) transcription factors through
heterodimer formation, thereby blocking
normal T cell differentiation. Support for this
potential mechanism comes from (2) E2a~/~
mice, which develop pre-T-LBL (121);
() transgenic mice lacking the TAL1 DNA-
binding domain that develop pre-T-LBL
(122); and (c) accelerated pre-T-LBL in
TALI-transgenic mice on E2a4~/~ or Heb™/~
backgrounds (123). Thymocyte-expressing

Teitell o Pandolfi

CD2 promoter Tal1/Scl-transgenic mice fail to
develop T-lineage malignancies unless crossed
with N-Ras-transgenic or p53-null mice (124).
In contrast, proximal Lck promoter—driven 7a/1
transgenics develop pre-T-LBL (125). Trans-
genics lacking the 7#/1 DNA-binding domain
still develop CD8+ pre-T-LBL, again suggest-
ing that the 74/ tumor-promoting effect likely
arises from interference with additional trans-
acting factors, such as E2A proteins (122, 126).

LYLI encodes another class II bHLH tran-
scription factor that forms heterodimers with
class I bHLH proteins, such as E2A (E47 and
E12) and HEB. LYLI was identified from a
t(7;19)(q35;p13) in a T cell leukemia line and
is aberrantly expressed in only a few T-ALL
cases (11,127, 128). LYL1 has an unknown cel-
lular function, but it has an overlapping ex-
pression pattern with TALI and shares 90%
sequence identity with the bHLH domain of
TALIL. LYL1 cannot replace TAL1 in driv-
ing early hematopoietic development and HSC
commitment. LYL1-transgenic mice developed
CD4+CD8+ pre-T-LBL, probably through
dimerization with E2A, inhibition of CD4 pro-
moter activity, and downregulation of a subset
of E2A/HEB target genes, suggesting a block in
differentiation as a component of T cell trans-
formation (129).

MYB Duplication and Translocation

MYRBis the cellular homolog of the v-Myb onco-
gene of the avian myeloblastosis virus. Gene
knockout studies show that MYB is required
for mouse T cell development (130, 131).
A 1(6;7)(q23;q34), juxtaposing MYB to TCRpB
regulatory elements, and a MYB gene dupli-
cation, caused by ALU-mediated homologous
recombination, were detected in 8—15% of T-
ALL cases, leading to MYB overexpression and
a blockade in T cell differentiation that was re-
versed with MYB knockdown (132-134).

Translocation of LMO1 and LMO2

LMOI (e.g., RBTNI, TTGI) and LMO2 (e.g.,
RBTN2, TTG2) genes encode cysteine-rich,
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tandem LIM-only domain-containing proteins
that interact with a variety of nuclear fac-
tors, including TALI in erythroid cells (135).
t(11;14)(p13;q11) and t(7;11)(q35;p13) re-
arrange the LMO2 gene to TCRa/8 or TCRB
loci, which, along with del11(p12;p13) of a neg-
ative regulatory sequence, can cause deregu-
lated LMO?2 expression in T-ALL (136-138).
Approximately 10% of Lmo2-transgenic mice
develop CD4-CD8—, CD4+CD8+, CD4+,
or CD8+ pre-T-LBL (139). A CD2 promoter—
driven Lmo2-transgenic model develops a simi-
lar spectrum of Téraf and Téry § pre-T-LBL in
~75% of mice (140) and accelerates the rate
of pre-T-LBL in 7Ta/l-transgenic mice (141).
DNA mismatch repair (MMR) genes main-
tain fidelity of genomic replication in mam-
mals. Targeted deletion of the Msh2 MMR
gene results in TdT4+RBTN2+TAL1+ pre-T-
LBL that spans the CD4—CD8—, CD4+ or
CD8+ and CD4+CD8+ developmental spec-
trum (142, 143). As discussed above, human
T-ALL may exhibit genetic defects leading to
aberrant RBTN2 or TALI expression, suggest-
ing a potential role for defective MSH2 or for
additional MMR genes in certain T-ALL cases
(144).

CALM-AF10 Fusion Gene

Rare t(10;11)(p13;q14-21) arise in ALL and
AML, generating a CALM-AF10 fusion gene
that encodes a chimeric fusion protein (145).
CALM (clathrin assembly lymphoid myeloid)
is a 652-residue cytoplasmic protein that func-
tions in the assembly of clathrin-coated pits
during endocytosis and may also interact with
nuclear proteins (146). AF10 is a 1027-amino-
acid putative transcription factor that contains
a nuclear localization signal and several con-
served transcription-factor DNA-interaction
domains, including a plant HOX domain and an
AT-hook motif, and was firstisolated as a fusion
partner with MLL (147). CALM-AF10 fusions
occur most frequently in TCRy §-expressing T-
ALL, typically with all but four amino acids
from the C terminus retained from CALM
fused to one of four common AF10 fusion

sites that retain most of the AF10 coding se-
quence. The precise mechanism for CALM-
AF10-mediated transformation is not known,
although the expression of HOXA cluster genes,
including HOXA5, HOXA9, and HOXAIO0,
along with the polycomb group transcrip-
tional repressor BMII, is induced in CALM-
AF10-expressing T-ALL cells (148). BMI1 is
a potent repressor of the CDKN2A (INK4A-
ARF) tumor-suppressor locus, and CDKN2A
is deleted in ~70% of T-ALL (149), suggest-
ing a mechanism of altered lymphocyte dif-
ferentiation coupled to enhanced cell prolifer-
ation and survival for CALM-AF10-mediated
transformation. A CALM-AFI0 model cre-
ated using retroviral transduction of mouse
BM followed by recipient transfer gener-
ates ALL with features of myeloid and
B cell bilineage differentiation, suggesting
transformation of a multipotent lineage pre-
cursor cell (150). A second model created us-
ing a Vav-driven CALM-AF10 transgene de-
velops a mixed-lineage ALL phenotype as well
(151).

CONCLUSION

ALL is mainly a disease of childhood. It is
characterized by uncontrolled precursor lym-
phocyte proliferation, survival, and blocked dif-
ferentiation that initiates from the BM, thymus,
and perhaps fetal hemogenic organs. Despite
current therapeutic success, specific molecular
subtypes, such as BCR-ABL+ and MLL-AF4+
B-ALL, and disease in adults continue to have a
poor prognosis. ALL accounts for more deaths
due to treatment resistance and relapse than any
other childhood malignancy. The proliferating
lymphoblasts of ALL are generated by genetic
defects of unknown cause at or before permis-
sive stages of transformation during precursor
hematopoietic or lymphocyte development.
The main molecular genetic mechanisms
driving ALL pathogenesis include chromoso-
mal translocations that generate novel fusion
genes or that deregulate gene expression,
most often from master or key transcriptional
regulatory factors, chromosome copy number
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alterations (with either hyper- or hypodiploid
forms of aneuploidy), and gene-specific
mutations. Chimeric transcription-factor or
chromatin-modifier fusion proteins may act
to induce or repress gene expression by novel
gene targeting, by aberrant recruitment of
coactivators or COrepressors to target genes,
or by generating dominant-negative com-
plexes that block regulatory elements from
gaining access to target sites. Mechanisms of
treatment resistance and tumor progression
include secondarily acquired mutations of
primary oncogene-addicted lesions with clonal
outgrowth over time, gene amplification, and
complementing genetic changes in secondary
loci such as (#) CDKN2A tumor-suppressor
and IKAROS transcription-factor deletions
in BCR-ABL+ B-ALL and () PTEN tumor-
suppressor loss in NOTCHI gain-of-function
T-ALL. Nongenetic contributors to ALL
pathogenesis likely include gene deregula-
tion through altered epigenetic mechanisms,
such as repeated patterns of abnormal DNA
methylation and possibly effects on post-
transcriptional processing due to aberrant
microRNA effects on transcript stability and

SUMMARY POINTS

translation, although further work is required
to establish the importance of these factors.

Despite the activity of RAG1 and RAG2
during pre-BCR and pre-TCR assembly at
post-CLP stages of lymphocyte precursor de-
velopment, oncogenic translocations into the
antigen receptor loci are observed almost ex-
clusively in T-ALL. This is not due to prefer-
ential rearrangements of pre-CLP-acting HSC
factorsin B cells, as common B-ALL rearrange-
ments involve MLL, TEL, and AMLI, whereas
common T-ALL rearrangements involve HOX
and TALI(SCLI) genes (Figure 1). Also, ma-
ture B cell transformation of germinal-center
B cells, in which activation-induced cytadine
deaminase directs DNA double-strand breaks
to IG and specific non-IG loci followed by re-
pair, involves common rearrangements into the
IG locus for (#) IG-BCL2 in follicular lym-
phoma, (b)) IG-MYC in Burkitt lymphoma, and
(¢) IG-BCL6 in diffuse large B cell lymphoma.
Why B-ALL is exempt from molecular genetic
mechanisms that cause gene rearrangements
into the B cell antigen receptor loci, whereas
T-ALL and germinal-center B cell lymphomas
are not, remains unclear.

1. Acute leukemias are driven by (#) recurrent chromosomal translocations that generate

novel fusion genes or deregulate gene expression, (b)) numerical chromosome-copy num-

ber aberrations, or (¢) gene-specific mutations.

2. The most commonly altered genes in ALL are transcription factors, which usually sit at
or near the apex of regulatory networks that control early hematopoietic and lymphoid

precursor development.

3. Therapeutic resistance in oncogene-addicted ALL may develop from companion genetic
alterations, such as (#) CDKN2A (INK4A/ARF) or IKZF1 (IKAROS) loss with BCR-ABL
translocations and () PTEN loss with gain-of-function NOTCH1 mutations.

FUTURE ISSUES

1. Aside from a small number of cases in which inherited genetic predisposition syndromes

or exposure to leukemogenic agents plays an etiologic role, the cause of ALL remains

unclear.
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. We do not yet know how the various molecular and genetic alterations that initiate and

drive acute leukemogenesis control the redistribution of cell-energy resources to meet
altered metabolic and biosynthetic demands.

. Itis necessary to determine whether there will be an expanding role for epigenetic and

microRNA alterations in acute leukemogenesis through the use of advanced genome-
surveying technologies.

. Whether the amount of cancer-initiating or cancer stem cells present in each molecular

subtype of ALL is quantitatively and qualitatively different and whether it parallels tumor
aggressiveness and/or treatment response remain to be determined.

. Asyet, we do not know how specific molecular genetic alterations of transcription factors

that control early pre-MPP hematopoiesis generate either B-ALL or T-ALL.
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