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samples, suggesting that only the Ser585 survival “arm” of the fic
phospho-binary switch is subject to deregulation in AML.

Thus, we observe a clear distinction between the GM-CSF
receptor SerS585 phosphorylation pathway (which is constitutive)
and receptor tyrosine phosphorylation pathways (which remain
cytokine dependent) in primary AML samples. Others have exam-
ined the prevalence of cytokine receptor tyrosine signaling path-
ways in AML samples. For example, constitutive STAT, p38, and
ERK activation/phosphorylation have been observed in 25% to
70% of AML samples with many phospho-protein networks
remaining cytokine dependent with low basal signals.2®-3! Collec-
tively, these studies show that, although cytokine signaling path-
ways are frequently subject to deregulation in AML, the extent of
this deregulation varies. Given this variation, the prevalence of
constitutive Ser585 phosphorylation observed in our studies
(20 of 23) is particularly striking and represents a common theme
observed across a spectrum of patients with AML.

The deregulation of the normal cellular machinery that controls
the axis between cell survival and death is proposed to be a key
event in cellular transformation. However, to our knowledge, the
specific comparison of cell survival-only expression profiles be-
tween nontransformed and transformed cells has not been reported.
Our results show that BCL2, VRK 1, POLR2C, CDKS8, FNDC3, and
PTPRS were identified as being in the Ser585/PI3-kinase gene
network and were highly expressed in both CD34* cells derived
from both healthy donors and AML patient samples (Figure 4).
These results would suggest that the normal cell survival pathways
that operate in nontransformed CD34* cells also operate in AML
blasts. The role of any of these genes in the pathogenesis of AML
remains to be determined; however, BCL2 is a prosurvival gene
that has been shown to cooperate with ¢-MYC in promoting
lymphoma in animal models.?! Both POLR2C and CDKS are part
of the mediator complex,* and CDK8 has recently been shown to
act as an oncogene in colon cancer.?*3¢ Importantly, MacKeigan et
al?? identified CDKS and PTPRS in an siRNA screen for kinases
and phosphatases regulating cell survival, suggesting that deregula-
tion of these genes may promote autonomous cell survival in AML.

Another gene identified as being part of the Ser585/PI3-kinase
survival pathway was OPN. We have analyzed OPN expression in
130 AML samples with diverse cytogenetic abnormalities and
found a broad range of expression across all FAB subgroups
(Figure 7B). Univariate analysis of OS in all patients treated with
induction chemotherapy at our institution (n = 52) showed that
high OPN expression was associated with poor OS (median,
225 days) compared with low OPN (median, 552 days; Figure 7C;
P = .02), although there was no significance on multivariate
analysis. However, multivariate analysis of an expanded cohort of
60 normal-karyotype AMLs from RAH and Kumamoto indicated
that OPN expression was an independent prognostic indicator of
OS (HR, 2.23; 95% CI, 1.23-4.03; Figure 7E; Table 3; P = .01) and
did not correlate with FLT3 or NPMI mutation status in these
patients. Normal cytogenetic AML is the largest clinical subgroup
in adult AML (50%-60%) and remains a major clinical challenge in
terms of risk stratification, timing of allogeneic transplantation, and
lack of efficacious targeted therapy. Only a few prognostic
indicators such as FLT3, NPM!, and CEBPa are currently avail-
able. In addition to these markers, our study identifies OPN as a
new prognostic indicator for OS in normal karyotype AML that
may have utility in patient stratification and treatment selection.
Expanded studies of OPN expression in multicenter trials in a range
of AML subgroups are warranted.
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In addition to acting as a prognostic factor, our results further
indicate that high OPN expression may play a functional role in
promoting deregulated cell survival in AML, Targeting OPN
expression by siRNA in either AML blasts or LSPCs results in loss
of cell viability (Figure 6) and therefore probably represents a key
survival factor in leukemic stem cells. The precise mechanistic
details by which OPN contributes to leukemogenesis remains
unclear; however, studies in mice lacking OPN suggest that it
promotes stem cell quiescence by inhibiting proliferation.!? Others
have shown that OPN can act as a survival factor for activated
T cells independently of their proliferation, leading to exacerbation
of multiple sclerosis in animal models.? Note that other studies
using microarray screens of AML patient samples did not identify
OPN overexpression as a prognostic indicator.3’ However, microar-
ray analysis is known to underestimate expression differences
compared with quantitative RT-PCR. Nevertheless, high OPN
protein levels in the plasma and blood of patients with a range of
solid tumors as well as AML have been reported, and in some cases
high OPN levels have been linked to poor prognosis.’-3% Thus,
deregulated expression of OPN may play an important pathogenic
role by deregulating survival programs in diverse cancers beyond
leukemia,

OPN is a secreted phosphoprotein that acts as a cytokine and
chemoattractant to regulate pleiotropic responses in diverse cell
types, including hemopoietic cells.*® In part, the pleiotropic
activities of OPN are probably due to its ability to bind different
cell surface receptors that include CD44 and specific integrins in
the af family.¥ OPN expression in the bone marrow is tightly
regulated and expressed at the endosteal interface of bone and
hemopoietic tissue where it is secreted by osteoblasts.3 Interest-
ingly, Lin et al?* have shown that IL-3 stimulation of Ba/F3 cells
induces OPN expression, which in turn promotes hemopoietic cell
survival via the CD44 receptor. It is not yet clear which receptor
system OPN uses to promote cell survival in AML blasts and
LSPCs in our studies. However, mAbs to CD44 not only reduce
disease burden in animal models of AML but also abrogate AML in
mice that serially received a transplant, indicating that the therapeu-
tic response was most likely because of the targeting of CD44 in
LSPCs.? Similarly, a mAb to CD44 also blocks the homing and
engraftment of chronic myeloid leukemia (CML) cells in murine
models.*! Given that OPN-null mice are viable and fertile and have
a mild phenotype,' it is possible that targeting OPN may represent
an important avenue for the development of therapeutics that block
deregulated survival in leukemia.

Our identification of a phosphoserine pathway that is deregu-
lated in AML has important implications for the treatment of
leukemia. The early picture emerging from clinical trials that used
tyrosine kinase inhibitors (TKIs) for the treatment of cancer is that
they are often highly effective in providing an initial response by
preventing cell proliferation, but they are less effective in blocking
the survival of quiescent LSPCs. Even with the remarkable success
of imatinib in treating CML, minimal residual disease is clearly
detectable in more than 90% of patients in remission because of the
survival of a population of CML progenitors that are refractory to
TKI therapy.*** Furthermore, the results from clinical trials that
used FLT3 TKIs indicate that, although they are very effective at
blocking FLT3 tyrosine phosphorylation in patient samples and are
able to block FLT3-mediated proliferation, they show modest
anticancer activity that provides partial remissions of short dura-
tion.*>#7 Thus, targeting phosphotyrosine-independent cell survival-
only programs in AML such as OPN may provide a complementary
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therapeutic approach to eradicate the quiescent long-term surviv-
ing LSPCs.
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Abstract Hairy cell leukemia (HCL) is occasionally
misdiagnosed as aplastic anemia when only a few leukemic
cells are present in the circulation. Here, we describe a
patient with HCL who initially presented with pancytope-
nia and received a diagnosis of aplastic anemia. The patient
was treated with immunosuppressive therapy including
cyclosporine A and anti-thymocyte globulin (ATG). No
blood cell transfusion was required for approximately
3 years after ATG therapy. She was referred to our hospital
because of an abdominal mass and requiring periodic blood
transfusions. A bone marrow biopsy at this time revealed
proliferation of lymphocytes with a fried egg appearance
and an increase in reticulin fibers that are typical findings
of HCL. It is notable that our patient with a presumably
long history of HCL and an increase in marrow reticulin
fibers showed good recovery of hematopoiesis after
cladribine therapy. Some HCL patients may receive an
initial diagnosis of aplastic anemia and may show a good
response to ATG masking the underlying HCL.
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1 Introduction

Hairy cell leukemia (HCL) is a chronic B cell lympho-
proliferative disorder. Although HCL accounts for 2-3% of
all leukemia cases in western countries, the disease is rare
in persons of Asian and African descent [1, 2]. Hairy cells
are small lymphocytes with oval nuclei and abundant
cytoplasm that possess characteristic hair-like surface
projections. The typical presentation of HCL includes
incidental findings of pancytopenia, splenomegaly, and
inaspirable bone marrow [1-3]. Therefore, it is important
to distinguish it from aplastic anemia or myelofibrosis. In
this study, we present an HCL patient with pancytopenia
who initially received a diagnosis of aplastic anemia, for
which she was treated with immunosuppressive therapy
including cyclosporine A (CyA) and anti-thymocyte glob-
ulin (ATG).

2 Case presentation

In December 2002, a 67-year-old Japanese woman was
found to have mild pancytopenia during an annual health
check. Her hemoglobin was 11.6 g/dL, platelet count
127 x 10°/L, and leukocyte count 2.1 x 109/L,
respectively.

In September 2003, she underwent a medical examina-
tion because of general fatigue. Her hemoglobin was
10.7 g/dL, platelet count 90 x 10%/L, and leukocyte count
2.3 x 10°/L with 27% neutrophils, 72% lymphocytes, and
1% monocytes. Immunophenotyping of peripheral blood
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and marrow cells was not carried out at that time.
Abdominal echography revealed moderate splenomegaly.
Her bone marrow was hypoplastic and a diagnosis of
aplastic anemia was made. No bone marrow biopsy was
done at the time of this initial diagnosis. There was no
history of exposure to chemicals, irradiation, or toxins,
and she was not receiving any medications. Despite the
treatment with CyA, danazol, and granulocyte colony-
stimulating factor, her hemoglobin continued to gradually
decrease and she received occasional red blood cell
transfusions (Fig. 1). In January 2004, the patient needed
both red blood cell and platelet transfusions (platelet
count 19 x 10%/L), and was treated with ATG (lympho-
globulin 10 mg/kg for 5 days). She needed no further
blood transfusions for the next 32 months until December
2006 when she again started to receive red blood cell
transfusions (Fig. 1). When periodic transfusions of red
blood cells and platelets were resumed in October 2007,
the patient had a feeling of abdominal fullness. In June
2008, she developed a compression fracture of the spine,
and an abdominal computed tomography (CT) scan
showed splenomegaly and lymph node swelling in the

pancreas head (Fig. 2a). She was referred to our hospital
in July 2008.

At the time of admission to our hospital, the patient had
anemia, mild jaundice, splenomegaly (6 cm), an upper
abdominal mass (3 cm), and purpura on both upper legs.
Her hemoglobin was 8.4 g/dL, platelet count 27 x 10°/L,
leukocyte count 0.9 x 10°/L with 49% neutrophils, 48%
lymphocytes, 1% eosinophils, and 1% monocytes. A few
small lymphocytes with cytoplasmic projections were seen
in the peripheral blood (Fig. 3a). Blood chemistry showed
abnormal findings: total protein 6.0 g/dL, albumin
3.8 g/dL, blood urea nitrogen 32.6 mg/dL, serum creati-
nine 1.23 mg/dL, total bilirubin 1.9 mg/dL, direct bilirubin
0.8 mg/dL, aspartate aminotransferase 41 U/L, alanine
aminotransferase 35 U/L, lactate dehydrogenase 221 U/L
(normal range 112-213 U/L), and soluble interleukin 2
receptor (sIL2R) 55,583 U/mL (normal range 333-587
U/mL). Bone marrow aspiration resulted in a dry tap.
A bone marrow biopsy from the iliac crest revealed mod-
erately hypercellularity and replacement of normal hema-
topoietic cells with abnormal small lymphocytes with
abundant cytoplasm and oval nuclei, the so-called fried egg

Fig. 1 Clinical course during
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Fig. 2 Abdominal computed
tomography (CT) scan. In July
2008, abdominal CT scan
revealed lymph node swelling in
the pancreas head and giant
splenomegaly (a). The
abdominal mass disappeared
and the spleen reduced in size in
January 2009 after cladribine
therapy (b)
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Fig. 3 Hairy cells in the
peripheral blood and bone
marrow. A hairy cell in the
peripheral blood, with an
eccentric round nucleus
containing fine chromatin
condensation and abundant
cytoplasm with irregular fine
surface projections (a). The
lymphocytes in the bone
marrow biopsy showed a fried
egg appearance after routine
hematoxylin and eosin staining
(b) and increased reticulin fibers
were detected after silver
staining (¢). A cluster of
abnormal lymphocytes was
retrospectively observed in the
bone marrow clot on 2003
before ATG therapy (d). These
lymphocytes were positive for
CD20

appearance (Fig. 3b). Her marrow also contained increased
reticulin fibers (Fig. 3c). The marrow reticulin content was
graded as +1 according to Manoharan’s scoring system
[4]. A positive tartrate-resistant acid phosphatase stain of
the bone marrow cells was not observed. The gated bone
marrow lymphocytes (37%) were positive for CD19 (94%),
CD20 (93%), immunoglobulin x chain (67%), CD25
(83%), CD11c (99%), and CD103 (77%), but negative for
J. chain (6%), CD23 (3%), and CD10 (1%). Flow cytom-
etry analysis revealed that 2.7% of the peripheral blood
cells were consistent with hairy cells based on the positive
expression of CD19, CD25, CDllc, and CD103. Aspira-
tion biopsy of the abdominal mass also revealed the pro-
liferation of small lymphocytes with a fried egg appearance
(data not shown). The patient was given a diagnosis of
HCL. We retrospectively examined the bone marrow
smears and histology of the bone marrow clots before ATG
therapy in the previous hospital. A few lymphocytes with
abundant cytoplasm and cytoplasmic projections were
found in the bone marrow smears on 2003. In addition, the
bone marrow clot in 2003 was hypocellular, but showed a
cluster of abnormal lymphocytes, which were positive for
CD20 (Fig. 3d).

After the discontinuation of CyA, the patient was treated
with cladribine 0.12 mg/kg daily 2-h infusion for 5 days in
August 2008 (Fig. 4). After one course of cladribine therapy,
the abdominal mass and spleen were dramatically reduced in
size and the patient no longer required blood transfusions
(hemoglobin 9.2 g/dL, platelet count 99 x 10°/L, leukocyte
count 1.3 x 109/L). She received a second and third course
of cladribine in September and November, respectively

(Fig. 4). In January 2009, the abdominal mass had disap-
peared and the spleen was reduced in size on CT scan
(Fig. 2b). Her hemoglobin was 13.2 g/dL, platelet count
97 x 10%/L, and leukocyte count 1.8 x 10°/L. Her sIL2R
has decreased to 6,596 and 259 U/mL after the first and third
courses of cladribine therapy, respectively (Fig. 4).

3 Discussion

In this study, we present an HCL patient who was treated
with immunosuppressive therapy including CyA and ATG
for 5 years due to a diagnosis of aplastic anemia. HCL is
occasionally misdiagnosed as aplastic anemia, when there
are only a few abnormal circulating cells [1, 2, 5, 6]. Hairy
cells typically infiltrate the bone marrow and spleen, and to
a lesser extent the lymph nodes, hence, many HCL patients
present with splenomegaly and pancytopenia [1-3]. How-
ever, some patients with HCL manifest pancytopenia and
bone marrow hyperplasia without an apparent increase in
atypical cells [7]. In this patient, abdominal echography
revealed splenomegaly in 2003. We, retrospectively, found
abnormal lymphocytes with characteristic cytoplasmic
projections in the bone marrow smears and a cluster of
CD20-positive abnormal lymphocytes in the bone marrow
clot in 2003. In addition, cladribine therapy resulted in
significant recovery of hematopoietic cells in the peripheral
blood. Therefore, it is likely that the patient had been
suffering from HCL, since her initial presentation with
pancytopenia although we cannot completely established
the diagnosis of HCL at the time of ATG therapy.
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Fig. 4 Cladribine therapy for
hairy cell leukemia. Cladribine
(2-CDA) induced an increase in
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Table 1 Hairy cell leukemia patients treated with anti-thymocyte globulin
Case Agelsex Hb Plt WBC Splenomegaly sIL2R CD25 Response
references) (g/dL) (U/mL
( ® (x10°/L) ) ATG Cladribine
1 (7 54/M 53 18 0.5 + 23,087.8 + + +
2(7 58/F 4.7 13 0.3 4+ (10 cmy) 4,940° + + ND
32 65/M 12.7 NA 2.0 — NT + - —
4 68/F 8.4 27 0.9 + (6 cm) 55,583 + + +

Hb hemoglobin, Plt platelet, WBC white blood cells, sIL2R soluble interleukin 2 receptor, ATG anti-thymocyte globulin, NA not available, NT not

tested, ND not done

* SIL2R level was measured after ATG therapy in this patient
b Present case

It is well known that bone marrow biopsy is essential for
diagnosing aplastic anemia to exclude myelofibrosis and
neoplasms such as metastatic cancers. Bone marrow biopsy
also reveals the characteristic histology of HCL: prolifera-
tion of abnormal lymphocytes with abundant cytoplasm
(fried egg appearance) and increased reticulin fibers [ 1, 2]. In
a study of simultaneous bone marrow aspirations and biop-
sies, 87 of 2,235 individuals resulted in dry taps (3.9%) [§].
Of these 87 dry taps, nine (10.3%) were diagnosed to have an
HCL. Unfortunately, no bone marrow biopsy was performed
in our patient until admission to our hospital. The presenting
patient, therefore, confirms the importance of examining
bone marrow biopsies in patients with pancytopenia.

After ATG therapy, the patient required no blood cell
transfusion for approximately 3 years. Two other Japanese
HCL patients also showed good responses to ATG given as
immunosuppressive therapy for aplastic anemia, but an
American patient with HCL failed to respond to ATG
(Table 1) [2, 7]. The mechanism responsible for the

@ Springer

effectiveness of ATG for pancytopenia in HCL patients
remains to be determined. It is likely that ATG induces
hematopoietic recovery by eliminating the HCL cells. ATG
may exclude B cells as well as T cells [7, 9]. It is also
possible that ATG may remove CD25-positive cells [9, 10].
HCL cells in all four patients treated with ATG were
positive for CD25 (Table 1). It is notable that our patient
who was presumed to have a long history of HCL and an
increase in marrow reticulin fibers responded to cladribine
and showed good recovery of hematopoiesis. sIL2R
appears to be a good disease marker in CD25-positive HCL
[11, 12). In two of the HCL patients treated with ATG,
sIL2R levels were extremely high (Table 1) and fell to
normal levels after cladribine therapy [7].

Some HCL patients may initially receive a diagnosis of
aplastic anemia and may show a good response to ATG,
resulting in masking of the underlying HCL. Several bone
marrow biopsies and measurement of sIL2R are important
procedures for the accurate diagnosis of HCL.
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A Family Harboring a Germ-Line N-Terminal C/EBPu
Mutation and Development of Acute Myeloid
Leukemia with an Additional Somatic

C-Terminal C/EBPa Mutation

Tomoko Nanri,' Naokuni Uike,? Toshiro Kawakita,' Eisaku lwanaga,' Hiroaki Mitsuya,' and Norio Asou'*

"Department of Hematology, Kumamoto University School of Medicine, Kumamoto, Japan
’Department of Hematology, National Kyushu Cancer Center, Fukuoka, Japan

C/EBPu plays an essential role as a transcription factor in myeloid cell differentiation. Here, we describe a Japanese family
in which two individuals with acute myeloid leukemia (AML) and one healthy individual had an identical 4-base pair inser-
tion in the N-terminal region of CEBPA (350_351insCTAC), resulting in the termination at codon 107 (168fsX107). The fa-
ther and a son at diagnosis of AML had different in-frame insertion mutations in the C-terminal region of C/EBPa These
C-terminal mutations disappeared upon remission in both patients. Interestingly, the father showed different in-frame inser-
tion mutations in the C-terminal CEBPA at the time of diagnosis and relapse. These data strongly suggest that the N-termi-
nal C/EBPy mutation predisposes to the occurrence of a C-terminal C/EBPx mutation as a secondary genetic hit, causing

AML.  © 2009 Wiley-Liss, Inc.

INTRODUCTION

Chromosomal translocations and point muta-
tions of transcription factors involved in myeloid
cell differentiation contribute to the molecular
pathogenesis of acute myeloid leukemia (AML)
(Asou, 2003; Tenen, 2003). Point mutations in
transcription factors observed in patients with
sporadic AML have also been identified in fami-
lial AMLs (Osato et al., 1999; Pabst et al., 2001;
Michaud et al, 2002; Smith et al, 2004).
Recently, five pedigrees of patients with AML
carrying a germ-line mutation in CEBPA, a sin-
gle-exon gene encoding transcription factor
CCAAY  enhancer-binding protein  alpha (C/
EBPa), have been reported (Smith et al., 2004;
Sellick et al., 2005; Pabst et al., 2008; Renneville
et al, 2009). C/EBPx consists of N-terminal
transactivation domains and C-terminal basic and
leucine-zipper regions necessary for specific DNA
binding and dimerization, respectively (Nerlov,
2004). As C/EBPo-null mice lack mature neutro-
phils and eosinophils, C/EBPa is thought to play
a central role in the regulation of myeloid differ-
entiation (Zhang et al., 1997). Familial AML, will
provide a good opportunity to investigate the mo-
lecular mechanisms behind leukemogenesis in
AML. Here, we describe a family in which two
individuals developing AML had an identical

© 2009 Wiley-Liss, Inc.

germ-line N-terminal CEBPA mutation and a dif-
ferent acquired C-terminal CEBPA mutation.

MATERIALS AND METHODS

Patients and Cell Preparation

This scudy was approved by the Institutional
Review Boards for the Protection of Human Sub-
jects and Analysis of the Human Genome. Writ-
ten informed consent was obtained from each
individual according to the tenets of the revised
Declaration of Helsinki. Mononuclear cells were
isolated from peripheral blood or bone marrow
samples. The patients were treated with inten-
sive chemotherapy consisting of anthracyclines
and cytarabine.
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Figure . A pedigree harboring a germ-line N-terminal C/EBPa
mutation. The propositus {Individual lii-1) had AML M2Eo at the age
of 26 years. His father (Individual #i-1) had AML M2 at the age of 39
years. His younger brother (Individual {ll-2) aged 21 years has not
developed AML.

Polymerase Chain Reaction

The CEBPA was amplified by genomic DNA
polymerase chain reaction (PCR) in a DNA ther-
mal cycler (Whatman Biometra, Goettingen, Ger-
many) (Asou et al.,, 2007). Two overlapping primer
pairs were the same as those designed by Pabst
et al. (2001) and used to amplified the entire
coding region of human CEBPA: PPIF 5-
TCGCCATGCCGGGAGAACTCTAAC-3Y (nucle-
otides 120-143) and PP1R 5-CTGGTAAGGGAA-
GAGGCCGGCCAG-3Y  (nucleotides  692-669),
PP2F 5-CCGCTGGTGATCAAGCAGGA-3 (nu-
cleotides 615-634) and PP2R 5-CACGGTCT
GGGCAAGCCTCGAGAT-3  (nucleotides 1317
1294). An aliquot of each PCR product was size-
fractionated in an 8% polyacrylamide gel electro-
phoresis (PAGE) (Nanri et al.,, 2005a). Mutations
in the juxtamembrane and second tyrosine kinase
domains of FLT3, exon 8, juxtamembrane, and
second tyrosine kinase domains of the A/T, MLL,
and NPMI genes were examined as previously
described (Matsuno et al, 2003; Nanr et al,
2005b; Iwanaga et al., 2009).

DNA Sequencing

Amplified PCR products were bidirectionally
sequenced by cycle sequencing (Applied Biosys-
tems, Foster City, CA). To determine whether
N- and C-terminal mutations occur in different
alleles or a single allele, the whole CEBPA gené
was amplified by PCR using primers PP1F and
PP2R. PCR products were subcloned into
pGEM-T Easy vector (Promega, Madison, WI)
and subjected to cycle sequencing.

RESULTS
A 26-year-old Japanese man, Individual 11I-1,

was diagnosed with M2Eo in 2004 (Fig. 1). His

Genes, Chromosomes & Cancer 1301 10.1002/gec
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Figure 2. Polyacrylamide gel electrophoresis of CEBPA gene PCR
products. PCR products from the N-terminal (A} and C-terminal (B)
parts of the CEBPA gene were analyzed by polyacrylamide gel electro-
phoresis (PAGE). The mutated alleles are confirmed by the presence
of heteroduplex bands (bracket) in addition to homoduplex bands of
normal and/or inserted alleles (arrow). Lane M shows a 100-bp DNA
ladder. Lane 1: bone marrow (BM) at diagnosis in the father (ll-1);
Lane 2: BM at relapse in the father; Lane 3: peripheral blood (PB) at
second CR in the father; Lane 4: BM at diagnosis in the propositus
(ill-1); Lane 5: PB at CR in the proband; Lane é: PB from the younger
brother (lll-2); Lane 7: HL-60 cell line served as a wild-type control.
In the C-terminal part of CEBPA, the younger brother (l-2) showed
a 6-bp insertion (730-731insCCCGCA) in the second transactivation
domain. This insertion occurred on the allele without the N-terminal
CEBPA mutation and corresponds to a previously reported polymor-
phism (Lin et al., 2005) (B).

marrow showed 73.2% blasts including Auer
rods and 6.8% eosinophils. Karyotypic and immu-
nophenotypic analyses were not performed
because of New Year holiday. Cryopreserved
bone marrow cells showed none of the fusion
transcripts, AMLI-MTGS, PML-RARA, PEBP2B-
MYHII, MLL-AF4, MLL-AF9, or BCR-ABL. He
received autologous hematopoietic stem cell
transplantation (HSCT) in the first complete
remission (CR) and has been in continuous CR
for more than 54 months. Sixteen years previ-
ously in 1988, his father, Individual II-1, was
diagnosed with AML M2, at the age of 39 years
(Fig. 1). His marrow was hypercellular, with
85.2% blasts containing Auer rods and aberrantly
expressed CD7 antigen. Bone marrow cells
showed a normal karyotype. Following a relapse
7 years after his first CR, he received autologous
HSCT, after which he has been in a lasting CR.
Bone marrow cells at diagnosis in both patients
(11-1 and III-1) showed abnormal PAGE profiles
when compared with a wild-type control (Fig.
2A) and a 4-base pair insertion in the N-terminal
region of the CEBPA (350_351insC'TAC) (Fig.
3A). The corresponding protein is predicted to
terminate prematurely at codon 107 (168£sX107).
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Figure 3. Sequencing analysis of the N- and C-terminal CEBPA in a
pedigree. Bone marrow cells at diagnosis from the father (ll-1) and
the propositus (lli-1), and peripheral blood cells from the younger
brother (llI-2) showed a 4-base pair insertion in the N-terminal
region of CEBPA gene (350_351insCTAC). (B) Different in-frame
insertion mutations in the C-terminal region of CEBPA gene were
identified in both patients (II-1 and Ill-1} at diagnosis. The propositus
{Hli-1) showed a 3-bp insertion, which comprised nucleotides 1085~
1087 and resulted in an internal duplication of 3-bp. The father (li-1)
had an 18-bp insertion. In addition, the father (lI-1) showed different
C-terminal CEBPA murtations at diagnosis and “relapse”. The father
showed a 3-bp insertion at nucleotide 1079 at relapse.

Peripheral blood cells obtained during CR in
both patients also had the same mutation (Fig,
2A). In addition, peripheral blood cells from a
younger brother, Individual I1I-2, unaffected by
AML at 21 vears of age also showed the same
mutation (Figs. 2A and 3A). Both patients
showed different in-frame insertion mutations in
the C-terminal region of C/EBPo at diagnosis
(Figs. 2B and 3B). These C-terminal CEBPA
mutations were not found in peripheral blood
cells during CR in either patient, indicating that
these mutations in the C-terminal C/EBPo
should be somatic mutations (Fig. 2B). In addi-
tion, the father showed different in-frame inser-
tion mutations in the C-terminal CEBPA at the

time of diagnosis and relapse (Figs. 2B and 3B).
The N- and C-terminal mutations in both
patients were observed on separate alleles
because each subclone consisting of the whole
CEBPA gene showed one of each mutation. No
other mutations were identified in FL73, KIT,
MLL, or NPM I at diagnosis or relapse of the two
patients (data not shown).

DISCUSSION

We present a family with AML harboring an
identical germ-line N-terminal CEBPA mutation
and different acquired C-terminal CEBPA muta-
tions. This N-terminal mutation causes truncation
of the 42-kDa C/EBPo protein and overproduc-
tion of a 30-kDa isoform, which lacks a transacti-
vation domain and functions in a dominant
negative fashion, causing a decrease in C/EBPu«
activity (Nerlov, 2004). The germ-line mutation
found in the affected individuals is almost identi-
cal to those in the familial AMLs carrying a
CEBPA mutation (Table 1) (Smith et al., 2004;
Sellick et al., 2005; Pabst et al., 2008; Renneville
et al, 2009). The CEBPA mutations in patients
with sporadic AML are associated with FAB M1/
M2 subtypes, presence of Auer rods, CD7 expres-
sion, normal Karyotype, and a favorable prognosis
(Gombart et al., 2002; Preudhomme et al., 2002;
Snaddon et al., 2003: Frohling et al., 2004; Lin
et al.,, 2005). The present familial AML, with an
N-terminal C/EBPo mutation further confirms
this clinico-genetic correlation.

It is of note that different in-frame insertion
mutations in the C-terminal region of C/EBPg«
were identified in both patients at diagnosis.
These C-terminal mutations are predicted to pre-
vent dimerization of C/EBPo because they dis-
rupt the leucine zipper and therefore results in
loss of function of the allele (Nerlov, 2004).
These results indicate that the N-terminal C/
EBPa mutation may predispose to the occurrence
of a C-terminal C/EBPu mutation. High frequen-
cies of biallelic N- and C-terminal mutations
were observed in sporadic AML (Barjesteh van
Waalwijk van Doorn-Khosrovani et al., 2003;
Frohling et al., 2005; Lin et al., 2005; Shih et al.,
2006). Recently, Wouters et al. (2009) reported
that double CEBPA mutations were associated
with a unique gene expression profile and favor-
able overall survival (OS), whereas AML with a
single heterozygous CEBPA mutation did not
express a discriminating signature and could not
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TABLE 1. Clinical Profiles of AML Patients with a Germ-Line CEBPA Mutation

Ist CR  Overall
Patient N-Terminal Induction duration  survival

Pedigree no. Agef/Sex FAB mutation C-Terminal mutation result  SCT Relapse (months) (months)
| -3 1o/M Ml 212delC 1050—-1085dup36-bp CR No 2nd 15 348+

-4 30/M  M2Eo 212delC Absence CR No No 20+ 20+

-5 18/F M2Eo 212delC Absence CR No No 20+ 20+
2 -1 34/M AML  217-218insC ND ND No ND ND 13

V-2 25/M M4Eo  217-218insC  1071-1077del GAGACGCins CR  2auto 2nd [ 216+

CTGGAGGCCA

V-4 24M  Mi 217-218insC 1071-1072insGAC CR Auto  No 1324 1324

V-1 4/M Ml 217-218insC ND CR Auto  2nd >72 168+
3 -2 46/F M2 291delC ND CR No Yes 7 9

-2 40/F MlEo 291delC 1086~1087insCAG CR Auto  No 154 154
4 -2 42/M Ml 465-466insT 1207G>C:1210A>C NR No ND 0 |

II-1 27/F M2Eo  465-466insT 1089-1090insAAG CR Auto  No 16+ 16+
5 1-2 23/F Ml 217-218insC 1083-1085delAAG CR Auto  3rd 168 228+

-2 5/M Ml 217-218insC 1065-1066insGGG CR CBT  Yes 13 60+
6 li-1 39/M M2 350-351insCTAC 1063—1064ins!8-bp/ CR Auto  Yes 84 253+

1079-1080insCAG .
-1 26/M  M2Eo 350-351insCTAC 1085—1086insAAG CR Auto  No 54+ 55+

FAB, French-American-British classification; CR, complete remission; NR, no response; ND, not determined; SCT, stem cell transplantation; auto,
autologous SCT; CBT, cord bicod transplantation; Pedigree 1, Smith et al., 2004; Pedigree 2, Sellick et al, 2005; Pedigrees 3 and 4, Pabst et al,

2008; Pedigree 5, Renneville et al., 2009.
*Present pedigree.

be distinguished from wild type of CEBPA cases
with respect to OS.

Interestingly, the father showed different in-
frame insertion mutations in the C-terminal
CEBPA at the time of diagnosis and relapse. In
contrast, none of the patients with sporadic AML
developed a novel C/EBPo mutation at relapse,
indicating that the CEBPA mutation is probably a
primary change in the development of AML, but
does not play a role in the progression of the dis-
ease (Lin et al, 2005, 2006; Shih et al., 2006).
Both familial and sporadic AML patients with G/
EBPa mutation have very good OS. However, 7
of 13 patients with familial AML relapsed and
four had several relapses (Table 1) (Smith et al.,
2004: Sellick et al., 2005; Pabst et al., 2008).
These high frequencies of recurrences, despite a
good OS, are generally unusual in sporadic AML.
Moreover, three affected patients had unusually
late relapse, after more than 6 years from first CR
(Table 1) (Sellick et al., 2005; Pabst et al., 2008).
Hematopoietic stem cells retain the germ-line N-
terminal CEBPA mutation in affected individuals
even in CR. During these intervals, familial
members carrying an N-terminal CEBPA muta-
tion may acquire a new C-terminal CEBPA muta-
tion. At “relapse,” although their leukemic cells
showed similar morphology and immunopheno-
type as at the initial diagnosis, they might have

Genes, Chromosomes & Cancer DOT 10.1002/gec

developed a second new AML harboring a differ-
ent C-terminal C/EBPo mutation.

Among patients with familial as well as spo-
radic AML, alterations of the FLT3, MLL, and
NRAS genes are not commonly seen in combina-
tion with an inactivating CEBPA mutation
(Barjesteh van Waalwijk van Doorn-Khosrovani
et al., 2003; Frohling et al,, 2004; Smith et al.,
2004; Sellick et al., 2005; Lin et al., 2006; Pabst
et al., 2008; Renneville et al., 2009). These obser-
vations suggest that N- and G-terminal biallelic
mutations in the CEBPA are sufficient for the de-
velopment of AML. High penetration rates and
relatively young onset of AML in families with
an N-terminal C/EBPo mutation were observed
(Smith et al.,, 2004; Sellick et al., 2005; Pabst
et al., 2008; Renneville et al., 2009). In contrast,
approximately one-third of the affected members
in families with an AMLI/RUNX1 mutation
developed AML after a long latency (Michaud
et al., 2002; Asou, 2003). It is of note that point
mutations in the AMLI gene as well as AMLI-
associated chromosomal translocations require
subsequent genetic alterations to cause AML
(Matsuno et al, 2003; Nanri et al., 2005b). A
recent study using a 30-kDa C/EBPa knock in
mutation mimicking the most prevalent CEBPA
biallelic mutations observed in patients with
AML causes myeloid leukemia with full
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penetrance in a mouse model (Kirstetter et al.,
2008). This study indicates that the N-terminal
C/EBPa mutadtion confers an increased risk for
the occurrence of a C-terminal C/EBP« mutation
as a second genetic hit, eventually leading to
AML after a long latency.
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The RUNX1/AML1 gene is the most fre-
quently mutated gene in human leukemia.
Conditional deletion of Runx1 in adult
mice results in an increase of hematopoi-
etic stem cells (HSCs), which serve as
target cells for leukemia; however,
Runx1-/- mice do not develop spontane-
ous leukemia. Here we show that mainte-

nance of Runx1-/~ HSCs is compro-
mised, progressively resulting in HSC
exhaustion. In leukemia development, the
stem cell exhaustion was rescued by ad-
ditional genetic changes. Retroviral inser-
tional mutagenesis revealed Evi5 activa-
tion as a cooperating genetic alteration
and EVI5 overexpression indeed pre-

vented Runx1-/~ HSC exhaustion in mice.
Moreover, EVI5 was frequently overex-
pressed in human RUNX1-related leuke-
mias. These results provide insights into
the mechanism for maintenance of pre-
leukemic stem celis and may provide a
novel direction for therapeutic applica-
tions. (Blood. 2010;115:1610-1620)

Introduction

The RUNXI/AMLI gene encodes the DNA binding o subunit of
heterodimeric Runt domain transcription factor, PEBP2/CBFE!
RUNX1 and its partner protein, the non-DNA binding § subunit
(PEBP2B/CBFR), are essential for definitive hematopoiesis and are
frequently targeted in human leukemia.>* RUNXI and CBFB are
involved in chromosomal translocations, generating fusion proteins
that inhibit the activity of wild-type RUNX1 in a dominant-
negative manner.>S Biallelic point mutations of RUNX! are fre-
quently found in the acute myeloid leukemia (AML) MO subtype
and familial platelet disorder with predisposition to AML. Monoal-
lelic mutations are found in sporadic myelodysplastic syndrome
and AML.7!0 These point mutations make the RUNXI protein
nonfunctional. Hence, loss-of-function of RUNX1 is considered to
be the common underlying mechanism for RUNXI-related
leukemias.

Despite the prevalence of RUNX1 loss-of-function muta-
tions or dominant-negative fusion proteins, the RUNXI alter-
ation per se does not cause leukemia. Rather, cells with
loss-of-function of RUNXI1 remain leukemia-prone and only
with acquisition of additional hits do they become fully
leukemic.!"14 Conditional deletion of Runx! in adult mice
results in an expansion of immunophenotypically defined hema-
topoietic stem cell (HSC) compartment and an accumulation of
megakaryoblasts and lymphoid progenitors.!>!7 The expansion
of Runxl-deficient HSC/progenitor compartment is due to
higher self-renewal and antiapoptotic properties and results in
predisposition to leukemia.'® However, surprisingly, despite the
increased number of stem cells, Growney et al'® reported that
conditional Runxl knockout bone marrow (BM) cells are
outcompeted by simultaneously transplanted wild-type BM cells
in competitive repopulation assay, indicating that Runxl-
deficient cells are compromised in reconstituting hematopoiesis

in the recipient mice. Also, except for one group describing that
RunxI conditional knockout mice developed lymphoma at later
stages of life,!7 other groups reported that leukemia/lymphoma
did not develop spontaneously. The above studies indicate
increased leukemia susceptibility in Runx1-deficient conditions,
and at the same time clearly suggest that Runx!-deficient cells
require additional genetic changes for leukemic transformation.

Retroviral insertional mutagenesis (RIM) is a powerful tool to
identify oncogenes and tumor suppressor genes.!” Injection of
replication-competent retrovirus into newborn mice leads to integra-
tion of virus into the host genome and activation of oncogenes or
disruption of tumor suppressor genes, resulting in leukemia or
lymphoma. Retrovirus usually hits multiple genes to induce
leukemia or lymphoma.?0-23 RIM on conditional Runx! knockout
mice provides an excellent system to identify genes that cooperate
with loss-of-function of Runx1 to promote leukemogenesis. Previ-
ous RIM studies on heterozygous Runx! knockout mice have
revealed the alterations of the Ras gene family and its upstream
factors such as c¢-Kir and Flr-3 as candidate “second hits” in
leukemogenesis. These genes are in fact frequently mutated in
human RUNX1-related leukemias. %2224

In this study, we show that Runx1 deficiency in HSCs leads to
the phenomenon called “stem cell exhaustion” after the initial
expansion. Runxl-deficient stem cell maintenance was compro-
mised, probably due to defective niche interaction, resulting in
decline of stem/progenitor cell numbers and decreasing contribu-
tion of these stem cells to blood cell production. We employed RIM
on conditional Runx! knockout mice and identified overexpression
of Evi5 as an additional genetic alteration that prevents the stem
cell exhaustion caused by Runxl deficiency. Together, these
2 genetic alterations maintain an expanded pool of aberrant
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stem/progenitor cells, which may act as targets for further onco-
genic hits.

Methods
Mice

The mice harboring Runx/ allele with exon 4 flanked by loxP sites
(RunxI™*) were generated,” backcrossed against C57BL/6 mice for

3 generations, and then intercrossed to obtain Runx/FF mice. They were
crossed with interferon-inducible Mx-Cre transgenic mice,? a gift from
Dr K. Rajewsky, to generate RunxI"F_Tg(MxI-Cre) mice. For further
details, see supplemental Methods (available on the Blood website; click
on the Supplemental Materials link at the top of the online article). All
mice were maintained in the Biological Resource Center (BRC),
Biopolis, Singapore, and all animal experiments followed the strict
guidelines set by the National Advisory Committee for Laboratory
Animal Research (NACLAR) and were approved by the BRC Institu-
tional Animal Care and Use Committee.
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Retroviral insertional mutagenesis

RunxI¥¥-Tg(Mx1-Cre) and RunxI¥" mice were mated, and progenies were
injected with MoMuLV virus 3 days after birth and with polyinosinic-
polycytidylic acid at | month of age. Retrovirus-injected Runx] ~/~ mice
and RunxI*/* littermates were monitored by examining their health
condition and by weekly checking of complete blood cell count using an
automatic hematology analyzer (Celltac alpha MEK-6358; Nihon Kohden).
Necropsy of diseased mice, hematology analysis, and identification of RIS
using inverse polymerase chain reaction (PCR) were carried out as
previously described.?>??

Flow cytometric analysis

Flow cytometric analysis was performed using a fluorescence-activated cell
sorter (FACS) Vantage instrument as previously described.!®?2 Monoclonal
antibodies were usually purchased from BD Biosciences (supplemental
Methods).

Patient samples

Thirty-five human patients with leukemia belonging to the following
categories were screened for expression level of EVIS: AML with (8;21)
(n = 9); inv(16) (n = 7); other AML (n = 10); chronic myeloid leukemia
(CML) blast crisis (n = 6); and complete remission from AML (n = 3).
Each patient gave informed consent to this study based on the tenets of the
revised Helsinki protocol produced by the Institutional Committees for the
Protection of Human Subjects and Analysis of the Human Genome. All
studies of human samples were approved by the institutional review board
of Kumamoto University Hospital.

Additional procedures

For complete information on bone marrow transplantation (BMT) proce-
dures; plasmid construction, retroviral transduction, and in vitro cell culture
assays; quantitative real-time PCR (qRT-PCR); luciferase assay; in vivo
homing assay; and the BrdU incorporation assay, see the supplemental
Methods.

Results

Runx1-/- stem/progenitor cell population declines after the
initial expansion

Runx] knockout (RunxI~’~) BM cells, generated by Cre-
recombinase-mediated knockout of Runxl, show an increase in
hematopoietic stem/progenitor cell fraction compared with control
wild-type (Runx1*/*) mice. However, we found that RunxI~/~
HSC expansion is followed by exhaustion, resulting in a progres-
sive decline of stem/progenitor cell numbers. At 10 weeks of age,
Runx]™/~ mice showed a significant increase in long-term HSCs
(c-Kit*Scal *Lineage™ [KSL] CD34~Flt37), short-term HSCs (KSL
CD34+Flt37), and multipotential progenitors (KSL CD34*Flt3™).
However, at 40 weeks of age, RunxI™~ stem/progenitor cell
numbers declined significantly and were equivalent to or lesser
than corresponding RunxI*/* cell numbers (Figure 1A, supplemen-
tal Figure 1). Side population analysis of lineage-negative cells
(lineage-SP) also showed a similar trend of expansion of Runx! -
HSCs at 10 weeks, followed by decline at 40 weeks (Figure 1A).
To analyze the number of functional competitive repopulating units
(CRUs) in aged (40 weeks old) RunxI~/~ and RunxI*/* mice, we
carried out limiting dilution BMT. The frequency of CRUs in BM
of aged RunxI~/~ mice was | in 53 964, lower than the frequency,
1 in 20 083, in Runxl*/* littermate controls (Figure 1B). These results
suggest that stem cell exhaustion may occur in Runx] ™/~ mice.
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after transplantation. (B) Colony assay of GFP*c-Kit*Lin~ cells from recipients of
Runx1** {n = 3) and Runx1~"~ (n = 3) BM cells, 2 years after transplantation.
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The decline of RunxI~~ HSCs is further observed in another
BMT experiment. In the recipient mice that underwent transplanta-
tion with BM cells from Runx " and RunxI** mice transfected
with MIG (MSCV-IRES-GFP) retroviral vector expressing en-
hanced green fluorescent protein (EGFP) as a surrogate marker,
contribution of donor cells to hematopoiesis was monitored
periodically by the percentage of GFP* cells in the peripheral
blood (PB). At 6 weeks after transplantation, the GFP chimerism in
PB of the recipients (n = 6) of RunxI™* and RunxI~'~ cells was
comparable, with a mean value of 32.1% and 23.6% respectively.
After 40 weeks, the mean GFP chimerism in the recipients of
Runx1*'* remained the same at 32.5%, whereas it was significantly
lower (P < .01) at 13.1% in the recipients of Runxl~/~ cells
(Figure 1C). By 2 years after transplantation, the GFP chimerism in
PB of recipients of RunxI~/~ cells dropped even further. There was
also a concomitant decrease in absolute number of immature
Runxl~'~ (c-Kit*Lineage"GFP") cells in the BM of the recipients,
again suggesting stem cell exhaustion (Figure 2A).

To ascertain the phenomenon of Runx! ™~ stem cell exhaustion,
a secondary transplantation experiment was carried out. Two to
3 primary recipients with similar GFP chimerism were killed at an
average of 4 months after transplantation and BM cells were
transplanted into 10 lethally irradiated (8 Gy) secondary recipients.
Six of 10 recipients of Runxl~'~ cells died within 3 months of
secondary transplantation due to pancytopenia arising from graft
failure, while all the recipients of control RunxI*'* cells survived
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beyond that (Figure 1D). Taken together, the above results prove
that Runx~/~ status results in progressive stem cell exhaustion,

Surprisingly, colony assay of immature Runx] ~/~ cells (GFP*
c-Kit*Lineage ™) from BM of recipient mice showed an increased
number of precursors even 2 years after transplantation, similar to
the observations made soon after the conditional deletion of the
Runx1 gene'® (Figure 2B). Furthermore, long-term culture initiat-
ing cell (LTC-IC) assay of KSL cells from BM of aged 40-week-old
Runx1~/~ mice showed an increased number of progenitor cells
after 28 days of culture on OP9 stromal cells (Figure 2C). These
results suggest that immature Runx/ ™/~ cells maintain their inher-
ent properties of increased proliferation even after long periods of
time. Hence, stem cell exhaustion may not be due to cell intrinsic
defects of Runx!~/~ stem/progenitor cells.

Runx1-/- status results in increased susceptibility to myeloid
leukemia development

It is conceivable that for RunxI~'~ mice to develop leukemia,
Runx1~'~ stem cells would have to acquire an ability to survive
long, possibly through additional genetic hits. Therefore, RIM was

employed to induce leukemia in Runx!~'~ mice and to identify
genes that prevent stem cell exhaustion and aid in leukemia
development. RunxI™'~ mice showed a significantly shorter la-
tency of leukemia development than wild-type littermates (Figure
3A), thus confirming that the Runx1-deficient status accelerates
leukemia development.

When the mice became moribund, necropsy was carried out and
the disease was divided into leukemia or lymphoma cases.
Leukemia cases showed elevated leukocyte counts and hepato-
splenomegaly with normal thymus, whereas lymphoma cases
showed normal or elevated leukocyte counts and enlarged thymus/
lymph node (Figure 3B). Based on combination of leukocyte
counts, necropsy, and further immunophenotype and morphologic
analyses, tumors were classified into the following 4 groups: group
1, myeloid leukemia (supplemental Figure 2A); group 2, bipheno-
typic (myeloid and T-cell) leukemia; group 3, T-cell leukemia; and
group 4, T-cell lymphoma (supplemental Tables 1-2). Most of the
biphenotypic leukemia cases belonging to group 2 were considered
to be mixtures of myeloid and lymphoid leukemia originating from
different clones, with a certain subset of the leukemic cells
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Table 1. Classification of CISs identified in Runx1*/ and Runx1-/-
mice

Classification of
ClIS/chromosome
number* Genet Runx1+~,n = 52 Runx1-/-,n = 63
Known CISs, n = 16
5 Gfil/Evi5t 2 11 (1§, QN
15 c-Myct 3 11
17 Cend3t 2 6
7 RRas2 4 5
10 Ahit/Myb 71 32
2 Rasgrp1 2 2
11 lkaros™ 1 2
3 Evitt 0 5
6 Cend2t 0 3
12 N-myct,** 0 3
17 Pim1 4] 3
2 Beas1 0 2
5 Bel7a 0 2
5 Mad1ir** o] 2
Semadb 0 2
12 Jundm2 0 2
NovelCIS,n=4
X Slisé: o] 4
3 Slis7 0 3
5 Slis8 0 2
16 Slis9 0 2

CIS indicates common integration site; and RIS, retroviral integration site.

*The genomic positions of the RIS were determined according to BLAT search of
the UCSC Genome Bioinformatics database.

fCandidate genes in the vicinity of the RIS are shown.

$CISs that are particularly interesting and are discussed in the text.

§Number in parentheses indicates number of integrations inside Gfi1.

{Number in parentheses indicates number of integrations inside Evi5.

{INumber in parentheses indicates number of integrations inside Myb.

#Number in parentheses indicates number of integrations inside Ahi1.

**Genes with all retroviral integrations inside the gene.

expressing both the T-cell and myeloid markers simultaneously
(supplemental Figure 2A).

In RunxI™ mice, 34 of 54 (63.6%) developed early-onset
(= 24 weeks) leukemia/lymphoma, whereas only 19 of 52 (36.5%)
RunxI*/t mice showed early onset of leukemia/lymphoma. Out of
the early-onset cases, 51.4% of Runx!™/~ cases and 15.8% of
Runx1*/* cases showed leukemia with myeloid featares that fell
into groups 1 and 2. The remaining mice developed T-cell
leukemia/lymphoma that fell into groups 3 and 4 (Figure 3C). This
result indicates that RunxI knockout status drives myeloid features
in leukemias despite the strong T-lymphoid tropism of MoMuLV
virus. Some of the group 1 and 2 leukemias recapitulated human
RUNX leukemias with accumulation of immature blasts (as seen in
AML MO) or accumulation of myeloid cells with differentiation (as
seen in AML M2; Figure 3D).

Stemness related genes are preferentially affected in Runx1-/~
leukemias

There were 710 retroviral integration sites (RISs) found in
63 RunxI~'~ mice and 52 RunxI*'* mice. These sequences were
mapped to the mouse genome to identify the chromosomal location
of the sequences and to identify candidate genes at the loci. Twenty
loci were affected more than once by retroviral integrations in
RunxI~~ or RunxI*'* mice and these are referred to as common
integration sites (CISs; Table 1). The relative locations of these
integration sites were compared with the tags from the publicly
available Retroviral-Tagged Cancer Gene Database.?” This compari-
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son revealed that 16 CISs correspond to previously known loci
where retroviral integration occurred more than once. The other
4 CISs were detected only by our study and have been designated
as Slis (Singapore leukemia integration site) and classified as novel
CISs (Table 1, supplemental Table 3).

Genes near CISs that are affected with high frequency in
RunxI~/~ mice, but affected with lower frequency in Runx!**
mice, may be specifically involved in leukemogenesis of Runx] "~
mice. Notably, candidate leukemogenic genes near CISs in Runx1-
deficient leukemias with myeloid features are more relevant to our
study since these leukemias recapitulate human RUNXI-related
leukemias. A comprehensive list of genes (near CISs or RISs) that
may be involved in tumor progression of each leukemia sample
with myeloid features is given in Table 2. Interestingly, 10 of
18 Runxl~/~ mice that developed leukemia with myeloid features
had integrations near stem cell-related genes such as Gfil/Evi5,
Evil, and Lmo2. These CISs are rarely affected in T-cell leukemia/
lymphoma and preferentially hit in leukemia with myeloid features
(supplemental Table 4).

Integrations at the Gfil/Evi5 locus, the locus where these
2 genes are located in the same direction in no overlapping fashion,
were found in 11 of 63 Runx!™’~ mice analyzed and only in 2 of
52 RunxI '+ mice (P < .05, Fisher test). Seven of the 11 RunxI =/~
leukemia cases with integrations at the Gfil/Evi5 locus belonged to
groups 1 and 2 (n = 18), which showed early-onset leukemia with
myeloid features (Table 2). Gfil is a well-known factor involved in
stem cell maintenance,?® while Evi5 was recently shown to be a
cell-cycle regulator that prevents premature entry of cells into
mitosis.?? Expression levels of Gfil and Evi5 were examined by
gRT-PCR on ¢cDNA from 6 of the available leukemic samples with
integrations at this locus and 3 control samples without integration
at this locus (Figure 4A). Evi5 overexpression was seen in all
affected RunxI™/ cases with integration outside this gene, and
became pronounced as the distance between the RIS and the Evi5
gene decreased. This indicates specific, integration site—dependent
activation of Evi5 expression. Gfil expression was not significantly
affected by viral integrations in majority of the cases (Figure 4B).
Thus, Evi5 overexpression appears to play a more cooperative role
with Runx1 deficiency in leukemogenesis. Out of the integrations
that were present only in Runx] '~ mice and not in Runx!*/* mice,
the most frequent were integrations at the Evil locus seen in
5 Runx1~/~ mice, 3 of which belonged to groups 1 and 2 (Table 2).
Evil functions in self-renewal, maintenance, and proliferation of
stem cells.?®3! Integrations near c-Myc, Cyclin D2, and Cyclin D3
genes were also more frequent in RunxI™~ mice. c-Myc is a
well-known protooncogene that causes uncontrolled proliferation
of cells when overexpressed. Cyclin D2 and D3 are G, cyclins and
their dysregulation leads to abnormal cycling of cells (Table 2).

Overexpression of EVI5 cooperates with Runx1~/~ status in
long-term maintenance of aberrant stem/progenitor cells in
vitro

To examine the details of cooperation with Runx]~/" status, Gfil,
EviS, and Evil were chosen from the RIM screen due to high
frequency of viral integrations near these genes in Runx]™/~
leukemias compared with wild-type cases. We deduced that they
are likely to prevent exhaustion of Runx1~/~ stem cells due to their
possible function in stem cell maintenance and thus contribute to
development of Runx1-related leukemia.

To study the effect of overexpression of these candidate
oncogenes in immature hematopoietic cells, the c-Kit* fraction of
BM cells transfected with MIG vector carrying GFI, EVIS, or EVII
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Figure 6. siRNA-mediated knockdown of OPN expression reduces cell survival in
AML blasts and LSPCs. Purified CD34* cells from the indicated AML patient samples
were transfected with 50nM BLOCK-IT fluorescent oligo and 50 to 150nM of (1) RNAi High
GC negative control duplexes; (2) scrambled siRNA duplexes; (3) OPN siRNAs duplexes
no. 1, no. 2, orno. 3; or (4) a cocktail consisting of ali 3 OPN siRNAs dupiexes (A-B,D). After
transfection, cells were cultured for 2 to 3 days in IMDM medium containing 0.5% FCS,
after which time total RNA was isolated for quantitative RT-PCR (A} and viable cell number
was assessed by using Flow-Count Flucrospheres (A,D). (B) Cell survival was determined
by annexin V-Alexa 568 staining and flow cytometry. The survival of purified CD34* cells
isolated from patients with AML in culture varied from 15% to 90%, and results are
presented as the percentage of cell survival relative to the control siRNA-transfected cells.
The inset indicates the level of OPN mRNA expression for each AML sample as
determined in Figures 4 and 7. (C) AML CD34+/CD38~/CD123* LSPCs were purified by
fluorescence-activated celt sorting (FACS). Cells were stained with CD34-FITC, CD38-PE-
Cy7, and CD123-PE antibodies after which time LSPCs were sorted with FACSAria cell
sorter into CD34*CD38~ subpopulation (1%-2% of total five cells) and gated for high
CD123 expression (0.5%-1% of total). Approximately 5 X 105 to 1 X 10% cells were
obtained from a single sort of 2 x 108 thawed cells. The purity of sorted populations was
confimmed by secondary flow cytometry. (D) LSPCs were transfected and analyzed for celi
survival as described in panel A. +Samples were derived from relapsed patients.
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Figure 7. Increased OPN expression is associated with poor OS in AML.
(A) Scatterplot showing OPN expression determined by quantitative RT-PCR in
4 normal CD14+ monocyte controls and 95 diagnostic samples from consecutive
patients with AML collected at the RAH of which 60 were treated with induction
chemotherapy. The horizontal lines indicate the median expression of OPN(0.23 AU).
(B) Scatterplot of the range and median of OPN expression for various FAB
classifications for all patients analyzed (95 RAH plus 35 Kunamoto normal karyotype
patients). There is a significant difference in median OPN expression between FAB
M3 and M4 or M5 subgroups (P = 0.01, Kruskal-Wallis test; P < .05, Dunn multiple
comparisons test). (C) Kaplan-Meier log-rank analysis of all patients from RAH who
underwent standard induction chemotherapy, excluding acute promyelocytic leuke-
mia (APML; M3; n = 52). Taking a cutoff of 0.23 AU (median; split panel A), patients
were divided into either high OPN expressers (> 0.23 AU) or low OPN expressers
(< 0.23 AU). (D) Scatterpiot showing the range and median of OPN expression for
cytogenetically normal AML patient samples obtained at RAH {n = 25) and Ku-
namoto (n = 35), which were analyzed for OS (E). (E) Kaplan-Meier survival curves
for the combined patients with normal cytogenetic AML shown in panel D after
standard induction chemotherapy (n = 60), comparing high versus low OPN expres-
sion as determined by median split of each cohort as shown in panel D. High OPNis
associated with poor OS (median, 384 days) compared with low OPN (median,
1017 days; P = .01). (F) Scatterplot comparing OPN expression in patients with
cyltogenetically normal AML analyzed in panel E for which FLT3 mutation status had
been determined (ITD or D835 mutation; n = 37). There was no difference in median
OPN expression between the 2 groups (n = 37; P = .2, Mann-Whitney U test).
(G) Two patients for whom cryopreserved diagnosis and relapse samples were
available were examined for OPN expression by quantitative RT-PCR. A significant
increase in OPN expression was observed in both patients at relapse (P< .05,
Mann-Whiiney Utest).

associated with higher mean age (52 vs 42 years; P = .02, Student
1 test) and increased M1 FAB classification (53% vs 23%; P = .01,
X2 test; supplemental Table 4), Importantly, our results show that
patients with high OPN expression had a significantly shorter OS
(median, 384 days) compared with patients with low OPN expres-
sion (median, 1017 days; Figure 7E; n = 60; HR, 2.05; 95% CI,
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Table 1. Characteristics of the 52 consecutive patients treated with induction chemotherapy according to OPN status
Total patients, OPN high, OPN low,
n=52 n = 25 (48%) n =27 (52 %) P

Median OPN level (range) 0.20 (0.00-13.1) 0.775 {0.23-13.7} ", 0.00 (0.00-0.20) N/A
Mean age, y, mean = SD 51 =17 65 * 15 48 + 18 2
Mate, n (%) 29 (55) 15 (60) 14 (51) 7
Median WBC count, xX10%L (range) 11.9 (1.3-300) 15.9 (1.3-300) 7 (1.68-171) 7
Median BM blasts, % (range) 67 (20-99) 55 (22-92) 70 (20-99) 8
FAB, n (%)

MO 2(4) 1{4) 1(4) N/A

M1 19 (36) 10 (40) 9(33) N/A

M2 14 (26) 8(32) 6 (22) N/A

M4 7(13) 2(8) 5(18) N/A

M5 7(13) 3(12) 4.(15) N/A

M6 2(7) 1(4) 2(7) 9
Cytogenetic subgroup, n (%)

Unfavorable 11 (21) 7(28) 4(14) N/A

Intermediate 37 (71) 15 (60) 22 (81) N/A

Favorable 3(6) 3(12) 0(0) .07
FLT3mutation, n (%) 14/20 (70) 5/8 (63) 9/12 (75) 6
Induction chemotherapy; n (%) 52:(100) 25 (100) 27¢100) <99
Allotransplantation, n (%) 11/52 (21) 4/25 (16) 7/27 (25) 5

All patients were treated with standard AML induction therapy that included cylarabine, idarubicin, and etoposide followed by consolidation chemotherapy. Patients with
APML(M3) treated with all-trans retinoic acid-based regimens were excluded. The mean age of our cohort was 51 years with a median follow-up of living patients at 5 years.
The 5-year OS rate was 23%. FLT3 mutation status (internal tandem duplication of FLT3 receptor or D835 point mutation) was available for 20 patients (38%). Differences in
the distribution of patients between FAB subgroups and cytogenetic risk groups were tested for categorical variables by x2test. Differences in continuous variables were tested

with the Student ttest or Mann-Whitney Utest when appropriate.

WBC indicates white blood cell; N/A, not applicable; and cytogenetic subgroups, karyotype risk groups were defined according to the MRC10 criteria.

1.20-3.88; P = .01), suggesting that high OPN may be associated
with inferior outcome in normal karyotype AML. In those patients
for which FLT3 status had been determined, there was no
significant association between OPN expression and the presence
of a FLT3 mutation (P > .05, Mann-Whitney U test; Figure 7F).
The prognostic effect of OPN in normal cytogenetic AML was
further investigated by a multivariate Cox proportional hazards
model that included age, WCC, and treatment center. Only age and
OPN remained significant at a P value less than .05 (Table
3). When we controlled for these factors, OPN remained signifi-
cantly associated with poor OS (n = 60; HR, 2.22; 95% CI,
1.23-4.02; P = .01), suggesting that high OPN expression is
an independent prognostic indicator in normal karyotype AML
(Table 3).

Because OPN expression was associated with poor OS, we
considered the possibility that OPN expression may be increased in
relapsed patient samples. We therefore compared OPN expression
in 2 patients for whom both diagnostic and relapsed cryopreserved

Table 2. Muitivariate analysis of the prognostic effect of OPN and
other prognostic variables on overall survival

Prognostic marker Level Hazard ratio 95% Ci P
OPN. High 1.79 0.94-3.39 .08
Age Continuous 1.02 0.99-1.05 .06
WCG Continuous 1.006 1.001-1.012 02
Cytogenetics .03*
High 3.71 0.91-15.08 .07
Intermediate 1.26 0.37-4.32 7
Low 1.0 : bt o

The effect of OPN expression on overall survival for 52 patients with AML treated
with chemotherapy in our institution was examined in a multivariate Cox proportional
hazards model that included all variables that were deemed influential in survival:
OPN, age, white cell count (WCC) at diagnosis, and cytogenetic risk group. The
assumptions for proportional hazards was not violated.

— indicates not applicable.

*Global P value for cytogenetics.

AML samples were available. Analysis of both these samples
showed that OPN mRNA expression levels were significantly
increased after disease relapse (Figure 7G; P <.05), further
supporting the findings (Figure 7A-E) that high OPN expression is
a prognostic indicator linked to inferior patient outcome and early
death after chemotherapy.

Discussion

Deregulated cell survival is a classic hallmark of cancer and
therefore represents a key therapeutic target.”® We now show that
Ser585-survival signaling regulates a transcriptional program com-
prising multiple gene networks (Figure 1), including a pathway that
regulates OPN and a set of targets of the PI3-kinase pathway with
established roles in cancer and cell death (Figure 3). We further
show that Ser585 signaling is deregulated in the majority of AML
patient samples (20 of 23) representing diverse FAB and cytoge-
netic classifications (Figure 4). In contrast, no deregulation of
Tyr577 phosphorylation was observed in most of the AML patient

Table 3. Multivariate analysis of the prognostic effect of OPNin
normal karyotype AML on OS

Prognostic marker Level Hazard ratio 95% Cl P
OPN “High 2.226 1.231-4.027 .01
Age Continuous 1.028 1.007-1.050 .01
WGCC -Continuous 1.002 1.000-1.004 07

The effect of OPN expression on OS of 60 consecutive patients with normal
cytogenetics treated with induction chemotherapy was examined in a multivariate
Cox proportional hazards model that included age, WCC, and treatment center as
potentially influential variables. After controlling for age and WCC, high OPN
expression (high vs low) remained a significant predictive factor for OS (P = .01).
Treatment center was not influential on prognosis after multivariate analysis (P = .9;
data not shown), and there was no significant interaction between OPN and other
prognostic variables at each treatment center. The assumptions for proportional
hazards was not violated.
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