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Abstract A transient abnormal myelopoiesis was observed in a newbomn with Down syndrome. Cytogenetic
study revealed multiple oligoclonal abnormalities: 47,XY,inv(6)(p23q21),+21c[3]/47 XY,
der(7)t(1;7)(q25;p15),+21c[11/47,XY,del(13)(q?),+21c[1]/47,XY,+21c[15]. Ten months after the
patient achieved remission, the transient abnormal myelopoiesis evolved to an acute megakaryo-
blastic leukemia. Cytogenetic study revealed only a single clonal abnormality, 47,XY,der(7)
t(1;7)(q25;p15),+21c, identical to one of the structural changes seen at birth. Sequence analysis
of the GATAI gene revealed a deletion—insertion mutation within the exon 2 introducing a stop co-
don after Arg 64. It may be that the dex(7)t(1;7)(q25;p15) abnormality played some selective role in
the development of acute megakaryoblastic leukemia in this patient. To our knowledge, the present
case is unique in demonstrating a subclone with der(7)t(1;7)(q25;p15) evolving to acute leuke-
mia. © 2009 Elsevier Inc. All rights reserved.

1. Introduction Acute myeloid leukemia (AML) and myelodysplastic
syndrome (MDS) in Down syndrome often demonstrate
chromosomal abnormalities in addition to the constitutional
trisomy 21 [8—12]. These include both numerical and
structural abnormalities, mostly complete or partial trisomy
of a specific chromosome; reciprocal translocations are rel-
atively rare. The role of these chromosomal translocations
in developing leukemia in Down syndrome is also un-
known. Here, we report the case of a Down syndrome
patient who developed AMKL showing der(7)t(1;7)
(q25;p15) following TAM at birth.

Approximately 10% of patients with Down syndrome
are born with transient abnormal myelopoiesis (TAM)
[1,2]. Of these cases, ~20% recur as acute megakaryoblas-
tic leukemia (AMKL) [3]. Acquired mutations in GATA! in
the leukemic blasts are detected in virtually all of these
cases [4—7], but the second hit for the full expression of
AMKL is still a matter of discussion [6.7]. GATAI is a tran-
scription factor that regulates megakaryocytic differentia-
tion, and the mutations observed are considered to cause
accumulation of poorly differentiated megakaryocytic pre-
cursors [4]. Strikingly, GATAI is located on chromosome
X; therefore, genetic interaction of GATAI with one or 2. Case report
more genes on other chromosomes presumably contributes
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weeks gestational age, weighing 3,235 g. Thrombocytope-
nia was revealed after birth. At 5 days after birth, he was
diagnosed as having TAM. Initial white blood cell count
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Fig. 1. Karyogram of the blast in leukemic phase showing 47,XY,der(7)
1(1;7)(q25:p15),+21c.

karyotype 47,XY,inv(6)(p23q21),4+-21c[3)/47,XY,der(7)t(1;7)
(q25;p15),+21c[11/47,XY,del(13)(q?),+21c[1]/47,XY,+21c
[15)/. Although he was not treated, his white blood
cell count gradually decreased within 2 months, and at 7
months after birth his platelet count spontaneously recov-
ered to within the normal range (although he suffered from
thrombocytopenia due to an unknown viral infection). At
10 months after birth, the blasts increased suddenly.
Persistent thrombocytopenia was noted after platelet
transfusions twice weekly. A bone marrow aspirate showed
excessive myelofibrosis. Immunophenotyping of peripheral
blasts showed CD7*, CD13", CD33", CD38", CD41",
CD42b*, CD56", CD157%, and HLA-DR". Chromosome
analysis showed a der(7)t(1;7)(q25;p15) abnormality, in ad-
dition to the constitutional trisomy 21 (Fig. I). Spectral kar-
yotyping further confirmed the presence of the t(1;7)
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translocation, expressed as 47,XY,der(7)t(1;7)(q25;p15),
+21c (Fig. 2), resulting in partial trisomy of 1q.

We analyzed the GATAI mutation in the peripheral
blood sample, after written informed consent was obtained
from his parents. Genomic DNA was extracted, and then
polymerase chain reaction (PCR) was performed. Subclon-
ing and nucleotide sequencing of PCR products were per-
formed as described previously [6]. Sequence analysis of
GATAI gene revealed a deletion—insertion mutation within
exon 2, introducing premature stop codon after Arg 64
(Fig. 3).

A trephine biopsy revealed the presence of a typical
megakaryocyte proliferation and prominent fibrosis. The fi-
nal diagnosis of AMKL led to the initiation of combination
therapy of pirarubicin HCI (25 mg/m2 per day for 2 days),
cytosine arabinoside (100 mg/m2 per day for 7 days), and
etoposide (150 mg/m2 per day for 3 days) [13]. Complete
remission was achieved after two courses of the therapy.
Continuation of the consolidation therapy was uneventful,
and six cycles of the same regimen were completed. As
of writing, the patient had been in continuous complete re-
mission without marked side effects for 5 years after initi-
ation of the therapy.

3. Discussion

Recent collaborative studies on AML in Down syn-
drome children have established that the most frequent cy-
togenetic abnormality in AML or MDS in Down syndrome
is trisomy 8 or partial trisomy of 1q [2,14—17]. Because
AML and MDS with Down syndrome have distinct bio-
logic and clinical features, the identification of Down syn-
drome patients with a mild or normal phenotype in the
AML/MDS population is of fundamental importance for
clinical diagnosis and management. Partial trisomy of 1q
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Fig. 2. Spectral karyotyping showing 47,XY,der(7)t(1;7)(q25;p15),+21c.
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Fig. 3. Mutational analysis of the GATAI gene. (A) Sequence analysis was performed directly and using subcloned polymerase chain reaction product and
showed a deletion—insertion mutation (28-bp deletion and 23-bp insertion) between 152 and 179 within exon 2. (B) This deletion—insertion mutation in-
troduced a premature stop codon after Arg64. Numbers represent nucleotides from the 5 end of exon 2.

has been reported by several authors and appears to repre-
sent a nonrandom chromosomal abnormality in patients
with MDS/AML and Down syndrome [ 14,17]. Partial tri-
somy of 7q [&] or monosomy 1 [18.19] have also been re-
ported. Unbalanced translocation t(1;7) in childhood
myelodysplasia has been reported [20]. It is also possible
that the t(1;7) played some role in the development of the
MDS [21]. The mechanism of formation of the der(7)t(1;7)
and its role in leukemogenesis are still unclear. Given that
der(7)t(1;7) results in partial trisomy of 1q and partial
monosomy of 7q, the increased dosage of the oncogenes
located at 1q or the loss of the tumor suppressor genes
located at 7q (or both factors) may be implicated in leuke-
mogenesis of MDS and AML with der(7)t(1;7).

Cases of TAM usually have no karyotypic abnormality
[1], but AMKL is associated with chromosomal abnormal-
ities, including 8 trisomy and 19 trisomy [2]. Rare TAM
cases have had chromosome abnormalities that were also
observed in developing AMKL [22]. As for the GATAI
gene, the deletion—insertion mutations within exon 2 in
our patient have been reported previously in only two cases
of TAM [5.7]. Reciprocal translocations are rare in TAM
with Down syndrome. In the present case, a der(7)t(1;7)
with partial trisomy of 1q, which is among the most fre-
quently observed abnormalities in Down syndrome, might
contribute to evolution to acute leukemia. The present
report contributes insight into the mechanism of leukemic
transformation from TAM in Down syndrome.
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Constitutive activation of Notch signaling is required for the prolif-
eration of a subgroup of human T-cell acute lymphoblastic leuke-
mias (T-ALL). Previous in vitro studies have demonstrated the
therapeutic potential of Notch signaling inhibitors for treating
T-ALL. To further examine this possibility, we applied a y-secretase
inhibitor (GSI) to T-ALL xenograft models. Treatment of estab-
lished subcutaneous tumors with GSI resulted in partial or com-
plete regression of tumors arising from four T-ALL cell lines that
were also sensitive to GSI in vitro. To elucidate the mechanism of
action, we transduced DND-41 cells with the active form of Notch1
(aN1), which conferred resistance to in vitro GSI treatment. Never-
theless, in vivo treatment with GSlinduced a partial but significant
regression of subcutaneous tumors that developed from aN1-
transduced DND-41 cells, whereas it induced complete regression
of tumors that developed from mock-transduced DND-41 cells.
These findings indicate that the remarkable efficacy of GSI might
be attributable to dual mechanisms, directly via apoptosis of DND-
41 cells through the inhibition of cell-autonomous Notch signaling,
and indirectly via disturbance of tumor angiogenesis through
the inhibition of non-cell-autonomous Notch signaling. (Cancer Sci
2009; 100: 2444-2450)

T he Notch signaling pathway has a crucial role in a variety
of cellular functions, including cell proliferation, differenti-
ation. and apoptosis.’ -2 Notch proteins are heterodimeric trans-
membrane receptors composed of an extracellular subunit and a
transmembrane subunit, and associate with each other via hete-
rodimerization (HD) domains in the extracellular regions. Notch
signaling, initiated by receptor-ligand interactions, requires sub-
sequent proteolytic cleavage of the receptor by several prote-
ases, resulting in liberation of the cleaved form of Notch] that is
functionally active (hereafter referred to as aN1) as it translo-
cates into the nucleus and u;{—regulules the transcription of
Notch-RBP-Jk-regulated genes."”

Recent studies in tumorigenesis of hematologic malignancies
and solid tumors, h.l\'e revealed several e\amples of aberrant
Notch signaling.”*? Forced expression of aN1 in mouse bone
marrow results in the development of T-cell leukemia,"” and
more importantly, amplified Notch signaling contributes to
dppl()xumlelv 50 % of human T-cell acute lymphoblastic leuke-
mia (T-ALL). 7% The Notch sxgn.}l amplification in T-ALL is
due to gain-of-function mutations in the NOTCHI gene, which
have also been detected in many different murine T-ALL

Cancer Sci | December 2009 | vol. 100 | no. 12 | 2444-2450

models.”? NOTCHI1 activating mutations cluster at the HD
and intracellular domains, leading to ligand-independent cleav-
age and activation of Notchl. and increased stability of aNI,
respectively. Notchl signaling, whether initiated by receptor—
ligand interactions or triggered by NOTCHI-activating muta-
tions in the HD domains. eventually depends on the proteolytic
activity of y-secretase. y-Secretase inhibitors (GSlIs), available
as small molecular compounds, suppress Notch sxgmhng by
blocking the activity of the y-secretase complex."™ Previous
studies have demonstrated that blockade of Notch signaling with
GSI induces cell Lyde arrest and apoptosis in a subset of human
T-ALL cell lines.”"*'> and an early phase clinical trial has
already been conducted.'” Dcwnle that. precise mechanisms of
action of GSI on T-ALL in vive are yel to be elucidated.

Here, to examine the potential clinical applications for GSIs in
T-ALL patients. and to evaluate the mechanisms of GSI dLUOIl
we investigated the effects of the GSI compound Y001027"
(referred to hereafter as YO) on human T-ALL growth in murine
xenograft models, because YO administration to mice induced
defective melanocyte stem cell maintenance but l\epl the mice
otherwise healthy as shown in our previous paper ¥ The results
here indicated that YO is highly effective against T-ALL growth
in vivo and demonstrated that the efficacy of GSI might be due to
the inhibition of Notch signaling via two mechanisms.

Materials and Methods

Cell cultures and reagents. Human T-ALL cell lines (ALL-
SIL, DND-41, HPB-ALL, KOPT-K1, TALL-1. MOLT-4, PF-
382, and CEM) were obtained from the Fujisaki Cell Center,
Hayashibara Biochemical Laboratories (Okayama, Japan), main-
tained in RPMI supplemented with 10% fetal bovine serum and
penicillin/streptomycin, and incubated at 37°C with 5% CO-.
Human umbilical vein endothelial cells (HUVEC; Lonza Walk-
ersville, Walkersville, MD, USA) were cultured in Endothelial
Basal Medium-2 (L.onza Walkersville) and SingleQuots (LLonza
Walkersville). The YO. which is an ] Y-4l 1,575 analogue, was
synthesized as described prev musly "'YO was dissolved in
dlmeth)l sulfoxide (DMSO) to create 10 mM or 50 mM stock
solutions.

Animals. SCID mice (C.B-17/Icr-scid/scidlcl: 6 weeks old,
female) were purchased from CLEA Japan (Tokyo, Japan) and

"To whom correspondence should be addressed. E-mail: schiba-tky@umin.net
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maintained under specific pathogen-free conditions. All experi-
mental procedures were performed in accordance with the
guidelines for animal experiments of the University of Tokyo
and Jichi Medical University.

Xenograft mouse model. SCID mice at 6-8 weeks of age were
inoculated subcutaneously in the right flank with 3 x 107 cells in
300 pl. of phosphate buffered saline. In concurrent administra-
tion experiments, the mice were assigned to a control group and
a YO-treated group the day after tumor inoculation. YO was
orally administered daily for at least 30 days at a dose of 0.1 or
I mg/kg/day. In challenge experiments for established tumors,
mice were similarly assigned as described above at approxi-
mately 2.5-3 weeks (in HPB-ALL and TALL-1) or 8-12 weeks
(in ALL-SIL and DND-41) after tumor cell inoculation. when
tumor size had reached a certain volume. YO was orally admin-
istered daily at a dose of 0.1, I, or 10 mg/kg/day. Tumor size
was measured at the greatest length and width. The volume was
calculated as 1/2 x (tumor Ienglh X (tumor width)*.

In vivo administration of YO. In vivo administration of YO
was performed as described previously. Briefly, 0.1-
10 mg/kg of YO or an equal volume of vehicle (DMSO) in
300 pl. of 0.5% methylcellulose (Wako, Osaka, Japan) was
administered orally to SCID mice using a disposable oral zonde
(Fuchigami, Kyoto, Japan) once a day for the indicated periods.

Plasmid construction and retroviral transduction. The ¢cDNA
for myc-tagged murine aN17? was subcloned into the Bamll
restriction site of the retrovirus vector pMYx/intenml ribosomal
entry site-enhanced green fluorescent protein (IRES-EGFP:
pMYs/IG). 21 Retroviral transduction of a human T-ALL cell
line, DND- 41 was performed using PLAT-F cells as described
previously. i Following transduction, GFP-positive cells were
sorted to 90% purity and used for further analysis. The proteins
were detected by Western blotting using an anti-myc antibody
(FE10).

Proliferation assay. Cell growth was quantified using a WST-
I-based assay (Cell Counting Kit-8: Dojindo Medical Technolo-
gies, Kumamoto, Japan), which is a highly sensmve colorimetric
assay. Briefly, human T-ALL cell linés (3 x 107 cells/well) or
HUVEC (4 x 10° cells/well) were seeded into 96-well plates,
Vascular endothelial growth factor (VEGF. 100 ng/mL) was
supplemented in the medium for HUVEC. Various concentra-
tions of YO were added, and proliferation was measured in
duplicate at 7 days or 11 days using a WST-1-based assay
according to the manufacturer’s instructions. Proliferation was
expressed as a percentage or fold change of vehicle-treated con-
trols. Results are expressed as mean value + SD.

Detection of apoptosis. Cells were incubatled with various
concentrations of YO for the indicated periods. Apoptosis was
assessed using a fluorescein isothiocyanate-labeled Annexin V
staining kit (Immunotech: Beckman-Coulter, Prague, Czech
Republic) combined with 7-amino-actinomycin D (7-AAD),
according to the manufacturer’s instructions, with a FACS Cali-
bur cytometer (BD Biosciences, San Jose, CA, USA).

TUNEL staining. To detect apoptotic cells, ALL-SIL-bearing
SCID mice were sacrificed after the treatment with 1 mg/kg YO
or vehicle for 5 days. Frozen blocks of tumors were cryosec-
tioned and fixed with 1% paraformaldehyde, followed by analy-
sis for apoptosis using the ApopTag Plus Peroxidase In Simt
Apoptosis Detection Kit (Millipore, Billerica, MA, USA)
according to the manufacturer’s insfructions.

Western  blotting. W estern  blotting was performed as
described previously. ** The probes used were antibodies
against cleaved Notchl (Vali744:; Cell Signaling Technology,
Danvers, MA, USA) and GAPDH as a control. The Vall744
antibody was incubated at a dilution of 1:1000 overnight.

Tube formation assay Upon the BD BioCoat Angiogenesis
Plate (96 well), 2 x 10" HUVEC were seeded per well, with or
without 100 nM YO. After 18 h. cells were stained with fluores-

(a) ost ALL-SHIL. KOPT-K1 DND-4l HPB-ALL
(¥oe10n S T
Cleaved
Notchl
GAPDH ..
®) 100} (©) 100 4 DND-41
Fig. 1. Inhibition of Notch signaling impairs growth £ 5
of human T-cell acute ymphoblastic leukemias (T- § 80 'g 80~
ALL) cell lines. {a) Western blot analysis for cleaved ;‘ 50 g 60
Notchl in human T-ALL cell lines treated with E =
100 nM Y001027 for 48 h. GAPDH is shown as a 2 40 o 404
loading control. {b) Proliferation assay of a panel of E ]
human T-ALL cell lines treated. for 7 days with > 20 £ 209
100 nM YO01027 or vehicle control. The percent of ES o Sy < 0 ; . )
viable cell number indicates the proportion of viable & +\ >\ y v\. @ ° 0 10 100 1000
cells in the treated populations relative to untreated \;‘9 & é y- & %’ (fv .
populations. (¢) Dose dependent effects of YO01027 w *'OQ ) qu’ ?' g!\ A YO concentration (aM)
on. the proliferation of DND-41 cell line treated for
7 days with 3, 10, 30, 100, 300, 1000 nM Y001027 or GSI sensitive GSIresistant (e)
vehicle control. The percent of viable cell number —_
indicates the proportion of viable cells in the treated d S
populations relative to- untreated populations. (d) (d) DND-41 g
Annexin V assay of DND-41 cell line treated for “-) 0) ‘g
7 days with 10 nM Y001027 or vehicle control. (e) P B 140 ey 4
X 13 ’ &
Dose dependent effects of YO001027 on the o 3 | o
apoptosis of human T-ALL ceil lines treated for f: f’g
7 days with 0.1, 1, 10, 100 nM Y001027 or vehicle & : : o
control. The apoptotic fraction denotes the fraction bag LETH N =
of Annexin V (+)/7-AAD (+) cells, and the percent of
apoptotic fraction indicates the proportion of 0 0
apoptotic cells among the total cells within each Annexin V-FITC 0.1 1 10 100
treated well. YO concentration (nM)
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cent dye, Calcein AM (BD Biosciences), according to the manu-
facturer’s instructions. Images were captured with the BIOREV-
O BZ-9000 microscope (Keyence, Osaka, Japan). and the tube
length was measured using the BZ-H1C image analysis applica-
tion (Keyence).

Histological analysis. Frozen blocks were cryosectioned at
5 um and mounted on slides. Histological sections were air-
dried and fixed in acetone for 15 min, followed by immunostain-
ing with a 1:200 dilution of antimouse CD31 antibody (clone;
MEC13.3) (BD-Pharmingen, San Diego. CA, USA) overnight at
4°C. MHorseradish peroxide with the coloring agent diam-
inobenzidine was used as the substrate. Sections were then
counterstained with hematoxylin. Vessel counting was per-
formed at x40 magnification in several randomly chosen areas.

Statistics. Statistical analyses were performed using the Stu-
dent’s r-test. A P-value of <0.05 was considered statistically sig-
nificant.

Results

Human T-ALL lines are susceptible to Notch inhibition. Some
human T-ALL cell lines with NOTCH1 activating mutations are
sensitive to GSLin vino."'¥> We examined the ability of YO,
a GSI compound that has not been tested in cell-based experi-
ments. to inhibit Notch signaling. Various human T-ALL cell
lines (ALL-SIL, KOPT-K1. DND-41, and HPB-ALL) were trea-
ted with YO for 48 h followed by immunoblotting with cleaved
Notchl (Vall744) antibody. which can specifically detect the
aN1 proteins. Treatment of these cell lines with 100 nM YO
resulted in an almost complete block of Notchl activity
(Fig. la).

To investigate the anti-proliferative effect of YO on T-ALL
cells, we measured cellular viability using the WST-1-based
assay in human T-ALL cell lines after YO treatment. As
expected. YO exerted an anti-proliferative effect on some-T-
ALL cell lines (ALL-SIL, KOPT-K1, HPB-ALL, DND-41, and
TALL-1). whereas other cell lines (MOLT-4, PF-382, and
CEM) were not sensitive to this compound (Fig. 1b). To exam-
ine concentration dependency, DND-41 was treated with various
concentrations of YO for. 7 days: and applied to the WST-1-
based assay. A steep concentration dependency was observed
between | nM and 10 nM. The effect was virtually saturated at
>10 nM (Fig. lc).

Next, we explored whether the decreased proliferation of T-
ALL cell lines after treatment with YO was due to the induction
of cell cycle arrest and/or apoptosis. We analyzed the cell cycle
of the T-ALL cell lines after YO treatment using flow cytome-
try. As expected from previous reports,” "L YO induced GO-
Gl arrest in all the T-ALL cell lines sensitive to YO.(data not
shown). Then, we treated five T-ALL cell lines with YO for
7 days followed by Annexin V/7-AAD staining. and found: that
YO induced significant apoptosis of DND-41 cells (Fig. 1d), as
well as the other T-ALL cell lines tested (Fig. le). Similar
results were observed using a: pharmacologically- distinct GSI,
DAPT, known to block Notch activation: (data’ not shown).
Taken together, these results confirmed- that- some: human
T-ALL cell lines are susceptible to YO treatment in vifro.

Concurrent - administration of . YO with-* tumor - inoculation
results in the inhibition of tumor growth in T-ALL xenograft
models. To examine in vive antitumor effects of YO, we used
murine xenograft models, in which SCID mice were inoculated
subcutaneously with human cell lines. HPB-ALL and TALL-1
cell lines established subcutaneous tumors 2.5-3 weeks after
inoculation. The subcutaneous tumors of the YO-treated groups
were significantly smaller than those. of control groups
2.5-4 weeks after the inoculation and the initiation of concur-
rent administration of YO or vehicle. Notably, in mice treated
with I mg/kg of YO, there was no tumor formation observed in
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Fig. 2. Antitumor effects of YO01027 (YO) on xenograft models of
human T-cell acute lymphoblastic leukemias (T-ALL), with concurrent
administration of YO with tumor inoculation. Mice were inoculated
subcutaneously with HPB-ALL {a) or TALL-1 cell lines (b). The next day,
mice were randomly assigned to receive vehicle alone or varying
doses of YO01027 daily, as described in “Materials and Methods”.
Data represent the mean tumor volume (mm?) £5D grown in vehicle-
treated mice, YO (0.1 mgrkg)-treated mice, or YO (1 mg/kg)-treated
mice. *P < 0.05; **P < 0.01, statistically significant differences (vehicle
vs YO).

any of the TALL--inoculated mice or in approximately half the
HPB-ALL-inoculated mice (Fig. 2a,b). This result indicates that
YO exerts in vive antitumor effects on T-ALL. at least during
the period of tumor engraftment.

YO treatment against established tumors in T-ALL xenograft
models results in partial or complete regression. Next, we evalu-
ated the effects of YO treatment when the tumors grew to visible
sizes. In this experimental-design, YO treatment resulted in par-
tial (HPB-ALL) or complete (ALL-SIL, DND-41. and TALL-1)
regression of the established subcutaneous tumors. When treated
with- 10 mg/kg/day. YO. the growth of tumors derived from
HPB-ALL was suppressed to <50% compared with growth with-
out treatment.: Tumors derived from ALL-SIL, DND-41, and
TALL-1 completely regressed within 2-3 weeks following treat-
ment with YO at 1 mg/kg/day (Fig. 3a).

To confirm the in vive pharmacologic inhibition of Notch sig-
naling by YO. we excised tumors made of ALL-SIL from mice
with or without 1 or 10 mgs/kg/day YO treatment for 3 days,
followed by immunoblotting of the tumor lysates with the
Vall744 antibody. The level of cleaved Notchl was reduced
partially or almost completely after 1 or 10 mg/kg/day YO
treatment, respectively. Thus, YO administered at both

doi: 10.1111/1.1349-7006.2009.01328.x
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Fig. 3. Antitumor effects of YO01027 (YO) on 0 5 10 15 20 0 < 10 15 20

xenograft models of human T-cell acute lymphoblastic
leukemias (T-ALL), with YO treatment after tumor
establishment. (a) Mice were inoculated sub-
cutaneously with HPB-ALL, TALL-1, DND-41, or ALL-SIL  (b)
cell lines. When the diameter of the tumor reached
12-13 mm, mice were randomly assigned to receive
vehicle alone or varying doses of YO01027 daily, as
described in the “Materials and Methods”. Data
represent the mean tumor volume (mm?) 5D grown
in vehicle-treated mice or YO (0.1 or 1 or 10 mg/kg)-
treated mice. *P < 0.001, statistically significant
differences (vehicle vs YO). (b) Western blot analysis
for cleaved Notch1 in engrafted tumors treated with
YO. ALL-SIL-challenged mice were treated daily with
vehicle alone or YO, and tumors were harvested 72 h
after the initiation of treatment, followed by Western
blotting of tumor lysates with cleaved Notchi (c)
(val1744) antibody. GAPDH is shown as a loading
control. (¢) YO treatment induces apoptosis of ALL-SIL
cells in vivo. ALL-SIL-bearing mice were treated daily
with vehicle alone or YO01027 at a dose of 1 mg/kg,
and tumors were harvested 5 days after the initiation
of treatment. Tumor sections were fixed with 1%
paraformaldehyde and apoptotic cells were stained
using TUNEL assay.

1 mg/kg/day and 10 mg/kg/day to SCID mice was pharmaco-
logically active, and blocked Notchl signaling partially or
almost completely, at least in cells of subcutaneous tumors
(Fig. 3b).

To determine whether YO treatment induces apoptosis
in vivo, we performed TUNEL staining on tumors made of
ALL-SIL, which was isolated from vehicle- or YO-treated mice.
TUNEL-positive cells were reproducibly increased in number
by the YO treatment (Fig. 3c), demonstrating increased apopto-
sis of T-ALL cells in vivo.

Effect of aN1 expression in tumor growth during YO
treatment. We next expressed aN| exogenously in DND-41 cell
lines to examine whether aN1 rescues YO-induced cell growth
arrest and tumor regression. aN] represents a protein that is
already cleaved, and is thus not a substrate for y-secretase.
Therefore. it was expected that DND-41 cells transduced with
aN1 (hereafter referred to as DND-41/aN1) would become
resistant to YO treatment.

We established DND-41/aN1 cells by infection of parental
DNA-41 cells with aNl-expressing retrovirus, followed by bulk
sorting of GFP-positive cells. Expression of aN| proteins was
confirmed by Western blotting with an anti-myc antibody
(Fig. 4a). Parental DND-41 and mock-infected DND-41 (DND-
41/mock) were sensitive to YO. but, as expected, DND-41/aN1
was substantially resistant to YO in vitro when assessed by a
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cell proliferation assay (Fig. 4b). The continuous presence of
100 nM YO allowed for selection of cells highly resistant to YO
(DND-41/aN1/GSI; Fig. 4b). The in vitro growth curves of
these cells under basal conditions (without YO) were very simi-
lar to each other (data not shown).

We implanted parental DND-41, DND-41/mock. DND-
41/aN1. and DND-41/aN1/GSI cells subcutaneously into
SCID mice. Subcutaneous tumors began to be palpable and the
tumor volume reached 700 mm™ in § 12 weeks. Treatment
with YO at | mg/kg/day or control vehicle was then initiated.
In vehicle-treated mice, the tumors derived from parental
DND-41.  DND-41/mock.  DND-41/aN1, and DND-
+41/7aN1/GSI cells grew in a similar manner, whereas YO treat-
ment resulted in a substantial regression of the tumors derived
from parental DND-41 and DND-41/mock cells (Fig. dc.d).
Interestingly. in vivo YO treatment of tumors derived from
DND-41/aN1 and DND-41/aN1/GSI cells, which were resis-
tant to YO in vitro, induced significantly slower cell growth
compared with the vehicle treatment, suggesting that these cells
were sensitive o YO to some degree in vivo (Fig. 4c.d). In
some mice, we observed a stabilization of the tumor volume.
Nevertheless, YO treatment was not sufficiently effective on
DND-41/aN1 and DND-41/aN1/GSI (o regress the tumors to
an impalpable level, unlike parental DND-41- and DND-
41/mock-derived tumors.
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Effect of YO on in vitro tube formation and in vivo tumor
vessels. Recent studies have demonstrated that inhibition of
Notch signaling in solid tumors resulted in tumor 16516881()11 via
increased tumor vessels with poor perfusion. " Tt has been
shown that Notch inhibition leads to promotion of non-function-
ing angiogenesis.

Tube formation assay was performed to investigate the effect
of YO on in virre angiogenesis using HUVEC. We found that
YO treatment significantly increased the tube length in the tube
formation assay (Fig. 5a.b), suggesting that Notch inhibition
promoted pnohtemlmn of endothelial cells;. which is consistent
with previous studies. 41 1y addition, cell proliferation in the
presence of VEGF was measured with WST-1-based assay. YO
significantly plomoted ;)rohferatlon of HUVEC (Fig. %) as
previously reported.’ 2427

To further clarify the mechanism of action with YO treatment,
we analyzed the tumor vasculature during YO (treatment. We
implanted DND-41 cells into SCID mice and started YO or vehi-
cle treatment after the tumor diameter reached approximately
| cm. We sacrificed mice at treatment day 5. and analyzed tumor
sections by imnum()sminimo for anti-CD31, which is able to
identify the vessels in tumors. In the average, approximately 30
and >40 vessels per mm~ were observed in the vehicle-treated
and YO-treated mice, respectively (Fig. 5d.e). These results are
consistent with the previous reports described above, in which

group that received the YO treatment at a dose of
1 mg/kg/day. Data represent the mean tumor
volume (mm3) £5D of vehicle-treated mice or YO
(1 mgr/kg)-treated mice. *P < 0.01, statistically signi-
ficant differences. (d) Representative appearance of
subcutaneous xenograft models during YO treatment.
DND-41 cells stably expressing control vector or aN1
(pre-selected by GSI in vitro) were grown as
xenografts in SCID mice. Representative mice from
each group are shown.

tumor regression: would result from increased but poorly func-
tional tumor vessels. Collectively, tumor regression in our mod-
els may depend partially on the disrupted tumor vasculature with
paradoxically increased: tumor vessels preswmably through the
inhibition of non=cell-autonomous Notch signaling by YO.

Discussion

The findings of the present study confirmed that the YO com-
pound that we synthesized is a GSI that efficiently blocks Notch
signaling in T-ALL cell lines- carrying activating NOTCHI
mutations and induces apoptosis of these cell lines in vitro. The
cell-autonomous effect against Notch signaling described here is
postulated to be the mechanism of anti-T-ALL, creating the
bases for clinical studies of a GSI targeting T-ALL.

We demonstrated a marked in vivo effect of YO in a xenograft
model that was more dramatic than we had expected. Although
the mechanisms of YO action on T-ALL have been virtually
confined to the cell-autonomous Notch signal inhibition, includ-
ing a recent report describing the combinatorial effect of steroid
with GSL“¥ the strong effect of GSI in vive could also be attrib-
uted to non-cell-autonomous inhibition of Notch signaling.

Our findings were consistent with the recent merls on the
role of Notch signaling in tumor dngxoscenem( % Delta-4,
one of the Notch ligands, is expressed on tip cells in the endothe-
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Fig. 5. In vitro and in vivo analysis of vascular cells
after YO01027 (YO) treatment. (a) The in vitro tube
formation analysis of HUVEC, either with or without
100 nM YO treatment. The cells were stained with
fluorescent dye, Calcein AM, and the representative
images are shown. Original magnification, x20. (b)
Quantitative analysis of tube length after tube
formation of HUVEC with or without 100 nM YO. Fold
change of tube length is shown, compared with that
of vehicle control. *P < 0.05, statistically significant
differences. (c) The cell proliferation assay of HUVEC
in the presence of vascular endothelial growth factor
(VEGF), either with or without 100 nM YO for 7 days. d
Fold change of absorbance at 450 nm is shown, (d)
compared with that of the vehicle control. *P < 0.05,
statistically significant differences. (d) Anti-CD31
immunostainings of tumor sections in DND-41-

bearing SCID mice, either after YO treatment at a

dose of 1 mgskg/day or after vehicle treatment. ¢
Original magnification, x40. (e) Quantitative analysis

of vessels in tumors after YO treatment. The cells

stained with anti-CD31 were counted, and data
represent the mean vessel density (per mm?) 5D in

tumors derived from DND-41. *P < 0.05, statistically
significant differences.
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lium of newly elongating tumor vessels by stimulation with
VEGF. Engagement of Notchl expressed on the stalk cells in the
endothelium by neighboring tip cell-expressing Delta-4 blocks
differentiation of the stalk cells into tip cells, which represents
the process required for the normally functioning tumor vessel
formation. Blockade of this signaling pathway impairs normal
tumor angiogenesis and creates hyper-blanched, non-functioning
vasculature, which results in regression of the solid tumor.
Whereas we used T-ALL cell lines in our experiments. we chose
the subcutaneous tumor injection model because it is more con-
venient for observing and measuring the tumors. In this subcuta-
neous tumor model, we observed a similar tendency regarding
tumor vessel density, from which we could easily speculate that
the same mechanism was underlying this phenomenon.

The introduction of the GSl-insensitive cleaved form of
Notchl into DND-41 cells transformed these cells to be com-
pletely resistant to YO in vitro. exactly as expected, but failed to
confer complete resistance to YO in the subcutaneous xenograft
model. Whereas the subcutaneous tumors derived from DND-
41/aN1 were significantly more resistant to YO than tumors
derived from parental DND-41 and DND-41/mock cells. they
still significantly responded to YO. These observations fit the idea
that the marked in vive antitumor effect of YO against subcutane-
ous tumors derived from parental DND-41 as well as DND-
41/mock cells was mediated through, in addition to the cell-
autonomous effect. a blockade of tumor vasculature that supplies
blood to the tumor cells in a non-cell-autonomous fashion.

We confirmed that subcutaneous tumors made of a colon can-
cer cell line. LoVo. which was non-sensitive to YO in vitro,
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were partially regressed by YO at 10 mg/kg/day (data not
shown). The effect of YO on the LoVo tumors. however, was
not as strong as on tumors made of parental DND-41 and several
other T-ALL cell lines. again supporting the idea that the excep-
tionally strong effect of YO on T-ALL xenografts is due to the
inhibiting effect of YO on Notch signaling at two independent
targets i vivo.

As shown in Figure 3(b), inhibition of Notchl activation
in vivo was almost complete with YO at 10 mg/kg but incom-
plete with YO at 1 mg/kg. On the other hand, the effect of YO
in vitro was saturated by YO >10 nM, as shown in Figure 1(c).
These findings might indicate that >10 nM serum/tissue concen-
tration is achieved with 10 mg/kg and 1-10 nM with 1 mg/kg
administration, if both in vitro and in vivo results are considered
together. Whereas administration of YO at 1-3 mg/kg/day for
up to 4 weeks did not cause weight loss. diarrhea. or hair coat
abnormalities in mice, treatment at 10 mg/kg/day for more than
2 weeks resulted in obvious weight loss. diarrhea, and hair coat
roughness. This implies a narrow window of YO for the treat-
ment purpose. Nevertheless. it also indicates that the sensitivity
to YO is variable among tissues and cells, and this difference
might be important for YO to be considered as a drug. Together
with the results described in previous papers.”x"(" 4 subset of
T-ALL cells may be the most sensitive among others and possi-
bly similar to melenocyte stem cells and splenic marginal zone
B cells. In contrast. thymocyte progenitors and intestinal goblet
cells appear to be less sensitive to YO.

Based on the facts that subcutaneous tumors from T-ALL cell
lines do not represent common clinical presentations and that
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our finding might depend on the experimental model that we
chose in this study, the question arises as to how the current
findings can be translated to clinical application. The vascula-
ture component might be negligible in the lenkemia model, but
the effect of the combination of cell-autonomous apoptosis
induction in leukemia cells with the inhibition of angiogenesis
in leukemic cell-infiltrating bone marrow is not known. The
effectiveness of YO in a leukemia model must be examined
using the same T-ALL cell lines.

The discovery of NOTCHI activating mutations in T-ALL has
made the Notch pathway an attractive target for lherapy."m The
results described here indicate the rationale for the use of GSIin
the treatment of T-ALL, as well as for solid tumors whose tumor

‘asculature formation is dependent on Notch signaling.

Nevertheless, resistance of T-ALL against GSI might limit
the clinical use of GSI. Recently, mutational loss of the phos-
phatase and tensin homolog (PTEN) gene. which encodes a key
tumor suppressor that inhibits the phosphatidylinositol-3 kinase
(PI3K)-Akt signaling pathway, was discovered in T-ALL cells
that are resistant to GSL.°* This could explain the variation of
GSI sensitivity among T-ALL cells. Our results with HPB-ALL
raise a different issue. This cell line was very sensitive 1o YO
in vitro. but subcutaneous tumors derived from HPB-ALL
appeared to be less sensitive to YO compared to other cells such
as DND-41. This result indicates that YO concentrations suffi-
cient to inhibit Notchl activation may not be achieved in the
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Expectations and questions are intermingled with regard to
the development of GSI and other Notch signal inhibitors for the
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various Notch signal inhibitors are being developed aiming at
clinical use.
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Translocation of chromosomes 8 and 21, (8;21), resulting
in the AML1-ETO fusion gene, is associated with acute
myeloid leukemia. We searched for additional genomic
abnormalities in this acute myeloid leukemia subtype by
performing single nucleotide polymorphism genomic
arrays (SNP-chip) analysis on 48 newly diagnosed cases.
Thirty-two patients (67 %) had a normal genome by SNP-
chip analysis (Group A), and 16 patients (33 %) had one or
more genomic abnormalities including copy number
changes or copy number neutral loss of heterozygosity
(Group B). Two samples had copy number neutral loss of
heterozygosity on chromosome 6p including the PIAM1
gene; and one of these cases had E135K mutation of Pim1.
Interestingly, 38% of Group B and only 13% of Group A
samples had a K/7T-D816 mutation, suggesting that
genomic alterations are often associated with a K/7-D816

Introduction

The (8;21)(q22;q22) translocation occurs in 40% of
patients with acute myeloid leukemia (AML) of the FAB-M2
subtype, and constitutes 12% of all newly diagnosed cases of
AML. This translocation leads to a fusion product of AML1
(also called RUNX1 or CBE) and ETO (also called MTGS).
Data have suggested that the translocation is an early eventin
leukemogenesis.! Furthermore, the t(8;21) translocation can
be found in neonatal Guthrie blood spots of infants that later
developed AML1-ETO leukemia, suggesting that the translo-
cation can precede development of AML by up to ten years.”

mutation. Importantly, prognostic analysis revealed that
overall survival and event-free survival of individuals in
Group B were significantly worse than those in Group A.

Key words: t(8;21), AML/-ETO, CNN-LOH, SNP-chip,
KIT, PIMA.
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Several murine models have demonstrated that AAML{-
ETO alone is not sufficient to induce leukemia. Murine bone
marrow cells expressing tetracycline-inducible AML1-ETO
transgene did not develop leukemia:' but developed myelo-
proliferative disorders.” In contrast, 30-55% ot AAIL1-ETO-
expressing mice treated with the DNA-alkylating mutagen
N-ethyl-N-nitrosourea (ENU) developed AML.”” These find-
ings strongly suggest that a secondary hit is necessary for the
development of t(8;21) AML.

The protooncogene KIT is a receptor tyrosine kinase.
Activating mutations of KI/7T including those in either the
extracellular (exon 8) region or the protein kinase domains
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(D816 mutation) are found in 2% and 11% of t(8;21)
AML samples, respectively.”” FLT3 is also a receptor
tyrosine kinase. Two frequent activating mutations of
FLT3, FLTS-internal tandem duplication (ITD) and
FLT3-tyrosine kinase domain (TKD) mutation, are
detected in a range of 2-8% and 2-4% of samples of
t(8;21) AML, respectively.""" Mutation of NRAS at
either codon 12, 13 or 61 is found in 9% of t(8;21) AML
samples.""!

High-density single nucleotide polymorphism
genomic arrays (SNP-chip) allow the detection of copy
number changes, as well as copy number neutral loss of
heterozygosity (CNN-LOH) in leukemia samples.'"
In order to screen for secondary alteration(s) that
potentially could cause AAILI-ETO transformed cells
to develop acute myeloid leukemia, we performed
SNP-chip analysis of 48 t(8;21) AML samples. The use
of CNAG (copy number analysis for Affymetrix
GeneChips) program' and an algorithm AsCNAR
(allele-specific copy number analysis using anonymous
references)" allows identification of hidden abnormali-
ties and novel disease-related genomic regions in the
leukemia samples. Here, we found that genomic
changes detected by SNP-chip analysis are associated
with a poor overall and event-free survival in t(8;21)
AML.

Design and Methods
Patient samples, determination of mutant genes and
statistical analysis

Genomic DNA of 48 anonymized samples of (8;21)
AML cells were obtained from Chang-Gung Memorial
Hospital, Chang-Gung University in Taiwan after obtain-
ing informed consent. These samples had been frozen
over a span of 14 years (July 1990 to July 2004). Sample
information is shown in the Ouline Supplementary Table
Si. The study has been approved by Cedars-Sinai
Medical Center (IRB number 4485).

To detect an AMLI-ETO fusion transcript, RT-PCR
was performed using specific primers as described previ-
ously." Mutation analysis of the KIT gene for the t(8;21)
AML samples was reported previously.™ Statistical analy-
sis is described in the Oulie Supplementary Design aid
Methods section.

SNP-chip analysis

Genomic DNA isolated from t(8;21) AML cells was
subjected to GeneChip Human mapping microarray
(SNP-chip, Affymetrix, Santa Clara, CA, USA) as
described previously;'*"" ten samples (cases #47, #51,
#52, #54, #56, #57, #59, #60, #61 and #62) were exam-
ined with the 250 K array, and the other 38 samples
were analyzed with the 50 K array. The allele-specific
copy numbers (AsCNs) were estimated using normal
genomic DNA from peripheral blood of normal volun-
teers as controls."” The array does not contain Y-chro-
mosome probes; therefore, we summarize the SNP-
chip data without sex chromosomes. Size, position and
location of genes were identified with UCSC Genome
Browser (utp://genome.ucsc.edu/). Copy number changes

previously described as copy number variants
(http://projects.tcag. catvariation/) were excluded.

Fluorescence in situ hybridization (FISH) analysis

Interphase hybridizations were performed following
the manufacturer’s instructions and standard protocols.
Probes for the SNRPN gene, 15q telomere, 7p telomere
and 7¢ telomere were obtained from Cytocell
(Cambridge, United Kingdom); and probes for the A1YC
gene as well as the centromere of chromosome 8 were
purchased from Abbott Molecular (Abbott Park, IL,
USA). Fifty interphase cells were scored for each sam-
ple, with 20 cells scored in controls (bone marrow con-
trols with normal karyotypes). Signal patterns were nor-
mal for all controls with all probe sets.

Analysis of the PIM1 gene

Six coding exons of the PIM1 gene were amplified
using specific primers from genomic DNA of cases #39
and #41. After purification of the PCR products from
agarose gel, nucleotide sequences were determined.
Primer sequences will be provided upon request. These
6 exons of other t(8;21) AML samples were examined by
single strand conformation polymorphism (SSCP) as
described in the Oulfue Supplementary Desigin and Methods
section.

To determine the frequency of missense mutations of
the PIM 1 gene within exon 4, this region of 34 t(8;21)
AML samples and 40 normal blood DNA samples were
amplified by PCR using specific primer (5-TCC TGG
AGA GGC CCG AGC-3" and 5-TTG AGG TCG ATA
AGG ATG-3’). The PCR product (178 bp) was treated
with a restriction enzyme Hpy188III for 1h. PCR prod-
ucts from wild-type allele are not digested but mutated
allele are digested by the restriction enzyme.

Results and Discussion

SNP-chip analysis of 48 {(8;21) acute myeloid
leukemia samples

SNP-chip analysis of 48 t(8;21) acute myeloid
leukemia (AML) samples revealed several genomic copy
number changes, as well as copy number neutral loss of
heterozygosity (CNN-LOH). As shown in Table 1 and
Oulinee Supplementary Figure S4, 32 patients (67 %) had a
normal genome by SNP-chip analysis (Group A, mean
age is 23, range 2-74). In contrast, 16 patients (33%) had
one or more genomic abnormalities (Group B, mean age
is 31, range 4-61). Thus, these copy number changes
probably harbor dysregulated leukemia-associated
genes in t(8;21) AML. Cytogenetics showed that case
#33 had trisomy 4 in 2 out of 15 cells (13%), and case
#34 had monosomy 18 in 6 out of 24 cells (25%) (Ouline
Supplementary Table S1). These minor clones were not
detected by SNP-chip analysis. Case #40 had tetraploidy
in 23 out of 25 cells; 2-fold gene-dosage in all chromo-
somes was masked and detected as normal gene-dosage.

Next, we compared SNP-chip results and gene muta-
tons. Ten out of 48 samples (18%) had a KI/7-D816
mutation. Interestingly, 6 (case #7, #14, #26, #37, #40,
and #52) of the 10 samples were found in Group B,
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Table 1. Chromosomal regions with copy number changes and copy number neutral loss of heterozygosity in t(8; 21) acute myeloid leukemia

samples.
6 Dup 8q24.23 137,858,383 137,892,295 0.03 No known genes
7 Dup 18q21.32 56,209,691 56,315,439 0.1 No known genes
CNN-LOH I1pter-pl2 1,938,894 42,449,197 40.5 >10 genes including COKNIC, HRAS, and WT1
13 Tri Trisomy 15 = - - >10 genes
14 Del 7q35-q36.1 146,128,574 148,288,861 2.1 CNTNAF2, CULI, EZH2,
PDIA4, ZNF425, ZNF298
17 Del 9q13-¢36.1 66,275,512 84,477,002 16.2 >10 genes
26 Tri Trisomy 4 - - - >10 genes including K77
Del 13q21.1 54,339,313 54,457,753 0.1 no known genes
28 Dup 15q21.1-qter. 46,526,374 100,182,183 53.7 >10 genes
Del 16pter -pl3.2 1,543,577 7,010,644 55 >10 genes
4 Del 7q31.2-qter. 116,546,736 158,554,645 42 >10 genes
Dup 8q22.1-gter. 97,255,867 143,902,696 46.6 >10 genes including MYC
Del 9q33.1 116,515,445 117,926,188 14 TNFSF15, TNFSFS, TNC,
DECI, CTS9, EST-YDI
Del 9q13-q31.3 66,275,512 109,232,711 41 > 10 genes
37 Dup 4pl16.1-q28.3 7,902,265 139,029,890 131.1 >10 genes including K77
Dup 8q22.1-gter. 96,550,847 143,902,696 474 >10 genes including MYC
39 Tri Trisomy 4 = — = >10 genes including KT
Dup 14q11.2-q13.1 19,265,288 33,978,199 14.7 >10 genes
CNN-LOH 6pter-pl2.3 150,610 46,902,007 46.8 >10 genes including PIM/ and CDKNIA
40 Mono Monosomy 11 - - >10 genes
4] CNN-LOH 6p-ter. - 6p21.1 150,610 44,873 513 4.7 >10 genes including P/M1 and CDKNIA
43 Mono Monosomy 7 - - >10 genes
52 Dup 5q14.1 77034347 77551493 0.5 TBCA. AP3BI
59 CNN-LOH 11q13.2 - g-ter. 67259252 134439162 672 >10 genes
Del 16q21 57560512 58960978 14 no known genes
60 Dup 1qdl - g-ter. 211518337 245353397 338 >10 genes
Del 7q31.32 121860398 122756128 0.9 CADPS2, RNFI133. RNFI48,
AK038116, TAS2R16, SLC13A1
Del 7q31.33 - g-ter. 123544140 158605053 35.1 >10 genes

Physical localization and size (Mb) are obtained hom UCSC Genome Browser. Copy number changes previously described as copy number variant were excluded. CNN-
LOH; copy number neutral loss of heterozvgosity, Del; deletion, Dup; duplication, Tii; trisomy, Mono; monosomy, tex; terminal.

demonstrating that K/7-D816 mutation is significantly
associated with Group B (#<0.05, 7 test). This result
suggests that copy number changes are often involved
in cases with a K/7-D816 mutation in t(8;21) AML.

Recurrent copy number changes in t(8;21) acute
myeloid leukemia samples

Two cases (#34 and #37) had a duplication on chro-
mosome 8 from 8¢22.1 to -terminal including the
MYC gene; and 2 cases (#13 and #28) had a
trisomy/duplication on chromosome 15 with common
duplicated region at 15¢q21.1-15¢-terminal (53.7 Mb).
Four cases (#14, #34, #43 and #60) had a deletion/mono-
somy on chromosome 7 with a common deleted region
at 7¢35 - 7¢36.1 (2.1 Mb) including the CUL/ and FZH2
genes; and 2 cases (#17 and #34) had a deletion on chro-
mosome 9 with the common deleted region at 9q13 -
9¢36.1 (16.2 Mb). Interestingly, a frequent large duplica-
tion was found on chromosome 4. Two cases had tri-
somy 4, and one case had a large region of duplication
on chromosome 4 from 4p16.1 to ¢28.5 (131.1 Mb). All

haematologica | 2009; 94(9)

of these amplifications covered the region of the KiT
gene; and 3 of these cases (#26, #37 and #39) had a KIT
mutation of either D816Y, D816V or D820G.
Amplification of chromosome 4 linked to KIT muta-
tions has previously been described in systemic masto-
cytosis.” Thus, the probable increased expression of the
mutated form of KIT by trisomy 4 or duplication in the
region of the gene should give the clone a proliferative
advantage.

Validation of copy number change by fluorescence in
situ hybridization (FISH)

To validate some of these copy number changes, we
used an interphase FISH approach. Case #34 had a
duplication of 8¢22.1-8¢-terminal (46.6 Mb) including
the AIYC gene and a deletion of 7¢31.2-7-terminal
(42.0 Mb). The 8q duplication was confirmed using
FISH probes for MYC and the centromere of chromo-
some 8 (Ouline Supplementary Figure S2A). In the same
case, deletion of chromosome 7 (q31.2 to ¢-terminal)
was confirmed using FISH probes for 7p telomere and
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7q telomere (Ouline Supplementary Figure S2B). Case #28
had a large duplication of chromosome 15 (53.7 Mb).
The duplication was confirmed using FISH probes for
SNRPN and 15q telomere (Ouline Supplementary Figure
$2C). These results suggest that abnormalities detected
by SNP-chip analysis reflected real alterations in AML
cells.

Chromosomal regions and candidate genes in genom-
ic areas with copy number neutral loss of
heterozygosity (CNN-LOH)

Four cases (8%) had CNN-LOH (Table 1 and Ouliie
Supplementary Figure S1). Case #7 has CNN-LOH at 11p-
terminal-11p12 (40.5 Mb) which included the CDKN1C,
HRAS, WT1 and LAO2 genes. Case #39 and #41 have
CNN-LOH at 6p-terminal - 6p12.3 (46.8 Mb) and at 6p-
terminal - 6p21.1 (44.7 Mb), respectively; and the region
contained the PIM1 and CDKN1A genes (Table 1 and
Outline Supplementary Figure S3). Case #59 had CNN-
LOH at 11¢13.2--terminal (67.2 Mb). Raghavan ¢ al.
showed that approximately 20% AML samples had
CNN-LOH, and Gondek ¢t al.* found that 20% of MDS,
23% of MDS-derived AML, and 35% of MDS/MPD
patients had CNN-LOH. In additional studies, we found
that 32% of normal karyotype AML samples and 15%
of t(15;17) APL samples had CNN-LOH.""* CNN-LOH
in ¢(8;21) AML is less frequent than many other types of
leukemia.

Acquired mutation of the PIM1 gene

The protooncogene PIA 1, which encodes the serine-
threonine protein kinase, is located on chromosome 6p,
and 2 cases had CNN-LOH in the region. All exons of
the PIAT1 gene for these 2 cases were examined for
mutations. As shown in Figure 1A, case #39 had a nucle-
ic acid change of G to A at exon 4 of the PIA11 gene lead-
ing to an amino acid change of glutamic acid (E) to lysine
(K) at codon 135 (E135K). The amino acid change
occurred between the ATP-binding site and serine-thre-
onine kinase domain. The wild-type amino acid is con-
served between human, rat, mouse and xenopus.
Importantly, the complete remission sample of the same
individual showed the wild-type sequence, demonstrat-
ing that the nucleic acid change was a disease-specific
acquired alteration.

The missense mutation in the P/} 1 gene change pro-
duces the recognition site of a restricion enzyme,
Hpy188IIL. A total of 34 t(8;21) AML samples and 40
normal blood DNA samples were examined for this
mutation by Hpy188III digestion. The PCR product (178
bp) encompassing the mutation was only digested in
case #39 (Figure 1B), but not the DNA from the other
AML samples or normal blood DNA (data not showi),
suggesting it is infrequent in the AML subtype. We also
examined all exons of the PIA1 gene by SSCP using 54
t(8;21) AML samples, but no shifted bands were detect-
ed other than exon 4 of case #39. The PIAI1 E135K
mutant was also detected in B-cell diffuse large-cell lym-
phoma;” and another mutant (E135Q) was discovered in
primary diffuse large B-cell lymphomas.™ It remains to
be clarified whether the E135K mutant is activated con-
stitutively.

Prognostic significance of genomic change

Overall survival of t(8;21) AML patients of Group A
(no genomic abnormality observed by SNP-chip) was
significantly better than individuals in Group B (genom-
ic abnormality observed by SNP-chip) (hazard
ratio=2.992 [95% confidence interval, 1.247-7.179),
p=0.01) (Figure 2). The event-free survival of individuals
of Group A was also significantly better than those in
Group B (hazard ratio=2.360 [95% confidence interval,
1.037-5.372], p=0.0347). We also compared the progno-
sis of individuals with the KI/7-D816 mutation (6 cases)
to those without the alteration (10 cases) in Group B, but
found no significant difference (data not showis). These
results strongly suggest that genomic changes in (8;21)
AML are associated with a poor overall and event-free
survival.

L Gl
A £ <o Gl oo
f
I’ ilf'! } (": |5r,
AR -
> ![ ’M | |
HAER1E HEL IR
Diagnosis Remission
E135K
1 III i 313
ATP-b_inding Ser/Thr kinase

domain

site

human
rat
mouse
Xenopus

Case #
200 |

Figure 1. Acquired mutation of the PIM1 gene in case #39. (A)
Exon 4 of the PIM1 gene in case #39 had a missense mutation in
the sample at diagnosis but not at remission (top panel). The
mutation leads to the amino acid change of glutamic acid (E) to
lysine (K) at amino acid 135 (E135K) of PIM1 protein. This mutat-
ed amino acid is located between the ATP binding domain and
serine-threonine kinase domain of the protein (middle panel).
The wildtype amino acid (E) is highly conserved among human,
rat, mouse and xenopus (bottom). Note, *identical amino acid. (B)
The mutated DNA sequence produced a Hpy188lil restriction
enzyme recognition sequence. The region was amplified by PCR,
digested with Hpy188Ill, and subjected to agarose gel elec-
trophoresis. The PCR product from only case #39 was digested.
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Figure 2. Compatison of overall survival and event-free survival of t(8;21) acute myeloid leukemia patients either with or without genom-
ic changes. Overall survival (left) and event-free survival (right) were compared between Groups A and B. Black and grey lines indicate
Group A (no genomic abnormality by SNP-chip) and Group B (genomic abnormality by SNP-chip), respectively.

A recent study showed that a KIT-D816V mutation is
associated with a poor prognosis in t(8;21) AML
patients.” Also, secondary cytogenetic abnormalities
including trisomy of chromosome 8 and 4,
deletdon/duplication of chromosome 7, as well as dele-
tion of chromosome X and Y in t(8;21) AML have previ-
ously been reported to be associated with a poor progno-
sis.” Taken together, these findings indicate that genom-
ic alterations and K/7-D816 mutation confer a poor prog-
nosis in (8;21) AML patients. Further studies in a larger
cohort of patients will begin to stratify prognostically the
patients in relatdon to the genomic changes; and new
therapeutic targets should be discovered.
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Objective. Mantle cell lymphoma (MCL) is a lymphoma characterized by aberrant activation
of CCND1/cyclin D1 followed by sequential genetic abnormalities. Genomic abnormalities in
MCL have been extensively examined by classical cytogenetics and microarray-based
comparative genomic hybridization techniques, pointing out a number of alterations in
genomic regions that correlate with the neoplastic phenotype and survival. Recently, single
nucleotide polymorphism genomic microarrays (SNP-chip) have been developed and used
for analysis of cancer genomics. This technique allows detection of genomic changes with
higher resolution, including loss of heterozygosity without changes of gene dosage, so-called
acquired uniparental disomy (aUPD).

Materials and Methods. We have examined 33 samples of MCL (28 primary MCL and 5 cell
lines) using the 250,000 SNP-chip from Affymetrix.

Results. Known alterations were confirmed by SNP arrays, including deletion of INK4A/ARF,
duplication/amplification of MYC, deletion of ATM, and deletion of TP53. We also identified
a duplication/amplification that occurred at 13q involving oncogenic microRNA, miR17-92.
We found other genomic abnormalities, including duplication/amplification of cyclin D1,
del(1p), del(6q), dup(3q) and dup(18q). Our SNP-chip analysis detected these abnormalities
at high resolution, allowing us to narrow the size of the commonly deleted regions, including
1p and 6q. Our SNP-chip analysis detected a number of aUPD sites, including whole
chromosome 9 aUPD and 9p aUPD. We also found an MCL case with 19p, leading to
homozygous deletion of TNFSF genes.

Conclusion. SNP-chip analysis detected in MCL very small genomic gains/losses, as well as

aUPDs, which could not be detected by more conventional methods. © 2009 ISEH - Society
for Hematology and Stem Cells. Published by Elsevier Inc.

Mantle cell lymphoma (MCL) is one of the subtypes
of B-cell non-Hodgkin lymphoma derived from the mantle
cell [1-3]. This disease develops in elderly male patients
predominantly [1-3]. The disease-free and progression-free
survival of MCL is worse than many other types of
lymphomas, including diffuse large B-cell lymphoma.
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113-8655, Japan; E-mail: sogawa-tky @umin.net

Although MCL usually responds to initial chemotherapy,
the disease often relapses after a short duration of remis-
sion. Recently, an antibody (rituximub) targeting CD20
on the B-cell lymphoma cells has often been used with
chemotherapy as initial therapy with some improvement
in disease-free survival [4.5].

This disease is characterized by chromosomal transloca-
tion, t(11;14)(q13;q32), resulting in overexpression of the
cyclin D1 gene on 11q23 driven by the enhancer region
of immunoglobulin heavy chain (IgH) gene on 14q32
[1-3]. Of interest, transgenic mice mimicking this change
develop lymphoid hyperplasia only, suggesting that overex-
pression of cyclin D1 in lymphoid cells is not sufficient to

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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Figure 1. Results of single nucleotide polymorphism genomic microarray (SNP-chip) analysis. Representative results and the overview of genomic status of
33 mantle cell lymphoma (MCL) identified by SNP-chip are shown. (A) Normal chromosome. Top panel shows individual SNP probe signals; intensity of the
signals are almost the same over the entire chromosome. Second panel indicates gene dosage level; gene dosage is normal over the chromosome. Third panel
shows heterozygosity SNP sites by green rectangles. Heterozygous SNP site are frequently detected over the chromosome. Fourth panel indicates gene
dosage of each parental allele (green or red line); level of each allele is identical over the chromosome. (B) Hemizygous deletion. Region of hemizygous
deletion is delineated by brackets. (C) Homozygous deletion. Arrow indicates a site of homozygous deletion; each parental allele (red or green line) has
a deletion at this site. (D) Acquired uniparental disomy (aUPD). aUPD is a site that has loss of heterozygosity with normal gene dosage; one of the parental
alleles is missing (green line) and the other allele is duplicated (red line). aUPD region is indicated by brackets. This figure is available in color online at

\\‘\\'\\',C\phc m.org.

cause MCL [06,7]. Additional oncogenic abnormalities must
cooperate with cyclin D1 in development of MCL [6.7].

Previous data, including karyotyping and comparative
genomic hybridization, showed that MCL has a number
of additional genomic abnormalities, including deletion of
ATM, p53, and p16INK4/p14ARF [8—11,12]. In addition,
expression microarray and protein microarray data revealed
dysregulation of apoptosis-associated genes, including
Pim1 and MDM2 in this disease [13-16].

However, genomic abnormalities in this disease have not
been fully explored. Recently, high-resolution single
nucleotide polymorphism genomic microarray (SNP-chip)
has been developed and employed in analysis of the cancer
genome [17-19]. This novel technique allows us to detect
very small gain and/or loss of genomic materials as well
as acquired uniparental disomy (aUPD; loss of heterozy-
gosity with neutral gene dosage) [20.21]. We named this

new technology molecular allelokaryotyping because
SNP-chip is able to detect genomic abnormalities at the
molecular level and identify each parental allelic dosage
[17.18]. To explore genomic abnormalities in MCL, we em-
ployed this new technique and analyzed 33 MCL samples,
including 28 primary MCL and 5 MCL cell lines.

Materials and methods

Samples and DNA extraction

We collected MCL cells from 28 newly diagnosed patients with
MCL. All cases fulfilled World Health Organization diagnostic
criteria for MCL, including overexpression of cyclin D1, presence
of t(11;14)(q13; q32) as determined by fluorescence in situ hybrid-
ization and/or chromosomal analysis [22]. For case numbers 6505,
22073, 11527, 19358, and 22601, MCL cells were collected from
peripheral blood because a large number of the lymphoma cells
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Figure 1. (Continued). Results of single nucleotide polymorphism genomic microarray (SNP-chip) analysis. Representative results and the overview of
genomic status of 33 mantle cell lymphoma (MCL) identified by SNP-chip are shown. (E) Duplication. Duplicated region is indicated by a parenthesis.
(F) Amplification. Arrowhead indicates the sites of high copy number amplification. This case also has duplication at 13q as indicated by the brackets.
(G) SNP-chip data of 33 cases of MCL. Deleted regions are indicated by green lines under each chromosome panel; and duplications/amplifications are

indicated by brown lines above each chromosome panel. This figure is available in color online at www.cxphem.org.

were detected in the peripheral blood. Except for these three cases,
all MCL cells were collected from lymph-nodes. This study was
approved by the institutional review board of the University of Nav-
arra and Cedars-Sinai Medical Center. Patients gave their informed
consent per the Declaration of Helsinki. Five MCL cell lines were
also studied, i.e., HBL-2, SP-49, REC-1, NCEB-1, and Jekol.
DNA was extracted using Qiagen DNA extraction kit (Qiagen, Va-
lencia, CA, USA) according to manufacturer’s protocol.

SNP-chip analysis

DNA from the samples was analyzed on Affymetrix GeneChip
Human mapping 250K Nsp arrays (Affymetrix Japan, Tokyo,
Japan) according to manufacturer’s protocol. Microarray data
were analyzed for determination of both total and allelic-specific
copy numbers using the CNAG program as previously described
with minor modifications, where the status of copy numbers as
well as UPD at each SNP was inferred using the algorithms based
on Hidden Markov Models [20,21].

Allele-specific gene dosage using nonmatched reference
samples was measured as follows: SNP-typing on the SNP-chip
uses two distinct sets of SNP-specific probes named “A-" and
“B-""SNPs at all SNP sites. At each SNP site, perfectly matched
probes (PMas or PMgs) and mismatched probes (MMas or
MMgs) are placed on the chip. For the allele-specific gene-dosage
measurement, sums of perfectly matched probes (PMas or PMgs)

for the ith SNP site in the tumor and reference samples (refl,
ref2, ref3, . .., refN),

= Z PM,", Spi= Z PMy"} and
\It‘l[ Z PMK“’-’, refl Z PM;I{,
(I=1, 2,3, ,N)
are compared at each SNP site, according to the

concordance of the SNP calls in the tumor sample (O"™),
and the SNP calls in a given reference sample =" ),

l {1 {1
refl um/sre refl. tum/Sre (fOI’ O;mnzo;efl)

and the total CN (copy number) ratio was calculated as
follows:

R} =Ry for 0" =0F""=AA
R““f O =0""=BB
=1/2 (RE+RET) for O =0""=AB
(I=1,2,3, ...... , N)

To obtain adjusted values (R ; R%™ and RE™), calculated
signals were compensated as reported previously [20].



