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The chromatin structure of the promoter region of
the human dihydrofolate reductase gene was deter-
mined using a variety of nucleases including DNase I,
micrococcal nuclease, several restriction endonu-
cleases, exonuclease III, and Bal31. Two separate re-
gions from —670 to —340 (the distal hypersensitive
region) and from —170 to +150 (the proximal hyper-
sensitive region) were shown to be essentially free of
proteins as indicated by their accessibility to both
endo- and exonucleases. Within the proximal hyper-
sensitive region, one protein appears to be bound at
the start site for transcription. A 170-base pair frag-
ment between the two hypersensitive regions was
highly resistant to all nucleases tested. Multiple bar-
riers against exonuclease digestion and resistance to
dissociation by high salt concentrations suggest that
more than one protein is tightly bound to this region.
The upstream sequence from -670 and the down-
stream sequence from +150 were shown to be pack-
aged into nucleosomes. The selective accessibility of
certain sites to micrococcal nuclease cutting indicates
that the initial nucleosomes are phased upstream from
the distal hypersensitive region. There appears to be a
protein bound between the phased nucleosomes and the
upstream boundary of the distal hypersensitive region.
These results suggest that the normal nucleosome ar-
ray is interrupted by about 900 base pairs of nucleo-
some-free DNA to which several nuclear proteins bind
in a DNA sequence-specific manner.

Gene regulation is thought to be mediated by interaction of
nuclear proteins with specific DNA sequences in control re-
gions of genes. Such control regions included promoters and
enhancers, often identified as nucleosome-free, DNase [-hy-
persensitive sites where protein binding may occur. Protein
DNA sequence-specific interactions have been demonstrated
at the promoter and/or enhancer for several specialized genes
including globin (Emerson and Felsenfeld, 1984), immuno-
globulin (Ephrussi et al., 1985), myc (Siebenlist et al., 1984),
heat shock (Wu, 1984 a, 1984b; Parker and Topol, 1984), and
the SV40 early region (Tjian, 1979; Dynan and Tjian, 1983;
Gidoni et al., 1984). A role for specific binding proteins in the
regulation of constitutively expressed genes has not been
defined.

We have cloned and molecular characterized one constitu-

* The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

tively expressed gene, that for dihydrofolate reductase (Chen
et al., 1984; Shimada and Nienhuis, 1985). The gene is DNase
I-insensitive and fully methylated over its 30-kilobase coding
region, but the promoter and immediate 5’-flanking sequences
are undermethylated and DNase 1-hypersensitive. Thus, tran-
scriptional control is likely to be exerted at the promoter
region. We have designed experiments to determine whether
there are molecules that bind at specific sites in this region
of the gene.

These studies were facilitated by use of cells resistant to
methotrexate (MTX!), an inhibitor of dihydrofolate reduc-
tase, in which there are many copies of the dihydrofolate
reductase gene. Qur previous studies had shown that all copies
of the dihydrofolate reductase gene in such cells have the
same methylation pattern and structure in chromatin (Shi-
mada and Nienhuis, 1985). Recently, Wu (1984a) has devel-
oped an in situ exonuclease III protection technique that
maps sequences within nuclease-hypersensitive regions in
chromatin onto which regulatory proteins are bound. This
method and related strategies designed to detect protection
of specific sequences from nuclease digestion were used to
map multiple binding sites within the dihydrofolate reductase
promoter region.

MATERIALS AND METHODS

Reagents—Restriction enzymes were obtained from New England
BioLabs, Bethesda Research Laboratories, or Worthington. Deoxy-
ribonuclease I (DNase I) and micrococcal nuclease were obtained
from Worthington, exonuclease III and Bal31 from New England
BioLabs, and S, nuclease from P-L Biochemicals. Nylon membrane
filters (GeneScreen Plus) were obtained from New England Nuclear.

Southern Blot Analysis—Standard agarose gels were used to resolve
restricted DNA. Southern transfer to GeneScreen Plus, hybridization,
filter washing, and rehybridization conditions were according to the
protocol provided by New England Nuclear. The following molecular
probes were used in various hybridization experiments: Ex probe that
contains the human dihydrofolate reductase coding sequences for
exons 2-6, F probe that contains the 5’-flanking region from the
EcoRI site at —1252 to the Rsal site at ~994, I probe that contains
the intron I sequence from the Rsal site at +209 to the EcoRI site at
+524, S probe that contains sequences between —565 and —115 (0.45-
kilobase Scal-SstIl fragment), and the IX probe that contains se-
quences between +209 and +469 (0.26-kilobase Rsal-Xho! fragment).
These probes were isolated by agarose gel electrophoresis and ren-
dered radioactive by nick translation using standard methodology.

Cell Culture and Isolation of Nuclei—MTX-resistant (Yoder et al.
1983) and sensitive HeLa cells were grown as previously described
(Shimada and Nienhuis, 1985). Nuclei were isolated from these cells
essentially according to published techniques except that 0.1 mm
phenylmethylsulfonyl fluoride (PMSF) was added to all buffers used

! The abbreviations use are: MTX, methotrexate; bp, base pairs;
PMSF, phenylmethylsulfonyl fluoride; EGTA, ethylene glycol bis(3-
aminoethyl ether)-N,N,N’ ,N’-tetraacetic acid.
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Abstract—We studied the type of bcr-abl mRNA for 34 patients with chronic myelogenous leukemia
and analyzed for correlations among the mRNA type, the clinical outcome and the transforming
activity using the tumorigenicity assay. There was no difference in the distribution of the mRNA-
types (b2-a2 and b3-a2) between clinical phases. We found no correlation between the two types of
bcr-abl mRNA and the chronic phase duration or survival. The DNA from 12 of 20 chronic phase
patients and all five blastic phase patients showed transforming activity. Although there was no
difference in the positive rate of transforming activity among the two mRNA-type groups, the blastic

phase patients showed a tendency to have higher transforming activity.

Key words: CML, Philadelphia chromosome, bcr—abl mRNA, transforming activity, prognosis.

INTRODUCTION

THE Philadelphia chromosome (Ph?), a derivative of
chromosome 22 due to a t(9;22) translocation, is
present in more than 90% of the patients of chronic
myelogenous leukemia (CML) [1]. Ph! is associated
with a rearrangement of the c-ab/ proto-oncogene on
chromosome 9 [1-3]. The breakpoint on chro-
mosome 22 is located within a limited region of about
5.8 kb, referred to as the breakpoint cluster region
(ber), comprising four small exons [4, 5]. Almost all
patients have genomic breakpoints between exons b2
and b3 or between exons b3 and b4 within the bcr [6].
A small difference in the location of the breakpoint
within the bcr may cause a change in the amino acid
sequences of the fused protein, which in turn may
affect the clinical course of CML patients.

Many authors have reported on whether the clini-
cal course of CML patients was dependent on the
location of the ber-breakpoint [7-13]. Previously, we
reported that the tumorigenicity assay using NIH3T3
cells was more useful than the in vitro transforming
assay for determining the transforming activity in
CML patients [14]. Thus, to obtain further infor-
mation on the biological role of the bcr—abl fusion
gene in CML, we examined the expression-type of

Correspondence to: Makoto Futaki, The Third Depart-
ment of Internal Medicine, Nippon Medical School, 1-1-5,
Sendagi, Bunkyo-ku, Tokyo 113, Japan.
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the ber-abl chimeric mRNA in 34 CML patients and
analyzed for correlations between the mRNA type,
the clinical course and the transforming activity using
the tumorigenicity assay.

MATERIALS AND METHODS

Patients

Thirty-four patients with Ph'-positive CML, 29 in the
chronic phase and five in the blastic phase, were studied
for analysis of bcr-abl mMRNA. Among them, 20 chronic
phase patients and the five blastic phase patients were also
studied for transforming activity using the tumorigenicity
assay.

Cell preparation and extraction of DNA and RNA

Mononuclear cells were obtained by Ficoll-Hypaque
centrifugation (Lymphoprep, Neegard, Norway) of the
bone marrow of the patients and 11 normal volunteers
after receiving informed consent. High molecular-weight
DNA was extracted from the mononuclear cells by
digesting the nuclei with proteinase K followed by phenol/
chloroform extraction and ethanol precipitation [15]. The
total RNA was isolated using isothiocyanate and super-
centrifugation with CsCl [16].

Analysis of ber-abl fusion mRNA by polymerase chain
reaction (PCR)

The total RNA, extracted by the CsCl method, was
subjected to reverse transcription and the polymerase chain
reaction (RT/PCR). RT/PCR was performed using the
methods described by Roth ef al. [17], with slight modi-
fication [18]. ¢cDNA synthesized by the reverse tran-
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TABLE 1. SUMMARY OF CLINICAL AND MOLECULAR CHARACTERIZATIONS AND TRANSFORMING ASSAY
IN 34 CML PATIENTS

Detected
Patient Type of Tumorigenicity transforming

No. Age/sex Clinical stage ber-abl mMRNA assay ras gene

1 47/F Cp b2a2 -

3 65/M CP b2a2 + -

4 36/M CpP b2a2 -

7 72/M CpP b2a2 -

8 27/M Cp b2a2 -

14 32/M () b2a2 + -
21 33/M CP b2a2 + -
26 47/F Cp b2a2 + -
27 33/F CpP b2a2 ND
28 50/F CP b2a2 ND

2 39/F CP b3a2 + K-ras
11 59/M Cp b3a2 + -
12 36/F CP b3a2 + -
18 58/M CP b3a2 -

19 53/M Ccp b3a2 + -
22 49/F Cp b3a2 + -
24 48/F CpP b3a2 -
30 34/M CP b3a2 ND
32 71/M CP b3a2 ND
33 41/F CP b3a2 ND
34 46/M CP b3a2 ND

6 36/M CP b2a2, b3a2 + N-ras

9 41/F Cp b2a2, b3a2 -

15 39/F CP b2a2, b3a2 + -
23 53/M Cp b2a2, b3a2 + -
29 25/F Cp b2a2, b3a2 ND
31 86/F CP b3a2, b2a2 ND
35 64/F CP b2a2, b3a2 ND

10 54/F CP - -

13 47/F BP b2a2 + -
16 39/F BP b2a2 + -
17 46/M BP b3a2 + -
20 53/M BP b3a2 + -
25 64/F BP b2a2, b3a2 + -

ND, not done; CP, chronic phase; BP, blastic phase; +, positive; —, negative.

scriptase was used for the PCR analysis. PCR of 40 cycles
was performed, consisting of 30's at 94°C (denaturation),
30 sat 55°C (annealing), and 1 min at 72°C (extension). The
PCR products were phenol-extracted, ethanol-precipitated
and electrophoresed through a 2% agarose gel. The gels
were photographed, and the amplified DNA was trans-
ferred on to a nylon filter and hybridized to *?P-labeled
oligomers corresponding to a part of the bcr exon 2. The
amplimers and oligonucleotide probes used for this study
were synthesized with an Applied Biosystems DNA syn-
thesizer. The sequences of the oligomers are:

abl-RT (antisense strand):
5-AACGAAAAGGTTGGGGTC-3'
ber-1 (coding strand):
5'-AGCATGGCCTTCAGGGTGCACAGCCGCAACGGCAA-3'
abl-1 (antisense strand):
5"-TCACTGGGTCCAGCGAGAAGGTTTTCCTTGGAGTT-3".
Two fragments are originated by the use of these ampli-
mers. The fragment of 392 bp shows a junction between
ber exon 3 and abl exon II (b3-a2 type of bcr-abl mRNA),

while the fragment of 317 bp indicates a junction between
ber exon 2 and abl exon I1 (b2-a2 type of bcr-abl mRNA).

Tumorigenicity assay using nude mice

The tumorigenicity assay was performed by a modi-
fication of the technique of Fasano er al. [14,19,20]. In
brief, co-transfection of NIH3T3 cells with genomic DNA
(60 pg) and the plasmid pSV2Neo (4 ug), which contains
a dominant neomycin resistance-selectable marker, was
performed by the standard CaPO, coprecipitation method.
After G418 selection for 14-21 days, G418-resistant col-
onies were harvested and removed from the plates by
trypsinization. Five million cells were resuspended in 0.5 ml
of cold medium. This suspension was then injected into
subcutaneous sites of athymic nude mice. Tumors which
arose 20 ~ 30 days after the inoculation of the NIH3T3 cells
transfected with DNA were analyzed. Tumors detected
in the tumorigenicity assay were subjected to Southern-
blotting for the presence of human repetitive sequences
using the probe Blur-8, representative of human Alu
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F1G. 1. Kaplan-Meier curves for chronic phase duration in
CML patients expressing only b2-a2 type mRNA (—-—)
and b3-a2 type mRNA (------+).

sequences. The result carrying human Alu sequences indi-
cates positive transforming activity. We also analyzed the
transformant DNA using the probes for the ras family [14].

Statistical analysis

The chronic phase duration and the survival time of
the patients with the two types of bcr-abl mRNA were
compared by computerized Kaplan—-Meier life-table analy-
sis, followed by Mantel-Cox analysis to test for significance.
The significance of differences in the distribution of the
clinical phase and the positivity of the transforming activity
between two mRNA types was assessed by the chi-square
test. The probability of a significant difference in the trans-
forming activity between two clinical phase groups was
determined by the same test.

RESULTS

Expression type of ber—abl chimeric mRNA

The expression type of bcr-abl mRNA was ana-
lyzed by the RT/PCR method in 29 chronic phase
patients and the five blastic phase patients. The bcr—
abl mRNAs were detected in 33 patients (Table 1).
In one patient (No. 10), no message was found. The
RT/PCR analysis revealed the presence of b2-a2
mRNA (bcr exon 2 and ab! exon II junction) in 12
cases, and b3-a2 mRNA (bcr exon 3—ab! 11 junction)
in 13 cases, and co-expression of both types of nRNA
in eight cases. There was no difference in the dis-
tribution of the three types of mRNA expression
between the chronic phase and blastic phase patients.

Relationship between the type of bcr-abl mRNA and
clinical course

The median duration of the chronic phase and the
survival time were calculated to be 32.9 months and
34.9 months, respectively. The relationships between
the type of bcr—abl mRNA and the clinical course in
28 chronic phase patients are shown in Figs 1 and 2.
The mean duration of the chronic phase and the

(ARES

1073

%
100+

90
80
704
60
50
40
30
201
10

0

Probability

0 1 2

days X 1000

FI1G. 2. Kaplan-Meier curves for survival in CML patients
expressing only b2—-a2 type mRNA (— - —) and b3-a2 type
mRNA (o 00).

survival time showed no significant differences
between the patients expressing only b2-a2 type
mRNA and the patients expressing b3-a2 type
mRNA.

Correlation between the type of bcr—abl mRNA and
transforming activity

The results of the tumorigenicity assay are shown
in Table 1. Eleven normal human cellular DNAs did
not form tumors. The DNA from bone marrow cells
from the patients showed positive transforming
activity in 12 of 20 cases of CML in the chronic phase,
and in all five blastic phase cases. The transformed
NIH3T3 cells detected in the tumorigenicity assay
were analyzed by Southern-blotting for the presence
of human repetitive sequences using the probe Blur-
8, representative of human Alu sequences. All of
them carried human Alu sequences (data not shown).
Six of 10 patients expressing b2-a2 mRNA were
positive for transforming activity, while 11 of 14
patients expressing b3-a2 mRNA were positive. No
significant correlation was detected between the
transforming activity and the type of bcr—ab/ mRNA.
On the other hand, the blastic phase patients showed
a high incidence of transforming activity (100%) com-
pared with the chronic phase patients (60%),
although the difference was not statistically signifi-
cant. N-ras activation was found in one chronic phase
sample and K-ras activation in another chronic phase
sample among the 17 transformants.

DISCUSSION

Previous studies indicated that the bcr—ab! fusion
gene gives rise to a chimeric tyrosine protein kinase
with transforming potential [21-24]. Since the con-
tribution of bcr exon 3 to the chimeric protein is
variable, the question has arisen as to whether the
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existence of exon b3 of bcr in ber—abl mMRNA might
influence the clinical course of CML. In previous
studies, conflicting results regarding this point have
been reported at the DNA level [7-13]. Schaefer-
Rego et al. [7] suggested that there might be a cor-
relation between the 3’ breakpoint and blastic crisis.
Eisenberg et al. [8] reported a significant excess of
patients with a 3’ breakpoint already in trans-
formation compared with patients still in the chronic
phase. Mills et al. [9] suggested a correlation between
the site of the breakpoint and the length of the
chronic phase. They showed that patients with a 5’
breakpoint had a longer chronic phase. On the other
hand, some authors reported no significant dif-
ferences in the chronic phase duration or survival
time among patients with the breakpoint site within
the bcr gene [10-13]. RNA analysis using a PCR-
based technique has been developed. Two distinct
types of mRNA (b2-a2 and b3-a2) encoded in the
bcr-abl fusion gene can now be detected by the
technique. Few reports have discussed a correlation
between the type of mRNA and the disease phase or
the duration of chronic phase with conflicting results
[25-27]. This relationship thus remains controversial
and unclear. Our present study using the RT/PCR
method failed to demonstrate a correlation between
the type of transcripts and the duration of the chronic
phase or survival.

One or both of two types of bcr—-abl mRNA, one
with bcr exon 3 sequences and the other without,
exist in the cells of CML patients [17, 25-27]. These
two mRNAs encode proteins differing by 25 amino
acids encoded in exon 3 [6]. The small difference in
the fused proteins may directly or indirectly affect the
transforming activity. We studied the transforming
activity using the tumorigenicity assay and analyzed
its relationship with the two types of bcr—-abl mRNA.
In the present study, although, transforming activity
was detected in 17 of 25 cases, it did not correlate
with the subtype of bcr-abl mRNA. Thus, our trans-
formation results may be irrelevant to the splicing
type.

In previous studies using the NIH3T3 transfection
assay, human cellular transforming genes were
detected in tumors by their ability to induce the
transformation of NIH3T3 cells [28]. The tumori-
genicity assay using NIH3T3 cells based on gene
transfer and tumorigenesis was sensitive for detecting
activated transforming genes [20]. Most detected
transforming genes in human hematopoietic malig-
nancies are related to the ras family [29]. Although
recent studies using the polymerase chain reaction
and synthetic oligonucleotide probes for acute
myeloid leukemia and myelodysplastic syndrome
patients indicate that approximately 20-40% have

mutated ras genes [30-32], their incidence in chronic
myelogenous leukemia has ranged widely in a variety
of patients studied, with most of the mutations found
in blastic phase [33-35]. In our earlier study using
the tumorigenicity assay, N-ras and K-ras oncogene
activations were detected in two of 14 chronic phase
patients of chronic myelogenous leukemia, but no
ras activation could be detected in either of two
blastic phase patients [14]. Although activation of
the ras gene family was detected in the present study
in only two of 17 cases as shown in Table 1, a higher
incidence of transforming activity was found in the
DNA of the blastic phase patients than the chronic
phase patients. There might be a possibility that
activation of an additional unknown oncogene coop-
erates with the bcr—abl gene in the more aggressive
stage. Liu et al. reported that an unidentified trans-
forming gene is detected in a CML case using the
same assay system as ours [33]. Little is known about
CML evolution from a chronic to a more advanced
stage at the molecular level. More detailed infor-
mation on the chimeric bcr-ab/ mRNA and the deter-
mination of the oncogenic activities of the proteins
they encode are necessary to elucidate the patho-
genesis of CML.
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Abstract

Using flow cytometry and immunoprecipitation (IP), we
have investigated the deleted in colon cancer (DCC) protein
expression on the bone marrow (BM) and peripheral blood
(PB) cells of 16 normal subjects, 17 myelodysplastic syn-
drome (MDS) patients, and 10 acute myelogenous leukemia
(AML) patients.

With regard to the BM mononuclear cells (BM-MNCs) of
normal subjects, the DCC protein expression ranged from
6.6 to 57.0%. Two-color flow cytometry revealed that among
the BM-MNCs the DCC protein was clearly expressed on the
CD14+, CD13+, and factor 8+ cells, whereas it was low on
the CD19+ and CD7+ cells and did not express on the
CD34+, CD8+, and the glycophorin A+ cells. Further, the
DCC protein expression was not seen on the PB CD11b+
and CD13+ cells. The IP results revealed that the 180-kD
DCC protein was detected on the MNCs of both the BM
and PB cells by the antibodies AF5, specific for the DCC ex-
tracellular domain, and G97-449, specific for the cytoplas-
mic domain.

In contrast, flow cytometry did not detect the DCC pro-
tein on any BM-MNC MDS lineages (0.1-1.5%) or on AML
leukemic cells (0.1-0.9%). The IP results indicated that the
AFS5 antibody did not detect the DCC protein on BM-MNCs
of three of five MDS patients and four of five AML patients;
however, the G97-449 antibody detected the 180-kD DCC
protein in two MDS patients in whom AF5 had detected
greatly reduced DCC band.

These findings suggest that the DCC protein presence ap-
pears to be associated with normal hematopoiesis, and that
its absence on the surfaces of the BM-MNCs and AML cells
may contribute to the MDS and AML pathogenesis. (J. Clin.
Invest. 1996. 97:852-857.) Key words: myelodysplastic syn-
dromes « acute myelogenous leukemia « hematopoiesis
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Introduction

The deleted in colorectal carcinoma (DCC)' gene has been
identified as a possible tumor-suppressor gene (1). Consistent
with its possible function as a tumor-suppressor gene, DCC
gene expression has been shown to be markedly decreased or
absent in many cancers (2), including leukemia (3, 4) and my-
elodysplastic syndromes (MDS) (5, 6). The predicted nucleic
acid sequence of human DCC cDNA from fetal brain tissue in-
dicates that the DCC gene encodes a 1,447-amino acid trans-
membrane protein having extensive similarity to neural cell
adhesion molecules and other cell-surface glycoproteins (7, 8).
The DCC protein is composed of four immunoglobulin-like
and six fibronectin type III-like extracellular domains, and a
cytoplasmic domain (1).

So far, DCC expression studies have focused on DCC gene
expression. Expression studies of the DCC protein have been
limited for colon and neural tissues particularly at the cellular
level (8, 9). Although important roles of the DCC protein in
control of growth of the normal intestine and colon carcinoma
have been emphasized, little is known about the DCC pro-
tein’s function and antioncogenicity. Thus, we investigated
DCC protein expression of mononuclear cells (MNCs) in nor-
mal subjects and patients with MDS and acute myelogenous
leukemia (AML).

Methods

Patients for DCC protein expression. 10 untreated AML patients and
17 untreated MDS patients, consisting of 6 with refractory anemia
(RA), 2 with RA with ringed sideroblasts, 5 with RA with an excess
of blasts (RAEB), and 4 with RAEB in transformation, were investi-
gated after obtaining informed consent. Diagnosis was made accord-
ing to the French-American-British classification (10). 16 healthy vol-
unteers were also investigated for DCC protein expression.

Reverse transcriptase (RT)-PCR for detection of DCC mRNA.
48 patients with MDS and 53 with AML were examined by RT-PCR.
The total RNA of bone marrow (BM) MNCs was extracted by the
CsCl method (11). RT-PCR was performed as described previously
(3). Briefly, cDNA synthesis was performed first using an oligonucle-
otide primer (DCC2: 5'-AGCCTCATTTTCAGCCACACA-3', anti-
sense strand). PCR was performed with 10 pl of cDNA reaction
mixture by using 0.0125 OD., (optical density) units of each oligo-

1. Abbreviations used in this paper: AML, acute myelogenous leuke-
mia; BM, bone marrow; DCC, deleted in colorectal carcinoma; IP,
immunoprecipitation; MDS, myelodysplastic syndromes; MNC,
mononuclear cell; PB, peripheral blood; PE, phycoerythrin; RA, re-
fractory anemia; RAEB, RA with an excess of blasts; RT, reverse
transcriptase; SBA, soybean agglutinin.



nucleotide primer (DCC1: 5'-TTCCGCCATGGTTTTTAAATCA-
3’, coding strand; and DCC2: antisense strand). These oligonucle-
otide primers are the same ones used by Fearon et al. (1). PCR of 35
cycles was performed, consisting of 30 s at 94°C, 30 s at 55°C, and 1
min at 75°C (12). 20 ul of the PCR products was phenol-extracted,
ethanol-precipitated, and electrophoresed through a 3.5% agarose
gel (NuScience 3:1 agarose; FMC Corp. BioProducts, Rockland,
ME). The PCR products were visualized directly in ethidium bro-
mide-stained gels and photographed.

Separation of CDI13+, CD14+, and CD34+ for RT-PCR analy-
sis. For RT-PCR analysis of DCC gene expression in the CD13+ and
CD14+ populations, these populations were sorted with a FACStar
Plus® (Becton Dickinson, San Jose, CA) using FITC-conjugated
MY4 (CD14) or MY7 (CD13) (Becton Dickinson) from BM-MNCs.
The purity of these cells obtained by sorting was 97 and 96%, respec-
tively.

For CD34+ isolation, CD34+ cells were first enriched from
MNCs using an anti-CD34 antibody—coated MicroCELLector flask
(Applied Immune Sciences, Inc., Santa Clara, CA) and then sorted
using FITC-conjugated HPCA1 (CD13; Becton Dickinson) (13, 14).

BM-MNCs were suspended in Dulbecco’s phosphate-buffered
Ca/Mg-free saline containing 1 mmol/liter EDTA (DPBSE) at a con-
centration of 5 X 10° cells/ml. The cells were loaded into AIS Micro-
CELLector SBA (Applied Immune Sciences, Inc.) containing co-
valently immobilized soybean agglutinin (SBA) and incubated for 45
min at room temperature. The nonadherent (SBA—) cells were re-
moved, and 2 X 107 cells were subsequently loaded into AIS Micro-
CELLector CD34— flasks, which contained a covalently immobilized
anti-CD34 monoclonal antibody, ICH3. After incubation for 1 h at
room temperature, the nonadherent cells (CD34—) were removed,
and the adherent cells (CD34+) were collected after physical agita-
tion in DPBSE containing 10% FBS. The enriched cells (45% positiv-
ity for CD34) were collected and washed with Dulbecco’s PBS con-
taining 0.1% sodium azide. FITC-conjugated HPCA1 antibody was
added to the cells, followed by incubation for 30 min at 4°C. The cells
were washed twice with DPBS-azide and sorted with a FACStar
Plus®. The purity of the obtained CD34+ was 97%. Total RNA ex-
traction from each population was performed with RNAzol™ solvent
(Cinna/Biotecx Laboratories, Houston, TX).

Flow cytometric analysis. MNCs were obtained by Ficoll-Hypaque
centrifugation (Lymphoprep, Neegard, Norway) of BM cells or pe-
ripheral blood (PB) collected from the patients and normal volun-
teers. The DCC protein expression was examined by an indirect im-
munofluorescence technique. Briefly MNCs were dispensed at 2 X
10° cells/tube and incubated with 100 .l of PBS containing 100 nM of
an anti-DCC mAb, AF5 (Oncogene Science, Inc., Manhasset, NY)
specific for the extracellular domain, and 0.1% azide for 60 min on
ice. After washing with PBS, the cells were incubated with 50 wl of
phycoerythrin (PE)- or FITC-conjugated goat anti-mouse IgG1 anti-
body at 4°C for 30 min. The samples were then washed, fixed, and an-
alyzed with a FACScan® (Becton Dickinson). FITC- or PE-conju-
gated MY4, MY7, HPCA1, Leu9 (CD7), Leul2 (CD19), Leu2a
(CD8), Leu 15 (CD11b), anti-factor 8, and anti-glycophorin A were
used for staining surface membrane antigens, as described elsewhere
(15). CD34-rich cells (mean: 40.8%, n = 4) prepared with an anti-
CD34 antibody-coated CELLector flask (Applied Immune Sciences,
Inc.) (13) were subjected to two-color FACS® analysis of CD34 and
AFS. Each two-color analysis experiment was performed at least four
times. When two-color FACS® analysis of Leu 15 and AF5 was per-
formed, cells in the granulocyte gate of PB were the test materials.

Immunoprecipitation (IP) analysis. 2 X 107 MNC were metaboli-
cally labeled with 10 wCi/ml of [*S]methionine and [*S]cysteine for
3.5 h in methionine- and cysteine-free RPMI 1640 medium containing
10% dialyzed FBS. After labeling, the cells were washed with PBS
and lysed in 500 .l of RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 5 mM EDTA, 1% NP-40, 0.5% deoxycholate, and 0.1% SDS
with protease inhibitors (1 mM PMSF, 50 pg/ml antipain, 5 pg/ml
aprotinin, and 2 pg/ml leupeptin). Cell debris was removed by cen-
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trifugation. The supernatant was precleared by incubation with rabbit
serum and protein A-Sepharose on ice for 30 min. The precleared ly-
sates were assayed for incorporation, and 1-3 X 107 cpm was used for
each IP. The supernatant was then incubated with an mAb, AF5 (20
pg/ml) or G97-449 (specific for the cytoplasmic domain, 20 mg/ml;
Pharmingen, San Diego, CA) for 1 h on ice. DCC-specific immuno-
precipitates were recovered with 30 pl of a 50% suspension of protein
A-Sepharose and washed two times with NP-40 buffer (50 mM Tris,
pH 8.0, 1.0% NP-40, 50 mM NaCl) and once with 10 mM Tris (pH
8.0). The proteins released from the immunoprecipitates by Laem-
mli’s sample buffer were subsequently analyzed by electrophoresis on
5-25% SDS-PAGE (16). After drying, the gels were exposed to films.
The protein concentration was determined by Bio-Rad protein assay
(Bio Rad Laboratories, Hercules, CA).

Results

DCC protein is expressed on cell surface of specific lineages of
normal BM and PB cells. Fig. 1 B and Table I show the results
of a normal volunteer by single-color flow cytometric analysis.
The DCC protein was detected at rates of 6.6-57.0% (n = 16;
mean: 31.4%). To clarify which cell lineages of MNCs express
the DCC protein, two-color flow cytometric analysis was per-
formed. Fig. 2 shows a typical example of a normal individual,
and Table II summarizes the data. The DCC protein was ex-
pressed in high positivity on CD14+, CD13+, and factor 8+
cells among BM-MNCs. CD19+ and CD7+ cells were also
positive, whereas CD34+ and glycophorin A+ cells were neg-
ative for the DCC protein. CD11b+, CD13+, and CD8+ cells
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Figure 1. Single-color flow cytometric analysis of DCC expression on
MNCs from an MDS case (A) and a normal volunteer (B). Cells were
incubated with AF5 mAb, followed by FITC-labeled goat anti-mouse
IgG. Cells were analyzed by single-color fluorescence using a FAC-
Scan® flow cytometer. The percentage of positive cells was 0.2 and
55.4%, respectively. Solid lines, AFS; dashed lines, control mouse IgG.
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Figure 2. Example of analysis of DCC pro-
tein expression on surface MNCs from nor-
mal BM and PB. A depicts the light scatter-
ing of BM-MNCs. Viable MNCs were
gated with forward scatter (x-axis) against
side-ward scatter (y-axis). Lymphocyte
(ly), monocyte (mo), and granulocyte (gr)

gates were created. (B) x-axis: a, CD34-
FITC intensity in all gates; b, factor
8-FITC intensity in ly gate; ¢, CD14-FITC
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of PB were also negative. Thus, two-color flow cytometric
analysis revealed that the monocyte lineage was consistently
DCC positive and that the granulocyte lineage was transiently
DCC positive in the immature stage. B cell lineages were
weakly positive, although T cell lineages were low positive or
negative for DCC. After fractionating BM-MNC of normal
volunteers, expression of the DCC gene in the CD13+,
CD14+, and CD34+ populations was investigated by RT-
PCR analysis (Fig. 3). The RT-PCR data paralleled the abun-
dance of the immunoreactive DCC protein on BM-MNC. No
PCR product of the DCC transcript, or the DCC protein,
could be detected from CD34+ cells.

DCC protein is absent from cell surface of BM-MNCs of
MDS/AML patients. Although the DCC protein was ex-
pressed on MNCs from normal volunteers, it was not detected
(0.1-1.5%) in any of the 17 MDS or 10 AML patients, as
shown in Fig. 1 A and Table 1. Two-color flow cytometric anal-
ysis also showed that the DCC protein was not expressed in
the MDS patients. BM-MNCs of the MDS contain the same
populations as that of normal subjects. Thus, in the MDS pa-
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intensity in mo gate; d, CD19-FITC inten-
sity in ly gate; e, CD7-FITC intensity in ly
gate. y-axis: a—e, PE-labeled DCC intensity.

tients, the CD14+, CD13+, and factor 8+ populations of BM-
MNCs were all negative for the DCC protein (data not
shown), whereas these cell lineages from normal volunteers
were positive.

Loss of antigenicity of the DCC protein on cell surface of
BM-MNC from MDS/AML patients. Because the DCC tran-
script was detected by RT-PCR analysis in 80 of 101 MDS/
AML patients, as shown in Fig. 4 and summarized in Table III,
we speculated that the antigenicity of the DCC protein must
have been reduced or lost even in cases having a DCC-specific
RT-PCR product. To confirm this speculation, IP analysis was
performed of BM-MNC from normal volunteers and MDS/
AML patients. As shown in Fig. 5, A and B, the DCC protein
from normal MNCs migrated at the region of a molecular mass
of ~ 180 kD. On the other hand, the DCC band corresponding
to 180 kD could not be detected in an AML (MO) patient (lane
5) or an MDS (RAEB) patient (lane 7) (Fig. 5 B). A reduced
amount of DCC protein was detected in an RA patient (Fig. 5
B, lane 6). These three AML/MDS patients have a DCC-spe-
cific RT-PCR product. Two antibodies specific for either the



Figure 3. RT-PCR
analysis of expression of
the DCC of purified
CD34+, CD14+, and
CD13+ cells from nor-
mal BM-MNCs. Iso-
lated CD34+ cells were
prepared in an anti-
CD34 antibody—coated
CELLector flask fol-
lowed by cell sorting as
described in Methods. CD14+ and CD13+ cells were prepared by
cell sorting. cDNA was synthesized from 0.0125 OD,4 units of total
RNA. After cDNA was synthesized using a DCC2 primer, PCR was
performed using DCC1 and DCC2 primers. The PCR products (233
bp) were size fractionated by 3% agarose gel electrophoresis. Expres-
sion of the B-actin gene is shown at 530 bp as an internal control.
Lane 7 shows BM-MNCs from healthy volunteers; lane 2, CD13+
cells; lane 3, CD14+ cells; lane 4, CD34+ cells. The left lane shows
markers of A\ DNA fragments digested by HindIII and ¢x 174 DNA
fragments digested by Haelll.

extracellular or cytoplasmic domain were used to examine for
the DCC protein by IP analysis in another MDS patient having
a DCC-specific RT-PCR product. An ~ 180-kD DCC protein
was obviously detected by the G97-449 antibody (specific for
the cytoplasmic domain of the DCC protein), whereas a band
with greatly reduced intensity and the same mobility, as shown
in lane 2 of Fig. 5 C, was detected by the AF5 antibody (spe-
cific for the extracellular domain). Table IV compiles the qual-
itative levels of DCC expression by various assays in selected
MDS/AML patients. DCC-RNA was detectable by the more
sensitive RT-PCR assay in many patients. The normal-sized
DCC protein was detected by G97-449 and/or AFS5 antibody in
some RT-PCR—positive patients (MDS-1, -2, AML-1, and -2 in
Table IV).

Discussion

The DCC gene, which has been postulated to be a tumor-sup-
pressor gene, was first identified in a colon cancer study by
Fearon et al., in which they found that the tissue of 71% of
their colon cancer patients showed an allelic DCC deletion
and that 88% of these patients showed a reduced DCC expres-
sion, in contrast to the DCC expression seen in most normal
tissues (1). Further, the DCC expression has been found to be
low or lost in patients with pancreatic (17), esophageal (18),
prostatic (19), and other carcinomas (2, 20). Also, in leukemia
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Table 1. Positivity for the DCC Protein

Sources of BM-MNC DCC positivity (%)

Normal (n =16) 6.6-57.0 (mean: 31.4)
MDS (n=17) 0.1-1.5 (mean: 0.9)
AML (n =10) 0.1-0.9 (mean: 0.5)

Single-color flow cytometry analysis of BM-MNC was performed by in-
direct immunofluorescence assay. An anti-DCC mAb, AFS5, specific for
the extracellular domain of DCC, was used. The detailed patients with
MDS or AML are presented in Methods.

cases, we and other investigators have found that DCC gene
inactivation in some instances appears to contribute to leuke-
mogenesis (3-6). However, while these findings suggest that a
loss in the DCC expression is critical to cancer development,
little is known about DCC mechanisms that may mediate tu-
moral suppression.

Similarly, the role that the DCC protein plays in cellular
development and differentiation also remains unclear. It has
been reported that the DCC protein was found in the axons of
the central and peripheral nervous system and in differentiated
cell types of the intestine (9). Further, a recent study suggests
that the DCC protein may stimulate the PC12 neuritic out-
growth in a manner similar to neural cell adhesion molecules
and N-cadherin (7). Cell-cell interaction through the DCC
protein was required to stimulate PC12 to differentiate mor-
phologically. Given these considerations, we thus have specu-
lated that the participation of the DCC protein in both cellular
development and differentiation occurs in a hematopoietic
manner.

This study found that the DCC protein expression in
CD34+ cells is very low, whereas in mature cells, i.e., the
CD14+, CD13+, CD19+, and the factor 8+ cells, the DCC
protein expression is high. These findings are consistent with a
previous study in which the DCC protein was found in differ-
entiated cell types of the normal intestine (9); of great interest
is that the DCC protein content was very low in the CD8+ (T
cells and NK cells) subsets, the erythrocyte lineage, and the
CD11b subset of the mature granulocyte lineage. An uneven
DCC protein distribution in normal hematopoiesis strongly
supports the hypothesis that the DCC protein may act on dif-
ferentiation pathways and that a cell’s fate is determined by
the cell-to-cell interaction (7).

With regard to oncogenesis, the first direct evidence that
the DCC gene is functionally a tumor suppressor was obtained
from an experimental animal study (21), wherein it was found

Table I1. DCC Protein Positivity by Two-Color Flow Cytometric Analysis of Normal BM- and PB-MNC

CD+ cells CD34 cDp14 CD13 CD11b Fact.8 Gly.A CD19 cp7 CD8
BM +—/- ++ +H/+ ++H/+ - + ++—
“) (11 (12) (6) (10) ®) ®)
PB o+ - - - - -
(6) ®) “) (6) @ (5)

++,>50%; +,20-50%; +—, 5-10%; —, 0-5%. Fact.8, Factor 8; Gly.A, glycophorin A. Numbers in parentheses represent numbers of study, respec-

tively.
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that the wild-type, full-length DCC gene expression inhibited
tumor growth in human epithelial cells (1811-NMU-T1) in
subcutaneous tissue of nude, athymic mice. In contrast, a trun-
cated DCC gene is unable to suppress tumorigenesis, since it
lacks the major portion of the cytoplasmic carboxy domain of
the DCC protein.

Our present observation that there is very low expression
or absent expression of DCC on MNC from AML and MDS

Figure 5. Characterization of DCC molecule identified by anti-DCC
mAbs. IP analysis of normal PB (A). Lanes /-3 show bands immuno-
precipitated by three types of control mouse IgG1, IgG1, and IgG2a,
(Becton Dickinson and DAKO, Copenhagen, Denmark). Lane 4
shows a DCC-specific 180-kD band identified by AF5 mAb. IP analy-
sis of BM-MNCs from a normal volunteer and from two MDS pa-
tients and one AML patient using AF5 and G97-449 mAbs (B).
Lanes I and 2 show two types of IgG1 (Becton Dickinson and
DAKO) immunoprecipitates of normal BM-MNCs, and lanes 3 and 4
show G97-449 and AF5 immunoprecipitates of the same normal BM.
Lane 5 shows an AF5 immunoprecipitate of an AML (MO) patient.
Lanes 6 and 7 show AF5 immunoprecipitates of two MDS (RA and
RAEB) patients. IP analysis of BM-MNCs of an MDS (RA) patient
using AF5 and G97-449 mAbs (C). Lane [ is control IgG1 immuno-
precipitate; lane 2, AF5 immunoprecipitate; lane 3, G97-449 immuno-
precipitate. Arrows indicate DCC-specific bands. The relative mobili-
ties of molecular mass markers are indicated at the right side of each
figure.
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Figure 4. RT-PCR analysis of expression of
the DCC gene in MDS/AML patients. After
c¢DNA was produced using a DCC2 primer,
PCR was performed using DCC1 and DCC2
primers. The PCR products (233 bp) were
size fractionated by 3% agarose gel electro-
phoresis. Expression of the B-actin gene is
shown at 530 bp as an internal control.
Lanes / and 2 are control samples from BM-
MNCs from healthy volunteers. Lanes 3-5
are BM-MNCs from MDS patients. Lanes
6-9 are BM-MNCs from AML patients. Ex-
pression of the DCC gene was reduced in
lane 3 and absent in lane 6. The left lane
shows marker of A DNA/HindIII fragments
and ¢x 174 DNA/Haelll fragments.

patients supports previous DCC gene expression studies.
Thus, it may be that some BM-MNCs of MDS or leukemic
cells that show an apparent RNA expression of the DCC gene
are expressing an aberrant protein after a reduction in their
antigenicity.

Although the results shown in Fig. 5 C appear to suggest
that the AFS antibody may be less efficient at immunoprecipi-
tating DCC than the G97-449 antibody, based on the summary
provided in Table IV, two other possibilities that may account
for poor IP may be a loss in the specific antigenicity of the ex-
tracellular (or cytoplasmic) domain or a disturbance in the
DCC protein transport to the cell surface due to an unknown
disorder. In this regard, since the AFS antibody was suffi-

Table I11. Expression of the DCC Gene in MDS/AML Patients

No. of patients
with reduced

No. of patients

No. of patients with absent

Discase examined DCC expression DCC expression
MDS
RA 16 1 0
RARS 3 0 0
RAEB 14 2 1
RAEB-t 15 2 1
Total 48 5 2
AML
MO 3 1 1
M1 12 1 3
M2 16 3 2
M3 7 0 1
M4 10 1 0
M5 2 0 0
M6 3 0 1
Total 53 6 8
Normal sample 24 0 0

Expression of the DCC gene was analyzed by RT-PCR as described in
Methods and reference 3. 48 untreated MDS patients and 53 AML pa-
tients were analyzed by RT-PCR assay. 24 healthy volunteers were also
investigated. AML and MDS were diagnosed according to the French-
American-British criteria (10). Compared with the density of the DCC
product of the normal sample, no band for the product was surmised to
represent absent DCC expression, whereas reduced density was inter-
preted as reduced DCC expression. RARS, RA with ringed sidero-
blasts; RAEB-t, RAEB in transformation.
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Table IV. DCC mRNA and Protein Expression in Selected
MDS/AML Patients

P

Patients RT-PCR FACS® AF5 G97-449
Normal + + + +
MDS

MDS-1 + — +-— +

MDS-2 + - +— +

MDS-3 + - - ND

MDS-4 +- - - -

MDS-5 - - - -
AML

AML-1 + - - +—

AML-2 + — + -

AML-3 +— - - ND

AML-4 - - - -

AML-5 - - - ND

The qualitative levels of DCC expression were determined by various
assays in normal subjects and MDS/AML patients. The assays for DCC
protein include FACScan® flow cytometric analysis and IP using AF5 or
G97-449 mAbs. mRNA was assayed by RT-PCR. Three normal sam-
ples were investigated. ND, assay not done for the individual patient. +,
results of DCC assay were positive; +—, result of DCC assay was re-
duced; —, result of DCC assay was negative.

ciently efficient at immunoprecipitating the DCC of normal
BM-MNCs (Table IV and Fig. 5 B) and, unlike the G97-449
antibody, it detected a sufficient intensity in the DCC band of
an AML patient (AML-2; Table IV), it may be that either or
both of these two possibilities may be the reason(s).

The DCC role in normal hematopoiesis and leukemogene-
sis is certain to be better understood once its ligand and effec-
tor molecules are more clearly characterized.
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Establishment of a Cell Line With Variant BCR/IABL
Breakpoint Expressing P180BCR/ABL From
Late-Appearing Philadelphia-Positive Acute
Biphenotypic Leukemia

Koiti Inokuchi,”* Tamiko Shinohara,? Makoto Futaki,’ Hideki Hanawa,' Sakae Tanosaki,’ Hiroki Yamaguchi,’
Takeo Nomura,® and Kazuo Dan’

"Division of Hematology, Department of Internal Medicine, Nippon Medical School, Tokyo, Japan

2The Okinaka Memorial Institute for Medical Research, Tokyo, Japan

3Nippon Medical School, Tokyo, Japan

In acute leukemia (AL) with a late-appearing Philadelphia (la-Ph) translocation, it is unclear whether these translocations arise
from the same molecular event as classical Ph translocations. In order to elucidate the molecular events of la-Ph and subsequent
translocations of la-Ph leukemia, we performed molecular analysis on the complex rearrangements, in a cell line, MY, which was
established from bone marrow mononuclear cells of a patient with a la-Ph acute biphenotypic leukemia. This la-Ph, expressing
an acute lymphoblastic leukemia (ALL)-type BCR/ABL transcript, produces a novel P180BCR/ABL fusion protein reflecting
deletion of 174 bases (58 amino acids) encoded by the a2 exon of the ABL gene. An immune complex kinase assay showed that
this protein had autophosphorylation activity. Fluorescence in situ hybridization (FISH) in conjunction with G-banding analysis
revealed that the initial der(9)t(9;22)(q34;911) progressed to a der(9)(9pter—9q34::22q11—22q13::5q11.2—5q15:
10q23—10qter) by, first, a three-way translocation among the der(9)t(9;22)(q34;q11), chromosome 5, and the normal
chromosome 22, and then a subsequent translocation with chromosome 10. Moreover, both the end-stage leukemic cells of
the patient and the MY cell line had another translocation, t(X;12)(p11.2;p13). The 12p breakpoint was located near the ETV6
gene by analysis of pulsed-field gel electrophoresis, but transcription of ETV6 was unaffected. Tumorigenicity analysis indicated
that an additional translocation, t(2;3)(p16;q29), may have caused a more malignant clone, because only MY cells with the
t(2:3)(p16;q29) were capable of growing subcutaneously in nude mice within 40 days. The molecular events of leukemogenesis
and leukemic progression in the present la-Ph AL occurred by accumulation of unique translocations. This cell line, MY,
expressing a novel variant P180BCR/ABL protein with a deletion of the a2 exon of the ABL gene, may be useful for elucidating
the pathophysiology of this fusion protein and for studying ETV6-related leukemogenesis and t(2;3), as well as the molecular
mechanisms of the complex translocations. Genes Chromosomes Cancer 23:227-238, 1998. 1998 Wiley-Liss, Inc.

INTRODUCTION gene develop hematologic features similar to those

The Philadelphia (Ph) translocation, £(9;22)(q34; of human acute leukemias or CML (Daley et al.,
ql1.2), is found in most patients with chronic 1990; Voncken etal., 1992).
myelogenous leukemia (CML) and in subsets of The. late.appeara‘nce of the Ph .chromosomc,
patients with acute lymphoblastic leukemia (ALL) which is of interest in leukemogenesis and leuke-
and acute myelogenous leukemia (AML). The ABL mic progression, has been documented in some
gene on chromosome 9 is usually translocated to the leukemias (Na]fc'ld et al,, 1989; Katsgno ct al,,
8.5 kb major breakpoint cluster region (M-ber) in 1994). However, little ha§ been done tQ investigate
the BCR gene on chromosome 22 (De Klein et al., the molecular events in la-Ph patients. Late-
1982). This chimeric BCR/ABL gene expresses a appearing Ph is frequently asg{mated with addi-
chimeric 8.5 kb BCR/ABL transcript that encodes a tional chromosomal abnormalities. The present
p210 tyrosine kinase (P210BCR/ABL). In most leukemla.and leukemic (.:ell llr}e also had addltlonsill
patients with Ph-positive ALL, the ABL gene is translocations of 12p13, in which the £7V6 gene is
translocated to a more 5 minor breakpoint region located, and a t(2;3)(.p16;q29).
(m-ber) in the first intron of the BCR gene. As a In order to.eluc1date the. molecula.r events of
result, the e1-a2 mRNA (a 7.0 kb BCR/ABL tran- leukemogenesis and leukemic progression of la-Ph
script) is translated into a P185BCR/ABL tyrosine

kinase (Chan et al., 1987). These translocations are *Correspondence to: Koiti Inokuchi, M.D., Ph.D., Division of
.. . . . Hematology, Department of Internal Medicine, Nippon Medical

critical for leukemogenesis because transgenic mice School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 113, Japan.

bcarlng the P185BCR/ABL or P210BCR/ABL fusion Received 16 September 1997; Accepted 14 April 1998

1998 Wiley-Liss, Inc.

— 08 —



W — IR S R SRR

228 INOKUCHI ET AL.

TABLE 1. Surface Marker Analysis of Original Leukemic
Cells and MY Cells

Positive cells (%)

Second MY
CD Onset relapse cells
CD2 15.8 40.4 0.9
CD3 16.0 326 0.8
CD5 256 30.2 15
CD7 16.8 35.5 0.8
CD10 94.6 55.9 98.1
CD13 98.9 29.7 99.1
CD14 15.5 49 0.7
CD19 99.5 52.3 98.4
CD20 99.3 40.9 39
CD33 99.0 46 2.5
CD34 62.5 68.4 70.5
CD# 0.9 8.3 0.4
Glycophorin A 4.5 3.3 0.8
HLA-DR 97.4 82.5 100.0

leukemia, we performed a molecular analysis on
this rearrangement. We found expression of a
variant P185BCR/ABL tyrosine kinase, and we
determined the breakpoint near the £7V6 gene and
investigated the tumorigenic capacity of the novel
translocation t(2;3).

MATERIALS AND METHODS

Case Report

A 52-year-old woman was diagnosed as having
acute biphenotypic leukemia. The peripheral leu-
kocyte count at diagnosis was 188 X 10%/L. with
92% lymphoblasts. Hemoglobin was 10 g/dL., and
the platelet count was 52 X 10%L. The bone
marrow (BM) aspirate showed hypercellular BM
containing 92% lymphoblasts. The spleen was
moderately enlarged, but there was no hepato-
megaly, mediastinal mass, or central nervous system
(CNS) involvement at diagnosis. The immunophe-
notype of the leukemic cells is summarized in
Table 1. Leukemic cells expressed B-lymphoid
markers (CD10, 19, and 20), myeloid markers
(CD13, 33, and 34), and HLA-DR. The leukemic
cells were positive for periodic acid-Schiff (PAS)
but negative for peroxidase, chloroacetate esterase,
and a-naphthyl butyrate esterase. Cytogenetic
analysis of BM mononuclear cells (MNCs) at diag-
nosis revealed a normal karyotype. Induction chemo-
therapy was begun immediately, but remission was
not obtained, and a Ph clone emerged. After further
induction chemotherapy, a remission was obtained,
but the patient soon relapsed. Cytogenetic analysis
now revealed a complex Ph with additional chromo-
somal abnormalities ('Table 2). After that, the leuke-

mia became refractory to chemotherapy regimens.
At 9 months after diagnosis, the leukemic cells
acquired a more complex rearrangement and a
t(X;12) ('Table 2). The patient died 10 months after
diagnosis.

Establishment of a Cell Line

BM-MNCs were harvested 9 months after diag-
nosis and were separated by density gradient cen-
trifugation using Ficoll-Hypaque. The cells were
washed three times with IMDM 1640 medium
(GIBCO, Grand Island, NY) supplemented with
10% fetal calf serum (FCS), 2 X 1073 mol/LL
glutamine, and 100 pg/ml. gentamicin (Schering
Pharmaceutical, Kennilworth, NJ). The cells were
cultured in Alpha medium supplemented with 10%
FCS at 37°C in a humidified atmosphere contain-
ing 5% CO,. After 1 week, the culture medium was
replaced with fresh medium. After initial growth
was noted, the cells were propagated in vitro twice
weekly by replacement of medium containing 10%
FCS without addition of growth factors.

Immunologic Marker Studies

Surface markers of the leukemic blasts and of the
cell lines were determined by direct immunofluores-
cence using flow cytometry on a FACS II (Becton-
Dickinson, Sunnyvale, CA) flow cytometer, as pre-
viously described (Abo et al., 1993). Cells were
incubated with appropriately diluted fluorescein
isothiocyanate (FI'TC)-conjugated MoAb for 30
min at 4°C. Cells were washed twice, and the
percentage of positive cells was determined. To
determine background fluorescence, we stained
control cells with FI'TC-conjugated normal mouse
immunoglobulin.

Cytogenetic Studies

Cytogenetic studies were performed by the con-
ventional trypsin-Giemsa banding technique (Abo
et al., 1993). The bone marrow cells at diagnosis
and relapse stages as well as established cell line
cultures were processed by a direct method. The
karyotype was determined by both direct micro-
scopic analysis and photography.

Reverse Transcriptase-Polymerase Chain Reaction
and Sequencing of the BCR/ABL mRNA

Total RNA of cells was extracted by RNAzol.
Reverse transcriptase-polymerase chain reaction
(RT-PCR) was carried out with minor modifications
of the original method (Inokuchi et al., 1997a).
Complementary DNA was prepared from 200 ng of
total RNA using random 9-mers and reverse trans-
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criptase. The ¢cDNA was amplified by e-1 (5 -
CCGAGGCCACCATCGTTGGGCGTCC-3 )and
abl-2 (5 -GTTTCTCCACACTGTTGACTG-3).
The PCR products were electrophoresed on a 2%
agarose gel, stained with ethidium bromide, South-
ern-transferred, and hybridized to a 5 end-labeled
ABL-exon oligonucleotide probe (5 -GTAGCATC-
TGAGTTTGAGCCTGAG-3 ).

After RT-PCR, products were electrophoresed
on a 2% agarose gel and stained with ethidium
bromide; the 201 bp fragment was sliced from the
gel, electroeluted, purified with phenol, and ethanol-
precipitated. The fragments were subcloned into
the EcoRV site of a pGEM-5Zf (+/-) cloning vector.
Transfected cells were plated onto Luria-Beriani
(LLB)-ampicillin agar plates containing 5-bromo-4-
chloro-3-indolyl-p-D-galactoside (X-Gal) and isopro-
pylthio-B-D-galactoside (IPTG). White colonies
were transferred to a fresh LB-ampicillin agar plate
containing X-Gal and IPT'G and cultured overnight
for secondary selection. Confirmed white colonies
were then transferred into 150 ml of LB medium
containing 50 mg/mL ampicillin and cultured at
37°C for 4 hr. The cultures were centrifuged,
resuspended in 20 mL of water, and heated at 98°C
for 10 min. After centrifugation, the resulting super-
natants were used for PCR with 'T'7 or SP6 primers.
The PCR products were sequenced by using an
ABI sequencer with dye terminators (Perkin Elmer,
Warrington, U.K.). All sequences were confirmed
by sequencing in both orientations.

Kinase Assay for BCR/ABL Protein

An immune complex kinase assay for BCR/ABL
protein was performed (Wada et al., 1995). Cells
were solubilized at 1 X 107 cells/ml in lysis buffer
[0.15 M NaCl, 50 mM Tris-HCI (pH 7.4), 1% 'Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 5 mM
EDTA, 2 mM phenylmethylsulfonyl fluoride, 500
units/mL aprotinin, 0.1 mM ZnCl,, and 0.1 mM
Na;SO4] at 4°C for 20 min. The lysates were
clarified by centrifugation at 10,000 X g for 10 min
and pretreated with rabbit sera for 15 min, and then
with protein A-Sepharose (Pharmacia, Tokyo, Ja-
pan) for 45 min at 4°C. Immunoprecipitation was
performed by the addition of 3 pl of anti-ABL
antibody (8E9; Pharmingen, San Diego, CA) at 4°C
for 2 hr. Immune complexes were collected in
protein A-Sepharose and washed extensively with
50 mM Tris-HCI buffer (pH 7.4). The in vitro
immune complex kinase assay was performed in
the presence of 10 pC[y-*P]JATP (>3000 Ci/mmol;
Amersham International, Amersham, UK) with 20

mM MnCl, and 20 mM HEPES buffer (pH 7.0) at
4°C for 30 min. The samples were analyzed by
5-15% gradient SDS-PAGE (Inokuchi et al., 1997b).

Pulsed-Field Gel Electrophoresis (PFGE)
and Synthesis of ETV6 cDNA Probe

Cells were embedded in 0.75% low-melting-
temperature agarose at a concentration of 2 X 107
cells per mL. Cells were treated with 1 mg of
proteinase K per mL overnight at 50°C, then
inactivated with phenylmethylsulfonyl fluoride. Re-
striction endonuclease digestion of 2 X 10° cells
was accomplished with 200 units of enzyme in 0.3
mL of restriction buffer at 37°C overnight. Di-
gested DNA was electrophoresed on a CHEF-DR
IT apparatus (Amersham) and incubated with £776
cDNA probe containing nucleotides (nt) 10-149
using a standard technique.

The ETV6 probe was made using an RT-PCR
method (Inokuchi et al., 1997a). Total RNA from
normal bone marrow cells was prepared and comple-
mentary DNAs (cDNAs) were prepared with the
E'TV-al primer (5 -ATGGTTCTGATGCAGTAT-
GACCTC-3 ; 458-482). The cDNA was amplified
by nested PCR using the first primer set E'TV-s1
(5 -TCGCTGTGAGACATGTCTGAGACT=3
13-36) and ETV-a2 (5 -GTGTATAGAGTTTC-
CAGGGTGGAA-3 ; 425-449), and the second
primer set, ETV-s2 (5 -GCTCAGTGTGACAT-
TAAGCAGGAA-3 ;40-64). The RT-PCR products
of ETV6 cDNA were subcloned into the EcoRV site
of the pGEM-5Zf (+/-) cloning vector, and trans-
fected cells were plated onto Luria-Beriani (LLB)-
ampicillin agar plates exactly as above. Positive
cells were selected, and supernatants were used for
PCR as above. The PCR products were sequenced
in both orientations.

Fluorescence In Situ Hybridization Analysis

The Vysis LSI BCR-ABL translocation probe
(Vysis, Downers Grove, IL.) detects BCR/ABL gene
fusions in metaphase cells (Yamaguchi et al.,1998)
and can be used for identifying either of the two
breakpoint regions, major or minor, on chromosome
22. 'This probe is a mixture of a BCR probe labeled
directly with Spectrum Green and an ABL probe
labeled directly with Spectrum Orange. The ABL
probe begins between exons 4 and 5 and continues
for about 200 kb toward the telomere of chromo-
some 9. The BCR probe begins between BCR
exons 13 and 14 (M-bcr exons 2 and 3) and extends
to the centromeric region on chromosome 22 for
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The present tumorigenicity analysis revealed
that the MY cells with the t(2;3)(p16;q29) were
more aggressive. Although the t(2;3)(p16;q29) has
not been described previously in the literature, it is
possible that t©(2;3)(p16;q29) is related to more
malignant progression in this case. This transloca-
tion may have been acquired during in vitro cul-
ture. Further characterization of the biological ef-
fect of t(2;3)(p16;q29) is another future project.

The Ph translocation producing P180BCR/ABL
is very rare. "To our knowledge, only one case with
this variant P180BCR/ABL has been reported
(Soekarman et al., 1990). This case was also la-Ph.
Thus, we speculate that la-Ph may sometimes
possess the variant PISOBCR/ABL protein without
codons from exon a2. One ALL and one CML case
with variant P210BCR/ABL proteins lacking ABL
exon a2 were also reported (Soekarman et al., 1990;
van der Plas et al., 1991).

The three-way translocation involving the
der(9)t(9;22)(q34;q11), chromosome 5, and the nor-
mal chromosome 22 was the second molecular
event. Subsequent translocations, t(X;12)(p11.2;p13),
and between chromosome 10 and the der(9)
(Ipter—9q34::22q11.2—22q13::5q11.2—5qter), must
have occurred in a later step, as suggested by
sequential cytogenetic analysis. With regard to the
translocation t(X;12)(p11.2;p13), a putative transcrip-
tion factor belonging to the E'TS family of DNA-
binding proteins, the E7V6 gene, is located at
12p13 (Golub et al., 1994; Baens et al., 1996). 'To
determine whether the translocation breakpoint
occurred around the E7V6 gene, we performed
PFGE analysis. PFGE demonstrated a new 750 kb
band after digestion with Nosl. However, the more
frequent cutters, M/ul and Sacll, revealed normal
hybridization patterns; furthermore, Northern blot-
ting revealed no abnormal transcript of the £7V6
gene in MY cells (data not shown). Thus, the
translocation breakpoint was close to the E7V6
gene, but the £7V6 gene is unlikely to be affected.
The CDKNIB gene or D12S178 loci may be aber-
rant in this translocation, because these are neigh-
boring genes rearranged in hematologic malignan-
cies (Kim et al., 1996; Wlodarska et al., 1996).

In conclusion, MY cells have several transloca-
tions in addition to the t(9;22), all of which are
unique aberrations (Mitelman and Heim, 1988;
Heim and Mitelman, 1992). In leukemias with
la-Ph, these complex translocations may sometimes
occur and accumulate. We have elucidated several
steps in the rearrangement in this case. To our
knowledge, leukemia cell lines with an el-a3 trans-
location have never been reported. MY cells may be

a useful tool for cloning unknown genes involved in
the development of leukemia. This cell line is also
a useful model for multstep leukemogenesis.
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BRIEF COMMUNICATION

Establishment of a Cell Line With AMLI-MTGS8, TP53,
and TP73 Abnormalities From Acute Myelogenous
Leukemia

Koiti Inokuchi,'* Hiroyuki Hamaguchi,> Masafumi Taniwaki,> Hiroki Yamaguchi,' Sakae Tanosaki,'
and Kazuo Dan'

'Division of Hematology, Department of Internal Medicine, Nippon Medical School, Tokyo
’Department of Hematology, Musashino Red Cross Hospital, Tokyo
3Third Department of Intemal Medicine, Kyoto Prefectural University of Medicine, Kyoto, Japan

Gene alterations accumulate during the progression of acute myelogenous leukemia (AML) to a malignant clone. Here, a new
myeloid cell line, designated YSK-21, with the balanced t(8;21)(q22;q22) and the unbalanced der(l)t(l;17)(p36;q921), was
established. YSK-2| grows well in a medium containing recombinant human granulocyte colony-stimulating factor (rhG-CSF),
granulocyte-macrophage colony-stimulating factor (rhGM-CSF), or interleukin-3 (rhlL-3). Molecular analysis using the reverse
transcriptase-polymerase chain reaction (RT-PCR) and fluorescence in situ hybridization (FISH) revealed that t(8;21)(q22;q22)
resulted in an AML/-MTG8 fusion transcript. FISH and spectral karyotyping (SKY) in conjunction with G-banding analysis
revealed a der(1)t(1;17)(p36;921) chromosomal translocation, which appeared in the clone developed from the original
leukemic cells. Molecular analysis of the TP73 gene on |p36 and the TP53 gene revealed a deletion of one-allele in TP73 with
partial demethylation of another allele in the initial clone of YSK, and a point mutation consisting of an A—T substitution in
codon 288 of the TP53 gene in the developed clone of YSK-21. YSK-21 cells, expressing aberrant AMLI-MTG8, TP53, and TP73
protein molecules, may be useful for elucidating the pathophysiology of these aberrant proteins and for studying the

der(1)t(1;17)(p36;921) chromosomal translocation.

The ©(8;21)(q22;q22) translocation is found in
many patients with acute myelogenous leukemia
(AML-M2) (Trujillo et al., 1979). This transloca-
tion synthesizes an AMLI-MTGS fusion transcript
which contributes to leukemogenesis (Miyoshi et
al., 1993).

Recently, the 7P73 gene, showing significant
homology to 7P53, as well as functional similarity,
was discovered on the short arm (p36) of chromo-
some 1 (Kaghad et al.,, 1997). The p73 protein
inhibits cell growth and can induce apoptosis (Jost
et al., 1994). Monoallelic expression of p73 may
have particular significance for tumors which dis-
play 1p36 loss of heterozygosity (ILOH) as a tumor-
suppressor gene. However, it remains unclear
whether the 7P73 gene plays a role in tumorigen-
esis. Evidence of monoallelic expression of p73 in
normal peripheral blood cells has been reported,
but p73 participation in leukemogenesis remains
uncertain (Jost et al., 1994).

The present report describes the establishment
of a novel cell line, YSK-21, having an AMLI-MTGS
fusion transcript, aberrant 'I'P73 in an unbalanced
translocation of der(1), and a 7P53 gene mutation.

A 45-year-old man had pyrexia and purpura in
May 1992. The white blood cell count was 6.2 X
10%/L. with 68% myeloblasts. The bone marrow

© 2001 Wiley-Liss, Inc.

© 2001 Wiley-Liss, Inc.

(BM) was hypercellular with 74.2% myeloblasts.
Cytogenetic analysis of BM cells showed 45,X,-
Y,t(8;21)(q22;q22). The leukemic cells expressed
CD13 (88.6%) and CD33 (48.5%). The cells were
positive for myeloperoxidase (MPO) and chloroac-
ctate esterase (CAE). A diagnosis of AML (M2)
was made. Induction chemotherapy was started
immediately, and complete remission (CR) was
obtained. He relapsed in March 1994. Cytogenetic
analysis showed the same abnormal karyotype as
that at onset. A second CR was obtained in April
1994. However, the patient relapsed again in
March 1995. After further induction chemotherapy,
a third remission was obtained. In September,
1995, he received a bone marrow transplant from
a sibling and achieved a fourth CR. In January,
1996, he relapsed again, with karyotype evolution
to 45,X, -Y,der(1)t(1;17)(p36;q21),t(8;21)(q22;q22).
His leukemic cells were refractory, and he died in

May 1996.

*Correspondence to: Koiti Inokuchi, M.D., Ph.D., Division of
Hematology, Department of Internal Medicine, Nippon Medical
School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 113, Japan.

E-mail: inokuchi@nms.ac.jp
Received 4 December 2000; Accepted 16 April 2001

— 110 —



W — IR S R SRR

CELL LINE WITH ABERRANT TP53, TP73, AND AMLI-MTGS8 183

Peripheral blood mononucleated cells (PB-
MNGCs) obtained at the third relapse were sepa-
rated using Ficoll-Hypaque. The cells were cul-
tured in RPMI 1640 medium (Gibco, Grand Island,
NY) supplemented with 10% FCS and 10 ng/ml of
GM-CSFE (Yamamoto et al., 1997; Inokuchi et al.,
1998). After initial growth was noted, the cells were
propagated in vitro twice weekly by replacement of
the medium containing 10% FCS and 10 ng/ml of
GM-CSF.

Cytogenetic studies were performed by the con-
ventional trypsin-Giemsa banding technique (Abo
et al., 1993). The bone marrow cells at diagnosis
and relapse and the cells of the established cell
line, YSK-21, were processed by a direct method.

Complementary DNA (cDNA) was prepared
from 200 ng of total RNA using R3 (5'-ATT-
GCTGAAGCCATTGGGTG-3'; residues 2300—
2319) and reverse transcriptase (Miyoshi et al.,
1993). The ¢cDNA was amplified with S1 (5'-
CTTCACTCTGACCATCACTG-3"; residues 2013—
2032) and R3 (5'-GTGCTTCTCAGTACGA-
TTTC-3'; residues 2108-2127) (Miyoshi et al.,
1993). M'T'G8 ¢DNA as an internal control was
amplified with C1 (5'-GACTCACCTGTGGAT-
G TGAA-3'; residues 2040-2160) and Al (5'-T'CA-
AGGCTGTAGGAGAATGG-3'; residues 2265-
2184). PCR was performed using a slight modifica-
tion of our original protocol. After the RT-PCR
products (145 bp) were electrophoresed on a 2%
agarose gel, they were stained with ethidium bro-
mide.

The probes used in this assay were bacterio-
phage DNA libraries from sorted human chromo-
some 1 (WCP1), purchased from Vysis (Downers
Grove, IL). The probes were labeled by standard
nick-translation using biotin-11-dUTP (Sigma, St.
Louis, MO). The biotin-labeled probes were de-
tected with fluorescein isothiocyanate (FITC)
(Vector Laboratories, Burlingame, CA). Chromo-
somes were counterstained with 1 pg/mL of 4,6-
diaminido-2-phenylindole dihydrochloride (DAPI)
and mounted in antifade solution. The results were
analyzed using a conventional fluorescence micro-
scope, Olympus BH2-RFC (Olympus, Tokyo, Ja-
pan).

For a spectral karyotyping (SKY) study, slides
were freshly prepared from chromosome suspen-
sions that had been stored in methanol/acetic acid
at —20°C. SKY was performed without prior
knowledge of the chromosomal aberrations identi-
fied by G-banding. Eight metaphase cells were
analyzed by SKY. A SKY™ Kit containing chromo-
some painting probes was purchased from Applied

Spectral Imaging (ASI, Israel). SKY analysis was
performed according to the ASI protocol (Veldman
et al., 1997). Chromosome hybridization was per-
formed directly using the SKY™ hybridization mix,
in which probe DNA was labeled with rhodamine,
T'exas-Red, Cy5, FITC, and Cy5.5, according to
the SCI protocol. Chromosomes were counter-
stained with DAPI and covered with paraphe-
nylene-diamine. Image acquisition was performed
using an SD200 Spectral Bio-imaging System (ASI,
Israel). The spectral information was displayed and
analyzed using software provided by ASIL.

RT-PCR for detecting the 7P73 mRNA was
performed with a minor modification of the original
procedure (Inokuchi et al., 1997). Using the nucle-
otide numbers corresponding to human 7P73 cDNA
deposited in the EMBL database under accession
number Y11416 EMBL, the following primers were
created. The sense primer was p73-5', CAGCAGTC-
CAGCACGGCCAA (residues 504-523), while the
antisense primer was p73-3', T TCTTGGCGGAG-
CTCTCGTT (residues 1056-1075). A cDNA was
synthesized from 250 ng of total cellular RNA us-
ing primer random 9-mer and 200 U of Moloney
murine leukemia virus. RT-PCR products were
electrophoresed on 2% agarose gel and stained with
ethidium bromide.

The 572-bp PCR fragment was sliced from the
gel, electroeluted, purified with phenol, and pre-
cipitated with ethanol. The fragments were sub-
cloned into the EwRV site of a pPGEM-5Zf (+/-)
cloning vector (Inokuchi et al., 1997). The PCR
products were sequenced using an ABI sequencer
with dye terminators (Perkin Elmer, Warrington,
UK). All sequences were confirmed by sequencing
in both orientations. The 572-bp ¢cDNA fragment
was used for Southern analysis.

For the 7P73 gene analysis, DNA extractions
were performed as described previously (Miyake et
al., 1993). The blotting filters for Southern blotting
were hybridized with a **P-labeled 572-bp ¢cDNA
probe.

To identify LOH of the 7P73 gene, the Syl
polymorphic site in exon 2 was selected (Mai et al.,
1998). Genomic PCR was performed using primers
located in introns 1 and 2, followed by Szl diges-
tion. Primers P1 and P2 (5'-CAGGAGGACAGAG-
CACGAG-3" and 5'-CGAAGGTGGCTGAGGC-
TAG- 3') were used to perform PCR. Ten pl of the
PCR product (229 bp) was then digested overnight
with $7l. The PCR products with the A/T poly-
morphic allele were digested into 157-bp and 72-bp
bands. PCR products were electrophoresed on 2%
agarose gel and stained with ethidium bromide.
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TABLE |. Surface Marker Analysis of Original Leukemic
Cells and YSK-21 Cells

Positive cells (%)

CD Third relapse YSK-21 cells
CDI 0.2 1.2
CD2 1.6 33
CD3 2.0 1.9
CD5 1.7 0.7
CD7 1.7 20.1
CcDIOo 0.6 1.4
CDI3 434 79.8
CDI4 0.2 2.4
CDI9 1.7 2.3
CD20 1.0 35
CD33 222 48.5
CD34 8l1.3 59.3
CD4I ND 2.6
Glycophorin A ND 1.2
HLA-DR 88.6 99.8

Surface markers of the leukemic blasts and the cell line were deter-
mined by direct immunofluorescence using a FACS Il (Becton-Dickin-
son, Sunnyvale, CA) flow cytometer (Abo et al., 1993). ND: not done.

Methylation-specific PCR (MSP) analysis of
the methylation patterns within the CpG island
of the 7P73 gene in exon 1 (sequence —110-bp
to —42-bp relative to the translocation starting
point, GenBank accession number Y11416) was
performed as described elsewhere (Corn et al.,
1999). The primer sequences of 7P73 for the
methylated reaction were 5'-GGACGTAGC-
GAAATCGGGGTTC-3' (sense) and 5'-ACCC-
CGAACATCGACGTCCG-3" (antisense), and
for the unmethylated reaction they were 5'-AGG-
GGATGTAGTGAAATTGGGGTTT-3" and 5'-
ATCACAACCCCAAACATCAACATCCA-3' (anti-
sense). PCR products were loaded directly onto
nondenaturing 2.5-15% polyacrylamide gels and
stained with ethidium bromide.

Mutations of the 7P53 genes were detected by
our standard protocol (Abo et al., 1993).

PB-MNCs obtained after the third relapse were
cultured, and proliferation was noted 3 weeks after
the start of culture. The established cell line, des-
ignated YSK-21 (Fig. 2A), has now been main-
tained continuously for more than 3 years. Table 1
summarizes the cell surface markers of the original
leukemic cells at the third relapse and YSK-21
cells. YSK-21 cells are positive for CD7, CD13,
CD33, CD34, and HLLA-DR. YSK-21 cells have a
doubling time of approximately 48 hr. Addition of
rhG-CSF, rthGM-CSF, or rhlILL-3 at a concentration
of 10 ng/ml stimulated the growth of YSK-21 cells
approximately threefold after 8 days of culture,

although they did not proliferate well with rhIL6 or
rh'TPO (data not shown). The cytokine depen-
dency of YSK-21 cells has not changed from the
time of establishment.

At establishment of the cell line, YSK-21 cells
had two karyotypes, i.e., 45,X,-Y,der(1)t(1;17)(p36;
q21),1(8;21)(q22;q22) in 16 cells and 45,idem,
der(21)t(1;21)(q31;p11) in four cells (Table 2). Af-
ter YSK-21 cells were cultured for 1 year, the major
clone had the der(21)t(1;21)(q31;p11) (Fig. 1A).

The original leukemic cells and YSK-21 had the
specific 145-bp PCR product of chimeric AML1/
MTGS mRNA of «(8;21)(q22;q22) (Fig. 1B).

We also subjected the metaphase cells to whole
chromosome 1 painting and SKY. The chromo-
some 1-specific DNA painted the distal part of the
short arm of der(21), while the distal part of the
short arm of der(1) was not painted (Fig. 2B). SKY
revealed that the distal part of the short arm of
chromosome 17 was translocated to the distal part
of the short arm of der(1) (Fig. 2C). SKY and
chromosome 1 painting also revealed formation of
the complex der(21). Thus, FISH and SKY analysis
in conjunction with G-banding analysis revealed
that the final karyotype of YSK-21 was 45,X,-
Y,der(1)t(1;17)(p36;q21), ©(8;21)(q22;q22), der(21)t(1;
21)(q31;p11).

For molecular characterization of the der(1) ab-
normality, the 7P73 gene was analyzed to elucidate
its status in YSK-21 cells.

High-molecular-weight DNA  was analyzed.
DNA fragments cut with Hind 111 revealed normal
hybridization patterns with one-half or less density,
as shown in Figure 3A. Using the C/T polymor-
phism of exon 2 for allele-specific analysis, the
original leukemic cells at onset had both alleles
with two types of Szl polymorphic site, while loss
of the A/T allele was shown in the YSK-21 clone
having the der(1) (Fig. 3B). A methylation study of
the 7P73 5'CpG island by MSP showed that one
C/G allele was partially methylated and demethyl-
ated (Fig. 3C). All these molecular data revealed
that one 7P73 allele was lost and another allele was
partially demethylated in the YSK-21 clone having
the der(1) chromosome. RT-PCR analysis detected
the 7P73 transcripts (Fig. 3D). No mutation was
detected in the DNA-binding domain of the 7P73
transcript (data not shown). Figure 3E illustrates a
TP53 mutation in codon 288 (A—'T") of the final
clone of YSK-21 cells. No point mutations were
detected in codons 12, 13, and 61 of the RASN gene
(data not shown).

Balanced translocations of chromosomes are
common mechanisms of leukemogenesis (Mitel-
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TABLE 2. Summary of Sequential Cytogenetic Analysis and TP73 and TP53 Mutations of Leukemic Cells From the Patient

One-allelle
deletion and One-allele
mutation of deletion of
Number of the other the TP73
Disease state Karyotype metaphase cells TP53 gene gene
Onset 45,X,—Y,t(8;21)(q22;922) 20/20 cells Normal Normal
First relapse 45,X,—Y,t(8;21)(q22;q22) 20720 cells ND ND
Second relapse 45,X,—Y,t(8;21)(q22;922) 20/20 cells ND ND
Third relapse 45,X,—Y,der(l)(p36;q921), t(8;21)(q22;q22) 20/20 cells Normal One-allele
deletion
Cell line at 45,X,—Y,der(l)(p36;q21), t(8;21)(q22;q22) 16/20 cells ND ND
establishment 45,X,—Y,der(1)(p36;q21), t(8;21)(q22;q22),der(21) 4/20 cells
t(1;21)(q31;pl 1)
| year after 45,X,—Y,der(l)(p36;921), t(8;21)(q22;q22),der(21) 20/20 cells Point mutation One-allele
establishment t(1;21)(q31;pl 1) at codon deletion
288
ND; not done.
Figure |. Karyotype of YSK-21 cells and RT-PCR product of AMLI/MTGS8. A: 45X,-Y,der(l)(p36;

q21),6(8;21)(922;922),der(21)t(1;21)(q31;p ! I). B: RT-PCR product of total RNA from YSK-21 cells. Lanes
N; from normal lymphocytes. Lanes P; from original leukemic cells. Lanes YSK; from YSK-21 cells. Lane M;
molecular marker of Hincll-digested dx DNA. The horizontal bar on the left indicates the RT-PCR product
of the MTG8 transcript as an internal control. The arrowhead on the right indicates AMLI/MTGS.

man et al., 1997). The t(8;21)(q22;q22) is one of the
most common AML chromosomal aberrations with
a single structural abnormality. Clinically, patients
with AML having t(8;21) are known to show a good
response to combined chemotherapy (Trujillo et
al., 1979). The present case responded well to the
first induction chemotherapy. There was no cyto-
genetic evolution or mutation of the RASN and
TP53 genes at the first and second relapses. How-
ever, cytogenetic evolution of der(1) chromosome
occurred at the third relapse. After acquisition of

der(1) at the third relapse, the leukemic cells be-
came more refractory to chemotherapy. A balanced
t(1;17) (p36;q21) is a structural abnormality some-
times seen in AML and malignant lymphoma
(Mitelman et al., 1997). However, the der(1) chro-
mosome in the present case is a unique unbalanced
translocation between chromosomes 1 and 17. This
unbalanced translocation caused a deletion of one
allele in the 7P73 gene of the recurrent leukemic
cells. The other allele of the 7P73 gene was par-
tially demethylated, and a small amount of 7P73
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Figure 2. Morphology (A), FISH (B), and SKY (C) analyses of
YSK-21 cells. A: YSK-21 cells at establishment. Wright-Giemsa staining.
Magnification X 1,000. B: Metaphase cells after FISH with chromosome
|-specific (green) library DNAs. The short arm of der(21), der(l), and
normal chromosome | were painted green. The short arm of der(l)

transcript was detected by RT-PCR (Fig. 3D). Par-
tial methylation of one allele of the 7P73 gene is an
abnormal methylation status in normal blood cells
(Jost et al., 1997). HLL60 cells and U937 cells were
reported to be predominantly methylated and fully
methylated, respectively (Corn et al., 1999). Lower
expression from one allele, which was partially
methylated, may be one cause of the higher viabil-
ity of YSK-21 cells.

‘I'P73 protein has structural and functional sim-
ilarity to 'T'P53, including the ability to promote
apoptosis when overexpressed in vitro and to up-
regulate 7P53-responsive genes involved in cell-
cycle control, such as CDKNI1A (Jost et al., 1997).
Thus, a one-allele deletion in the 7P73 gene may
influence the cell viability, as it does in 7P53.

Both 7P53 and 7P73 are induced by cisplatin
(Gong et al., 1999). Because TP53 and TP73 are
regulated by parallel pathways that are indepen-
dently regulated (Levrero et al., 1999), the final
clone of YSK-21 with both aberrant TP53 and
"I'P73 might acquire a greater growth advantage by

was not stained. C: SKY of YSK-21 metaphase cells. Translocations of
chromosome 17 material to the short arm of chromosome | and the
long arm of chromosome | to the short arm of chromosome 21, which
were not detectable by G-banding analysis, t(8;21) were detected.

blocking these parallel pathways of tumor suppres-
sion and apoptosis.

The clone characterized by a complex rearrange-
ment involving the der(21) chromosome became
the final major clone. This translocation was an
unbalanced translocation like the der(1), which
may endow YSK-21 cells with a growth advantage.
The surface of established YSK-21 cells became
positive for CD7, although the original leukemic
cells at third relapse were negative for CD7 (Table
1). We cannot explain why cells became positive
for CD7.

To our knowledge, this is the first report of a
leukemia cell line with AMLI/MTGS, aberrant
T'P53, and aberrant 'TP73. The YSK-21 cells may
be a useful tool for studying the pathophysiological
mechanisms of apoptosis through the TP53 and
I'P73 signal pathways.
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Figure 3. Characterization of the TP73 gene and mutation of the
TP53 gene. A: Southern analysis using a TP73 cDNA probe. Genomic
DNA was digested with Hindlll and separated on |.2% agarose gel. After
blotting, the membrane was probed with a TP73 cDNA probe. Lane |:
normal MNC-BM; Lane 2: original leukemic cells at onset; Lane 3:
original leukemic cells at third relapse; Lane 4: YSK-21 cells. Arrow-
heads indicate the genomic TP73 bands (2.1 and 5.0 kb, respectively).
The horizontal bar in the lower panel shows |.7-kb Hindlll-digested bcr
bands of the bcr gene as an internal control (Inokuchi et al., 1991). The
horizontal bars in the upper panel indicate DNA weight markers of
ADNA digested with Hindlll (23.1, 9.4, 6.6, 2.3, and 2.0 kb, respectively).
B: One-allele deletion in TP73 gene of YSK-2I cells. PCR was per-
formed for 35 cycles, consisting of 20 seconds at 95°C (denaturation),
15 seconds at 60°C (annealing), and 30 seconds at 72°C (extension). Sty
| polymorphism, detected by agarose gel electrophoresis of Sty I-di-
gested genomic PCR products, was lost in the YSK-21 cells. Lanes N:
DNA from normal healthy BM cells; Lanes HL60: DNA from HL60 cells;
Lanes P: DNA from original cells at onset; Lanes YSK21: DNA from
YSK-21 cells; Lane M: marker of Hae lll-digested ¢px DNA (271, 234,
194 and |18 bp, respectively). + lanes indicate the presence of Styl-
digested genomic PCR products (157 and 72 bp indicated by white
arrows). — lanes indicate nondigested lanes (229 bp; arrow head),
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Abnormality of c-kit oncoprotein in certain patients with chronic myelogenous

leukemia - potential clinical significance

K Inokuchi, H Yamaguchi, M Tarusawa, M Futaki, H Hanawa, S Tanosaki and K Dan

Division of Hematology, Department of Internal Medicine, Nippon Medical School, Tokyo, Japan

Chronic myelogenous leukemia (CML) is characterized by the
Philadelphia (Ph) chromosome and bcr/abl gene rearrangement
which occurs in pluripotent hematopoietic progenitor cells
expressing the c-kit receptor tyrosine kinase (KIT). To elucidate
the biological properties of KIT in CML leukemogenesis, we
performed analysis of alterations of the c-kit gene and func-
tional analysis of altered KIT proteins. Gene alterations in the
c-kit juxtamembrane domain of 80 CML cases were analyzed
by reverse transcriptase and polymerase chain reaction-single
strand conformation polymorphism (RT-PCR-SSCP). One case
had an abnormality at codon 564 (AAT—AAG, Asn—Lys), and
six cases had the same base abnormality at codon 541
(ATG—CTG, Met—Leu) in the juxtamembrane domain. Because
the change from Met to Leu at codon 541 was a conservative
one which was also observed in the normal population and nor-
mal tissues of CML patients, it probably represents a polymor-
phic variation. Although samples of hair roots and leukemic
cells from the chronic phase of one CML patient showed no
abnormality, an abnormality at codon 541 (ATG—CTG,
Met—Leu) was found only at blastic crisis (BC) of this case. In
the case with the abnormality at codon 564, the mutation was
detected only in a sample of leukemic cells collected at BC. To
examine the biological consequence and biological signifi-
cance of these abnormalities, murine KIT->% and KITK55®
expression vectors were introduced into interleukin-3 (IL-3)-
dependent murine Ba/F3 cells to study their state of tyrosine
phosphorylation and their growth rate. Ba/F3 cells expressing
KITWT, KIT*%*° and KITX%¢* showed dose-dependent tyrosine
phosphorylation after treatment with increasing concentrations
of recombinant mouse stem cell factor (rmSCF). The cells
expressing KIT"54° and KIT*5¢® were found to have greater tyro-
sine phosphorylation than cells expressing KIT"T at 0.1 and 1.0
ng/ml of rmSCF. The Ba/F3 cells expressing KITX¢? proliferated
in response to 0.1 and 1.0 ng/ml of rmSCF as well as IL-3. The
Ba/F3 cells expressing KIT-5*° showed a relatively higher pro-
liferative response to 0.1 ng/ml of rmSCF than the response of
cells expressing KITWT. These mutations and in vitro functional
analyses raise the possibility that the KIT abnormalities influ-
ence the white blood cell counts (P < 0.05) and survival (P <
0.04) of CML patients.

Leukemia (2002) 16, 170-177. DOI: 10.1038/sj/leu/2402341
Keywords: c-kit; CML; Ba/F3; WBC

Introduction

Philadelphia (Ph) chromosome is the cytogenetic hallmark of
chronic myelogenous leukemia (CML) and is found in up to
95% of CML patients." The demonstration of bcr/abl mRNA
is accepted as a reliable diagnostic marker for CML, and in
some cases this evidence is more reliable than the Ph chromo-
some.? The clinical signs and hematological findings probably
depend partly on the presence of P210BRABL which plays a
central role in the pathogenesis of the chronic phase of CML.?
According to the breakpoint site of the bcr gene in most CML
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patients, there are two bcr/abl mRNAs for P210BCRABL  one
with and one without exon b3 (b3-a2 type and b2-a2 type).*
In a smaller number of CML patients, there are two other types
of bcr/abl mRNAs based on the breakpoint positions of the
ber gene, ie m-ber and u-ber for P190BCRABL and P230BCR/ABL
respectively.>® Extensive studies have been performed on the
subtypes of the bcr/abl gene and their relation to the prognosis
and clinical features.”® The established findings regarding the
influence of the subtype of the ber/abl gene (b3-a2 or b2-a2)
on the clinical characteristics have been similar for each sub-
type, except for a higher platelet count in patients with the
b3-a2 type.*? P190BCRABL in CML may be associated with
monocytosis, and P2308RABL may be associated with the
chronic neutrophilic leukemia variant and marked throm-
bocytosis.®'® Other molecular factors which might control the
clinical features and hematological characteristics remain
unclear.

Recently, the stem cell factor (SCF) c-kit signal system
(KIT/SCF) has been shown to play a crucial role in hematopo-
iesis."” The c-kit receptor tyrosine kinase (KIT) is expressed on
progenitor stem cells as well as mast cells. SCF synergizes in
vitro with other cytokines to increase the number and size of
colonies of hematopoietic progenitors.'> Thus, we speculated
that the KIT/SCF system possibly controls the hematological
characteristics of CML.

The present study was designed to investigate the mutations
of the c-kit gene and the relationship between the in vitro
function of mutant c-kit and the biological features of CML
patients.

Materials and methods
Patients

We studied 116 bone marrow (BM) or peripheral blood (PB)
samples obtained from 80 patients with CML in various clini-
cal phases: 65 in chronic phase (CP), seven in accelerated
phase (AP), and 44 in blastic crisis (BC). The diagnosis of CML
was made on the basis of clinical features, hematological data
and Ph chromosome. In 34 patients, both cytogenetic and
molecular analyses were performed in more than two phases,
ie CP and BC (30 patients), CP and AP (two patients), and CP,
AP and BC (two patients). Sixty-eight normal BM or PB
samples were obtained to study mutation and polymorphism
of the c-kit gene. These samples were obtained with the
patients” and normal volunteers’ informed consent.

Cells

Ba/F3,"* a murine IL-3-dependent pro-B lymphoid cell line,
was cultured in RPMI 1640 medium supplemented with 10%
fetal calf serum (FCS) and 10% WEHI-3 cell conditioned
medium.
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Extraction of RNA and DNA

The total RNA of BM or PB leukocytes was extracted with an
RNAzol kit (Biotex Laboratories, Houston, TX, USA), which
was based on a technique described previously.' The total
cellular DNA was extracted from BM and PB cells by protease
K digestion, phenol-chloroform extraction and ethanol
precipitation.

RT-PCR of c-kit mRNA

RT-PCR was performed as described elsewhere.'® The sense
primers were: kit560-1, 5'-CTGTTCACTCCTTTGCTGAT-3’
(residues 1582-1601); kit560-2, 5'-TTCGTAATCGT
AGCTGGCAT-3"  (residues 1605-1624); kit816-1, 5'-
ATCATGGAGGATGACGAGTTG-3" (residues 2287-2306);
and kit816-2, 5'-CTAGACTTAGAAGACTTGCT-3' (residues
2310-2329). The antisense primers were: kit560-3, 5'-
CATGTGATTACCAAGGTAA-3’ (residues 1955-1974);
kit560-4,  5'-GCTCCAAGTAGATTCACAAT-3"  (residues
1978-1997); kit816-3, 5'-ATTTCAGCAGGTGCGTGTTC-3’
(residues 2698-2717); and kit816-4, 5'-TTTTTA
GGGGATCTGCATCC-3’ (residues 2742-2761). Complemen-
tary DNA was synthesized from 500 ng of total cellular RNA
extracted from cells using 100 ng of primer kit560—4 for analy-
sis of the sequence in the juxtamembrane domain or kit816—
4 for analysis of the phosphotransferase domain. Briefly, RT
reaction mixture contained 32 U of avian myeloblastosis virus
(AMV) RT (Takara Biochemicals, Shiga, Japan) in 25 ul of a
solution containing 200 umol/l each of all four dNTPs, 80 U
of RNase inhibitor, 50 mmol/l Tris-HCI (pH 8.3), 75 mmol/I
KCI, 10 mmol/I dithiothreitol and 3 mmol/l MgCl,. The reac-
tion was allowed to proceed for 60 min at 37°C, and the reac-
tion mixture was used as the PCR substrate. A 35-cycle PCR
reaction was performed in a DNA Thermal Cycler with slight
modification of our original protocol.* Briefly, 25 ul of the RT
reaction solution was mixed with a mixture containing 250
umol/l of each of all four ANTPs, 100 ng of 5'-primer ST1, 10
mmol/l Tris-HCI (pH 8.3) , 50 mmol/l KCI, 3 U of Tag DNA
polymerase (Takara Biochemicals) and 100 ng of primers
kit560-1 and kit560—4 or primers kit816-1 and kit816-4. The
reaction conditions and cycle number were the same as those
described above. A second PCR was performed for direct
sequencing. Primers kit560-2 and kit560-3 or primers kit816—
2 and kit816-3 were used to amplify the first PCR products,
whereas primers SC3 and ASC3 were used for the 3’-fragment.

Single-stranded conformation polymorphism (SSCP)
gel analysis

Detection of c-kit mutations was performed by SSCP gel
analysis. The 5’-ends of primers (100 pmol) were labeled with
y->2P-ATP (3000 Ci/mmol) and polynucleotide (5 U, Boehr-
inger-Mannheim; Mannheim, Germany) in 10 ul of 50 mm
Tris-HCI, pH 8.3, 10 mm MgCl, and 5 mm DTT at 37°C for
30 min. The PCR mixture contained 10 pmol of each of the
labeled primers, 2 nmol each of the four deoxynucleotides,
0.1 g of sample cDNA or DNA, and 0.25 U of Taq poly-
merase in 10 ul of the buffer provided in the GeneAmp kit.
The PCR products were mixed with 10 volumes of a loading
buffer containing 95% formamide, 20 mm EDTA, 0.05%
bromphenol blue and 0.05% xylene cyanol, denatured at
94°C for 5 min, quenched on ice and applied (1 ul/lane) to
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a 10% polyacrylamide gel containing 90 mm Tris-borate, pH
8.3, 4 mm EDTA, and 10% glycerol. Electrophoresis was per-
formed at 40 W for 3 h at 18° with cooling using a water
jacket. The gel was dried on a filter paper and exposed to
X-ray film at —80° for 1-24 h with an intensifying screen.

Sequence analysis of the c-kit gene

After the RT-PCR products were separated on 2% agarose gels
and stained with ethidium bromide, the amplified fragment
was excised from the gel, electroeluted, purified with phenol
and precipitated with ethanol. The fragments were subcloned
into the EcoRV site of the pGEM-5Zf(+/-) cloning vector.'® The
transfected cells were plated on to Luria-Beriani (LB)-ampicil-
lin agar plates containing 5-bromo-4-chloro-3-indolyl-B-D-
galactoside (X-Gal), isotransferred to fresh LB-ampicillin agar
plates containing X-Gal and isopropylthio-B-D-galactoside,
and cultured overnight for secondary selection. White colon-
ies were transferred into 150 ml of LB medium containing 50
mg/ml ampicillin and cultured at 37°C for 4 h. The cultures
were sedimented by centrifugation, resuspended in 20 ml of
water and heated at 98°C for 10 min. After centrifugation, the
supernatants were amplified by PCR using the T7 or SP6
primer. Three to five clones of the three independent PCR pro-
ducts were sequenced using a Model 377 ABI sequencer with
dye terminators (Perkin EImer, Warrington, UK). All sequences
were confirmed in both orientations. A mutation was defined
as when three or more clones showed the same abnormality
of the base sequence.

Site-directed mutagenesis and transfection

To examine for functional abnormality of c-kit mutations in
activation of c-kit tyrosine kinase activity, site-directed
mutagenesis was performed using murine c-kit ¢cDNA as
described by Furitsu et al.'” The genes encoding murine wild-
type c-kit and c-kit c-DNA with a mutation at codon 814
(GAC—GTC) in the Xbal site of the expression vector, pEF-
BOS, were used as wild and mutant controls.' These two c-
kit expression vectors were kindly provided by Prof Y Kana-
kura (Osaka University, Osaka, Japan). To generate genes con-
taining L-540, two oligonucleotide sets of 5-GCAT-
TATTGTGCTGATTCTGACCTACAAAT-3"  and 3’-CAGAA
TCAGCACAATAATGCACATCATGCC-5" were synthesized,
annealed to the template and extended. To generate genes
containing K-563, two oligonucleotide sets of 5'-GAGGAGA
TAAGTGGAAACAATTATGTTTAC-3" and 3'-ATTGTTTCC
ACTTATCTCCTCAACAACCTTCC A-5" were synthesized,
annealed to the template and extended, according to the
instructions accompanying the ExSite PCR-Based Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). Fif-
teen temperature-cycles of PCR were performed to extend and
incorporate mutation primers by Pfu Turbo DNA polymerase,
resulting in formation of mutated circular strands. Methylated
parental DNA template was digested with 10 U of Dpl. The
mutated double-stranded plasmid was transformed into XL1-
Blue E. coli cells to expand the plasmid after repairing the
nicks with T4 DNA ligase. The c-kit cDNA and expression
vectors were sequenced to confirm the mutations and absence
of artifact abnormalities.

The expression vectors containing wild-type and mutated c-
kit cDNA (10 ug) were transfected by electroporation into 5
x 107 Ba/F3 cells with pSV2Neo (0.2 ug), which encodes and
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expresses the neomycin-resistant protein. The Ba/F3 cells were
cultured in RPMI 1640 containing 10% FCS 600 pg/ml G418
(Calbiochem-Novabiochem, San Diego, CA, USA) and 10%
WEHI-3 cell-conditioned medium. After selection with G418
and limiting dilution of the cells, expression of KIT was
confirmed by flow cytometry.

Flow cytometry

To detect cell surface expression of KIT, cells were incubated
with fluorescein isothiocyanate (FITC)-conjugated anti-KIT
(2B8 clone; PharMingen, San Diego, CA, USA) MoAb at 4°C
for 30 min and analyzed on a FACScan (Becton Dickinson,
Los Angeles, CA, USA)."®

Immune complex kinase assay

The procedures of immunoprecipitation, gel electrophoresis
and immunoblotting were performed according to the
methods described previously.' The cells were washed with
PBS and lysed in 500 wl of RIPA buffer (50 mm Tris-HCI, pH
7.5, 150 mm NaCl, 5 mm EDTA, 1% NP-40, 0.5% deoxychol-
ate, and 0.1% SDS with protease inhibitors (1 mm PMSF, 50
pg/ml of antipain, 5 ug/ml of aprotinin, and 2 ug/ml of
leupeptin)). Cell debris was removed by centrifugation. The
supernatant was precleared by incubation with protein-G
Sepharose (Pharmacia, Uppsala, Sweden) on ice for 30 min.
The precleared lysates were incubated with anti-mouse c-kit
MoAb, 2B8 (PharMingen) for 1 h on ice and with Protein-
G Sepharose for 30 min on ice to collect antigen—antibody
complexes. The immunoprecipitates were washed three times
with NP-40 buffer (50 mm Tris, pH 8.0, 1.0% NP-40, 50 mm
NaCl) containing protease inhibitors. The proteins released
from the immunoprecipitates by Laemli’s sample buffer were
subsequently analyzed by electrophoresis on 5-25% SDS-
PAGE. The proteins were electrophoretically transferred from
the gel on to a nitrocellulose membrane. After the transfer, the
filter was blocked by incubation in 1% BSA/Tween-PBS (1.37
M NaCl, 27 mm KCl, 81 mm Na,HPO,, 15 mm KH,PO,, 1%
Tween-20, 1% BSA). Immunoblotting was performed with an
antiphosphotyrosine MoAb (Py20; PharMingen) or anti-c-kit
antibody, and detected with HRP-conjugated goat anti-mouse
IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). All
immunoprecipitates were detected with HPR-conjugated goat
anti-mouse 1gG and visualized by autoradiography.

Semiquantification of the photographic signals was perfor-
med using an MCID image analysis system (Imaging Research,
St Catherines, Ontario, Canada). The entire width of the lane
was analyzed with appropriate background subtraction. All
bands in one photograph were analyzed together. The relative
intensity was defined as the ratio of the KIT phosphorylation
signals to KITV®'* signals at 15 min incubation.

Cell proliferation assay

Proliferation of cells was quantified by *H-thymidine incor-
poration. Briefly, the cells were washed twice with IMDM
medium, and triplicate aliquots of cells (5 x 10%) suspended
in 200 pl of Cosmedium-001 (Cosmo Bio Co., Tokyo, Japan)
were cultured in 96-well microtiter plates for 72 h at 37°C in
the presence of various concentrations of rmlL-3 or rmSCF,
provided by Kirin Brewery Company, Ltd. At 72 h after

Leukemia

Figure 1 RT-PCR-SSCP analysis and sequencing of the cloned RT-
PCR products of the c-kit gene of the CML cases detected abnormali-
ties. (@) and (b) show the RT-PCR-SSCP and sequence of the RT-PCR
products of case 1. (c) and (d) show the RT-PCR-SSCP and sequence
of the RT-PCR products of case 2. (a) Lane 1: RT-PCR product of RNA
sample from chronic phase; lane 2: RT-PCR product of blastic crisis;
lane 3: RT-PCR product of hair root; lane 4: RT-PCR product of skin.
The arrow indicates an abnormal band. (b) Sequence of the cloned
RT-PCR product of blastic crisis sample. The arrow indicates a one-
base change (codon 564, AAT—AAQG). (c) Lane 1: RT-PCR product of
RNA sample from chronic phase; lane 2: RT-PCR product of blastic
crisis; lane 3: RT-PCR product of hair root. The arrow indicates an
abnormal band. (d) Sequence of the cloned RT-PCR product of blastic
crisis sample. The arrow indicates a one-base change (codon 541,
ATG—CTQ).

initiation of the culture, 0.5 uCi *H-thymidine (specific
activity, 5 Ci/mmol; Amersham, Arlington Heights, IL, USA)
was added to each well. Five hours later, the cells were har-
vested with a semi-automatic cell harvester (Pharmacia), and
the incorporation of *H-thymidine was measured with a liquid
scintillation counter.

Determination of the type of bcr/abl mRNA

Reverse transcriptase-polymerase chain reaction analysis (RT-
PCR) for determination of the type of bcr/abl mRNA was car-
ried out as described previously.*'® Briefly, complementary
DNA (cDNA) was prepared from 250 ng of total RNA using
an antisense ABL cDNA primer. Primers bcr-1 and abl-1 were
used for PCR for p210 mRNA, whereas primers e-1 and abl-
1 were used for p190 mRNA. The PCR products were
electrophoresed through a 2.5% agarose gel, stained with
ethidium bromide, Southern-transferred and hybridized.

Table 1 Frequency of c-kit abnormality in CML patients and hem-
atologically healthy volunteers

Abnormality CML patients with
abnormality/total
CML patients

(positive rate)

Healthy volunteers
with abnormality/
Total hematologically
healthy volunteers
(positive rate)

Mutation at codon 564
Mutation at codon 541

1/80 (1.3%)
6/80 (7.5%)

0/68 (0%)
1/68 (1.5%)°

ap < 0.05 compared with 80-patient CML group.
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Statistical analysis

Statistical analysis was performed using the Statview (Brain
Power, Calabashes, CA, USA) software package for the Macin-
tosh personal computer. Comparisons of groups were ana-
lyzed using Fisher’s exact test for 2 x 2 tables. Values of P <
0.05 were considered significant.

Results
c-kit mutations in CML patients

Eighty CML cases were screened for mutations in the coding
region of the c-kit gene by RT-PCR-SSCP. Expression of the c-
kit gene was detected in all 80 CML patients by RT-PCR.
Seven cases showed aberrant bands on RT-PCR-SSCP gels.
Sequencing of the RT-PCR fragments which showed aberrant
bands on the RT-PCR-SSCP gels revealed one of the seven
cases had an abnormality at codon 564 (AAT—AAG,
Asn—Lys) in the juxtamembrane domain, while six cases had
an abnormality at codon 541 (ATG—CTG, Met—Leu) (Figure
1). These two base abnormalities were observed in cDNA
clones generated from three independent PCR products. Sixty-
eight normal BM aspirate samples were obtained from
hematologically healthy volunteers after obtaining informed
consent and used as normal controls. One of the 68 healthy
normal BM samples had the same migration pattern by SSCP
and the same alteration as that of our CML patients at codon
541 in which ATG was changed to CTG, resulting in a change
in the encoded amino acid from Met to Leu (Table 1). The
same codon 541 abnormality was detected in RNA samples
from skin and hair roots of cases 3, 4, 5 and 6 (Table 2).
Because the amino acid substitution was a conservative one
which was also observed in the normal population and nor-
mal tissues of the CML patients, it probably represents a poly-
morphic variation. Intriguingly, however, RNA samples from
the hair roots and leukemic cells at CP of case 2 were demon-
strated to have no abnormality, whereas this case showed the
same abnormality at codon 541 (ATG—CTG, Met—Leu) in
the leukemic cells at BC. Thus, we think the alteration of
codon 541, in which ATG was changed to CTG, occurred

Figure 2

during leukemic progression of case 2. In case 1, the abnor-
mality at codon 564 was detected only in an RNA sample
from leukemic cells at BC (Figure 1).

c-kit receptor tyrosine kinase

In order to determine the functional role of c-kit abnormalities
in ligand-independent activation of c-kit products, expression
vectors containing normal or mutated murine c-kit genes were
transfected into a murine IL-3-dependent cell line, Ba/F3 cells.

We used site-directed mutagenesis to construct two mutant
murine c-kitR expression vectors: c-kit“>®* coding for substi-
tution of Lys for Asn at codon 563, and c-kit=>*° coding for
substitution of Leu for Met at codon 540, which correspond to
Lys-564 and Leu-541 of abnormal human c-kitR, respectively.
These murine c-kit-expression vectors were co-transfected
into the Ba/F3 murine IL-3-dependent cell line with pSV,Neo,
which contains the neomycin resistance gene, by electropor-
ation. As a negative control, the pEF-BOS vector, without the
c-kit gene, was transfected into Ba/F3 cells. After selection in
a G418-containing medium for 2 weeks, surface expression
of KIT on the transfected cells was examined with DX2, an
anti-mouse c-kit MoAb. Flow cytometric analysis showed that,
although transfection of Ba/F3 cells with the pEF-BOS vector
alone resulted in no expression of KIT, Ba/F3 cells transfected
with pEF-BOS-KITWT, pEF-BOS-KITV®'4, pEF-BOS-KIT<53 or
pEF-BOS-KIT'4° showed abundant surface expression of
KITWT, KITV814 KITX563 or KITE>4° on their surface, respectively
(Figure 2a).

State of tyrosine phosphorylation of KIT®* or KIT->4°

To examine the state of KIT-tyrosyl phosphorylation in the
transfected Ba/F3 cells, the cells were deprived of serum and
growth factors for 12 h and then stimulated with 0.1, T or 100
ng/ml of rmSCF for 15 min. KIT was then immunoprecipitated
and assayed by immunoblotting with either antiphosphotyros-
ine MoAb or anti-c-kit MoAb. As shown in Figure 2b, when
wild-type or mutated c-kit genes were transfected into Ba/F3,
the c-kit gene products were synthesized in the cells as 145-

Flow cytometric analysis and tyrosine phosphorylation of Ba/F3Vetor, BaF3- KITWT, BaF3- KITV®'4, BaF3- KIT*°® and BaF3- KIT40,

(a) Flow cytometric analysis of the surface binding of a monoclonal anti-c-kit antibody to Ba/F3 cells transfected with pEF-BOS vector alone
(Vector), pEF-BOS-KITWT, pEF-BOS-KITV8'4, pEF-BOS-KITX53 or pEF-BOS-KIT4°. Cells were incubated with either FITC-conjugated negative-
control antibody (----) or 2B8 (——), washed and analyzed on a FACScan. (b) Tyrosine phosphorylation of KIT in Ba/F3 cells expressing KITWT,
KITVE4  KITK®3 and KIT*4°. KIT was immunoprecipitated with an anti-c-kit MoAb (2B3) from lysates of the indicated cells before and after
stimulation with rmSCF (0, 0.1, 1.0 or 100 ng/ml). The immunoprecipitates were separated by SDS-PAGE and then immunoblotted with antiphos-
photyrosine (anti-P-Tyr) MoAb (second to fifth rows). The immunoprecipitates of Ba/F3 cells were cultured with 0 ng/ml of SCF, divided into
two aliquots, separated by SDS-PAGE, and then immunoblotted with anti-c-kit (2B3) (first row). All immunoprecipitates were detected with

HPR-conjugated goat anti-mouse I1gG and visualized by autoradiography.
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and 125-kDa proteins, respectively. Immunoblotting with an
antiphosphotyrosine  MoAb  showed that increased
phosphotyrosine was observed in KITV®'# regardless of rmSCF
stimulation. In contrast, KITWT, KIT'>4° and KIT**®? were dose-
dependently phosphorylated on tyrosine after treatment with
increasing concentrations of rmSCF. KIT">4° and KIT*%* were
found to be more phosphorylated on tyrosine than KITWT at
0.1 and 1.0 ng/ml of rmSCF (Figure 2).

Repeated semi-quantification of immunoblots (Figure 3a)
and the time course for the induction using a narrower range
of concentrations between 0 and 1.0 ng/ml of rmSCF (Figure
3b) successfully showed dose-dependent activation of KIT->4°
and KIT**® as well as KITWT, although KITV*40 and KIT*%63
showed relatively higher efficiency than KITWT between 0.1
and 1.0 ng/ml of rmSCF (Figure 3).

a
KIT™ s
100 (= %
- :’::‘ﬂ% Bs ‘
£ s i e i u
£ ] kst bat] : Y
@B ] ) RESK S i R
o 60 K o] SR VRS
o} ke B A [
c B sk % o DA
£ R R KR | LR
® 40- b Bose 2K RSy
2 B 2 L
= i ] K
= s sgféa RS : / B
T 204 2 %oh Pl VR
« K B il
RS — 1 A B
5 kSR A A
T e E ce:  _9gr _Sg¢
= § £ 2 z § £ 8 z 5 v e ﬁ 22 SCF
0 0.1 1.0 100 SCE
100
EPKIT
&£ s | EPKT
< ZD KT
‘@
=
3
=
(]
2
k]
@
o
N
z - @ 5 a o -
SCF 38852 .25852 .33%8z2 .28852 vom
4] 5 10 15 minutes
Figure 3 Semiquantification of tyrosine-phosphorylation signals of

KIT in Ba/F3 cells expressing KITWT, KITV8'4 KITK5¢3 and KIT->40,

(a) Semiquantification of tyrosine-phosphorylation signals of KIT in
Ba/F3 cells expressing KITWT, KITV8'4, KIT*®* and KIT*° in Figure
2b. The representative data from three independent experiments are
shown with error bars. The relative intensities of tyrosine-phosphoryl-
ation signals of KIT in Ba/F3 cells expressing KITWT, KIT**¢3 and
KITt>40 compared with those of KITV8'* are given as the mean + s.d.
for three independent experiments. (b) Time course of tyrosine-phos-
phorylation signals of KIT in Ba/F3 cells expressing KITWT, KITV8'4,
KIT®%¢3 and KIT“*#°, Incubation times were 0, 5, 10 and 15 min. SCF
concentrations were six points between 0 and 1.0 ng/ml. Relative
intensities of tyrosine-phosphorylation signals of KIT in Ba/F3 cells
expressing KITWT, KIT<®3 and KIT">*® compared with those of KITV#'4
are given as the mean * s.d. for three independent experiments. Sig-
nificantly higher values were obtained for Ba/F3 cells expressing
KITKS63 or KIT4° compared with those expressing KITWT. *P <
0.05; **P < 0.01.
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KIT->40 and KIT®* modulation in IL-3-dependent
Ba/F3 growth

To determine if KIT->4° and KIT**®3 could modulate IL-3- or
SCF-dependent growth, Ba/F3 cells expressing KITVT, KITW814,
KITE40 or KIT<®3 were cultured in the presence of 0 to 100
ng/ml of rmIL-3 or 0 to 1000 ng/ml of rmSCF for 72 h, fol-
lowed by measurement of cell proliferation using *H-thymid-
ine uptake assay (Figure 4). It was demonstrated that rmlIL-3
induced dose-dependent proliferation  whereas rmSCF
induced no proliferation in the parental Ba/F3 or pEF-BOS-
transfected Ba/F3 cells. In addition to the proliferative
response to rmlL-3, Ba/F3 cells expressing KITWT, KIT*5¢3 and
KIT4% induced dose-dependent proliferation in response to
rmSCF over the range of 0.1 to 1000 ng/ml, indicating func-
tional expression of KITWT, KIT®®3 and KIT40, KITK*63
induced a higher proliferative response to 0, 0.1 and 1 ng/ml
of rmSCF than KITWT. The proliferative response to 0.1 ng/ml
of rmSCF by Ba/F3 cells expressing KIT'>#® was relatively
higher than the response by cells expressing KITW'. In con-
trast, Ba/F3 cells expressing KITV8'* proliferated even in the
absence of both rmIL-3 and rmSCF.

Clinical features of CML patients with c-kit
abnormality

Table 2 shows the relationships between the clinical data and
the molecular characteristics of the seven CML cases with a
c-kit abnormality. Three kinds of bcr/abl junctions, ie the b2-
a2 and b3-a2 types of major bcr breakpoint, and the minor
ber/abl type of minor ber breakpoint, are shown in Table 2.
One of the seven CML cases with c-kit gene alterations had
the b2-a2 type, while four had the b3-a2 type. Intriguingly,
two CML patients with a c-kit abnormality had the rare, minor
ber/abl type. Case 6 had extramedullary onset, and case 7
had received 5-FU medication for several years for esophageal
cancer. As shown in Table 2, the platelet counts of all seven
cases at diagnosis of CP were within or below the normal
range, regardless of the type of ber/abl junction. The platelet
counts of CML with 564%, 541“KIT were marginally lower
(P < 0.07, Table 3) than the counts of CML with wild-type
KIT (WTKIT). The WBC count at diagnosis of six mutated cases
was markedly higher than the other 73 cases of CML with
KITWT (P < 0.05, Table 3). The WBC count was relatively low
in case 2 with a normal c-kit gene in CP. The mean survival
duration of the seven CML patients with 564Y* or 541evKIT
was 45.9 months, while that of the CML patients without any
KIT abnormality was 69.6 months (Table 3). 564Y=KIT and
541KIT may be prognostic factors (P < 0.04), as shown in
Table 3.

Discussion

The interstitial cells of Cajal (ICCs) and hematopoietic stem
cells express both KIT and CD34. Gastrointestinal stromal
tumors (GISTs) may originate from the ICCs.?° CML may orig-
inate from hematopoietic stem cells that are double-positive
for KIT and CD34. High expression of c-kit has been demon-
strated on CD34* cells from chronic-phase CML patients.?®
Here, we successfully demonstrated that the juxtamembrane
domain mutant occurs in some CML cells which are double-
positive for KIT and CD34 as well as in ICCs. The juxtamem-
brane domain mutant is found in GISTs.?" The juxtamembrane
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Proliferation of Ba/F3 cells in response to various concentrations of rmSCF (left panel) and rmIL3 (right panel). Quadruplicate

aliquots of cells expressing KITWT, KITV8'4, KITK563 or KIT">4° were cultured with each factor, and cell proliferation was measured by *H-thymidine
incorporation assay. The results are shown as the mean = s.d. for three separate experiments. Wild, V814, L563 and L540 mean Ba/F3 cells
expressing KITWT, KITV8'4 KIT<563 and KIT"**°, respectively. Vector means Ba/F3 cells transfected with the pEF-BOS vector. Significantly higher
values were obtained for Ba/F3 cells expressing KIT¥5¢* or KIT">*® compared with those expressing KITWT. *P < 0.05; **P < 0.01.

Table 3 Summary of total CML patients of the two groups

CML with
c-kit mutation
(n=7)

CML with
WT c-kit
(n=73)

Mean age + s.d. (yr) 459+ 13.6
Male 4
Female 3
WBC (x10%/ul) 125+8.7
(n=6)
29.07 £10.1

446+165

40

33

7.0+5.8

(P < 0.05)°
69.8 +64.4
(P < 0.07)
69.6+22.4
(P < 0.04)

Platelet (x10%/ul)

Overall survival (months) 459+325

2Log rank P value.
bStudent’s t-test.
°Case 2 having WTKIT in CP was omitted.

domain mutant is also found in mast cell leukemia.?? The tyro-
sine kinase domain mutant occurs only in human and murine
mast cell leukemia, but the mechanism of tumorigenesis dif-
fers between the juxtamembrane domain mutant and the tyro-
sine kinase domain mutant. The former, the juxtamembrane
domain mutant, is constitutively dimerized and activated
without binding SCF, whereas the latter, the tyrosine kinase
domain mutant, is constitutively activated without forming
dimers.?* In GISTs, mutations are located within an 11-amino
acid stretch (Lys-550 to Val-560).2" The tyrosine kinase and
proliferation of Ba/F3 cells expressing these mutated KIT pro-
teins were constitutively activated without SCF.?' Another
report shows two major types of deletion mutations involving
codons 550-565 and codons 566-580, stretches which were
especially common in GISTs.?? In murine mastocytoma cells,
the mutation is deletion of a 7-amino acid stretch (Thr-573 to
His-579).2* Point mutations/polymorphism at codon 564 or
541 is within or near these stretches involved in GIST
mutations and deletion mutations of murine mastocytoma,
although these mutations resulted in these mutant KITs not
being constitutively activated. These in vitro biological differ-
ences may be partly due to differences in the mutation type,
such as deletions of many nucleotides or one nucleotide
mutation.

Leukemia

The 541'“KIT mutation may be one of polymorphism,
since it is found even in normal healthy people. In our CML
patients, however, the frequency of the 541 KIT polymor-
phism was relatively more common compared with in normal
individuals (Table 1). This higher frequency in CML was partly
due to a newly occurring mutation at BC, such as in case 2.

The Ba/F3-cell proliferation-inducing activity of KIT-*® was
the same as that of KITWT, Tyrosine kinase activation of KIT->4°
was slightly higher than that of KITWT in medium containing
0.1 ng/ml of SCF. The tyrosine kinase activation and Ba/F3-
cell proliferation activities of KIT**®* were relatively higher
than those of wild-type KIT in medium containing between
0.1 and 1.0 ng/ml of SCF. Based on these in vitro data on
tyrosine kinase activation and proliferation activities, KIT->4°
and KIT**®3 do not have exactly the same function as KITWT.
Unlike KITWT, KIT4° and KIT**®* may cause very low levels
of spontaneous tyrosine kinase activation and cell prolifer-
ation even without SCF, as shown in Figures 3 and 4. These
findings may indicate that 541-“KIT does not fall within the
category of polymorphism. This is because the KIT abnor-
mality of these cases was more common (8.8%) than in the
normal healthy cases (1.5%; P < 0.05).

We speculate that these tiny differences in in vitro function
may influence the clinical phenotype of CML. Recently, an
internal tandem duplication (ITD) of the juxtamembrane (JM)
domain-coding sequence of the FLT3 gene in acute myeloid
leukemia patients was found to lead to leukocytosis and
shorter survival.?® The KIT and FLT3 proteins are members of
the class Ill receptor tyrosine kinase family.?® The ITD mutant
of FLT3 is constitutively dimerized and autophosphorylated
on tyrosine residues.?” The KIT">#° and KIT**3 abnormalities
of JM may be more easily dimerized and autophosphorylated
than KITWT between 0 and 1.0 ng/ml SCF. This phenomenon
may result in a tiny change in the structure of the KIT molecule
which causes CML cells to undergo greater proliferation and
culminates in shorter survival of CML patients.

Overall, the present analysis found that these c-kit
mutations do not greatly affect the pathogenesis of CML,
although the presence of these mutations resulted in clinical
heterogeneity of the blood and a poorer prognosis for CML
patients bearing a mutation vs CML patients with normal c-kit.
The poor prognosis is probably due to the higher proliferation-
inducing activities of 564Y, 541euKIT than WTKIT between
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0 and 1.0 ng/ml SCF. The serum SCF concentration in our
CML patients was between 0.5 and 1.5 ng/ml (preliminary
data). Thus, CML blasts exposed to SCF concentrations
between 0.5 and 1.5 ng/ml possibly undergo greater phos-
phorylation and proliferation.

Although our findings do not fully explain the mechanisms
by which 564, 541t KIT lead to clinical heterogeneity of
CML, a small functional difference from KITWT is thought to be
one cause of differences in the prognosis and the phenotype of
leukocytosis in CML.
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ABSTRACT

Purpose: Expression of the deleted in colorectal carci-
noma (DCC) gene has been found to be lost in some patients
with acute myelogenous leukemia (AML). Although this
finding is critical to leukemogenesis, its prognostic signifi-
cance remains uncertain. To evaluate this, loss of DCC gene
expression in AML patients and their prognostic signifi-
cance were investigated.

Experimental Design: A group of 170 patients with
AML was analyzed. DCC gene expression in AML cells was
determined by a semiquantitative reverse transcriptase-
PCR. Simultaneous mutation analyses of the p53, N-ras, and
FLT3 genes were performed in all of the AML cells by
single-strand conformation polymorphism and sequencing
subsequent to PCR. The importance of loss of DCC expres-
sion was evaluated by Cox proportional analysis and the
Kaplan-Meier method.

Results: Loss of DCC expression was detected in 47
patients (27.6%). The p53, N-ras, and FLT3 mutations were
detected in 20 (11.7%), 42 (24.7%), and 26 (15.2%) patients,
respectively. The durations of overall survival (OS) and
complete remission (CR) of the 47 DCC-negative AML pa-
tients were significantly shorter than that of the 123 DCC-
positive patients (P < 0.0045 and <0.0060, respectively).
Univariate and multivariate analyses showed that loss of
DCC expression was an unfavorable prognostic factor for
both OS (P < 0.0053 and <0.0084, respectively) and CR
duration (P < 0.0146 and <0.0371, respectively). The 64
DCC-positive patients with wild p53, N-ras, and FLT3 had
statistically better CR attainment compared with the other
106 patients (P < 0.0001).

Conclusions: Loss of DCC gene expression was shown to
be an independent prognostic factor in AML patients. Thus,
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loss of DCC gene expression might serve as an important
molecular marker for predicting the CR duration and OS of
patients with AML.

INTRODUCTION

Carcinogenesis is a multistep process in which accumula-
tion of additional genomic alterations drives tumor progression
(1, 2). Nonrandom chromosomal loss or deletion suggests that
antioncogenes are also involved in AML? (3, 4). Mutations of
the p53 gene have been observed in AML, although the inci-
dence of these events is lower than in solid tumors (5). Muta-
tions of the N-ras gene are also associated with the pathogenesis
of AML. N-ras gene mutations are found in 20-30% of AML
patients (6, 7). An internal TD of exons 11 and 12 and mutation
of aspartic acid at codon 835 (Asp835) in the FLT3 gene are
sometimes involved (in ~20% of AML patients; Ref. 8). The
mutant N-ras and FLT3 are ligand independently phosphoryl-
ated and play an important role in the proliferation of leukemia
cells (9).

The DCC gene, which is deleted in colorectal cancer, has
been identified as a possible tumor suppressor gene (10). DCC
gene expression has been found to be lost in some patients with
acute leukemias or myelodysplastic syndromes (11, 12). Al-
though these findings suggest that a loss of DCC expression is
critical to leukemogenesis, the DCC function that may mediate
tumor suppression remains unclear (13). Recently, the DCC
protein was found to transduce signals, resulting in activation of
caspases (14) and inhibition of cdkl (15). These observation
suggest that DCC protein product may suppress carcinogenesis.

To evaluate the role of the DCC gene in leukemias, we
studied the expression of the DCC gene in AML using the
RT-PCR and investigated its PS in relation to the duration of CR
or the survival time. Because p53 mutations, as well as N-ras
and FLT3 activation, have been detected in many AML patients
and may influence the CR duration and survival time (9, 16, 17),
simultaneous mutation analyses of the p53, N-ras, and FLT3
genes, as well as cytogenetic analysis, were performed for all of
the AML patients. The present study is the first report about
simultaneous analyses of these genes.

PATIENTS AND METHODS

Patients.  After obtaining informed consent, 170 patients
with AML, who were classified by the FAB criteria into types
MO-M7 (MO: n = 15; Ml: n = 39; M2: n = 58; M3: n = 18;
M4: n = 23; M5: n = 12; M6: n = 3; M7: n = 2), were

2 The abbreviations used are: AML, acute myelogenous leukemia; TD,
tandem duplication; DCC, deleted in colorectal carcinoma; RT-PCR,
reverse transcriptase-PCR; PS, prognostic significance; FAB, French-
American-British; CR, complete remission; OS, overall survival; BMT,
bone marrow transplantation.
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evaluated. All these patients were untreated previously. None of
them had secondary AML for another neoplasm. The 170 pa-
tients comprised 112 men and 58 women. The median age was
57 years (range, 15-79). The patients were treated at the Hos-
pital of Nippon Medical School from 1986 through 2000. The
induction regimens for AML patients comprised the same con-
ventional chemotherapy (BHAC-DMP regimen), consisting of
170 mg/m? behenoyl cytarabine, 70 mg/m? 6-mercaptopurine,
and 20 mg/m> prednisolone daily for 15 days and 25 mg/m>
daunorubicin on days 1, 2, 5, 6, and 9. Fifteen cases of MO AML
were treated with the same BHAC-DMP regimen with 1.4
mg/m? vincristine on days 1 and 8 of the therapy (18). Cases
aged =70 years were given a 70% dose of the same chemother-
apy regimen. Eighteen M3 patients were treated with 45 mg/m?
all-trans retinoic acid (19). After achieving CR, two courses of
consolidation chemotherapy and six courses of intensification
chemotherapy were administered. The duration of follow-up
was 0.1-118 months (mean 20.6 months).

CR was defined as <5% blasts in normo-cellular bone
marrow with normal levels of peripheral neutrophil and platelet
counts. OS was calculated from the 1st day of therapy to death.
CR duration for patients who achieved CR was measured from
the date of CR to relapse or death. Nine patients who underwent
BMT were censored at the date of BMT.

Analysis of DCC Expression by Semiquantitative RT-
PCR. After obtaining informed consent, we prepared total
RNA from the mononuclear cells of the bone marrow according
to our standard protocols (11). DCC expression was analyzed by
our standard RT-PCR protocol (11) and a semiquantitative
RT-PCR protocol, as described previously (20).

Briefly, mononuclear cells of the bone marrow, which
contains =90% leukemic cells, were obtained by Ficol-Hypaque
centrifugation (Lymphoprep, Neegard, Norway). The total RNA
of mononuclear cells was extracted with an RNAzol kit (Biotex
Laboratories, Inc., Houston, TX) or by the CsCl method. The
concentration of the RNA was determined by spectrophotome-
try, and semiquantitative RT-PCR was performed with slight
modification. RNA (500 ng) was reverse transcribed using ran-
dom 9-mer primer. Then the synthesized cDNA was subjected
to PCR analysis. PCR was performed with 10 pl of cDNA
reaction mixture by using 0.0125 A, ., units of each oligo-
nucleotide primer DCC1 and DCC2. These oligonucleotide
primers are the same ones used by Fearon et al. (11). PCRs of
35 cycles for DCC and 25 cycles for B—actin were performed,
consisting of 30 s at 94°C, 30 s at 55°C, and 1 min at 75°C.The
RT-PCR reactions for DCC and B-actin were done in a multi-
plex fashion. The PCR products (10 pl) were extracted with
phenol, precipitated with ethanol, and electrophoresed. The PCR
products were visualized directly in ethidium bromide-stained
gels and photographed (Fig. 1). The quality of the RNA and the
validity of the PCR amplifications were determined by RT-PCR
of B—actin. Semiquantification of the photographic signals was
performed using an MCID image analysis system (Imaging
Research, Inc., St. Catherines, Ontario, Canada; Ref. 20). The
entire width of the lane was analyzed with appropriate back-
ground subtraction. All bands in one photograph were analyzed
together. The relative intensity was defined as the ratio of the
DCC signal (233 bp) to that of B—actin (530 bp). As Fig. 1
shows, OIH-1 cells, (21) which show normal expression of the

Fig. 1 A, quantitation of DCC mRNA by RT-PCR assay. The total
RNA of OIH-1 cells was diluted with KML-1 RNA to the concentra-
tions indicated. The lanes represent KML-1 in OIH-1 at dilutions of
KML-1 alone (1), 50:1 (2), 20:1 (3), 10:1 (4), 5:1 (5), 2:1 (6), and OIH-1
alone (7). Lane M, molecular markers. B, RT-PCR assay of AML
samples. Lane 1, OIH-1 cells; Lane 2, KML-1 cells; Lanes 3, 6, 8, and
9, DCC-positive samples; Lanes 4, 5, and 7, DCC-negative samples.

DCC gene, and KML-1 cells, (22) in which DCC expression is
lost, were used to semiquantify the DCC mRNA.

A relative intensity of =10% for the DCC products com-
pared with that of B—actin was defined as negative DCC (i.e.,
loss of DCC expression). A relative intensity of =11% for the
DCC products compared with that of B—actin was defined as
positive DCC (i.e., normal DCC expression). The semiquanti-
tative RT-PCR was performed twice or three times for each
patients.

Analysis of N-ras Gene Mutations. DNA from mono-
nuclear cells of the bone marrow was prepared according to our
standard protocols (23). Mutations of the N-ras gene were
detected by our standard protocol as described previously
(23, 24).

Analysis of p53 Gene Mutations. Mutations of the p53
genes were detected by our standard protocol as described
previously (23).

Analysis of FLT3 Gene Mutations. The PCR reaction
was performed according to the procedure of Kiyoi er al. (25)
Genomic PCR for TD mutation was performed using the prim-
ers 11F (5'-GCAATTTAGGTATGAAAGCCAGC-3') and 12R
(5'-CTTTCAGCATTTTGACGGCAACC-3"). Genomic PCR
for Asp835 mutation was performed using the primers 17F
(5'-CCGCCAGGAACGTGCTTG-3') and 17R (5'-GCAGC-
CTCACATTGCCCC-3'; Ref. 26). The PCR mixture containing
500 ng of genomic DNA was incubated with 0.5 unit of Takara

Downloaded from clincancerres.aacrjournals.org on April 9, 2020. © 2002 American Association for Cancer
Research.

— 125 —



1884 Loss of DCC as a Prognostic Factor in AML

A B
Overall Survival CR duration
- pce 108, DG
p <.0045 p <.0060
80 {} a0 fi
'
g <
260 Beo fy
= e |y
k3 = S
240 LR IRY
® H
20 “ normal (=123}
20
. B —
0 20 40 60 80 100 120 0 20 40 60 80 100 120

months. months

Fig. 2 Kaplan-Meier analysis of OS (A) and CR duration (B) of the 170
patients according to DCC expression. CR duration and OS of AML
patients, classified as DCC negative and DCC positive.

Taq DNA polymerase (Takara, Shiga, Japan). Denaturing,
annealing, and extension steps were performed at 94°C for
30 s, 56°C for 1 min (for TD), or 59°C for 1 min (for Asp835)
and 72°C for 2 min, respectively, for 35 cycles, including an
initial 3-min denaturation step at 94°C and a final extension
step at 72°C for 10 min. The PCR products were visualized
directly in ethidium bromide-stained agarose gels and
photographed.

The sequences of abnormal-sized FLT3-TD products were
determined according to our original protocols (27). The PCR
products of abnormal size were cut out from an agarose gel and
purified. The fragments were subcloned into the Eco RV site of
pGEM-5Zf(+/—) cloning vector. The PCR products were se-
quenced using an ABI sequencer with dye terminators (Perkin-
Elmer, Warrington, United Kingdom). All sequences were con-
firmed by sequencing in both orientations.

The PCR products of FLT-Asp835 were digested with Eco
RV and subjected to electrophoresis on an agarose gel. If the
PCR products showed undigested band, the PCR products di-
rectly sequenced on a DNA sequencer (310; Applied Biosys-
tems, Foster City, CA) using a BigDye terminator cycle se-
quencing kit (Applied Biosystems).

Statistical Methods. OS was calculated from the 1st day
of therapy until death. Patients who underwent BMT were
excluded from the study on the date of the transplant.

The following patient characteristics before treatment were
analyzed: age, sex, FAB classification, peripheral WBC count,
cytogenetic findings, N-ras mutation, p53 mutation, FL73 mu-
tations, and DCC expression. Analysis of frequencies was per-
formed using Fisher’s exact test for 2 X 2 tables or Pearson’s ¢*
test for larger tables. Survival probabilities were estimated by
the Kaplan-Meier method, and differences in the survival dis-
tributions between the DCC-positive and DCC-negative groups
were tested with the Log-rank statistic (28). The PS of the study
variables was assessed using the Cox proportional hazards
model. These statistic analyses were performed with SAS
ver6.12 software (SAS Institute, Inc., Cary, NC). For all anal-
yses, the Ps were two tailed, and a P < 0.05 was considered
statistically significant.
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Fig. 3 Kaplan-Meier analysis of OS of the 170 patients according to
mutations of N-ras (A), p53 (B), FLT3-TD (C), and Asp835FLT3 (D),
respectively. OS of patients, classified as mutant and wild-type N-ras,
p53, FLT3-TD, and Asp835FLT3, respectively.

RESULTS

Loss of DCC Expression. We identified normal DCC
expression (DCC positive) in 123 patients (M0O: n = 10; M1:
n=27,M2:n =41, M3:n = 13; M4: n = 20; M5: n = 8; M6:
n =2; M7: n = 2) and loss of DCC expression (DCC negative)
in 47 patients (MO: n = 5; Ml:n = 13; M2: n = 17; M3: n =
5;Md:n =3, M5: n = 4, M6: n = 1; M7: n = 0). The
DCC-negative group comprised 16 women and 31 men. The
survival time and CR duration of the DCC-negative AML
patients were shorter than those of the DCC-positive patients,
and these differences were significant (P < 0.0045 and
<0.0060, respectively; Log-rank test), as shown in Fig. 2, A and B.

Analysis of N-ras, p53, and FLT3 Mutations. N-ras
gene mutation was detected in 42 (M0: n = 1; M1: n = 12; M2:
n=10;M3:n=2;Md:n =9, M5: n = 5, M6: n = 1; M7:
n = 1) of the 170 patients (24.7%). Mutations at codons 12, 13,
and 61 were observed in 28, 13, and 5 patients, respectively.
Nine of the 42 patients had multiple mutations at codon 12, and
1 had a multiple mutation at codon 13. Of the total N-ras gene
point mutations found in the 42 patients, a G to A transition was
the most frequent (32 of 51). A G to T transition was found less
often (8 of 39). We could not discriminate, here, whether one
leukemia sample contained multiple subclones of cells, each
with a different N-ras mutation, or whether >1 bp in the codon
was mutated in every cell of the malignant clone. No correlation
was found between N-ras mutation and the survival time (P <
0.488; Fig. 3A) or between N-ras mutation and the CR duration
(P < 0.314; Fig. 4A).
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and F), respectively. CR duration of patients, classified as mutant and
wild-type N-ras, p53 and FLT3-TD, and Asp835FLT3, respectively.

p53 gene mutations were detected in 20 (MO: n = 4; M1:
n=5M2:n=7,M3:n=0,Md:n=3;M5:n=1;M6: n =
0; M7: n = 0) of the 170 patients (11.7%). Mutations at codons
248 and 278 were observed in each of 2 patients. Although the
mutant N-ras group did not show a significantly shorter survival
than the wild-type N-ras group, the mutant p53 group had a
significantly shorter survival time (P < 0.0001; Fig. 3B) and a
significantly shorter CR duration than the wild p53 group (P <
0.0001; Fig. 4B).

A genomic fragment corresponding to exon 11 to exon 12
of the FLT3 gene was amplified by PCR. Mutation of FLT3-TD
was detected in I8 MO: n=1;Ml:n=5,M2:n=2;M3:n =
3;M4d:n =5, M5: n =2, M6: n = 0; M7: n = 0) of the 170
patients (10.4%). In 5 of these 18 patients, amplified germ-line
bands were more weakly observed than each abnormal band,
suggesting a loss of the normal allele. Sequence analysis con-
firmed that the size of the TD fragment was from 18 to 105 bp
coded in frame transcripts. A part of exon 11 was duplicated. No
correlation was found between FLT3-TD mutation and the sur-
vival time (P < 0.0946; Fig. 3C) or between FLT3-TD mutation
and CR duration (P < 0.246; Fig. 4C).

Asp835 Mutation of FLT3 (FLT3-Asp835) was detected in
SMO:n=0Ml:n=2;M2:n=2;M3:n=0;Md:n =1,
MS5:n = 1; M6: n = 0; M7: n = 0) of the 170 patients (4.7%).
In 5 of these 8 patients, EcoRV-cutted germ-line bands were
more weakly observed than each abnormal band, suggesting a
loss of the normal allele. The first nucleotide G of Asp835 was
most frequently substituted with T (six of eight mutations). No

correlation was found between FLT3 mutation and the sur-
vival time (P < 0.223; Fig. 3D). However, the correlation
was found between FLT3 mutation and the CR duration (P <
0.0116; Fig. 4D).

The AML Subgroup with no Mutations Correlated
More Closely with CR Duration and OS. In the total of 170
patients, 28 patients had loss of DCC expression with wild-type
N-ras, p53, and FLT3 genes (negative DCC/wild N-ras, p53,
and FLT3), 64 patients had normal DCC expression with wild-
type N-ras, p53, and FLT3 genes (positive DCC/wild N-ras,
p53, and FLT3), 59 patients had normal DCC expression with
one or more of mutant-type N-ras, p53, and FLT3 genes (pos-
itive DCC/mutant N-ras, p53, FLT3), and 19 patients had loss of
DCC expression with one or more of mutant-type N-ras, p53,
and FLT3 genes (negative DCC/mutant N-ras, p53, and FLT3).
The clinical characteristics of these four groups were compared
(Table 1). The 64 positive DCC/wild N-ras, p53, and FLT3
group had statistically better CR attainment compared with the
other 106 patients (P < 0.0001). Especially, the positive DCC/
wild N-ras, p53, and FLT3 group had statistically better CR
attainment compared with the negative DCC/wild N-ras, p53,
and FLT3 and the positive DCC/mutant N-ras, p53, and FLT3
groups (P < 0.0005 and <0.0001, respectively). The OS and
CR duration were further analyzed for these four groups.

The OS of the positive DCC/wild N-ras, p53, and FLT3
group was significantly different from the other groups (P <
0.0006, <0.0001, and <0.0004, respectively; Fig. 5A). The CR
duration of the positive DCC/wild N-ras, p53, and FLT3 group
was significantly different from the other groups (P < 0.0008,
<0.0001, and <0.0003, respectively; Fig. 5B).

Unfavorable Prognostic Factors for OS or CR Dura-
tion. The prognosis of AML patients depends on factors such
as the age, initial WBC counts, FAB type classification, karyo-
type, and immune phenotype (Tables 2 and 3). Among these
factors, cytogenetic data are thought to be the most important
prognostic factor. On the basis of cytogenetic findings, the 170
patients were segregated into three groups: a good risk group
(n = 33) was defined by a karyotype of t(8;21), t(15;17), or
inv(16); a poor risk group (n = 26) by t(9;22), 11q23 alterations,
del(5), or del(7); and a standard risk group (n = 111) by normal
or other altered karyotypes. Univariate and multivariate analyses
for the OS or CR duration were performed (Tables 2 and 3).

Univariate analysis showed that unfavorable prognostic
factors for the OS included the following: male gender (P <
0.0163), FAB type other than M2 and M3 (P < 0.0089), age of
=60 years (P < 0.0033), poor risk karyotype compared with
good risk karyotype (P < 0.0001), and mutant p53 (P <
0.0001), loss of DCC expression (P < 0.0053), and FLT3-
Asp835 (P < 0.0232; Table 1). Multivariate analysis for OS
showed that the poor risk karyotype compared with the good
risk karyotype was the strongest unfavorable factor (relative
risk, 0.149; P < 0.0001), followed by mutant p53 (P < 0.0002),
mutant FLT3-TD (P < 0.0072), and loss of DCC expression
(P < 0.0084). Leukocytosis, FAB type, mutant N-ras, mutant
FLT-Asp835, and male gender were less important.

Univariate analysis showed that unfavorable prognostic
factors for the CR duration were the following: male gender
(P < 0.0162), FAB type classification other than M2 and M3
(P < 0.0041), age of =60 years (P < 0.0167), poor risk
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Table 1

Clinical characteristics of 170 patients with AML“

Positive DCC/wild

Negative DCC/wild

Positive DCC/mutant Negative DCC/mutant

Total N-ras, p53, and N-ras, p53, and N-ras, p53, and N-ras, p53, and FLT3
(n = 170) FLT3 (n = 64) FLT3 (n = 28) FLT3 (n = 59) (n=19)

Men/women 112/58 39/25 15/13 45/14 16/3
Age 55.4 (15-79) 56.2 (15-79) 57.9 (15-76) 55.5(17-78) 49.1 (23-74)
WBC (10%/liter) 26.2 (0.6-483) 26.4(0.7-124) 15.9 (0.7-121) 51.0” (0.6-333) 69.9” (4.7-483)
FAB

MO 15 4 3 6 2

M1 39 10 8 17 4

M2 58 27 10 14 7

M3 18 9 4 4 1

M4 23 9 0 11 3

M5 12 3 2 5 2

M6 3 1 1 1 0

M7 2 1 0 1 0
Cytogenetics

Poor risk 26 8 6 9 3

Standard risk 111 45 10 41 15

Good risk 33 11 12 9 1
Outcome

CR 121 57 16 (P < 0.0005)“ 33 (P < 0.0001)° 15

Failure 49 7 12 26 4

“ Mean (range) values are indicated for age and WBCs. The numbers of cases are shown for FAB type, cytogenetics, and outcome.
® P < 0.0375 and 0.029 compared with the negative DCC/wild N-ras, p53, and FLT3 group by Mann-Whitney’s U test, respectively.
¢ Compared with the positive DCC/wild N-ras, p53, and FLT3 group, respectively.

Overall Survival CR duration

= DCC (+)/W (ras/p53/1t3) (n=64}
DCC () /W (ras/p53/h3) (n=28, p<.0008)

—— DCC{+)/W (ras/pS3M13) (n=64)
------ DCC (—)/W (ras/p53/it3) (n=28, pe.0006)

C (+)/M{ras/psa/i3) (n59, p<.0001)
-+ DCC{—)/M{ras/pS3t3) (n=19, p<.0003}
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Fig. 5 Kaplan-Meier analysis of OS (A) and CR duration (B) of the
four types of AML patient groups with wild- or mutant-type N-ras, p53,
and FLT3 according to DCC expression (Table 1). DCC+, DCC posi-
tive; DCC—, DCC negative; W, wild; M, mutant. The FLT3 implies TD
and Asp835 mutations of the FLT3 gene.

karyotype compared with good risk karyotype (P < 0.0001),
loss of DCC expression (P < 0.0146), mutant p53 (P < 0.0001)
and mutant FLT3-Asp835 (P < 0.0268), as shown in Table 3.
Multivariate analysis for CR duration showed that poor risk
karyotype was the strongest unfavorable factor (P < 0.0001;
relative risk, 0.189), followed by mutant p53 (P < 0.0003),
mutant FLT3-TD (P < 0.0235), loss of DCC expression (P <
0.0371), and age of =60 years (P < 0.0392), and. Mutant
FLT3-Asp835 was only a marginal prognostic factor (P <
0.0616). Leukocytosis, mutant N-ras, and male gender were less
important.

DISCUSSION
In the present study, we showed that loss of DCC expres-
sion is significantly associated with CR duration and OS. In our

Table 2 Unfavorable prognostic factors for OS in 170 patients”

Univariate Multivariate
Relative risk (95%

Prognostic factors P P confidence limits)
Sex 0.0163  0.3504
Age 0.0033  0.0204 1.60 (1.08-2.39)
FAB types other than M2~ 0.0089  0.6631

and M3

WBC count 0.0111 0.6376
Cytogenetics” 0.0001  0.0001 0.149 (0.067-0.33)
Loss of DCC expression 0.0053 0.0084 0.567 (0.37-0.87)
Mutant p53 0.0001  0.0002 0.35(0.20-0.61)
Mutant N-ras 0.4918  0.2473
Mutant FLT3-TD 0.1000  0.0072 0.43 (0.23-0.80)
Mutant FLT3-Asp835 0.0232  0.4800

“ Karyotypes were segregated into three groups.
® Comparison between the good risk and poor risk karyotype
groups.

previous analysis of acute leukemia, expression of the DCC
gene was absent in 20-30% of AML patients, in some of whom
allelic loss in the DCC gene was observed (11, 12). In the 37
DCC-negative patients, allelic loss in the DCC gene was ob-
served in only 2 AML patients with loss of DCC expression
(data not shown; Ref. 11). Another 35 AML patients had no
abnormality at the Southern level. Cytogenetic analysis also
revealed 3 patients had monosomy 18 abnormality, and 2 AML
patients had 18q21 abnormality. Thus, no abnormality of chro-
mosome 18 was observed by G banding in 32 AML patients
with loss of DCC. In colorectal tumorigenesis, loss of DCC
expression was present exclusively in colorectal tumors harbor-
ing intragenic loss of heterozygosity in the DCC gene (29). The
excellent correlation between loss of DCC and intragenic DCC
loss of heterozygosity suggests that this may be an important
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Table 3 Unfavorable prognostic factors for CR duration in
170 patients”

Univariate Multivariate
Relative risk (95%

Prognostic factors P P confidence limit)
Sex 0.0162  0.3598
Age 0.0167  0.0392 1.20(0.81-1.76)
FAB types other than M2~ 0.0041  0.4861

and M3

WBC count 0.1038  0.7637
Cytogenetics” 0.0001  0.0001 0.189 (0.092-0.39)
Loss of DCC expression 0.0146  0.0371 0.659 (0.44-0.97)
Mutant p53 0.0001  0.0003 0.367 (0.21-0.63)
Mutant N-ras 0.3485  0.3067
Mutant FLT3-TD 0.2849  0.0235 0.505 (0.28-0.91)

Mutant FLT3-Asp835 0.0268  0.0616 0.485 (0.22-1.03)

“ Karyotypes were segregated into three groups.
® Comparison between the good risk and poor risk karyotype
groups.

mechanism of DCC inactivation and supports the role of DCC in
human colorectal tumorigenesis (29). Recently, we found hy-
permethylation of the GC-rich region of the DCC gene in many
leukemic cell lines.? Hypermethylation of the DCC gene may be
one of the cause of loss of DCC gene expression. In leukemia,
loss of DCC expression more likely is an epigenetic phenome-
non that is associated with an unfavorable prognosis, but it is
likely to be partly independent of intragenic loss of heterozy-
gosity.

A recent report demonstrated that DCC regulates the acti-
vation of caspase-3 (14) and induces the following apoptosis or
G,-M cell cycle arrest, in which cdk1 activity is inhibited (15).
This evidence has important implications regulating the sup-
pression of leukemogenesis and also suggests that loss of DCC
expression may be a prognostic factor. Interestingly, forced
DCC expression induces apoptosis or cell cycle arrest of tumor
cells regardless of their p53 and retinoblastoma status, i.e.,
whether they are wild type or mutant (15). Like the p53 muta-
tion, the present study shows that loss of DCC expression may
be a prognostic marker in AML patients. One report has shown
that forced DCC expression in transformed keratinocytes re-
sulted in the suppression of tumorigenicity in nude mice (30).
Another report has shown that forced DCC expression also
affects the growth and tumorigenic properties of colonic cancer
cells and is associated with elevated rates of cell shedding and
apoptosis (31).

It is particularly interesting to investigate the multiplicity
of gene alterations associated with AML. Multiplicity of the
mutations of N-ras, p53, and FLT3 in elderly patients with AML
was reported recently. In elderly AML, FLT3 and ras mutations
were not associated with a poor clinical outcome, but mutation
of the p53 gene was associated with a worse OS. Our present
results are consistent with these reports (32). Our results by
Fisher’s exact test suggest that the mutations of N-ras, p53,
FLT3, and loss of DCC expression occurred independently,

K. Nakayama and K. Inokuchi, et al., unpublished data.

although we could not entirely rule out the possibility that a
weak adverse interaction exists between mutant N-ras, p53,
FLT3, and loss of DCC expression. Because gene alterations are
associated with aberrant signal transduction, these mutations
may be additively or synergistically associated with leukemia
progression. Intriguingly, the groups with one or more muta-
tions had significantly less CR attainment and a poorer progno-
sis than the normal DCC/wild N-ras, p53, and FLT3 group.
These observations suggest that the DCC gene may functionally
act as a tumor suppressor gene in leukemogenesis. However, the
PS of the p53 mutation is the most important factor in AML
leukemogenesis, along with the poor risk karyotype. The present
data, as well as those in previous reports (32), may indicate that
the p53 plays a more important role in leukemogenesis than the
other genes.

Earlier reports indicate that FL73-TD mutation is associ-
ated with OS. In the present study, unfortunately, FLT3-TD
mutation did not show a correlation with a worse OS or short
CR duration by Kaplan-Meier curves and the Log-rank test.
However, FLT3-TD mutation was associated with the OS and
the CR duration by multivariate analysis. The reasons for the
discrepancy in these statistical analyses may be the sample size.
FLT3 mutation may be meaningful as a PS factor. The predic-
tive value of N-ras mutations is still controversial from the
present data and from other recent reports (8). The present study
failed to find any correlation between N-ras mutation and CR
duration or survival time, although mutations of N-ras may well
be involved in the pathogenesis of AML.

As for the DCC gene, there is no report as to its PS in
leukemias. Our present study revealed that loss of DCC expres-
sion is a useful and potent prognostic marker in AML patients.
One recent study in patients with colorectal cancer dealt with the
PS of the DCC protein in neoplasms (33). Although the function
of the DCC gene as a tumor suppressor gene remains obscure,
the present findings are of particular interest and are added to
the current understanding of its role in cell differentiation and
leukemogenesis (12).
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Brief report

Mpyeloproliferative disease in transgenic mice expressing P230 Bcr/Abl: longer

disease latency, thrombocytosis, and mild leukocytosis

Koiti Inokuchi, Kazuo Dan, Miyuki Takatori, Hidemasa Takahuji, Naoya Uchida, Mitsuharu Inami, Koichi Miyake, Hiroaki Honda,

Hisamaru Hirai, and Takashi Shimada

P230 Bcr/Abl has been associated with indo-
lent myeloproliferative disease (MPD). We
generated transgenic mice expressing
P230Bcr/Abl driven by the promoter of the
long terminal repeat of the murine stem cell
virus of the MSCV neo P230 BCR/ABL vec-
tor. Two founder mice exhibited mild granu-
locytosis and marked thrombocytosis and

mouse, no. 13, progressed to extramedul-
lary myeloblastic crisis in the liver at 12
months old. The other founder mouse, no.
22, was found to have chronic-phase MPD
with large populations of megakaryocytes
and granulocytes in an enlarged spleen. The
transgenic progeny of no. 22 clearly exhib-
ited MPD at 15 months old. These results
showed that P230Bcr/Abl had leukemo-

genic properties and induced MPD. The phe-
notype of the MPD caused by P230Bcr/Abl
was characterized by mild granulocytosis, a
high platelet count, infiltration of megakaryo-
cytes in some organs, and a longer disease
latency compared with the MPD caused by
P210Bcr/Abl. (Blood. 2003;102:320-323)

© 2003 by The American Society of Hematology

developed MPD. The disease of one founder

Introduction

The Bcr/Abl oncogene is formed by reciprocal translocation
between chromosomes 9 and 22 and is associated with diverse
human leukemias.! Three different forms of Ber/Abl are associ-
ated with distinct forms of leukemia.?? Recently, a subset of
patients was described who had Ph-positive myeloproliferative
diseases (MPDs) resembling chronic myeloid leukemia (CML)
but with very mild clinical symptoms, including a lower
peripheral white blood cell (WBC) count consisting principally
of neutrophilia, more severe thrombocytosis, less severe ane-
mia, and delayed or absent transformation to blast crisis.* These
patients have a unique chimeric Ber/Abl protein, P230 Ber/Abl,
that is formed with a breakpoint (p breakpoint) located 3’ to the
common breakpoints.’ It was proposed that patients with P230
Bcer/Abl comprise a distinct clinical entity having a much more
benign clinical course than that associated with the traditional
P210 Ber/Abl protein.® P230Bcr/Abl protein contains additional
Ber coding sequences that are not found in P210 Bcr/Abl
protein. These observations raise the question of whether
different forms of the Bcr/Abl protein have intrinsically differ-
ent leukemogenic activities in hematopoietic cells. Recently,
there were 2 reports of mouse models created using in vitro
retroviral-mediated gene transfer into hematopoietic cell lines
and a primary bone marrow transplantation system.”®

To gain more insight into the molecular pathological function
of P230 Bcr/Abl and its in vivo leukemogenic activity, we
generated transgenic mice expressing P230 Ber/Abl and investi-
gated its leukemogenic activity and the disease phenotype.

Study design

Construction of the transgene and generation of
MSCVneoP230 BCR/ABL transgenic mice

The MSCVneoP230 BCR/ABL vector, which was kindly provided by Dr R. Van
Etten, Harvard Medical School, was cut at the Pvul and Sspl sites (Figure 1A).7°
The DNA fragment containing the long terminal repeats (LTRs) of murine stem
cell virus (MSCV) (denoted as PCMV) and P230 BCR/ABL was microinjected
into the pronuclei of eggs from C57BL/6N Crj mice. The methods of microinjec-
tion and embryonal transfer were essentially described earlier.!® Transgenic mice
were identified by polymerase chain reaction (PCR). Genomic DNA from tail-cut
biopsy was subjected to PCR reaction. A 1020-base PCR product was identified
as positive. Transgenic mice were also identified by Southern blotting of the
DNA from tail-cut or spleen biopsy.!!

Flow cytometric analysis

The method of fluorescence-activated cell sorter (FACS) analysis was as
described earlier.'> Mononuclear blastic cells that had infiltrated in the liver
of no. 13 were obtained by twice Ficoll-Hypaque centrifugation (Lymphoprep,
Neegard, Norway) and incubated with a phycoerythrin (PE)- or fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibody (MoAb) and analyzed
with a FACScan (Becton Dickinson, San Jose, CA). FITC- or PE-conjugated
antibodies specific for CD45R/B220, Ly-6G (Gr-1), CD11b (Mac-1), CD34,
CD3-¢, CD61, and TER119 (BD Pharmingen, San Diego, CA) were used.

Southern and Northern blot analyses

The methods of Southern and Northern blot analyses were as described
previously.!'!3 The full Neo ¢cDNA and 3’ site of the HindIll-cut and
EcoRI-cut fragment of BCR/ABL cDNA (Figure 1A) were used as probes.
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Figure 1. Schematic representation of the MSCVneo P230 BCR/ABL vector and
macroscopic and histopathologic findings of founder mice no. 13 and no. 22.
(A) The injection fragment for generating transgenic mice was made by cutting at
Pvul and Sspl sites of the bacterial plasmid, pUC19. Two vertical arrows indicate the
cutting sites. P indicates Pvul; S, Sspl. The nucleotide sequences of the primers for
PCR were as follows: BCR/abl-F: 5-TGACCAACTCGTGTGTGAAACTCCAG-3';
and BCR/abl-R: 5'-CAGCAGATAC TCAGCGGCATTG-3'. (B) Macroscopic appear-
ance of founder mouse no. 13 in the extramedullary blastic phase of MPD. (i) A
markedly enlarged liver and a large volume of hemorrhage in the peritoneal cavity are
seen. (i) After removal of the liver, the enlarged spleen is visible. (C) Histopathologic
findings of founder mice no. 13 and no. 22. Photomicrographs of hematoxylin and
eosin-stained spleen (i-iii), bone marrow (iv-vi), lung (vii-ix), and liver (x-xii); Wright-Giemsa—
stained peripheral blood (xiii-xv); from no. 22 (ii,v,viii,xi,xiv), no. 13 (iii,vi,ix,xii,xv-xvii), and a
nontransgenic litermate mouse killed at 12 months of age (i,iv,vii,x,xiii). Panels xvi and xvii
show the immunohistochemical findings of the liver stained with Gr-1 (xvii) and control IgG
(xvi). Blasts were positive for Gr-1. Original magnifications: x 200 (i-iii); < 1000 (panels
xiii-xv); X 400 (iv-xii, xvi); and X 800 (xvii).

Western blotting and in vitro kinase assays

The methods were as described previously.!* Briefly, tissues were homoge-
nized in RIPA lysis buffer with 1 mM phenylmethylsulfonyl fluoride
(PMSF), 50 p.g/mL antipain, 5 pwg/mL aprotinin, and 2 pg/mL leupeptin.'?
For detecting the p230bcr/abl transgene product, proteins were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes, and probed with an anti—c-Abl
MoAb, AB3 (Oncogene Science, Manhasset, NY). For in vitro kinase assay,
1 mg aliquots of total proteins were incubated with 1:200-diluted AB3 and
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antimouse rat immunoglobulin G (IgG) (Sigma, St Louis, MO) coupled
with protein A (Sigma). The immunoprecipitated proteins were washed and
then incubated with 10 pCi (0.37 MBq) y**P-adenosine triphosphate
(y*?P-ATP) (Amersham, Arlington Heights, IL). The phosphorylated pro-
teins were separated by SDS-PAGE, dried, and autoradiographed.

Results and discussion
Two founder mice developed MPD

We generated 2 founder mice, no. 13 and no. 22, that developed MPD.
The WBC, platelet (PIt), and hemoglobin (Hb) were within their normal
ranges until 7 months after birth. However, thereafter the Plt counts
gradually increased. At 11 months after birth, WBC, Hb, and Plts of no.
13 were 6.5 X 10%/L(65 X 10%pL),99 g/L(9.9 g/dL), and 1867 X 10%L
(186.7 X 10¥p.L), and at 12 months those of no. 22 were 9.1 X 10°/L
(91 X 10%/L), 92 g/L. (9.2 g/dL), and 2437 X 10%/L (243.7 X 10%pL),
respectively. At 12 months after birth, no. 13 suddenly became
moribund and subsequently died, and no. 22 was killed. At autopsy, no.
13 showed marked hepatomegaly with liver bleeding, splenomegaly,
and ascites (Figure 1B). No. 22 was found to have marked spleno-
megaly and an enlarged liver.

Pathological examination revealed extramedullary expansion of
the blastic cells in the liver of no. 13 (Figure 1Cxii). Many
immature and mature granulocytes and many megakaryocytes were
detected in the bone marrow, spleen, liver, and lung of both mice
(Figure 1C). Blast cells were separated from the enlarged liver of
no. 13, stained with MoAbs, and analyzed by the FACScan and
immunohistopathological methods. The blasts were positive for
CD34, Gr-1, and CD61 and partially positive for CD11b and
CD45R (Figures 1Cxvii and 2A).

The clinical course and the results of these analyses showed that
the disease of no. 13 had the characteristics of MPD with
extramedullary blastic proliferation in the liver and that no. 22
mimicked the cardinal features of the chronic phase of human CML.

The transgenic progeny of no. 22 were maintained under
continual observation. The WBC counts mildly increased after 11
months (Figure 2B). As for the differential count of the WBC, a
steadily increased percent of granulocytes became apparent after 9
months of age (Figure 2B). The mean PIt counts for the transgenic
progeny (n = 20) gradually increased after 9 months of age and
reached 200 X 10%wL (Figure 2B).

Expression of the p230Bcr/Abl transgene in transgenic mice

Southern blot analysis confirmed that no. 13 and no. 22 carry 10 and 5
copies of the p230Bcr/Abl transgene, respectively (data not shown). To
confirm expression of the p230Bcr/Abl transgene, Northern blotting,
Western blotting, and kinase assay were carried out using mRNAs or
proteins extracted from the spleen, bone marrow, and liver cells. The
p230Bcr/Abl mRNA and tyrosine-phosphorylated P230Bcr/Abl
protein were detected in both mRNAs and proteins from no. 13
and the progeny of no. 22 (Figure 2C-E).

Many animal models of CML have proven to be invaluable for
improving our understanding of the molecular pathophysiology of
P210 Ber/AbL Y In transgenic mice, the p210 Ber/Abl transgenic
mouse using the mouse fec promoter system reproducibly devel-
oped CML-like disease.'*

The present P230 Ber/Abl transgenic mouse line using the MSCV
promoter was characterized by modestly increased peripheral WBC
counts (6 X 10° to 9.5 X 10%/L [6 X 10° to 9.5 X 10%/uL]) composed
predominantly of mature neutrophils, marked thrombocytosis
(Plts 1300 X 10” to 3000 X 10°/L [130 X 10* to 300 X 10%/uL]), and
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iclear cells infiltrating the liver of founder mouse no. 13, comparison of hematologic parameters of transgenic progeny

of no. 22, and molecular certification of p230 Bcr/Abl expression. (A) Surface marker analysis of leukemic cells infiltrating the liver of founder no. 13. (B) Comparison of
hematologic parameters in the transgenic mice (n = 20; Tg, ®) and nontransgenic controls (n = 10; C, O) from 5 months to 15 months. The data are shown as the mean values
and standard deviations for each group. Time course of WBC count, platelet (PIt) count, the percentage (%) of granulocytes, and hemoglobin (Hb) are shown. **P < .01;
***P < .001. (C) Northern blot analysis of p230 Ber/Abl mRNA in tissues from no. 13 and no. 22 offspring. Lane K562: K562 cells as positive control; lane 32D: mouse 32D cells
as negative control; lane liver no. 13: liver cells of no. 13; lane spleen no. 22: spleen cells of no. 22; lane spleen no. 13: spleen cells of no. 13; lane bone marrow no. 22: bone marrow cells of
no. 22. The bottom bar shows the bands of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an internal control. (D) P230 Ber/Abl transgene product and (E) kinase
activity of the p230 Bcr/Abl transgene product of the splenic cells. The expressed and phosphorylated P230 Ber/Abl transgene products are indicated by arrows, and the positions of protein

markers are shown on the right. The splenic cells of a 3-month-old F1 transgenic mouse were subjected to Western blot and immunoprecipitation analyses.

mild anemia (Hb97-127 g/L [9.7-12.7 g/dL]). All the transgenic
offspring of no. 22 had an obvious phenotype of CML-like disease by
around 15 months of age and showed massive infiltration of megakaryo-
cytes and granulocytes mainly in the spleen and also in the liver and
lung. The filial 3 (F3) Tg mice were confirmed to inherit a disease of
MPD/CML phenotype. One of the disease phenotypic differences
between the P210 and P230 Bcr/Abl transgenic mouse systems was the
latency period.'* Latency until manifestation of disease in our transgenic
mice was 7 months longer than that in the fec P210 Ber/Abl system (8
months)."* Another difference was granulocytosis. Granulocytosis was
milder than in the P210 Ber/Abl transgenic mice.'*!¢ Peripheral
thrombocytosis developed in both the P210 Bcr/Abl and the P230
Bcer/Abl transgenic mice, but infiltration of megakaryocytes in the
spleen, liver, and lung was a unique characteristic of the P230 Bci/Abl
transgenic mice.'*10

These disease findings of our transgenic mice might be due to the
MSCV promoter function or the structure of the p230Bcr/Abl cDNA as
well as b3a2-type p210Bcr/Abl cDNA.!7 Previous reports suggested a
positive correlation between thrombocytosis and the b3a2 type and
p230Bci/Abl type of Ber/Abl transcripts in human CML."7° With its
longer disease latency, our transgenic mice develop an MPD disease
type with thrombocytosis. In this respect our transgenic mice may more
accurately reflect the thrombopoietic characteristics of P230 Ber/Abl in
vivo. Human neutrophilic chronic myelogenous leukemia (CML-N) is
known as a CML variant with a more benign clinical course than

CML.%% Such patients show the disease phenotype of Ph-positive
essential thrombocythemia (ET)!#2! or CML with thrombocytosis.?

Another leukemic model using the identical transgene has been
reported using in vitro retroviral-mediated gene transfer/transplantation
(T/T) system.” Because the gene constructs used in that study are
essentially the same as ours, it is unclear why the mice in these 2 studies
showed different disease latency and disease phenotype. One possibility
is that, unlike our transgenic mice, the recipient mice in the T/T study
were exposed to various cytokines during in vitro culture and also in
vivo engraftment, which might accelerate disease onset and affect
disease phenotype.

In summary, we present a novel transgenic mouse line created using
the P230 Bcr/Abl transgene to develop MPD mimicking CML-N or
CML with thrombocytosis. This model will be valuable not only for
investigating the biologic properties of P230 Ber/Abl in vivo but also for
analyzing the mechanism involved in the progression from chronic
phase to blastic crisis.
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disease developed in transgenic mice expressing

P230 bcr/abl
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Antiangiogenic gene therapy offers an attractive approach to
the treatment of a variety of malignancies, inciuding those of
the hematological system. However, evaluation of this
approach has been hampered by the lack of appropriate
animal models. We have recently produced transgenic mice
expressing P230 bcr/abl that develop myeloproliferative
disease (MPD) closely resembling human chronic myelo-
genous leukemia. Using this MPD murine model, we
examined the feasibility of systemic antiangiogenic gene
therapy for hematological malignancy. An adenoviral vector
containing the secretable endostatin gene was injected into
the right quadriceps muscle of the MPD mice. The increased

endostatin level was detected for at least 6 months.
Hematological parameters including platelet counts, granu-
locyte counts, and the hemoglobin concentration were
improved by this gene therapy. Infiltration of megakaryocytes
was also significantly inhibited in treated MPD mice.
Reduction of the microvessel density was confirmed by
histological examination. These results demonstrated, for the
first time, that antiangiogenic gene therapy is effective to
inhibit leukemogenesis caused by expression of the chimeric
ber/abl gene.
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A number of strategies for cancer gene therapy have
been developed, but no definitive clinical efficacy has yet
been demonstrated." Targeted gene therapy of cancer
cells using the suppressor oncogenes or the suicide genes
has been hampered by the insufficient efficiency of
current gene transfer technologies.>* Since angiogenesis
is essential for both tumor growth and metastasis,
antiangiogenic therapy may be an attractive new
approach.*® Both local and systemic expression of
antiangiogenic proteins such as angiostatin”® and endo-
statin®'® have been attempted to treat various solid
tumors to induce tumor dormancy.

Recent studies have suggested that the progression of
hematological malignancies also relies on angiogenesis."
An increase in microvessel density in bone marrow (BM)
specimens has been reported in leukemia patients.’?
Elevated levels of angiogenic factors such as basic fibroblast
growth factor and vascular endothelial growth factor
(VEGF) have been identified and are thought to be
correlated with survival.’*'* Therefore, systemic antiangio-
genic therapy is likely a promising therapy for hematolo-
gical malignancies. However, the results of mouse
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experiments are controversial. Scappaticci et al'> demon-
strated synergistic antitumor activity and enhanced survi-
val of mice bearing L1210 leukemic cells transduced with
retroviral vectors expressing angiostatin and endostatin. In
contrast, Eisterer ef al'® reported that high levels of serum
endostatin secreted from retrovirus transduced BM cells
did not alter the growth of transplanted human leukemic
cells. The reasons for this discrepancy are not known. One
potential problem in these studies is the use of mice
transplanted with leukemic cells. Since the development of
leukemia from transplanted cells is different from the
natural course of leukemogenesis, it should be important to
establish a transgenic (tg) animal model in which leukemia
develops from endogenous cells under the normal im-
munological surveillance.

We have recently succeeded in the generation of tg
mice expressing P230 ber/abl, which had leukemogenic
properties and induced myeloproliferative disease
(MPD)."” The progression of the disease in this murine
model is similar to that of human neutrophilic myelo-
genous leukemia or chronic myelogenous leukemia with
thrombocytosis. Reports have shown that BM micro-
vessel density and serum VEGF are important for the
development and prognosis of MPD.'® P230 bcr-abl has
been associated with an indolent MPD as a distinct
clinical entity.’” Thus, angiogenesis may be a critical step
in MPD in tg mice expressing P230 bcr-abl. In the present
study, we examined the feasibility of antiangiogenic gene
therapy for hematological malignancies using this MPD
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murine model. Since it is difficult to transduce all cancer
cells, especially in hematological malignancies, systemic
gene therapy appears to be preferable for the inhibition
of tumor growth and metastases. Therefore, to obtain
systemic expression of antiangiogenic protein, the
recombinant adenovirus (Ad) vectors containing the
secretable mouse endostatin driven by the CMV promo-
ter (Ad-E; Invivo Gen, San Diego, CA, USA) were
injected into the left quadriceps muscle of the 13- to 15-
month-old MPD mice.

First, to analyze the duration of sustained expression
of endostatin in Ad-E-injected MPD mice, the Ad-E
(5x10* PFU) was injected into the right quadriceps
muscle of the 13- to 15-month-old MPD mice and the
concentration of serum endostatin was measured for
2-24 weeks using a enzyme-linked immunosorbent assay
(ELISA) kit (ACCUCYTE murine endostatin; CytIm-
mune Sciences, College Park, MD, USA). The back-
ground level of serum endostatin in control Ad vector
expressing GFP (Ad-G)-injected mice was 56.0+6.0 ng/
ml, while injection of Ad-E increased the serum
endostatin for at least 6 months (Figure 1). The
concentration of serum endostatin peaked in the 4th
week after injection (320+20.5 ng/ml). At 6 months after
the injection, serum endostatin was still significantly
higher than the control value (86.2+10.1 wversus
51.8+2.6 ng/ml, P <0.05).

Since the MPD phenotype developed between 13 and
15 months after birth and the disease progress slowly, we
analyzed the effect of systemic expression of endostatin 6
months after Ad-E injection. The results of peripheral
blood (PB) examination at 6 months after Ad vector
injection are presented in Table 1. MPD mice were
characterized by a decreased concentration of hemoglo-
bin and increased numbers of platelets and granulocytes.
Compared to the control, MPD mice injected with Ad-G,
injection of Ad-E showed significantly improved hemo-
globin concentration (14.0+0.84 versus 12.64+0.85 ng/ml,
P <0.01), platelet count (98+36 versus 144+38, P<0.05),
and granulocyte count (10214645 wversus 36324473,
P<0.05). Since huge splenomegaly was detected in
MPD mice, we also analyzed the effect of endostatin on
splenomegaly (Figure 2a and b). The longitudinal section
area of the spleen was significantly reduced in Ad-E-
injected MPD mice compared to Ad-G-injected mice
(38.5+13.4 versus 86.0+24.5 mm?, P<0.05, n=9). Histo-
logical examination showed that infiltration of mega-

karyocytes in the spleen and the BM was significantly
inhibited in mice injected with Ad-E (Figure 2c and d
and Table 1).

To confirm the mechanism of antiangiogenic gene
therapy, we attempted to measure the microvessel
density in the BM. Immunological staining with Factor
VIII or CD31 did not give clear results because of the
strong red color of the BM. However, the microvessels
composed of one layer of endothelial cells were
morphologically distinguishable from other cells in
hematoxylin and eosin (Hé&E)-stained sections (Figure
3a—d). Compared with the age-matched wild-type mice,
the number of microvessels in MPD mice transduced
with a control vector (Ad-G) was increased (26.1+2.6
versus 21.8+8.2/um?, P<0.05). However, the area of
microvessels was reduced (63.4+26.8 versus
138.9458.2 pm*/mm?, P<0.05, n=9), suggesting that
massive infiltration of leukemic cells into the BM may
decrease the area of vessels in the MPD BM. On the other
hand, both the number (15.84+4.5 versus 26.1+2.6/mm?,
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Figure 1 ELISA analysis for serum endostatin in Ad-E-injected mice. The
Ad-E or Ad-G (5 x 10° PFU in 50 pl) were injected into the left quadriceps
muscle of the 13 to 15-month-old MPD mice (n =3) and the concentration
of serum endostatin was measured for 2-24 weeks using a murine
endostatin ELISA kit (ACCUCYTE murine endostatin; Cytlmmune
Sciences, College Park, MD, USA) according to the manufacturer’s
instructions. Each result represents the mean value and standard deviation
of three mice.

Table 1 Improvement of hematological parameters of MPD mice treated with Ad-E vector

Injected Ad Platelets Granulocytes (ul) Hemoglobin (g/dl) Megakaryocytes
vector (n) (x 10%) (174+54.0) (15.2+0.94)
(82 +41)*
Spleen (flongitudinal section) Bone marrow (fmm?)
(10.3+4.0) (12.34+4.0)
Ad-G (9) 144 +38 3632+473 12.6+0.85 84.0+40 13.6+2.9
Ad-E 9) 98 +36* 1021 + 645* 14.0+0.84** 43.0+12** 7.6+3.3*

At 6 months after Ad injection, mice were killed and analyzed. PB was stained with Wright-Giemsa for differential analysis. Platelet counts,
WBC counts and hemoglobin were determined with a blood cell counter for mouse PB (MICROS abc LC-152, Horiba, Tokyo, Japan). Tissue
samples of the spleen and bone marrow were stained with H&E. Megakaryocytes were counted under a light microscope. Each result
represents the mean value and standard deviation of nine mice. The statistical analysis was performed by the Student’s t-test (*P<0.05,
*P<0.01, compared to Ad-G).

“The normal values in nontransgenic age-matched mice of the same strain (1 =20).
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Figure 2 Macroscopic and microscopic examination of the spleen from
mice injected with Ad-G or Ad-E. Tissue samples of the spleen of a mouse
injected with Ad-G (a and c) and the spleen of a mouse injected with Ad-E
(b and d). For pathological examination, they were fixed in 10% buffered
formalin and embedded in paraffin. Sections were fixed on slides and
stained with H&E by conventional techniques. The sections were viewed
using a light microscope (Olympus, Tokyo, Japan). Arrows indicate
megakaryocytes.

P<0.05) (Figure 3e) and area (2641157 versus
63.4+26.8 pm?/mm?, P <0.05) (Figure 3f) of microvessels
in the femoral BM of Ad-E-injected mice were signifi-
cantly reduced compared to control Ad-G-injected mice.

Here, we report for the first time that endostatin
suppressed proliferative thrombopoiesis and granulo-
poiesis in MPD in tg mice expressing P230 bcr-abl. The
most important point of this work is that we used a tg
animal model for analyzing the effect of antiangiogenic
gene therapy. Clinical trials of cancer gene therapy have
so far been unsuccessful,>* although preclinical animal
experiments are highly promising. One reason of the
discrepancy between animal models and human patients
may be that most of the animal models were generated
by inoculation of established cancer cell lines into
animals. The mechanisms of development of tumors
from transplanted cells are different from the natural
course of tumorigenesis. We demonstrated that antian-
giogenic gene therapy is effective in treating the tg MPD
model, in which leukemia was developed through the
common leukemogenic pathway with the ber/abl muta-
tion. This murine model should prove valuable for the
evaluation of other antileukemic therapies as well.

To analyze the effect of endostatin on BM cells
obtained from MPD mice in vitro, we examined the
proliferation capacity by 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) assay using a Cell
Titer 96 aqueous nonradioactive cell proliferation assay
kit (Promega, Madison, WI, USA), colony-forming units
(CFUs) by methylcellulose assay of Ad-E- or Ad-G-
transduced BM cells. However, we did not obtain any
differences between Ad-E- and Ad-G-transduced BM
cells in either proliferation capacity or the numbers of
CFUs (data not shown). To analyze whether the presence
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Figure 3 Microvessels in the center of the femoral BM. At 6 months after
Ad vectors injection, tissue samples of BM sections (6 um) from Ad-G-
treated (a (x100) and c (x400)) or Ad-E-treated (b (x100) and d
( x 400)) mice were stained with H&E. Arrows indicate microvessels. The
number of microvessels in the femoral BM of MPD mice (e) and the area of
microvessel in the femoral BM of MPD mice (f) were quantified using an
angiogenesis image analyzer (Kurabo, Okayama, Japan). Randomly
selected four sectionsjanimal from nine mice were examined. Arrows
indicate megakaryocytes. The statistical analysis was performed by the
Student’s t-test using Statview (Brain Power, Calabashes, CA, USA)
software package. Each result represents the mean value and standard
deviation of nine mice (*P<0.05).

of endostatin in Ad-E mice affects primarily the leukemic
progenitor cells, we also analyzed expression of bcr-abl
gene of CFUs using BM cells obtained from Ad-E- or Ad-
G-injected mice by RT-PCR with ber-abl-specific primer.
Expression of bcr-abl gene was detected in all CFUs
(n=20) obtained from both Ad-E- and Ad-G-injected
mice (data not shown). These results indicate that
endostatin does not influence leukemic cell itself of
MPD mice.

In this study, we analyzed the effect of systemic
expression of endostatin administrated by single injec-
tion of Ad vectors into the muscle. Recently, it was
demonstrated that the serum level of endostatin was
lower in chronic lymphocytic leukemia patients in
advanced stage than in patents in early stage.”® There-
fore, the level of endostatin may have an important role
on the progression of hematological malignancies. We
think that it is logical to use endostatin for hematological
malignancies. Skeletal muscle is an attractive target for
gene therapy approaches for the treatment of myopathies
and diseases requiring the secretion of proteins through
the circulatory system because of its large size, good
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capacity for protein synthesis, easy acquisition of
sustained expression, and easy accessibility for intra-
muscular injection. Systemic administration of Ad
vectors by intravenous was widely used for many types
of gene therapy strategy.”’>* However, the toxicity to
liver is a big problem of this method.>**> When we
checked transaminase (AST, ALT) in our Ad-injected
mice, we did not detect the elevation of transaminase in
any Ad-injected mice (n=9). However, using muscle-
specific promoters or improving vector tropism for
skeletal muscle may be useful to obtain safer and more
efficient therapy after intramuscular administration of
Ad vectors.

To study the utility of antiangiogenic gene therapy, we
used Ad vectors, which are useful for transient expres-
sion of soluble proteins in muscle. On the other hand,
adeno-associated virus (AAV) vectors have produced
long-term expression of a therapeutic gene that is either
integrated or an episomal vector genome.*® Moreover, it
was reported that AAV-1, AAV-5, and AAV-7 could
transduce murine skeletal muscle more efficiently than
the more widely used serotype AAV-2.2"?® Therefore,
these AAV vectors may be more suitable for clinical trials
of systemic antiangiogenic therapy targeting skeletal
muscle.

An alternative approach for antiangiogenic gene
therapy of hematological malignancy is the use of
hematopoietic stem cells (HSCs) transduced with inte-
grating vectors such as oncoretroviral or lentiviral
vectors.> Long-term reconstitution with retroviral HSCs
have been attained even in human clinical trials. As
transplanted HSCs invade within the extravascular BM
space, a high concentration of endostatin could be
achieved at the site of malignant cell growth. We are
currently attempting to evaluate this approach for long-
term therapy of MPD model mice.

We demonstrated that an antiangiogenic strategy is
effective to treat MPD of tg model mice. Although a first
remission could be often achieved by rigorous che-
motherapy programs, reappearance of the malignant
cells is still a major concern in the treatment of leukemia.
Antiangiogenic gene therapy may offer an important
option for the establishment of the long-term anticancer
state after remission induction of various hematological
malignancies.
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Abstract

The effect of imatinib on myeloproliferative disease in transgenic (Tg) mice expressing the P230 BCR/ABL transcript is
unknown. To investigate this issue, we administered imatinib (30 mg/kg per day) orally to P230 BCR/ABL-expressing Tg mice
for 30 days. Following imatinib administration, the enlarged spleen was significantly reduced to within the normal size range.
Infiltrating megakaryocytes in the long-axis section of the spleen were also significantly reduced. However, the cellularity of
the bone marrow was not affected. Fluorescence-activated cell-sorting analysis revealed that infiltrating mature granulocytes
in the spleen were reduced in number. The numbers of infiltrating CD34, CD117, CD61, and CD11b populations were also
reduced in immature populations of the spleen. Real-time quantitative polymerase chain reaction analysis of messenger RNA
revealed a dramatic reduction in the p230 BCR/ABL transcript for CD34,CD117,CD61, and CD11b populations in both bone
marrow cells and spleen cells. Western blotting and immunoprecipitation analysis also revealed a marked reduction in P230
BCR/ABL protein expression in both bone marrow cells and spleen cells. Thus, imatinib administration had the intriguing
effect of replacing clones with high expression of p230 BCR/ABL complementary DNA with clones with very low expression.
These data show that imatinib may still be capable of eliminating and eradicating clones with high p230 BCR/ABL expression
and healing the disease phenotype in Tg mice. Pluripotent clones with very low p230 BCR/ABL expression still survive as
immature CD34, CD117, CD61, and CD11b populations.
Int J Hematol. 2006;84:346-353. doi: 10.1532/1JH97.05186
© 2006 The Japanese Society of Hematology

Key words: P230 BCR/ABL; Transgenic mouse; Imatinib; Megakaryocyte; Myeloproliferative disease

1. Introduction significant activity against P210 and P190 BCR/ABL in CML
and acute lymphocytic leukemia [2-4]. However, there is no
Chronic myeloid leukemia (CML) features a characteris- evidence that imatinib is also effective against P230

tic chromosome, the Philadelphia (Ph) chromosome. The BCR/ABL, which is clinically characterized as chronic neu-
Ph chromosome carries the BCR/ABL oncogene, which is  trophilic leukemia. Thus, we investigated whether imatinib
formed by the reciprocal translocation of chromosomes 9  has a selective inhibitory activity against the BCR/ABL tyro-
and 22 [1]. sine kinase of P230 BCR/ABL.

Imatinib mesylate (formerly STI5S71 or CGP57148B, We generated transgenic (Tg) mice expressing P230
hereafter imatinib) is a potent and relatively selective tyro- BCR/ABL driven by the MSCV neo P230 BCR/ABL vector
sine kinase inhibitor of the BCR/ABL protein. Imatinib has [5]. Tg mice expressing P230 BCR/ABL complementary
DNA (cDNA) were used in an in vivo model to confirm that
imatinib is a potential drug for myeloproliferative disease

Correspondence and reprint requests: Koiti Inokuchi, MD, (MPD) expressing P230 BCR/ABL.
PhD, Division of Hematology, Department of Internal Medicine, The present report shows that imatinib eliminates the
Nippon Medical School, 1-1-5 Sendagi, Bunkyo-ku, Tokyo 113- disease phenotype by removing hematologic cells expressing
8603, Japan; 81-3-3822-2131; fax: 81-3-5814-6934 (e-mail: p230 BCR/ABL cDNA and allowing the proliferation of
inokuchi@nms.ac.jp). cells expressing low levels of p230 BCR/ABL cDNA.
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2. Methods
2.1. Imatinib Mesylate

Imatinib mesylate (STI571, CGP57148B) was donated by
Witte-Maria Weber (Novartis Pharmaceuticals, Basel,
Switzerland). Stock solutions of this compound were pre-
pared to 5 mg/mL with distilled water, filtered, and stored at
—20°C. Preparations used for animal experiments were made
at the concentrations indicated below and kept at 4°C for a
maximum of 4 days. Stock solutions of 5 mg/mL were admin-
istered to mice by gavage once a day. For the control Tg mice,
distilled water was administered. The imatinib dose was cho-
sen in accordance with the doses administered in previous
published studies that have investigated the molecular mech-
anisms of imatinib resistance in a murine retroviral CML
transduction and transplantation model. At first, we adminis-
tered 50 mg/kg imatinib per day. However, all of the Tg mice
had severe bone marrow suppression by day 7 (median white
blood cell [WBC] count, 1.4 x 10°/L; median hemoglobin
concentration, 8.2 g/dL; median platelet count, 91 x 10°/L);
thus, we reduced the dosage to 30 mg/kg per day for this
investigation. Administering imatinib at 30 mg/kg per day
caused mild bone marrow suppression on day 20 (median
WBC count, 5.5 X 10°%/L; median platelet count, 999.5 x 10%L),
but it recovered by day 30. Administering imatinib at 3 mg/kg
or 10 mg/kg per day caused neither bone marrow suppres-
sion nor a pharmacologic reaction in the spleen.

2.2. Tg Mice

We generated Tg mice that expressed P230 BCR/ABL
driven by the promoter of the long terminal repeat of the
murine stem cell virus of the MSCV neo P230 BCR/ABL
vector [5].

2.3. Histologic Analysis of the Spleens of Tg Mice

Nine- to 13-month-old Tg mice with P230 BCR/ABL
cDNA (n = 24) and wild-type mice of the same age were
enrolled in this study. Imatinib was orally given at 30 mg/kg
per day to 12 mice for 30 days. Because the imatinib-admin-
istered mice showed lowered activity levels and weight loss
(median initial weight, 32 g; weight on day 30, 28 g), these
Tg mice were sacrificed on the 30th day of oral administra-
tion. After the mice were sacrificed, the femur bone marrow
and spleen tissue were obtained, fixed in neutrally buffered
10% formalin at room temperature for 24 hours, embedded
in paraffin, and sectioned. All spleen sections were stained
with hematoxylin and eosin for light microscopy. Immunos-
taining for megakaryocytes after formalin fixation was per-
formed with purified rat antihuman CD62P (P-selectin)
monoclonal antibody (BD Pharmingen, San Jose, CA,
USA) and polyclonal rabbit antihuman von Willebrand fac-
tor conjugated with horseradish peroxidase (HRP) (Dako,
Glostrup, Denmark) [5].

The megakaryocytes in the longitudinal section of the
spleen were counted, and the long axis of the section was
measured with Luna Vision, version 1.1 (Mitani, Fukui,
Japan).

2.4. Flow Cytometric Analysis and Cell Purification

Mononuclear cells in the bone marrow and spleen from
4 Tg mice that had been treated with imatinib at 30 mg/kg for
30 days, 2 untreated control Tg mice with MPD, and 4 wild-
type mice were evaluated by single-color flow cytometric
analysis with a FACScan flow cytometer (BD Biosciences,
San Jose, CA, USA) and fluorescein isothiocyanate (FITC)-
conjugated monoclonal antibodies to CD117, TER-119,
CD11b (Mac-1), and CD61, and phycoerythrin-conjugated
monoclonal antibodies to CD34. All antibodies were pur-
chased from BD Pharmingen (Franklin Lakes, NJ, USA). A
minimum of 5000 events were acquired, and the data were
analyzed with CellQuest software (BD Biosciences).

Mononuclear leukocytes (1 x 10°) from wild-type mice,
control Tg mice, and imatinib-administered Tg mice were
separated from the bone marrow and spleen and were
sorted by standard protocols with a MACS Mouse Cell Iso-
lation kit (Miltenyi Biotec, Bergisch Gladbach, Germany),
which is specific for CD34, CD117, CD11b, or FITC (indi-
rect MicroBeads used for CD61 [Miltenyi Biotec]). Each
sample was incubated with a specific monoclonal antibody
(BD Biosciences) after incubation with MACS beads. The
samples were added to an LS column (Miltenyi Biotec) in a
magnetic field, and negative cell fractions were depleted.
Fluorescence-activated cell-sorting (FACS) analysis estab-
lished that all of the cells purified with a MACS Mouse Cell
Isolation kit in the present study sorted cells with greater
than 90% specificity (data not shown). After checking the
purification results with the FACScan instrument, total
RNA was extracted from the purified cells.

2.5. Real-Time Quantitative Polymerase Chain
Reaction Analysis

Relative quantification of BCR/ABL gene expression in
bone marrow cells and spleen cells (CD117* cells, CD11b*
cells, CD34* cells, and CD61* cells) were measured by real-
time quantitative polymerase chain reaction (RQ-PCR)
analysis using the Gene Amp 5700 Sequence Detection Sys-
tem (Applied Biosystems, Foster City, CA, USA). Total RNA
was extracted with the RNA STAT-60 reagent (Tel-Test,
Friendswood, TX, USA) from each purified cell. One micro-
gram of total RNA was used to construct cDNA by reverse
transcription with an RNA PCR Kit (AMV), version 2.1
(TaKaRa Bio, Shiga, Japan) according to standard protocols.
To quantify gene expression, we used the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene as an endogenous
control. Dilutions of a cDNA sample prepared from the total
RNA of murine 32D cells transfected with p230 BCR/ABL
cDNA were used to construct standard curves for the
BCR/ABL and GAPDH amplifications. The specific probes
and primers used in the RQ-PCR for the BCR/ABL gene seg-
ment coding for the adenosine triphosphate—binding site were
TagMan probe 5-TCA TCC ACA GAG ATC TTG CTG
CCC G-3 forward primer 5-CCG TGG TGC TGC TGT
ACA TG-3",and reverse primer 5-GTT CTC CCCTAC CAG
GCA GTT-3".The primers and probes used for GAPDH were
TagMan Rodent GAPDH Control Reagents (Applied
Biosystems). All samples were run twice.
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Figure 1. Histologic analysis of the spleen and bone marrow. The
cryosection of the spleen was stained with hematoxylin and eosin (HE)
for counting megakaryocytes with light microscopy, and the long axis of
the section was measured. A, HE-stained sections of spleens from a wild-
type mouse (i, iv), a control transgenic (Tg) mouse (ii, v), and an ima-
tinib-administered mouse (iii, vi). B, Results of immunostaining of
spleen cells with anti-CD62P (P-selectin) antibody (i) and with anti-von
Willebrand factor/horseradish peroxidase antibody (ii). C, HE-stained
bone marrow of wild-type mice (i), control Tg mice (ii), and imatinib-
administered Tg mice (iii). Original magnifications are indicated
beneath each panel.

2.6. Western Blotting and Immunoprecipitation

Purified spleen or bone marrow cells were suspended
in RIPA lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1 mM EDTA [pH 8.0], 1% Triton X-100, 0.1%
sodium dodecyl sulfate [SDS], and 1% sodium deoxy-
cholate) containing Complete, Mini, EDTA-Free Protease
Inhibitor Cocktail Tablets (Roche Diagnostics, Mannheim,
Germany) extraction solution and were lysed according to
standard protocols. Cell lysates containing 30 pg of protein
were boiled with SDS sample buffer (20 mM sodium phos-
phate, 2% SDS, 0.001% bromophenol blue, 0.2 M dithio-
threitol, and 2% glycerol) prior to SDS—polyacrylamide
gel electrophoresis. The samples were electrophoresed
with molecular weight markers (Biotinylated Protein Lad-
der Detection Pack; Cell Signaling Technology, Beverly,
MA, USA), protein lysates of murine 32D cells trans-
fected with p230 BCR/ABL cDNA as the positive control,
and protein lysates of cells of the MV(4;11) cell line as the

negative control. After proteins were transferred to a
polyvinylidene fluoride (PVDF) membrane from a 5%-to-
25% gradient polyacrylamide gel, mouse antihuman Abl
protein monoclonal antibody (BD Pharmingen) was incu-
bated with 5% dry milk containing phosphate-buffered
saline with polysorbate (Tween). PVDF membranes were
incubated with HRP-linked antimouse antibody (BD
Pharmingen) and HRP-linked antibiotin antibody (BD
Pharmingen). Western blotting was performed with the
ECL Plus Western Blotting Detection System (GE
Healthcare, Piscataway, NJ, USA). Another membrane
with the same amount of the same protein lysate was incu-
bated with anti-B-actin antibody (BD Pharmingen) for
normalization.

2.7. Statistical Analysis

Statistical analyses were performed with StatView soft-
ware (SAS Institute, Cary, NC, USA). Data are expressed as
the mean + SD unless otherwise indicated and have been
compared by means of the unpaired Student 7 test. A P value
of <.05 was considered statistically significant.

3. Results

3.1. Histologic Analyses of the Spleen and Bone
Marrow Revealed That Imatinib Administration to Tg
Mice Influenced the Length of the Long Axis of the
Spleen and the Megakaryocyte Counts in the Spleen
but Had No Influence on the Bone Marrow

The Tg mice were sacrificed on the 30th day of imatinib
administration in order to analyze both bone marrow and
spleen. Hematoxylin and eosin staining, anti-CD62
immunostaining (Figure 1B, 1), and anti-von Willebrand fac-
tor immunostaining (Figure 1B, ii) of the spleen revealed
that imatinib administration reduced the numbers of infil-
trating large megakaryocytes (Figure 1A). However, there
were no significant changes in bone marrow cellularity
between the Tg control mice and the imatinib-administered
Tg mice (Figure 1C).

The length of the long axis of the spleen was also signifi-
cantly reduced to 10.7 + 1.1 mm in the imatinib-administration
group (n = 7), compared with 13.8 + 5.3 mm in the control
group (n = 8) (P = .0065; Figure 2A). The numbers of large
megakaryocytes were also significantly reduced in the area of
the long-axis section of spleens from the imatinib-administered
group (132.6 + 52.5/section; n = 7) compared with the numbers
in the control Tg group (321.8 + 151.4/section; n = 8) (P = .008;
Figure 2B).

3.2. Imatinib Administration Markedly Reduced
Mature Neutrophils in the Spleen but Had No
Influence on the Bone Marrow

To evaluate the effect of imatinib on the phenotypic
populations of infiltrated cells before and after imatinib
administration, we performed a FACS analysis. The number
of spleen cells of control Tg mice in area R1, which is
strongly positive and weakly positive for CD11b and CD117
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Figure 2. Histologic analysis of the spleen by counting megakaryo-
cytes in the area and measuring the long axis of the spleen. Imatinib-
administered transgenic (Tg) mice had a significantly decreased
megakaryocyte count in the spleen section and a shorter long axis of the
spleen. A, Length of the spleen long axis. B, The number of megakaryo-
cytes per area of spleen section. Large mature megakaryocytes were
counted in spleen sections stained with hematoxylin and eosin. Wild
indicates wild-type mice; Tg, control Tg mice, Tg + imatinib, imatinib-
administered Tg mice. *P > .05.

populations, respectively (Figure 3A, i), suggests that
phenotypically mature granulocytes had increased. On the
other hand, the numbers of cells in area R1 were markedly
reduced in the imatinib-administered Tg mice (Figure 3B).
The reduction in the number of cells noted in area R1 in the
spleen was also detected in the bone marrow of imatinib-
administered Tg mice (Figure 4). However, the frequencies
of all 4 positive populations (CD117%, CD34*, CD61*, TER-
119*) were maintained in area R2 spleen cells of Tg mice
despite 30 days of imatinib administration (Figure 3A, iii).
Area R2 consists of low-positive CD11b and high-positive
CD117 populations, suggesting immature granulocytes.
Thus, the FACS analysis revealed that the number of mature
granulocytes (R1 area) was reduced in the spleens of ima-
tinib-administered Tg mice. However, 30 days of imatinib
administration had hardly any influence on the frequencies
of CD117, CD34, CD61, and TER-119 cell populations in
the immature population (R2 area) of the spleen. Figure 3C
shows a cytospin cytocentrifuge analysis of sorted spleen
cells. An examination of the sorted Mac-1* (CD11b") cells
from area R1 showed mature granulocytes.

However, FACS analysis showed no significant changes in
the cell populations of the bone marrow between imatinib-
administered Tg mice and control Tg mice (Figure 4). A
FACS analysis revealed that the cell populations of bone mar-
row were very different from those of the spleen. An R3 area,
which is occupied by high-positive CD11b and low-positive
CD117 cell populations, was not detected in spleen cells. The
populations in area R1 were reduced. However, the popula-
tions in area R3 were increased in number (Figure 4).

3.3. High BCR/ABL Messenger RNA Expression
among the Populations of Spleen Cells Was Markedly
Reduced with Imatinib Administration

To evaluate the expression status of the BCR/ABL gene
in each population, we tried to quantify BCR/ABL messen-
ger RNA (mRNA) with the RQ-PCR method.

RQ-PCR analysis revealed that the infiltrated spleen cells
had markedly higher BCR/ABL mRNA expression than
bone marrow cells. In the control Tg mice, the CD117",
CD11b*, and CD61* populations of the spleen showed
higher expression than those of the bone marrow (Figure 5).

Following imatinib administration to Tg mice, RQ-PCR
analysis revealed a significant 310-fold reduction in relative
p230 BCR/ABL mRNA expression (0.1436 + 0.0852 versus
44.445 + 0.107) in the infiltrated spleen cells and a 9-fold
reduction (0.4293 + 0.078 versus 3.928 + 0.1351) in the bone
marrow cells of the imatinib-administered group, compared
with the control group (Figure 5).

All populations of bone marrow cells and spleen cells of
Tg mice (n = 5) showed reduced BCR/ABL mRNA levels
after 30 days of imatinib administration compared with the
levels of the control Tg mice (n = 3). BCR/ABL mRNA
expression was also decreased in the purified cell popula-
tions of all CD34*, CD61*, CD117*, and CD11b* bone mar-
row cells. Thus, the RQ-PCR analysis revealed that this
mRNA was significantly reduced following imatinib admin-
istration to Tg mice (Figure 5).

3.4. Suppression of the P230 BCR/ABL Oncoprotein
in Spleen Cells of Tg Mice Administered Imatinib

The influence of imatinib on the BCR/ABL oncoprotein
was examined by Western blotting (Figure 6). Western blot-
ting revealed that the BCR/ABL oncoprotein was signifi-
cantly reduced after imatinib administration compared with
control Tg mice. This result shows a good correlation
between mRNA expression and protein expression.

4. Discussion

We generated Tg mice expressing p230 BCR/ABL cDNA
by using the pMSCV P230 BCR/ABL cDNA vector [5]. P230
BCR/ABL Tg mice have a longer disease latency than P210
BCR/ABL Tg mice [6], which show mild granulocytosis,
marked thrombocytosis, and the development of MPD with
splenomegaly, as is seen in human chronic neutrophilic
leukemia and CML with thrombocytosis.

In this study, we showed that infiltrating megakaryocytes
expressing the CD61 antigen have higher BCR/ABL expres-
sion than progenitor cells such as c-kit" (CD117") cells,
CD34* cells, and mature myeloid cells such as CD11b* cells.
This phenomenon of BCR/ABL positivity may contribute to
the phenotype of human MPD with marked thrombocytosis.

The oral administration of imatinib at a dosage of
30 mg/kg per day for 30 days to Tg mice significantly reduced
the size of the enlarged spleen by removing infiltrated mega-
karyocytes and mature granulocytes (Figure 2). These cells in
the megakaryocytic and myeloid lineages with high p230
BCR/ABL expression were eradicated. As is shown in the
FACS analysis, the mature cell populations in area R1 (a
mature granulocyte morphology) were reduced more signifi-
cantly than the immature cell population (R2). In area R2,
immature populations with 4 phenotypes (CD34, CD117,
CD11b, and CD61 expression) were consistently present
(Figure 3). However, these 4 populations were clearly
reduced in number because imatinib administration reduced
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Figure 3. Fluorescence-activated cell-sorting (FACS) analysis of spleen cells from transgenic (Tg) mice after 30 days of imatinib administration. A,
FACS analysis of spleen cells in 13-month-old wild-type and control Tg mice. B, FACS analysis of spleen cells in Tg mice administered imatinib for 30
days. The panels show flow cytometric side-scatter (SSC) and forward-scatter (FSC) properties. High SSC means high granularity, and high FSC means
alarge cell. The R1 (A, 1) and R2 (A, ii and iii) regions indicate granular and mononuclear regions, respectively. C, Wright-Giemsa-stained sorted cells
of area R1 spleen cells. CD34 indicates immature progenitor cells; CD61, megakaryocytes; CD11b, monocytes and neutrophils; CD117, immature pro-

genitor cells.

the spleen size (volume) significantly. The higher frequencies
of these 4 populations in area R2 may be due to clonal
change. Clones in area R2 may have hardly any capacity for
differentiation with imatinib administration. In other words,
cells with high BCR/ABL expression were eliminated, and
pluripotent cells with very low BCR/ABL expression conse-
quently were selected and accumulated in area R2. Thus,
imatinib had a sufficient capacity to inhibit the tyrosine
kinase activity of P230 BCR/ABL and to eliminate high

BCR/ABL-expressing cells with a high capacity for prolifer-
ation and differentiation.

Despite the effect on the spleen, from the viewpoint of
pathology, there were no effects on bone marrow cellularity
in the imatinib-administered Tg mice. With respect to the
FACS analysis of the bone marrow, we identified R3
populations that were not detected in the spleen. These
mature cells may contribute to maintaining peripheral
blood counts.
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Figure 4. Fluorescence-activated cell-sorting (FACS) analysis of bone marrow cells from transgenic (Tg) mice after 30 days of imatinib administra-
tion. A, FACS analysis of control Tg mice (A) and Tg mice administered imatinib for 30 days (B).

There remains the question of why there was a difference
in response between the bone marrow and the spleen of ima-
tinib-administered Tg mice. The explanation is that spleen
cells that expressed high BCR/ABL mRNA levels clearly
were removed. On the other hand, mature cells in the bone
marrow in area R3 were not affected. This difference may
have been due to variations in the expression of BCR/ABL
mRNA between the spleen and the bone marrow. Imatinib
removed only cells with high BCR/ABL expression.

Because imatinib is an intrinsic tyrosine kinase inhibitor
of the BCR/ABL protein, there could be no effect on mRNA
transcription activity. However, a significant reduction in

BCR/ABL mRNA expression by imatinib was observed in
the granulocytic and megakaryocytic cell population of the
treated mice. Additionally, Western blotting revealed that
administering imatinib also inhibited the expression of the
P230 BCR/ABL oncoprotein. These data may indicate that
cells with high BCR/ABL mRNA expression in the bone
marrow are markedly reduced in exchange for cells with low
BCR/ABL mRNA expression and consequently indicate the
maintenance of residual infiltrated immature cells in the
spleen.

However, it is difficult to normalize the elevated periph-
eral blood counts of Tg mice by administering 30 mg/kg per
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Figure 5. Relative quantification of BCR/ABL messenger RNA
(mRNA) of cell populations in the spleen and bone marrow. Bars rep-
resent relative quantification of BCR/ABL mRNA of purified bone
marrow and spleen cell populations of control transgenic (Tg) mice and
Tg mice after 30 days of imatinib administration. For each experimental
sample, the amounts of BCR/ABL mRNA and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA were determined by real-time quan-
titative polymerase chain reaction analysis and comparison with the
appropriate standard curve (insets). The BCR/ABL mRNA amount was
divided by the GAPDH mRNA amount to obtain a normalized
BCR/ABL mRNA value. All samples were analyzed in duplicate. All
cell preparations purified with the MACS purification kit (Miltenyi
Biotec) showed greater than 90% purity.

day of imatinib for 30 days, despite bone marrow suppression
on day 20. However, there was a tendency toward decreased
WBC counts on the 30th day in the Tg mice administered
30 mg/kg imatinib per day compared with the control Tg
mice (8.38 = 0.86 x 10°/L versus 7.92 + 0.22 x 10%/L; P =
.5798). In addition, hemoglobin concentrations were 12.43 +
1.02 g/dL and 13.26 + 0.95 g/dL (P = .1388) for the control
and imatinib-administered groups, respectively, on the 30th
day of administration, and the corresponding platelet counts
were 1210 + 140 x 10%L and 1100 = 540 x 10%/L (P = .1226).
We speculated that the differences in the peripheral blood
counts could not be the result of residual hematopoietic cells
in the spleen and bone marrow expressing low levels of
BCR/ABL and thereby partly contributing to maintaining
the high platelet and leukocyte counts. Another speculation
is that mature hematopoietic cells in area R3 of the bone
marrow that are not affected by imatinib maintained the
peripheral blood counts.

Low levels of BCR/ABL expression are sufficient to sup-
port growth factor independence [7]. Therefore, imatinib
administration for 30 days was not able to affect the normal-
ization of the peripheral blood counts sufficiently. Normaliza-
tion of the peripheral blood count could be achieved with a
longer duration of imatinib administration in Tg mice, because
all cells of Tg mice have the p230 BCR/ABL transgene and
express the p230 BCR/ABL protein.

It is interesting that the RQ-PCR analysis revealed that
4 CD-positive populations of infiltrating cells in the spleen
of control Tg mice had markedly higher BCR/ABL mRNA
expression levels than the identical populations among

Figure 6. Western blotting of P230 BCR/ABL oncoproteins of bone
marrow cells and spleen cells. The level of P230 BCR/ABL protein was
normalized to that of B-actin, the product of a housekeeping gene. The
left lane shows molecular weight markers. Lane 1, positive control (32D
cells expressing p230 BCR/ABL cDNA); lane 2, negative control
(MV[4;11] cell line expressing the MLL/AF4 fusion protein); lane 3,
spleen of a control transgenic (Tg) mouse; lane 4, bone marrow of a con-
trol Tg mouse; lane 5, spleen of an imatinib-administered Tg mouse;
lane 6, bone marrow of an imatinib-administered Tg mouse.

bone marrow cells. The reason for this difference could be
that infiltrating cells in the spleen are more malignant
clones that have lost the cell-cell interactions in the
microenvironment of the bone marrow and that these cells
are capable of deviation [8-10].

In human beings, normal hematopoiesis from Ph chromo-
some—negative hematopoietic cells recovered quickly in the
bone marrow following imatinib-mediated eradication of Ph
chromosome-—positive leukemic cells. The time to the onset
of a major cytogenetic response ranged from 2.4 to 19
months with once-daily imatinib administration. The median
time to a complete hematologic response was 0.7 months
[11]. On the other hand, previous reports of experiments with
a murine bone marrow transduction and transplantation
(BTT) model of CML indicated that imatinib induced hema-
tologic responses and prolonged the lives of mice that
received BCR/ABL-transfected bone marrow [12-14]. How-
ever, approximately 20% to 25% of the mice did not respond
adequately to imatinib, and none of the imatinib-treated
mice were cured of the CML-like MPD [12]. Because the
human and murine models of CML have a heterogeneous
phenotypic pattern, a longer period of administration may be
needed for mice in the BTT model to confirm the efficacy on
the peripheral blood of mice that showed no response. This is
because some BTT models of CML that have responded to
imatinib required 8 to 10 weeks to reach a maximal response.
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Imatinib administered orally to Tg mice led to decreased
levels of infiltrating cells with high BCR/ABL expression in
the enlarged spleen. In particular, megakaryocytosis and
granulocytosis in the spleen were clearly improved. Imatinib
administration also changed the clone from cells with high
BCR/ABL expression to cells with low BCR/ABL expres-
sion. This report is the first to show the effectiveness of ima-
tinib on the P230 BCR/ABL oncoprotein and on Tg mice
expressing P230 BCR/ABL cDNA.
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Importance of c-kit mutation detection method sensitivity in prognostic analyses of

t(8;21)(q22;q22) acute myeloid leukemia
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Recently, c-kit mutations have been reported as a novel
adverse prognostic factor of acute myeloid leukemia with
1(8;21)(q22;922) translocation ({(8;21) AML). However, much
remains unclear about its clinical significance. In this study, we
developed a highly sensitive mutation detection method known
as mutation-biased PCR (MB-PCR) and investigated the rela-
tionship between c-kit mutations and prognosis. When c-kit
mutations were analyzed for 26 cases of 1(8;21) AML using the
direct sequence (DS) and MB-PCR, the latter had a much higher
detection rate of c-kit mutations at initial presentation (DS
5/26(19.2%) vs MB-PCR 12/26(46.2%)). Interestingly for the three
cases, in which c-kit mutations were observed only at relapse
with the DS, c-kit mutations were detected at initial presentation
using the MB-PCR. This result suggests that a minor leukemia
clone with c-kit mutations have resistance to treatment and are
involved in relapse. In univariate analyses, the presence of a
c-kit mutation using DS was not an adverse prognostic factor
(P=0.355), but was a factor when using MB-PCR (P=0.014).
The presence of c-kit mutations with MB-PCR was also an
independent adverse prognostic factor by multivariate analyses
(P=0.006). We conclude that sensitivity of c-kit mutation
detection method is important to predict prognosis for t(8;21)
AML.

Leukemia (2011) 25, 1423-1432; doi:10.1038/leu.2011.104;
published online 24 May 2011

Keywords: t(8;21) AML; c-kit; mutation; F/t3ITD; prognosis;
sensitivity

Introduction

Acute myeloid leukemia (AML) has the highest incidence among
adult leukemia and includes a variety of subtypes with varying
pathology, responsiveness to treatment and prognoses.’? AML
with the t(8;21)(q22;¢22) translocation (t(8;21) AML), constitutes
about 10% of all AMLs and has been considered an AML group
with favorable prognosis based on its positive responsiveness to
chemotherapy and high rate of complete remission.>> Many
studies have reported that when high-dose Ara-C is used as post-
remission therapy for t(8;21) AML, prognosis is good with
overall disease-free survival rates of 50-70%.°"

However, although (8;21) AML has good prognosis overall,
about 40% of cases relapse, of which half become treatment
resistant. In fact, reports suggest that the prognosis of (8;21)
AML following first relapse is just as poor as other relapsed
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AMLs even when stem cell transplantation (SCT) is per-
formed."?"® Stratifying prognoses for t(8;21) AML become
critical when determining, for example, SCT indications during
the initial remission period. The white blood cell (WBC) count at
initial examination,'?> WBC index,'®"” additional chromosomal
aberrations such as del(9)'® and loss of sex chromosomes and
CD56 positivity'? have been reported as adverse prognostic
factors of t(8;21) AML. In recent years, c-kit mutations have also
been proposed as a novel marker.?%2

The c-kit gene is located on chromosome 4q11-12 and
encodes a 145 kD type Il receptor tyrosine kinase. It has five
extracellular immunoglobulin-like domains, a juxtamembrane
domain and an intracellular kinase domain. c-kit mutations have
been found in gastrointestinal stromal tumors (70% or more),
mastocytosis (90% or more) and germ cell tumors (about
10%).2#** In addition, they have been reported in ~12-25%
of cases of core-binding factor (CBF)-AMLs such as
inv(16)(p13922) and (8;21) AML.>* Normal c-kit sends pro-
liferative cues into cells following stimulation by its ligand, stem
cell factor and has an important role in early hematopoiesis.?®
On the other hand, mutant c-kit send proliferative signals into
cells in a ligand-independent manner, and are considered class |
aberrations, which have a role in leukemic cell pro]iferation‘”’
In recent years, it has been reported that CBF-AML cases with
c-kit mutations show a high rate of relapse and poor
prognosis.”®?12729 Reflecting these reports, the National
Comprehensive Cancer Network’s (NCCN) 2009 guidelines
considered t(8;21) AML with c-kit mutations to be an
intermediate prognosis group. However, at present, much
remains unclear about the significance of c-kit mutations as a
prognostic factor for CBF-AML. For example, in inv(16)(p13q22)
AML, prognosis of patients with or without mutation in c-kit
exon 8 is not significantly different.?' Recently it is also reported
that prognosis of pediatric CBF-AML patients with or without
c-kit mutations is not significantly different.°

The sensitivity of the detection method may be one reason
why c-kit mutations remain an unclear prognostic factor for
(8;21) AML. A large majority of t(8;21) AML cases is classified
as M2 by the French-American-British (FAB) Classification.
Depending on the case, the proportion of leukemic cells may be
less than 50%. In addition, nearly all c-kit mutations are
heterozygous. It is possible that leukemic cells with c-kit
mutations are quantitatively small populations at initial pre-
sentation and hence, not detectable with the direct sequence
(DS) method. If the minor leukemic cells with c-kit mutations at
initial presentation become treatment resistant and are involved
in relapse, then a highly sensitive method to detect c-kit
mutations is necessary in order to clarify the significance of c-kit
mutations as a prognostic factor. Therefore, we used a highly
sensitive mutation detection method known as mutation-biased
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PCR (MB-PCR) to detect c-kit mutations and investigated their
significance as a prognostic factor for t(8;21) AML.

Patients and methods

Patient samples

We retrospectively analyzed 26 cases of t(8;21) AML treated at
the Nippon Medical School and its affiliated facilities between
January 1991 and January 2009. A search for c-kit mutations and
Fms-like tyrosine kinase 3 internal tandem duplications (FIt3
ITD) was carried out on 26 initial diagnosis and 15 relapse cases
where bone marrow or peripheral blood samples, in which 30%
or more of the blast cells were available for use. Informed
consents were obtained from the patients for genetic testing.
This protocol was approved by our institutional review board.

Mutation analysis for c-kit and Flt3 ITD

Mononuclear cells from bone marrow or peripheral blood were
isolated by density gradient centrifugation using lymphocyte
separation medium (Organon, Durham, NC, USA). Genomic
DNA of mononuclear cells was extracted with the QlAamp
DNA Mini Kit (Qiagen, Hilden, Germany). PCR amplification of
c-kit and Ft3 ITD was performed as previously described.?'*?
Mutational analysis of the extracellular domain (exons 8 and 9),
transmembrane domain (exon 10), juxtamembrane domain
(exon 11) and the second intracellular kinase (TK) 2 domain
(exons 17 and 18) of the c-kit gene was carried out with PCR
followed by direct sequencing. Specific sequences of primers
used for PCR and sequencing are available on request. To
validate sequencing results, PCR products were inserted into the
pCR2.1-TOPO vector using a TOPO TA cloning kit (Invitrogen,
Carlsbad, CA, USA). Recombinant plasmids isolated from 8 to
12 white colonies were sequenced.

MB-PCR for c-kit mutations using QProbe
Quenching probe (QProbe) is a fluorescent probe in that a
fluorescent substance is bound to cytosine on the terminal
portion of the probe, which becomes quenched on hybridiza-
tion with a complementary strand. With increasing temperature,
the duplex unravels at a temperature (Tm) related to the strength
of the bond between the QProbe and the complementary chain,
at which point the fluorescence intensity recovers. Tm analysis
is a technique to determine the degree of complementation
between the QProbe and target nucleic acid by measuring the
change in fluorescence intensity with increasing tempera-
ture.”*3* Here, we detected c-kit mutations using the QProbe
method and a prototype of i-densy, a fully automated single
nucleotide polymorphism genotyping systems.>* Amplification
was performed with MB-PCR for high-sensitivity detection of
mutations using probes that perfectly matched the mutated form.
In MB-PCR, the 3’ terminal region of the primer is established as
the mutation site, and allele-specific primers for wild-type and
mutant primers are used for amplification. By adjusting the
length of the primer, we devised a means by which the mutant
form could be amplified more than the wild-type form.
Furthermore, given the correlation between the proportion of
the mutant form and the value of the fluorescence intensity
detected by QProbe, it is possible to semiquantify the amount of
mutations.

For sensitivity analysis, normal cells and clinical samples with
heterozygous mutations were mixed and detection sensitivity
was assessed. The ratio of each mutation was controlled by

Leukemia

LARE S ERSI Y B /st

adjusting the ratio of blast cells from the clinical samples.
Detection sensitivity was also assessed using a mixture of DNA
from a normal subject and c-kit mutations containing fragment
generated by PCR and TA cloning from clinical samples.

Statistical analysis

Patient characteristics were compared using Chi-square, Fisher
and ttests. In addition, we analyzed the cumulative incidence of
relapse (CIR) using the Kaplan-Meier log-rank test. Prognostic
factors for t(8;21) AML were analyzed with multivariate analyses
using Cox proportional hazards. In order to extract independent
events, those events with a P-value of 0.20 or less were analyzed
using the backward stepwise model selection procedure.
Statistical analyses were carried out using SPSS software (version
12.1.4; SPSS Inc., Chicago, IL, USA).

Results

Clinical characteristics of patients with t(8;21) AML
The clinical characteristics of patients are shown in Table 1. The
median age was 50.3 years (range, 31-72 years) with 69.2%
being males. Patients were followed-up for 3-112 months after
initial presentation, with a median of 34.5 months. Of the 26
total t(8;21) AML cases, 15 (57.7%) relapsed.

Behenoy! cytosine arabinoside (BHAC)-DM-based, DNR/Ara-C
and IDA/Ara-C regimens were used as induction therapies for
16, 7 and 3 cases, respectively. BHAC-DM-based regimen was a
response-oriented individualized chemotherapy regimen using
BHAC, dounorbicin (DNR) and 6-mercaptppurine (6-MP).3>73¢
All patients obtained complete remission by induction therapies.
For post-remission consolidation, BHAC-based and HDAC-
based regimens were administered in 14 and 12 cases,
respectively. As (8;21) AML was considered to have favorable
prognosis, SCT was not given in any of the cases during the first
remission period.

Evaluation of post-remission course revealed a range of 1-64
months until first relapse (median 16 months) and CIR of 45.2% at
1 year and 58.6% at 6 years. We further analyzed the impact of
post-remission therapy, WBC counts at initial examination, WBC
index and CD56 expression on relapse. However, post-remission
therapies, initial WBC counts, WBC index and CD56 expression
were not significantly associated with relapse, and therefore,
remain of unclear prognostic significance. Specifically, BHAC-
based regimen had CIR of 31.9% at 1 year and 48.9% at 6 years,
whereas HDAC-based regimen resulted in CIR of 58.3% at 1 year
and 66.7% at 6 years (P=0.384). When initial WBC counts were
equal to or greater than 20 000/pl, CIR was 60.0% at 1 year and
80.0% at 6 years. When initial WBC counts were less than
20000/ul, CIR was 36.2% at 1 year and 48.4% at 6 years
(P=0.4343). WBC index were equal to or greater than 20, CIR
was 43.2% at 1 year and 54.1% at 6 years. When WBC index
were less than 20, CIR was 33.3% at 1 year and 66.7% at 6 years
(P=0.7569). CD56 expression less than 10% was associated with
CIR of 25.0% at 1 year and 52.4% at 6 years, whereas CD56
expression greater or equal to 10% resulted in CIR of 57.7% at 1
years and 66.2% at 6 years (P=0.083).

Comparison of chromosome analysis at initial
presentation and at relapse

There were 14/26 cases (53.8%), in which a chromosomal
aberration other than t(8;21)(q22;q22) was observed at initial
presentation (Table 2). Among these, the most frequent was the
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Table 1 Clinical and molecular characteristics of t(8;21)AML patients
Characteristics Total MB-PCR method
t(8;21)AML n =26 Wild type n=14 c-kit mutation(+) n=12 P
(D816V: 4, N822K: 8)
Male/female 18/8 10/4 8/4 0.673
Age (years)
Median (range) 50.3 (31-72) 50.2 (31-72) 50.4 (33-67) 1,000
<60 22 12 10
=60 4 2 2
PS =2 1 1 0
WBC (/)
Median (range) 12858 (1400-42800) 12962 (1400-42800) 12745 (3900-29900) 0.928
<20000 21 " 10
=20000 5 3 2
Hemoglobin (g/dl)
Median (range) 7.48 (3.2-12.5) 6.73 (3.2-10.1) 8.36 (4.2-12.5) 0.148
=10 21 13 8
<10 5 1 4
Platelet (x 10%/u)
Median (range) 2.26 (0.7-8.5) 2.43 (0.7-8.5) 2.08 (0.4-5.8) 0.654
% PB blast 49.8 (10.0-93.5) 58.7 (15.5-92.0) 48.2 (10.0-93.5) 0.770
Median (range)
% BM biast
Median (range) 64.5 (30.4-95.0) 65.3 (37.6-95.0) 63.5 (30.4-90.0) 0.832
WBC index
Median (range) 70.6 (9.8-296.2) 67.4 (9.8-296.2) 74.8 (19.1-163.8) 0.792
<20 3 2 1
=20 23 12 11
Extramedullary involvement
CD56+
<10% 13 9 4 0.238
=10% 13 5 8
Fit3 ITD
Negative 24 13 11
Positive 2 1 1
Relapse rate (%) 57.7% 35.7% 83.3% 0.021
CIR
Median 18 months Not reached 11 months 0.014
%CIR at 1 year 45.2% 22.1% 72.5%
%CIR at 6 years 58.6% 34.4% 81.7%
Abbreviations: AML, acute myeloid leukemia; CIR, cumulative incidence of relapse; WBC, white blood cell.
loss of a sex chromosome, which was observed in 12 cases (P=0.400). Specifically, cases with additional chromosomal
(46.2%) (—Y: 11 cases, —X: 1 case) (Table 2). aberrations at initial examination had CIR of 30.4% at 1 year
Of 15 relapsed cases, three were unacceptable for chromo- and 53.6% at 6 years, whereas those without additional
somal analyses. Additional chromosomal aberrations were chromosomal aberrations at initial examination had CIR of
observed at relapse in 10/12 cases (83.3%), which was higher 63.3% at 1 year and 6 years.
relative to the rate at initial presentation. New chromosomal
aberrations were observed in 9/12 cases (75%). Furthermore,
most of these cases were observed with two or more  c-kit mutations detected by direct sequence analysis
chromosomal aberrations in addition to (8;21)(q22;q22). This We screened for c-kit mutations using DS on 26 initial
suggests greater chromosomal instability at relapse compared presentation cases and 13 relapsed cases with t(8;21) AML,
with initial presentation. However, prognostic analyses did not other two relapsed cases were not available for analysis. In
show a significantly higher relapse rate (RR) for cases with initial presentation subject samples, mutations were observed in
additional chromosomal aberrations at initial examination 5/26 cases (19.2%; three cases of D816V and two cases of
Leukemia
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Table 2 Chromosomal aberrations, direct sequence and MB-PCR analysis of c-kit gene at initial presentation and relapse
%Blast Chromosome analysis Direct MB-PCR
sequence
At initial presentation
1 67.4% 46, XY,1(8;21)(q22:922) D816V D816V
2 57.8% 45,X-Y,1(8;21)(922;922) D816V D816V
3 66.8% 46,XX,1(8;21)(022;022) D816V D816V
4 46.5% 46,XY,1(8;21)(q22:922) wild D816V
5 55.0% 46,XY,1(8;21)(922;022) Wild N822K
6 67.6% 45 X-Y,1(8:21)(q22;922) N822K N822K
7 48.8% 45 X-Y,1(8;21)(022;022) N822K N822K
8 48.4% 46,XX,1(8:21)(022;0922) wild N822K
9 30.4% 46,XY,1(8;21)(922;922) M541L N822K
10 80.0% 46,XX,1(1;13;21;8)(021;014;022;922) Wild N822K
11 90.0% 46,XX,1(8:21)(022;0922) M541 L, K546K, 1862 L N822K
12 32.4% 45,X-Y,1(8;21)(q22;022) Wild No signal
13 69.2% 45,X-Y,1(8;21)(922;922) Wild No signal
14 49.6% 45 X-X,1(8;21)(022:922) Wild No signal
15 37.6% 45 X-Y,1(8;21)(022;022) Wild No signal
16 63.2% 46,XY,1(8;21)(022;022) M541L No signal
17 90.0% 46,XY,1(8;21)(q22:922) wild N822K
18 62.8% 45, X-Y,1(8;21)(022;022) Wild No signal
19 54.8% 45,X-Y,1(8;21)(922;022) Wild No signal
20 95.0% 45 X-Y,1(8;21)(022;022) Wild No signal
21 44.2% 45,X-Y,1(8;21)(022;022) Wild No signal
22 70.0% 46,XX,1(8;21)(022;922) Wild No signal
23 95.0% 46,XX,1(8;21)(022;G22) wild No signal
24 79.8% 46,XY,1(8;21)(022;G22) Wild No signal
25 62.6% 46,XX,1(8;13;21)(q22:914:022) wild No signal
26 55.1% 45,X-Y,1(8;21)(922;922) Wild No signal
At relapse
1 75.4% 46,XY,1(8;21)(022;022),t(1;2)(q42;921) 46,XY,t(8;21;22)(022;922:q11) D816V D816V
2 82.4% 45,X-Y,1(8;21)(022;022),t(1;13)(036;q14),del(11)(q23) 45,X-Y,1(8;21) D816V D816V
(@22;022),add(7)(022)
3 42.0% not acceptable D816V D816V
4 91.5% 45 X-Y(8;21)(q22;022),t(1;22)(q21:0;q13) 45.X-Y;1(8;21) D816V D816V
(622,922),20d(2)(033)
5 91.8% 45,X-Y,der(2)del(2)(p21)del(2)(q33),der(8)t(8;21)(q22;022)t(8;14)(022;q13), D816V D816V
add(9)(p22),add(10)(q22),
add(11)(q23),der(14)t(8;21)t(8;14),add(15)(q11),add(20)(q13),der(21)t(8;21)
6 Continuous first remission
7 55.6% 45 X-Y(8;21)(22;022),add(2)(021) N822K N822K
8 87.5% 46,XX,1(8;21)(022;0922) N822K N822K
9 74.7% 46,XY,60-,70+,-11,1(8;21)(022;022), +mar M541 L No signal
10 42.2% 46,XX,1(1;13;21;8)(021;914:922;022) wild No signal
11 55.0% 46,XX,1(8;21)(022;922) M541 L, K546K, L862L No signal
12 30.2% Not acceptable Wild No signal
13 70.2% 45,X-Y,1(8;21)(922;022),120- Not acceptable Not acceptable
14 30.0% 45 X-X,1(6;10)(q15;p13),1(8:21)(q22;G22) 45,X-X,1(8;21)(q22;022),add(16)(24) wiid No signal
15 8.0% Not acceptable Not acceptable Not acceptable
16 35.2% 45 X-Y,1(8;21)(022;022),t(11;12)(p13;024.3) 45 X-Y, M541 L No signal
1(8;21)(022;022),1(9;12)(q22;q13),t(11:12)(p13;024.3)
17 Drop out
18 Continuous first remission
19 Continuous first remission
20 Continuous first remission
21 Continuous first remission
22 Continuous first remission
23 Continuous first remission
24 Continuous first remission
25 Continuous first remission
26 Continuous first remission
N822K). In relapsed subject samples, mutations were observed presentation. Sequences of the detected c-kit mutations were
in 7/15 cases (46.7%,; five cases of D816V and two cases of D816V (GAT—GTC) and N822K (AAT—AAG). In addition to
N822K, two cases were not acceptable). All c-kit mutations the above-mentioned mutations, we observed three cases of
localized to the A-loop of exon 17. Intriguingly, of the relapsed M541L (ATG—CTG; 11.5%), one case of K546K (AAA— AAG;
cases with c-kit mutations, three cases (two cases of D816V and 3.8%), and one case of L862L (CTG—CTC; 3.8%) as genetic
one case of N822K) were not detected c-kit mutation at initial polymorphisms (Table 2).
Leukemia
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Establishment of a highly sensitive c-kit mutation clone of leukemic cells with c-kit mutations at initial presenta-
detection method with MB-PCR tion had resistance to treatment and became involved in relapse.
There were three cases, in which c-kit mutations were observed To prove this hypothesis, we established a highly sensitive
only at relapse using DS. For this reason, we surmised that minor method for detecting these c-kit mutations called MB-PCR. The

Figure 1 Comparison of detection sensitivities for c-kit exon 17 mutations. (@) Detection sensitivity for the D816V mutation. (b) Detection
sensitivity for the N822K mutation. In (a) and (b), the upper panel shows the sensitivity analysis using a mixture of a mutated fragment and DNA
from a normal subject. The lower panel shows sensitivity analysis using a mixed sample containing cells harboring mutations and normal cells.
Sensitivity analysis was conducted using samples corresponding to 0.1, 0.3, 1, 3, 10 and 30% dilutions. The upper row in each panel shows results
from MB-PCR. In contrast to wild-type c-kit, for which the complementary strand and QProbe separate at Tm values of 42-52 °C (D816V region)
and 44-52 °C (N822K region), separation is observed at Tm values of 52—-60 °C and 52-61 °C, respectively, for D816V and N822K mutations. The
lower row of each panel shows results from the DS method. Arrows indicate waves of mutations.

Leukemia
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sensitivity of detecting mutations using this method was tested
by mixing cells containing D816V or N822K mutations with
normal cells, which showed detection sensitivities of around
0.1% for D816V and 3.0% for N822K. Sensitivity analysis with a
D816V- and N882K-containing fragment mixed with DNA from
normal subjects produced a detection sensitivity of around 0.1%
for both D816V and N822K. In contrast, the same sample
subjected to the DS method resulted in a detection sensitivity of
10-30% for D816V and 30% for N822K. These results suggest
that compared with the DS method, MB-PCR can detect
mutations with much higher sensitivity (Figure 1).

Screening for c-kit mutations using highly sensitive
mutation detection methods

When c-kit mutations of D816V and N822K were screened
using MB-PCR, 12/26 of initial presentation samples were
positive (46.2%; 4 cases of D816V and 8 cases of N822K). In 15
of relapse samples, two of them were not available for analyses,
and seven of them were detected c-kit mutations (46.7%; five
cases of D816V and two cases of N822K). In other words, MB-
PCR offered a higher detection rate for c-kit mutations at initial
presentation samples compared with DS.

MB-PCR was able to detect c-kit mutations at initial
presentation or early stage for the three cases, in which c-kit
mutations were observed only at relapse using DS. MB-PCR
could detect c-kit mutations at initial presentation of case
number 4 and 8, as well as at the first relapse of case number 5,
for which c-kit mutations could not detected using DS (Figure 2).

Although less prevalent than the D816V and N822K muta-
tions, there has been reports of small deletion-type mutation in
the T417-D419 region of exon 8 in c-kit (i.e., del419, del418-
419 and Thr417Ile/del418-419). In order to analyze this exon 8
mutation, we generated a QProbe (QProbe TH7=D49 directed
at the wild-type sequence. However, the T417-D419 deletion
could not be detected in first presentation and relapsed t(8;21)
AML samples.

Clinical significance of c-kit D816V and N822K
mutations

The clinical progression of the 11 cases with detected c-kit
mutations are shown in Figure 3 (one case was not included due
to a short observation period). Five cases with the D816V
observed at initial presentation using the MB-PCR method all
eventually relapsed, and at relapse D816V remained positive in
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all cases (Figure 3). For cases number 4 and 5 in particular, a
low number of leukemic cells had D816V at initial presentation,
which apparently became treatment resistant and amplified in
subsequent relapse. Of the seven cases with N822K at initial
presentation, six cases (86%) relapsed. Among these, however,
N822K was observed in only two cases (33.3%) at relapse
(Figure 3).

Significance of c-kit mutation as a prognostic factor in
t(8;,21) AML

Using DS and MB-PCR, we examined whether initial possession
of a c-kit mutation has prognostic significance given the above
MB-PCR results. No significant differences were found in
clinical characteristics of case samples analyzed by both
methods between those with or without c-kit mutations (Table 1
and Supplementary Table 1). By DS, there was a tendency for
high RRs in the c-kit mutation (+) group, but this was not
statistically significant (Figure 4a). Specifically, the c-kit muta-
tion (+) group had a RR of 80.0% and CIR of 60.0% at 1 year
and 80.0% at 6 years, while the c-kit mutation (—) group had a
RR of 52.4% and CIR of 35.7% at 1 year and 52.8% at 6 years
(P=0.355). However, with MB-PCR, the c-kit mutation (+)
group had a statistically significant higher RR (Figure 4b).
Specifically, the c-kit mutation (+) group had a RR of 83.3%
and CIR of 72.5% at 1 year and 81.7% at 6 years, whereas the
c-kit mutation (—) group had a RR of 35.7% and CIR of 22.1% at
1 year and 34.4% at 6 years (P=0.014).

Significance of c-kit mutation and FIt3ITD as a
prognostic factor in t(8;21) AML

FIt3 ITD is observed in about 25% of all AMLs and is one
of the gene mutations considered to be an adverse prognostic
factor. However, among the 26 cases of t(8;21) AML examined,
Flt3 ITD was observed in only 2/26 (7.7%) cases at
initial presentation, which is a lower incidence relative to
c-kit mutations. In one case, Flt3 ITD and c-kit mutations
were observed simultaneously. All patients with FIt3 ITD
demonstrated relapse after short remission period. Considering
the FIt3 ITD (+) cases and/or MB-PCR c-kit mutation (+) cases
together as the mutation (+) group, its relapse rate was shown
to be significantly higher compared with those lacking both
mutations (mutation () group: RR 30.8%, 1 year CIR 15.4%,
6 year CIR 34.2% versus mutation (+) group: RR 84.6%, 1 year
CIR 74.8%, 6 year CIR 83.2%, P=0.005) (Figure 4c).

Figure 2 Detection of c-kit mutations with MB-PCR but not DS. The top and bottom panels, respectively, show results of the DS method and MB-
PCR. For cases 4 and 8 at diagnosis and case 5 at first relapse, c-kit mutations were detected with MB-PCR but not with DS. Arrows indicate waves

of mutations.
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Figure 3  Clinical courses of patients with c-kit mutations D816V and N822K. The top panel shows five cases, in which the D816V mutation was
observed; the bottom panel shows six cases, in which the N822K mutation was observed. For cases 4 and 5 of D816V and case 8 of N822K,
mutations were detected with MB-PCR at an earlier time point than with the DS method. All five cases with detected D816V relapsed, at which
time the mutation could be detected even with the DS method. In contrast, among the six cases for which N822K was detected, long-term
remission was obtained in one case with chemotherapy alone (number 6). For three cases (number 9, 10 and 11), the N822K mutation was
detected at initial presentation but not at relapse. CR, complete remission; M, month; SCT, stem cell transplantation.

Multivariate analyses

We carried out multivariate analyses with the backward
stepwise model selection procedure on age (260 or <60 years
old), gender (male or female), additional chromosomal aberra-
tions (yes or no), WBC count at initial examination (=20 000/ul
or <20000/ul), hemoglobin (=10.0g/dl or <10.0g/dl), and
post-remission therapy (BHAC-based or HDAC-based) in order
to establish the significance of c-kit mutations as prognostic
factors for relapse of t(8;21)AML.

As a result, c-kit mutations and hemoglobin level at initial
presentation were extracted as independent events by the
backward stepwise model selection. Multivariate analyses with
Cox proportional hazards revealed that MB-PCR detection of
c-kit mutations (hazard ratio 5.074, P=0.006, 95%Cl:

1.609—16.003) and c-kit mutation and/or Flt3 ITD (hazard ratio
6.650, P=0.003, 95%Cl: 1.948—22.695) were independent
adverse prognostic factors. On the other hand, multivariate
analyses revealed that hemoglobin level at initial presentation
were not independent adverse prognostic factors (P=0.11).

Discussion

We present MB-PCR as a highly sensitive method for detecting
gene mutations and showed that cases for which c-kit mutations
were observed only at relapse using DS actually already
harbored those mutations at initial presentation at a low level
undetectable by DS. In this investigation, although we did not
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Figure 4 Relationship between presence of c-kit mutations and relapse. (a) Relationship between the presence of c-kit mutations and relapse with
the DS method; (b) Relationship between the presence of c-kit mutations and relapse with the MB-PCR method; (c) Relationship between the
presence of c-kit mutations with the MB-PCR method and Fit3 ITD, and relapse. {; c-kit mutation (n=11), FIt3 ITD (n=1), double positive (n=1).

observe significant differences in relapse rates between cases
with and without c-kit mutations using the DS method, we did
observe a significant difference between cases with and without
c-kit mutations using MB-PCR (Figures 4a and b). From the
above, we conclude that high sensitive method of detecting c-kit
mutation, such as MB-PCR method, is important to predict
prognosis for t(8;21) AML.

These results suggest that a minor leukemia clone with c-kit
mutation at initial presentation has resistance to treatment and
becomes involved in relapse. There have been several recent
reports of the role of leukemic stem cells in relapse of
leukemia.>*=** The rare c-kit mutation-harboring leukemic cells
at initial presentation thought to be involved in relapse may
represent leukemic stem cells with c-kit mutations. In the future,
we plan to analyze c-kit mutations in leukemic stem cell
fractions using MB-PCR.

Aberrant c-kit in t(8;21) AML has been reported in the
extracellular domain of exon 8, the juxtamembrane domain of
exons 10 and 11, and the A-loop domain with tyrosine kinase
activity of exon 17. Some previous in vitro studies report that the
D816V mutation confers higher tumor growth and antiapoptotic
potential compared with mutations in the extracellular domain
of exon 8 or in the juxtamembrane domains of exons 10 and
11.454¢ Similar observations have been reported for FIt3
mutations, which are class | mutations as found in c-kit.
Specifically, mutations in the Flt3 tyrosine kinase domain (TKD)
confer lower tumor growth and antiapoptotic potential com-
pared with Flt3 ITD.*’*® These findings suggest that biological
functions of c-kit mutations differ depending on the mutation
site, which may affect responsiveness to treatments. In our study,
we did not observe any mutations apart from D816V and N822K
in the exon 17 A-loop. However, all cases with D816V at initial
presentation eventually relapsed while preserving the D816V
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mutation. In contrast, only one of three cases with N822K at
initial presentation were detected N822K at relapse. This result
suggests that D816V and N822K may differ functionally, even if
this mutation is also in the same A-loop. Thus, we believe that
functional analysis of both mutations will be necessary.

Although rare, mutations other than D816V, N822K, and the
small T417-D419 deletion have been reported for (8;21) AML.
However, we detected no mutations other than D816V and
N822K by screening exons 8-11, 17 and 18 using the both
MB-PCR and DS method in relapse samples. On the basis of this,
we conclude that at least for the cases examined in our study, c-kit
mutations other than D816V and N822K were not major for
relapse. In the future, we hope to investigate more cases and
determine the clinical significance of rare c-kit mutations.?%%74%

This investigation showed that aberrant c-kit at initial
presentation in t(8;21)AML is associated with a significantly
higher rate of relapse and shorter period of first remission.
However, aberrations of unknown gene are involved in t(8;21)
AML based on the following observations: a class | aberration
must additionally occur in chimeric protein AML1-ETO for
(8;21)AML mouse model onset,**>" c-kit mutations and Flt3
ITD are not observed in about 50% of t(8;21) AML, and there are
cases in which the N822K mutation disappeared at relapse. In
addition, given report of positive responsiveness to high-dose
Ara-C therapy and favorable prognosis of #(8;21) AML with
N-Ras mutations, which is also a class | mutation,®? other class |
mutations should also be examined.

Our results do not directly suggest that allogeneic SCT is
indicated during the initial remission period for t(8;21) AML
with c-kit mutations, as is the case with AML groups with poor
prognosis. Recent reports have been inconclusive as to whether
prognosis of t(8;21) AML after the first relapse is poor, like other
relapsed AMLs,"” or still favorable.>® However, as these results
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were not stratified according to c-kit mutations, it remains
unclear whether allogeneic SCT is indicated during the first
remission period for t(8;21) AML with c-kit mutations. In
addition, we have previously shown the utility of SCT using
autologous disease-free peripheral blood stem cells in the first
remission period of t(8;21) AML, including cases of c-kit
mutations at initial presentation.’’ This result is intriguing
because it suggests that autologous peripheral blood stem cells
without residual disease are useful against t(8;21) AML with c-kit
mutations. Taking the above into consideration, future studies
should investigate stratification of SCT indications during the
first remission period according to genetic mutations such as c-
kit mutations and Flt3 ITD for t(8;21) AML, similar to current
investigations for normal karyotype AML.

Finally, this is a retrospective study, and the number of
patients examined was insufficient to carry out prognostic
analysis. A large-scale prospective study is needed to clarify the
utility of high-sensitivity analysis of c-kit mutations for (8;21)
AML in the clinical setting.
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Abstract Recently, RCSD1 was identified as a novel
gene fusion partner of the ABL1 gene. The RCSD1 gene,
located at 1923, is involved in t(1;9)(q23;q34) translocation
in acute B lymphoblastic leukemia. Here we describe
RCSD1-ABLI1-positive B-cell acute lymphoblastic leuke-
mia (ALL) followed by rapid clonal evolution exhibiting
three rare reciprocal translocations. We performed break-
point analysis of the transcript expressed by the RCSD1-
ABL1 fusion gene. RT-PCR and sequence analyses
detected transcription of a single RCSDI-ABL1 fusion
gene variant, which had breakpoints in exon 3 of RCSD1
and exon 4 of ABL1. The RCSDI1 portion of the RCSD1-
ABLI1 fusion transcript consists of exons 1, 2, and 3.
Tyrosine kinase inhibitors, imatinib and dasatinib, coad-
ministered with dexamethasone achieved transient clinical
effects in the present RCSD1-ABL1-positive ALL. How-
ever, leukemic cells rapidly became refractory to this
treatment following the subsequent development of three
additional  reciprocal = chromosomal translocations,
t(5;16)(q33;q24), dic(18;20)(p11.2;q11.2) and t(10;19)
(q24;p13.3). The present RCSD1-ABLI1-positive ALL may
represent a state of high chromosomal instability.

Keywords RCSDI1-ABLI fusion gene - B lymphoblastic
leukemia - Dexamethasone - TKI

K. Inokuchi (<) - S. Wakita - T. Hirakawa - H. Tamai -
N. Yokose - H. Yamaguchi - K. Dan

Division of Hematology, Department of Internal Medicine,
Nippon Medical School, 1-1-5 Sendagi, Bunkyo-ku,
Tokyo 113-8603, Japan

e-mail: inokuchi @nms.ac.jp

1 Introduction

Chromosomal translocations are considered as the primary
cause for leukemia, which ultimately determine the cell-
lineage and regulate the etiology of the disease.

ABLL1 is a gene located at 9934 that codes for a protein
with tyrosine kinase (TK) activity. The major fusion part-
ner of ABL1 is BCR, which is involved in the
t(9;22)(q34;q11.2) translocation, also known as a Phila-
delphia (Ph) chromosome. A BCR-ABL1 fusion gene in
t(9;22)(q34;q11.2) is present in more than 90% of patients
with chronic myelogenous leukemia (CML) and in 20% of
B-cell acute lymphoblastic leukemia (B-ALL) patients
[1, 2]. The BCR-ABLI1 gene results in the formation of a
chimeric BCR-ABL1 fusion transcript, which encodes a
constitutively active ABL1 tyrosine kinase.

Several partner genes of ABL1 have also been reported.
For example, ETV6, which is rearranged in t(9;12)(q34;p13)
of acute leukemia and myeloproliferative neoplasms (MPN)
[3,4]. NUP214 and EML1 have been found to be rearranged
with ABL1 in T-cell ALL [5, 6]. Recently, the identification
of a novel ABLI1 fusion partner, RCSDI1, involved in a
t(1;9)(q24;q34) translocation has been reported [7]. Only one
case of ALL has been confirmed as RCSD1-ABL1-positive
in the literature. Here we report a case of RCSD1-ABL1-
positive ALL with rapid clonal evolution by three rare
reciprocal chromosomal translocations.

2 Materials and methods
2.1 Patient profile

A 31-year-old man was admitted in February 2010 because
of persistent fever and diffuse thoracic pain. Physical
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examination revealed no hepatomegaly. The spleen and
nodular lymph nodes in both axillae were moderately
enlarged. Computed tomography revealed no mediastinal
enlargement or lymphadenopathy in the retroperitoneal
region.

Peripheral blood cell counts were as follows: hemoglo-
bin 11.2 g/dL, white blood cells 146,000/uL (neutrophils
9%, lymphocytes 1%, monocytes 0%, basophils 0%, blast
cells 90%), and platelets 161,000/uL. The lactate dehy-
drogenase level was 865 U/L (normal <250 U/L). Bone
marrow aspirate and biopsy were consistent with acute
leukemia (AL). The medium- to large-sized blasts had a
moderate amount of basophilic cytoplasm. Nuclei were
round or oval and had finely stippled chromatin. The blast
cells were positive for periodic acid-Schiff (PAS) but
negative for peroxidase, chloroacetate esterase, and
o—naphthyl butyrate esterase. The blast cell immunophe-
notypes were as follows: CD2 (—), CD3 (—), CD4 (—),
CDS5 (—), CD7 (-), CD8 (-), CD10 (+), CD19 (+),
CD20 (-), CD22 (+),CD16 (—), CD56 (—), CD64 (—),
CDllc (—), CD13 (+), CD14 (—), CD33 (+), CD36 (—),
CD79a (+), CD117 (=), HLA-DR (+). As a result of these
observations, a diagnosis of B-ALL was made. Cytoge-
netics revealed the karyotype of 46,XY,t(1;9)(q23;q34),
inv(2)(p21q33) in 20/20 cells (Table 1, Fig. 2a).

The patient was treated with hyper-CVAD combination
chemotherapy comprising cyclophosphamide, vincristine,
doxorubicin, and dexamethasone [8, 9]. However, the
disease did not achieve complete remission (CR), as shown
in Fig. 1. Abscesses in the deep skin and deep vein
thrombosis occurred in the left femoral vein of the central
venous drip line. Therefore, the patient was treated with

HyperCVAD
—

o 40mg dcay|
2000mg

Imatinib  Dasatinib
800mg 140mg

(x1091) <x102U/|)lr BMA1

25 =+ 10 4

Blast

WBC,

HyperCVAD

combination chemotherapy comprising 800 mg of imatinib
for 7 days and 40 mg of dexamethasone for 4 days fol-
lowed by 140 mg of dasatinib daily. Because, there is
evidence that dasatinib was effective to RCSD1-ABL1-
positive ALL, as described by Mustjoki et al. [7], the
patient was treated with imatinib followed by dasatinib. On
day 74, lymphoblasts disappeared from the peripheral
blood, but 15% remained in the bone marrow. A second
course of hyper-CVAD with 140 mg of dasatinib daily was
administered. Twenty days after therapy using 1.5 g of
methotrexate and cytarabine (total dose; 18 g), lympho-
blasts suddenly increased by 82% in a population of 42,000
leukocytes. Administration of 40 mg of dexamethasone for
4 days was highly effective in reducing lymphoblast count.
Administration of triplicated dexamethasone and dasatinib
achieved stable disease with partial remission in the bone
marrow. However, during the seventh administration of
dexamethasone, the disease recurred and there was no
further response to treatment. The cytogenetic clonal evo-
lution across the clinical course is shown in Table 1.

2.2 Fluorescence in situ hybridization (FISH)
and spectral karyotyping (SKY) in conjunction
with G-banding karyotype analysis

Karyotypic analyses were performed on unstimulated bone
marrow cells after short-term culture. Chromosomes were
G-banded and evaluated according to the International
System for Human Cytogenetic Nomenclature (ISCN2005)
[10, 11].

The Vysis LSI BCR, ABL dual color, dual fusion
translocation probe (Abbott Laboratories, Abbott Park, IL)

MTX
+AraC

Dexa 8omg
40mg

Dexa exa xa xa exa exa
40mg 4day || 40mg aday || 40mg aday || 40mg aday|| 40mg aday|| 40mg aday

A ——-A Blast i

_______________ P
-y S

| |
Day150 Day200

Fig. 1 Clinical course of the present patient. Ara-C cytarabine, BMA bone marrow aspiration, Dexa dexamethasone, HU hydroxyurea,
LDH lactate dehydrogenase, MTX methotrexate, WBC white blood cell count
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Table 1 The cytogenetic clonal evolution during the clinical course

Date of bone marrow aspiration

Karyotype

Day 0 at diagnosis (BMA 1)
Day 74 at the primary resistance stage (BMA 2)

Day 115 at the second clonal expansion (BMA 3)

Day 180 of the final stage (BMA 4)

46,XY,t(1;9)(q23:q34),inv(2)(p21q33)[20]
45,XY,t(1:;9)(q23;q34),inv(2)(q21q33),
©(5;16)(g33;q24),dic(18;20)(p11.2;q11.2)[2)/
46,XY[18]
45,XY,1(1;9)(q23;q34),inv(2)(q21q33),
t(5;16)(q33;q24),dic(18;20)(p11.2;q11.2)[16]/
46,XY,1(1;9)(q23;q34),inv(2)(q21q33),
1(5:16)(q33:q24),der(19)t(17;19)(q21;p13.3),
dic(18:20)(p11.2;q11.2),+21[4]

46,XY 1(1:9)(q23:934),inv(2)(q21433),
©(5;16)(g33;q24),der(19)t(17;19)(q21;p13.3),
dic(18;20)(p11.2:q11.2),4-21[20]

BMA 1-4: BMA 1-4 in Fig. 1

was used to detect ABL1 and BCR genes in metaphase
cells, as described previously [12]. SKY-FISH analysis was
performed as described previously [13].

2.3 Cell preparation and extraction of RNA

After obtaining informed consent, clinical samples of bone
marrow (BM) cells were obtained from the patient at diag-
nosis prior to treatment. Mononuclear cells (MNCs) were
separated from the BM cells by Ficoll Hypaque centrifuga-
tion (Lymphoprep, Neegard, Norway). The blast cells rep-
resented more than 96% of the total cell population. The total
RNA of BM MNCs at diagnosis was extracted with an
RNAZzol kit (Biotex Laboratories, Inc., Houston, TX), which
is based on a technique described previously [14].

2.4 Detection of the RCSD1-ABL1 fusion gene
by reverse-transcription polymerase chain reaction
(RT-PCR)

Complementary DNA (cDNA) was prepared from 0.5 pg
of total RNA using a random hexamer primer. Amplifica-
tion of the cDNA of the breakpoint site in the RCSD1-
ABL1 fusion gene was performed for 30 cycles (denaturing
at 98°C for 10 s, annealing at 60°C for 30 s, and extension
at 72°C for 90 s) in a DNA thermal cycler. The sequences
of the primers were SYN3044 F1 (5-GGGACAGCGGGG
ATCGTGAG-3') and SYN3044 R1 (5-AGGAGCTGCAC
CAGGTTAGG-3'). These two primers identify the fused
site of both the RCSD1 and ABLI transcripts. The PCR
products were electrophoresed through a 1% agarose gel
and then stained with ethidium bromide. The RCSDI1-
ABL1 amplified product was 626 nucleotides long. DNA
sequences of the RCSDI-ABL1 amplified product were
validated using the method described below.

2.5 Sequence analysis of the breakpoint site
of the RCSD1-ABLI fusion cDNA

The breakpoint site of the RCSD1-ABLI1 fusion gene was
amplified by PCR using SYN3044 F1 and SYN3044 R1
primers, as described above. Purified amplification prod-
ucts were sequenced with the Applied Biosystems 3130
Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) in both directions using the BigDye Terminator v3.1
Cycle Sequencing Kit, as described previously [15].

3 Results
3.1 Cytogenetics

Cytogenetics revealed the karyotype of 46,XY,t(1;9)
(923;934), inv(2)(p21q33) at diagnosis (Table 1; Fig. 1).
To clarify the precise chromosomal location of the BCR
and ABL genes, we performed two-color FISH with BCR
and ABL probes on blasts. FISH showed red signals of the
ABL gene bound to chromosome 9, and showed faint
signals of the ABL bound to der(1) t(1;9) and der(9) t(1;9),
as shown in Fig. 2b. Therefore, part of the ABL gene was
translocated to der(1) t(1;9). Green signals of the BCR gene
were present on the long arms of both copies of chromo-
some 22. On day 74, following a partial response to
treatment (15% of blasts remained in the bone marrow), of
the 20 metaphase cells analyzed from an unstimulated 24-h
culture, two showed the karyotype 46,XY,t(1;9)(q23;q34),
inv(2)(q21q33), t(5;16)(q33;q24), dic(18;20) (p11.2;q11.2)
and 18 showed normal karyotype (Table 2). During the
clinical course, we also subjected the metaphase cells to
G-banding cytogenetics and SKY-FISH. Subsequent clonal
evolution was revealed cytogenetically. In the subsequent
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Exon3 of RCSD1 gene

Fig. 2 Cytogenetic and molecular characterization of the
t(1;9)(q24:;q34) translocation. a G-banded karyotype showing the
46,XY,t(1;9)(q23;q34),inv(2)(p21q33). b FISH at metaphase revealed
the divided existence of the abll probe on der(1) and der(9).
¢ Agarose gel of RT-PCR products. An arrow shows the amplified
RCSD1-ABLI products. The RCSD1-ABL1 amplified product was

primary refractory phase on day 115, trisomy 21 and
der(19)t(17;19)(q21;p13.3) was detected (Table 2). The
karyotype 46,XY,t(1;9)(q23;q34), inv(2)(q21q33), t(5;16)
(933:924), der(19)t(17;19)(q21;p13.3), dic(18;20)(p11.2;
ql1.2),421 was the major clone in the final stage (Fig. 3).

3.2 Molecular analysis

RT-PCR analysis using both RCSD1 and ABL1 oligomers
allowed us to amplify a 626-bp RCSD1-ABLI1 fusion tran-
script (Fig. 2c). Sequencing revealed that the PCR product
consisted of the first three exons of RCSD1 fused to the ABL1
gene starting from exon 4 extending to the kinase domain
coding region (Fig. 2d). RT-PCR analysis did not detect the
shorter PCR product consisting of the first two exons of
RCSDI1 fused to exon 4 of ABL1, as shown in Fig. 2c.

4 Discussion

Here, we report the identification of a new putative ABL1
fusion partner, RCSDI, involved in a t(1;9)(q24;q34)
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Exon4 of ABL1 gene

626 nucleotides long. Lane M markers of 2,000, 1,000, 750, 500, 250
and 100 bp, respectively. Lane 1 RCSD1-ABL1 PCR (RT+). Lane 2
RCSD1-ABL1 PCR (RT—). d Sequence analysis of the RT-PCR
product of the RCSD1-ABL1 cDNA. The chromatograms show part
of the 5'-3' sequence upstream of the RCSD1-ABLI junction

translocation. Four ALL patients with t(1;9)(q24;q34) were
reported (Table 2) [7, 16, 17]. All four patients were young
males and each was diagnosed with B-cell or biphenotypic
ALL. The three previous cases went into remission. After
remission, allogenic hematopoietic stem cell transplanta-
tion (HSCT) was performed in two of the three cases.
However, all three cases experienced relapse of the disease.
The present case did not achieve remission. Tyrosine
kinase inhibitor (TKI), including imatinib and dasatinib,
was effective in the treatment of the refractory phase of the
third case and the present case [7].

Mustjoki et al. [7] reported two fusion transcripts
consisting of the first three exons of RCSD1 fused to
exon 4 of the ABL1 gene and the first two exons of
RCSD1 fused to exon 4 of the ABL1 gene. The tran-
script expressed by the RCSD1-ABL1 fusion gene of the
present case was exclusively of the type involving the
fusion of the first three exons of RCSDI1 with exon 4 of
ABLI. Therefore, this type of RCSDI-ABLI fusion
appears to have greater leukemogenic activity than those
involving the fusion of the first two exons of RCSDI1 to
exon 4 of ABLI.
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Fig. 3 Cytogenetic characterization of the karyotype at the Day 180.
a G-banded karyotype showing the 46,XY,t(1;9)(q23;q34),inv(2)

Table 2 Literature reports of ALL with t(1;9)(q23—-q24;q34)

(q21933),1(5;16)(q33;q24), der(19)t(17;19)(q21;p13.3),dic(18;20)
(p11.2;q11.2),421. b SKY-FISH revealed four types of translocations

Authors Patient Type of Phenotype positive Karyotype at diagnosis Gene
leukemia detected
Garcia et al.  15-year- Biphenotypic ~ CD22, CD33, CD57 46,XY,t(1;9)(q23.3-q25;q34)[27] ABL1
[16] old boy leukemia
Braekeleer 11-year- B-cell acute CD10, CD22, CD19, CD24, CD79a  46,Y,add(X)(p22),t(1;9)(q24;q34)[18] ABLL1
etal. [17] old boy leukemia (karyotype at the time of relapse)

Mustjoki 40-year- Pre-B acute CD10, CD19, CD22, nTdT, CD34, 46,XY,t(1;9)(q24;q34)[5] RCSD1-
et al. [7] old male leukemia CD38, CD79a, HLA-DR ABLI
Present case  31-year- B-cell acute CD10, CD13, CD19, CD22, 46,XY,t(1;9)(q23:q34),inv(2)(p21q33)[20] RCSD1-

old male leukemia CD33,CD34, CD79a, HLA-DR ABL1

The present case was ultimately resistant to Hyper-
CVAD therapy, and TKIs and high-dose dexamethasone.
We speculate that the resistance to combined chemother-
apy and TKIs may be due to the activation of the additional

oncogenes by the three types of cytogenetic translocations
that occurred subsequent to treatment.

The cytogenetic analysis in the ALL cases with
t(1;9)(q23;q34) at the refractory phase has not yet been
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reported in the previous three cases (Table 2). Although the
ALL patients with t(1;9)(q23;q34) readily achieved
remission and received a stem cell transplantation, these
patients nevertheless experienced relapses shortly after
treatment. Thus, ALL with t(1;9)(q23;q34) is a distinct
category with a poor prognosis. The additional subsequent
cytogenetic translocations may be one of the reasons for
the poor prognosis. Dasatinib with dexamethasone therapy
was transiently effective in the clonally evolved ALL with
t(1;9)(q23:;q34). The association of disease progression
with cytogenetic clonal evolution of the present ALL case
with t(1;9)(q22;q34) may provide important information on
ALL that is refractory to treatment.

Here, we experienced a very rare RCSD1-ABLI1-posi-
tive B-cell ALL followed by rapid clonal evolution
exhibiting three rare additional translocations. The disease
was primarily refractory to the standard chemotherapy,
Hyper-CVAD, and methotrexate and cytarabine treatment.
Combination chemotherapy comprising of TKIs, imatinib
followed by dasatinib, and dexamethasone were transiently
effective. Over the course of the disease, there is a possi-
bility that cytogenetically cumulative evolution resulted in
lymphoblasts that were resistant to hyper-CVAD and high-
dose dexamethasone with high-dose dasatinib. The present
RCSDI1-ABLI1-positive ALL may be in a state of high
chromosomal instability manifesting as balanced and
unbalanced reciprocal translocations.
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Inhibition of S100A6 induces GVL effects in MLL/AF4-positive
ALL in human PBMC-SCID mice

H Tamai', K Miyake®?, H Yamaguchi'?, T Shimada?, K Dan' and K Inokuchi’

Mixed-lineage leukemia (MLL)/AF4-positive ALL is associated with a poor prognosis even after allogeneic hematopoietic SCT
(allo-HSCT). We reported previously that MLL/AF4-positive ALL shows resistance to TNF-o, which is the main factor in the GVL effect,
by upregulation of ST00A6 expression followed by interference with the p53-caspase 8-caspase 3 pathway in vitro. We examined
whether inhibition of S100A6 can induce an effective GVL effect on MLL/AF4-positive ALL in a mouse model. MLL/AF4-positive ALL
cell lines (SEM) transduced with lentiviral vectors expressing both S100A6 siRNA and luciferase (SEM-Luc-S100A6 siRNA) were
produced. SEM-Luc-S100A6 siRNA cells and SEM-Luc-control siRNA cells were injected into groups of five SCID mice (1 x 107/body).
After confirmation of engraftment of SEM cells by in vivo imaging, the mice in each group were injected with 4.8 x 10’ human
PBMCs. SEM-Luc-S100A6 siRNA-injected mice showed significantly longer survival periods than SEM-Luc-control siRNA-injected
mice (P=0.002). SEM-Luc-S100A6 siRNA-injected mice showed significantly slower tumor growth than those injected with
SEM-Luc-control siRNA (P<0.0001). These results suggested that inhibition of ST00A6 may be a promising therapeutic target for

MLL/AF4-positive ALL in combination with allo-HSCT.

Bone Marrow Transplantation (2014) 49, 699-703; doi:10.1038/bmt.2014.18; published online 3 March 2014
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INTRODUCTION

Rearrangements of the mixed-lineage leukemia (MLL) gene
located at 11923 are common chromosomal abnormalities
associated with acute leukemia, especially infant leukemia and
secondary leukemia following treatment with DNA topoisomerase
Il inhibitors. In addition, 11923/MLL abnormalities are now widely
recognized as important prognostic factors in acute leukemia.
Over 70 chromosomal partners of 11923 have been identified to
date, at least 50 of which have been cloned and characterized at
the molecular level." The prognosis of leukemia patients with MLL
rearrangement varies widely depending on the partner gene,
leukemia cell lineage, age of the patient, and treatment
administered.” The most prevalent MLL rearrangement in ALL
generates the MLL/AF4 fusion gene due to a t(4;11)(q21;q23)
chromosomal translocation. Despite recent improvements in the
overall treatment outcome for ALL patients, including allogeneic
hematopoietic SCT (allo-HSCT), MLL/AF4-positive ALL is still
associated with a poor prognosis.> One reason why MLL/AF4-
positive ALL is resistant to allo-HSCT is that MLL/AF4-positive ALL
escapes from TNF-a-mediated apoptosis, which is the main GVL
effect, by upregulating the expression of $100A6.3*

S100A6 is a 10.5-kDa Ca’*-binding protein belonging to the
S100 protein family, which has been reported to interact with
and alter the conformation of p53.5® Upregulation of S100A6
expression in MLL/AF4-positive ALL inhibits p53 acetylation
followed by inhibition of upregulation of the caspase 8-caspase
3 apoptotic pathway in the presence of TNF-o.* The present study
was performed to examine whether inhibition of ST00A6 induces
GVL effects in an MLL/AF4-positive ALL in vivo model.

MATERIALS AND METHODS
Cell culture

The MLL/AF4-positive ALL cell line SEM was purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). The SEM cells were
maintained in DMEM-high glucose (Sigma, St Louis, MO, USA) supple-
mented with 10% fetal bovine serum (PAN Biowest, Nuaillé, France) at
37°C in an atmosphere of 5% CO, in air.

Establishment of MLL/AF4-positive ALL cell lines expressing both
S100A6 siRNA and luciferase

First, we produced MLL/AF4-positive ALL cell line (SEM) transduced with
lentiviral vectors express luciferase (SEM-Luc) as described previously.9
Second, to examine the long-term effects of S100A6 inhibition, we
produced SEM-Luc transduced with lentiviral vectors expressing S100A6
siRNA  (SEM-Luc-S100A6 siRNA). As a control, SEM-Luc trans-
duced with lentiviral vectors expressing control siRNA were produced
(SEM-Luc-control siRNA). The methods used for establishment of
SEM-Luc-S100A6 siRNA and SEM-Luc-control siRNA were as described
previously.*'®

Real-time quantitative PCR analysis of ST00A6 and B-actin

We determined the levels of ST00A6 mRNA expression in leukemia cells.
To activate ST00A6 mRNA expression, SEM-Luc-s100A6 siRNA cells or SEM-
Luc-control siRNA cells were incubated for 48h under TNF-o (5ng/mL)
based on a previous study.* Total RNA was extracted and treated with
DNase using an RNeasy Mini kit and RNase-Free DNase set (Qiagen,
Germantown, MD, USA) and converted to cDNA using an RNA PCR kit
(Takara, Shiga, Japan). Portions of unamplified cDNA were subjected to
PCR with SYBR Green PCR Core Reagents (PE Applied Biosystems, Foster
City, CA, USA). Incorporation of SYBR Green dye into the PCR products was
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Figure 1. The protocol for murine transplantation experiments. 1 x 10”/body of (A) SEM-Luc-S100A6 siRNA cells or (B) SEM-Luc-control siRNA
cells were injected into groups of five SCID mice by IP. Twenty-one days after injection of SEM cells, confirmation of engraftment of SEM cells
was performed using IVIS; mice in each group were injected with 4.8 x 107/body of human PBMCs. In addition to OS rate, tumor growth 21

days after injection of human PBMCs was assessed by IVIS.

monitored in real-time with an ABI PRISM 7700 sequence detection system
(PE Applied Biosystems), thereby allowing determination of the threshold
cycle at which exponential amplification of PCR products began. The
threshold cycle values for cDNAs corresponding to B-actin and target
genes were used to calculate the abundance of the target transcripts
relative to that of B-actin mRNA. The oligonucleotide primers of S100A6
were as described previously.*

in vitro analysis of cell growth of SEM-Luc-S100A6 siRNA and
SEM-Luc-control siRNA

The generated leukemia cell lines (SEM-Luc-ST00A6siRNA and SEM-Luc-
control siRNA) were incubated in vitro with or without TNF-o (0, 1, 10 and
100 ng/mL) for 48 h before counting cells to examine the effects of TNF-o
on leukemia cells, as described previ«:)usly.4

Separation of human peripheral blood mononuclear cells (PBMCs)
Human PBMCs were obtained by separation of heparinized blood from a
healthy donor on a Ficoll-Histopaque gradient. The PBMCs were washed
twice and resuspended in RPMI 1640 supplemented with 25 mm HEPES
buffer, 2mm glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin and
10% heat-inactivated FCS. (This medium is designated FCS-RPMI.)

Murine transplantation experiments and in vivo imaging

The protocol for murine transplantation experiments is shown in Figure 1.
For in vivo analysis, 1 x 10’/body of SEM-Luc-S100A6 siRNA cells or SEM-
Luc-control siRNA cells were injected into groups of five SCID mice by IP.
Twenty-one days after injection of SEM cells, confirmation of engraftment
of SEM cells was performed using an in vivo imaging system (IVIS); mice in
each group were injected with 4.8 x 10’/body of human PBMCs by IP. In
addition to OS rate, tumor growth 21 days after injection of human PBMCs
was assessed by IVIS, as described previously.® Each mouse was killed at
the time of dying or over day 100 on survival. All animal experiments were
performed in accordance with the regulations established by the Ethical
Committee of Nippon Medical School and were approved by the Animal
Care and Committee of Nippon Medical School.

Examination of serum concentrations of human TNF-o by ELISA
The serum concentrations of human TNF-o three weeks after injection of
human PBMCs were measured by ELISA in each group of five mice. ELISA
was performed as described previously.'

Statistical analysis

The results of cell growth and gene expression assays were analyzed by
Student’s t-test, assuming unequal variances and two-tailed distributions.
Data are shown as the means £ s.d. of at least three samples. For survival
analyses, event time distributions were estimated using the method of
Kaplan and Meier, and differences in survival rates were compared using
the log-rank test. In all analyses, P<0.05 was taken to indicate statistical
significance.

RESULTS
The expression of S100A6 mRNA was inhibited only in
SEM-Luc-S100A6 siRNA cells under 5ng/mL of TNF-o..

RQ-PCR analysis showed that ST00A6 mRNA expression was
significantly inhibited in SEM-Luc-S100A6 siRNA cells (P =0.005) in

Bone Marrow Transplantation (2014) 699-703

£ 15

S P=0.005*

7}

k3

c 1.0

2

@

S

o

% 05

o

2

5

€ 0.0

SEM-Luc- SEM-Luc-
control siRNA S100A6 siRNA
cells cells
(N=3) (N=3)
Figure 2. RQ-PCR analysis of ST00A6 mRNA in the presence of
TNF-o  (5ng/mL). S100A6 mMRNA expression was significantly

inhibited in SEM-Luc-S100A6 siRNA cells in comparison with
SEM-Luc-control siRNA cells under TNF-a (5 ng/mL).

comparison with those in SEM-Luc-control siRNA cells under
5ng/mL of TNF-a (Figure 2).

SEM-Luc-S100A6 siRNA cells were sensitive to TNF-o, while
SEM-Luc-control siRNA cells showed resistance

There were no significant differences between the growth of
SEM-Luc-S100A6 siRNA and SEM-Luc-control siRNA cells in vitro
without TNF-o. (P=0.890) (Figure 3a). However, the growth of
SEM-Luc-S100A6 siRNA cells was significantly inhibited by TNF-o
in comparison with SEM-Luc-control siRNA cells (P=0.012 for
1ng/mL of TNF-a, P=0.005 for 10 ng/mL of TNF-o and P=0.012
for 100 ng/mL of TNF-a) (Figure 3b).

No significant differences in serum concentration of human TNF-o
were observed between SEM-Luc-S100A6 siRNA-injected and
SEM-Luc-control siRNA-injected mice

In the in vivo analysis, there were no significant differences
between the serum concentrations of human TNF-o 3 weeks after
injection of human PBMCs in SEM-Luc-S100A6 siRNA-injected
mice and SEM-Luc-control siRNA-injected mice (145.0£5.0 vs
150.0 £ 40.0 pg/mL, respectively, P=0.95) (Figure 4a).

Significant differences in tumor growth were observed between
SEM-Luc-S100A6 siRNA-injected mice and SEM-Luc-control
siRNA-injected mice

Although there were no significant differences in tumor
size  between SEM-Luc-S100A6 siRNA-injected mice and
SEM-Luc-control  siRNA-injected mice (2.59+0.15x 10° vs
345+022 % 10° p/s, respectively, P=0.52), there were significant
differences in tumor size 3 weeks after injection of human
PBMCs (6 weeks after SEM cell engraftment) between these two

© 2014 Macmillan Publishers Limited
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Growth of SEM-Luc-control siRNA cells and SEM-Luc-S100A6 siRNA cells in vitro. (a) Growth of SEM cells without TNF-o.. There were
no significant differences in growth between SEM-Luc-control siRNA cells and SEM-Luc-S100A6 siRNA cells in vitro without TNF-o. (b) Growth
of SEM cells with TNF-o.. No significant inhibition by TNF-o was observed in SEM-Luc-control siRNA cells in vitro with TNF-o. (c) Growth of SEM
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Figure 4. Comparison between SEM-Luc-control siRNA cell-injected mice and SEM-Luc-S100A6 siRNA cell-injected mice. (a) Serum concentration
of human TNF-o of SEM-injected SCID mice. There were no significant differences between SEM-Luc-control siRNA cell-injected mice and
SEM-Luc-S100A6 siRNA cell-injected mice. (b) Tumor growth in SEM-injected SCID mice. The growth rate was significantly lower in SEM-Luc-
S100A6 siRNA cell-injected mice than in SEM-Luc-control siRNA cell-injected mice. (c) OS curves of SEM-injected SCID mice. Significantly longer
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survival was observed in SEM-Luc-S100A6 siRNA cell-injected mice compared with SEM-Luc-control siRNA cell-injected mice.
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Figure 5. Comparison of macropathology and micropathology

between SEM-Luc-control siRNA cell-injected mice and SEM-Luc-
S100A6 siRNA cell-injected mice. (a) Macropathology of SEM-Luc-
control siRNA-injected SCID mice. Red arrow: splenomegaly. Black
arrow: massive tumor. (b) Macropathology of SEM-Luc-S100A6
siRNA-injected SCID mice. Splenomegaly and tumor were not
observed. (c) Infiltration of the liver by lymphoma cells in SEM-
Luc-control siRNA-injected mice. (d) No infiltration of the liver by
lymphoma cells was observed in SEM-Luc-S100A6 siRNA-injected
mice. (e) Disruption of the spleen structure by lymphoma cells in
SEM-Luc-control siRNA-injected mice. (f) No disruption of the spleen
structure by lymphoma cells was observed in SEM-Luc-S100A6
siRNA-injected mice. A full color version of this figure is available at
the Bone Marrow Transplantation journal online.

groups (2.98+0.80 x 10° vs 2.54+0.63 x 10° p/s, respectively,
P<0.0001) (Figure 4b).

SEM-Luc-S100A6 siRNA-injected mice showed significantly longer
OS than SEM-Luc-control siRNA-injected mice

Figure 4c shows the OS curves of SEM-Luc-S100A6 siRNA-injected
mice and SEM-Luc-control siRNA-injected mice. The difference in
OS between the two groups of mice was significant (median
>100 days vs median 54 days, respectively, P=0.002).

Macropathology of SEM-Luc-S100A6 siRNA-injected mice and
SEM-Luc-control siRNA-injected mice

Figures 5a and b show the macropathology of SEM-Luc-control
siRNA-injected mice and SEM-Luc-S100A6 siRNA-injected mice.
Although SEM-Luc-control siRNA-injected mice showed massive
tumors and splenomegaly on day 42 after SEM cell injection, no
such tumors were observed in SEM-Luc-S100A6 siRNA-injected
mice even on day 100 after SEM cell injection.

Micropathology of SEM-Luc-S100A6 siRNA-injected mice and
SEM-Luc-control siRNA-injected mice

Histopathological analysis showed disruption of the spleen
structure (Figure 5e) and infiltration of the liver and spleen
by lymphoma cells in SEM-Luc-control siRNA-injected mice

Bone Marrow Transplantation (2014) 699-703
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Day 21 Day 42

SEM-Luc-S100A6siRNA cells-injected
SCID mice without human PBMC
(IVIS)

Figure 6.  SCID mice could not inhibit the growth of SEM-Luc-S100A6
siRNA cells without human PBMCs.

(Figures 5¢ and e) in comparison with those in SEM-Luc-S100A6
siRNA-injected mice (Figures 5d and f).

DISCUSSION

The results of the present study indicate that inhibition of ST00A6
can induce the GVL effect in MLL/AF4-positive ALL in a mouse
model. We reported previously that MLL/AF4-positive ALL cell
lines are resistant to TNF-o,, which is the main factor involved in
the GVL effect, by upregulation of S100A6 via inhibition of
upregulation of the p53-caspase 8-caspase 3 pathway.’ The
results of this study together with our previous findings suggest
that inhibition of ST00A6 may be a promising therapeutic target
for MLL/AF4-positive ALL in combination with allo-HSCT because it
induces GVL effects on MLL/AF4-positive ALL, which is otherwise
resistant to GVL.

In an in vivo study, we used SCID mice which have functional
natural killer (NK) cells without any conditioning. Therefore we
previously examined whether only NK cells of SCID mice could
inhibit or reject SEM-Luc-S100A6 siRNA cells. The results of that
study are shown in Figure 6. Only NK cells of SCID mice could
not inhibit the growth of SEM-Luc-S100A6 siRNA cells. This
result showed that the inhibition of growth of SEM-Luc-S100A6
siRNA cells in PBMC-SCID mice is mainly due to human
PBMCs. Interestingly, Spijkers-Hagelstein et al.'? reported that
overexpression of the S100 protein family members S100A8 and
S100A9 in MLL/AF4-positive ALL was associated with failure to
induce free-cytosolic Ca®* and prednisolone resistance. These
worthy data together with those of the present study suggest that
high expression levels of S100 proteins by MLL/AF4-positive ALL
may be the main factors in therapy resistance and poor prognosis
of MLL/AF4-positive ALL.

The incidence of MLL/AF4-positive ALL shows a major peak in
early infancy, which accounts for over 50% of ALL cases in infants
less than 6 months of age; 10-20% of cases occur in older infants,
2% in children and up to 7% in adults.">~'® Although the 5-year OS
of childhood ALL patients has improved to as much as 90% due to
progress in chemotherapy and other supporting therapeutic
modalities, including allo-HSCT,"” the prognosis is still poor for
the remaining 10% of cases, which consist mainly of MLL/AF4-
positive ALL and Ph chromosome-positive ALL. As use of BCR-ABL
tyrosine kinase inhibitors targeting Ph chromosome-positive ALL
has been explored, MLL/AF4-positive ALL is the greatest obstacle
to overcoming childhood ALL.

Our results suggest that the development of drugs targeting
S100 proteins may lead to improvements in MLL/AF4-positive
ALL, which is the greatest obstacle to overcoming childhood ALL.
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Complex molecular genetic abnormalities involving three or
more genetic mutations are important prognostic factors for

acute myeloid leukemia

S Wakita"®, H Yamaguchi'®, T Ueki?, K Usuki?, S Kurosawa®, Y Kobayashi®, E Kawata®, K Tajika®, S Gomi®, M Koizumi’, Y Fujiwara’, S Yui',
K Fukunaga', T Ryotokuji', T Hirakawa', K Arai', T Kitano', F Kosaka', H Tamai', K Nakayama', T Fukuda® and K Inokuchi’

We conducted a comprehensive analysis of 28 recurrently mutated genes in acute myeloid leukemia (AML) in 271 patients with
de novo AML. Co-mutations were frequently detected in the intermediate cytogenetic risk group, at an average of 2.76 co-mutations
per patient. When assessing the prognostic impact of these co-mutations in the intermediate cytogenetic risk group, overall survival
(0S) was found to be significantly shorter (P=0.0006) and cumulative incidence of relapse (CIR) significantly higher (P=0.0052) in
patients with complex molecular genetic abnormalities (CMGAs) involving three or more mutations. This trend was marked even
among patients aged <65 years who were also FLT3-ITD (FMS-iike tyrosine kinase 3 internal tandem duplications)-negative (OS:
P=0.0010; CIR: P=0.1800). Moreover, the multivariate analysis revealed that CMGA positivity was an independent prognostic factor
associated with OS (P=0.0007). In stratification based on FLT3-ITD and CEBPA status and ‘simplified analysis of co-mutations’ using
seven genes that featured frequently in CMGAs, CMGA positivity retained its prognostic value in transplantation-aged patients of
the intermediate cytogenetic risk group (OS: P=0.0002. CIR: P < 0.0001). In conclusion, CMGAs in AML were found to be strong
independent adverse prognostic factors and simplified co-mutation analysis to have clinical usefulness and applicability.

Leukemia (2016) 30, 545-554; doi:10.1038/leu.2015.288

INTRODUCTION

Genomic analysis of acute myeloid leukemia (AML) patients has
revealed the involvement of various chromosomal abnormalities
and molecular genetic mutations in the onset of AML.'?
Numerous cohort studies have sought to determine the
significance of the recurrent genetic abnormalities in AML patients
and have revealed strong associations between genetic abnorm-
alities and the pathogenesis and prognosis of the disease.* These
discoveries have spurred a new phase in prognostic stratification
and therapeutic strategies. To date, chromosomal analysis has
been the most important prognostic factor for transplantation-
aged AML patients, but ~60% of patients are classified as having
intermediate cytogenetic risk.” Since the latter half of the 1990s,
numerous genetic mutations associated with AML have been
identified, and attempts have been made to stratify prognoses
based on them. Among these mutations, FMS-like tyrosine kinase 3
internal tandem duplications (FLT3-ITD), nucfeophosmin 1 (NPMT)
mutations and CCAAT/enhancer-binding protein A (CEBPA) muta-
tions are prognostically significant®™'> and many large-scale
cohort studies have shown that these mutations can predict
long-term prognosis.'®'” Guidelines of the European Leukemia
Net (ELN) and National Comprehensive Cancer Network (NCCN),
which are widely used in clinical settings, have incorporated these
prognostic factors.'®1° Recently, new recurrent mutations in
DNA methylation modifiers, such as DNA methyitransferase 3a

(DNMT3A), Tet methyicytosine dioxygenase 2 (TET2), isocitrate
dehydrogenase 1 (IDH1) and isocitrate dehydrogenase 2 (IDH2),%°~%*
as well as cohesin-related genes>*3' were detected at high
frequency and are now gaining attention. It remains unclear
whether these genetic mutations are associated with the
prognosis of a certain subset of AML patients. Moreover,
substantial advances of genomic analysis in recent years have
made it possible to identify new mutations, with >50 such
mutations recurrently being detected in AML patients.?>3%32 Yet,
attempts at prognostic stratification using these new mutations
have been chaotic, and the complex results have made
stratification difficult to apply in clinical settings.

The clinical application of FLT3-ITD and mutations in NPM1 and
CEBPA, which has been established as important, has some
unsolved problems. For example, FLT3-ITD is a strong adverse
prognostic factor, with patients harboring the mutation at initial
presentation losing it on relapse in 30% of cases.>*® However,
the reasons underlying relapse and resistance to treatment have
not been sufficiently explained. Although many studies have
reported high remission rates associated with NPM1 mutations,
some patients lose the NPM1 mutations on relapse, and others
newly acquire certain mutations, such as FLT3-ITD, that result in
relapse.’ Notably, in certain cases, such patients acquire
resistance to therapy. Moreover, although a mutation in one
location of the CEBPA gene does not serve as a prognostic factor,
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mutations in two locations, which consist of biallelic mutations
involving an N-terminal mutation on one allele and a C-terminal
mutation on the other (that is, double mutations) in most cases,
are associated with a favorable prognosis. The mechanisms
underlying this biological paradox, in which a single mutation is
associated with a worse prognosis than a double mutation, have
yet to be explained.”*®

Deep sequencing technology may help address some of these
outstanding questions. In fact, deep sequencing-based genomic
analysis of AML patients has started to clarify the clonal evolution
process resulting from the acquirement of genetic mutations. In
2012, Ding et al.*® reported the whole-genome analysis of primary
and relapsed AML using next-generation sequencers. Two
possibilities regarding AML relapse were proposed: (1) founding
clones gain mutations and evolve into relapse clones and
(2) subclones with different mutations exist among founding
clones, and a subclone from this population expands at relapse.
They also reported that in addition to the major mutations,
mutations in WAC, SMC3, DIS3, DDX41 and DAXX are also observed
at relapse.>® After this initial study, the acquirement of numerous
genetic mutations was found to be strongly associated with AML
onset, with further co-mutations contributing to clonal diversity
and leading to the generation of treatment-resistant clones.*>*'
Many studies have reported that combined chromosomal
abnormalities (complex karyotypes) are associated with treatment
resistance and adverse prognosis in AML.>*?"** Yet, no study has
assessed the relationship between co-mutations and prognosis.
The present study aimed to determine the significance of newly
reported genetic mutations and the impact of co-mutations
comprising them on prognosis. To this end, we conducted a
comprehensive analysis of 28 recurrently mutated genes in AML.

MATERIALS AND METHODS

Patients

The target population included 271 de novo AML patients (excluding M3)
treated at Nippon Medical School Hospital or its affiliated institutions.
A comprehensive genetic mutational analysis, as described below, was
conducted among patients with >20% blasts in bone marrow or
peripheral blood. The study was conducted in accordance with the
Declaration of Helsinki. Informed consent was obtained from patients, and
the analysis and treatments were conducted while respecting the welfare
and free will of the patients. This protocol was approved by our
institutional review board.

Screening for chromosomal abnormalities

G-band analysis was performed on bone marrow samples obtained from
patients at initial presentation. When obtaining bone marrow samples was
difficult, peripheral blood was used instead. For patients suspected of
being M2, M3, or M4eo based on the FAB (French-American-British)
classification, fluorescence in situ hybridization analysis was used to
additionally search for RUNX1-RUNX1T1, PML-RARA and CBFB-MYH11
mutations.

Screening for molecular genetic abnormalities in all exons of 20
genes and hot spots of 8 genes

An oligonucleotide library was generated by emulsion PCR using order-
made probes designed against the exons of the following 20 genes: TET2
(HUGO Gene Nomenclature Committee (HGNC): 25941), DNMT3A (HGNC:
2978), ASXL1 (HGNC: 18318), KMT2A (HGNC: 7132: the HGNC nomenclature
of MLL has recently changed to KMT2A), RUNX1 (HGNC: 10471), KIT (HGNC:
6342), TP53 (HGNC: 11998), PTPN11 (HGNC: 9644), GATA2 (HGNC: 4171),
WT1 (HGNC: 12796), STAG2 (HGNC: 11355), RAD21 (HGNC: 9811), SMC1A
(HGNC: 11111), SMC3 (HGNC: 2468), DAXX (HGNC: 2681), BCOR (HGNC:
20893), BCORLT (HGNC: 25657), NF1 (HGNC: 7765), DDX41 (HGNC: 18674)
and PHF6 (HGNC: 18145). The library was sequenced with the next-
generation sequencer, the lon torrent personal genome machine (Thermo
Fisher Scientific, Waltham, MA, USA). With respect to detected mutations,
NCBI (National Center for Biotechnology Information) and COSMIC

Leukemia (2016) 545-554

(Catalogue Of Somatic Mutations In Cancer) databases were used to
search for polymorphisms and cancer-related mutations. For newly
identified mutations, we searched for genetic polymorphisms using
Sanger sequencing with remission-stage samples.

Genes located in known hot spots (FLT3-ITD and FLT3-TKD, NPM1, IDH1,
IDH2, NRAS and KRAS), those for which probe design for emulsion
sequencing was difficult (CEBPA) and those for which analysis with lon
torrent personal genome machine (Thermo Fisher Scientific) was difficult
(partial tandem duplication of the KMT2A gene (KMT2A-PTD)) were
analyzed using previously reported methods.>®

Statistical analysis
The primary end point was overall survival (OS). A hazard ratio (HR) of
0.632 and 50% of proportion of OS were assumed for the sample size
calculation. Recruitment of ~ 180 patients allowed for a power of 80% for
detecting a difference of that size with a type | error of 5%. Retrospectively
assessed this study, there were 184 intermediate cytogenetic risk patients,
whom 99 died during the period. Consequently, our analysis provided a
80% statistical power to detect HR of 0.621 with a significance level (a) of
0.05 (two-tailed) regarding OS. OS was defined as the time interval from
the date of diagnosis to the date of death. Cumulative incidence of relapse
(CIR) for patients who had achieved complete remission (CR) was
calculated from the time interval from the date of CR to the date of relapse.
The x* test was used to test the association between categorical
variables and the presence and absence of mutations. Fisher's exact test
was used if the expected frequency of an event was <5 in any cell of a
2x2 table. The nonparametric Mann-Whitney U-test was used to
determine the statistical significance of differences in median values. All
statistical tests were two sided. Moreover, the Kaplan-Meier method and
log-rank test were used to analyze OS and CIR. With respect to prognostic
factors, multivariate analysis was conducted with the Cox proportional
hazards model. A stepwise backward procedure selection model was used
to extract independent events. Events at a significance level of P<0.20
were analyzed. Statistical analyses were performed using GraphPad Prism
(version 6.00 for Windows, GraphPad Software, La Jolla, CA, USA) and IBM
SPSS Statistics (version 21.0 for Windows, IBM Corporation, Armonk, NY,
USA), and power calculation was performed using GraphPad StatMate
(version 2.00 for windows).

RESULTS

Clinical characteristics

Of the 271 patients, 57.9% were male, with a median age of 54.9
years (range, 17-86 years). The median observation period was
772.7 days. As demonstrated in Supplementary Table 1, the
Chromosomal Classification according to the 2013 NCCN guide-
lines classified these patients into the following: favorable
cytogenetic risk (47 patients), intermediate cytogenetic risk (184
patients) and poor cytogenetic risk (40 patients). Prognostic
stratification was possible for CR rate, OS and CIR based on
chromosomal analysis of the present cohort, as in previous reports
(CR rate: favorable cytogenetic risk, 93.6%; intermediate cytoge-
netic risk, 63.2%; poor cytogenetic risk, 32.4%; P < 0.0001; 5-year
OS: favorable cytogenetic risk, 56.1%; intermediate cytogenetic
risk, 28.7%; poor cytogenetic risk, 11.7%; P=0.0001; and 5-year
CIR: favorable cytogenetic risk, 51.7%; intermediate cytogenetic
risk, 70.5%; poor cytogenetic risk, 91.3%; P=0.0003)
(Supplementary Table 2a).

Impact of each mutation on prognosis

In the favorable and poor cytogenetic risk groups, none of the
mutations were associated with remission rate (data not shown).
In the intermediate cytogenetic risk group, mutations in NPM1,
CEBPA (particularly double mutations) and PTPN11 were signifi-
cantly associated with a high remission rate (Supplementary
Table 2b).

In the favorable and poor cytogenetic risk groups, none of the
mutations predicted OS (data not shown). In the intermediate
cytogenetic risk group, mutations in the following were identified
as significant adverse prognostic factors: TP53 (P < 0.0001),

© 2016 Macmillan Publishers Limited
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FLT3-ITD (P=0.0003) and DNMT3A (P=0.0065), whereas CEBPA
double mutation (CEBPA dm) was identified as a significant
favorable prognostic factor (P=0.0068) (Supplementary Table 2b).
In patients aged <65 years in the intermediate cytogenetic risk
group, mutations in the following were identified as significant
prognostic factors: FLT3-ITD (P=0.0001), DNMT3A (P=0.0053) and
TET2 (P=0.0060), whereas CEBPA dm was identified as a significant
favorable prognostic factor (P=0.0135) (Supplementary Table 2c).
On the other hand, NPMT mutations that showed a tendency for
favorable prognosis in previous studies were not significantly
associated with OS and CIR, even if we assess for patients of the
intermediate cytogenetic risk group excluding FLT3-ITD-positive
patients (5-year OS: positive, 43.48%; negative, 49.63%; P=0.2168).

Analysis of genetic mutations
The rate of detection of each mutation is shown in Figure 1a, and
the number of mutations per patient is shown in Figure 1b. Many

mutations were detected in the intermediate cytogenetic risk
group, and were often found in combination, with an average of

30%

20%

10%
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2.76 mutations per patient. Mutations in the KIT gene were
detected at high frequency in the favorable cytogenetic risk
group, and mutations in the TP53 gene were detected at high
frequency in the poor cytogenetic risk group (in particular, in
complex karyotype cases) (KIT mutation x favorable cytogenetic
risk: P < 0.0001; TP53 mutation x poor cytogenetic risk: P=0.0019).

In the intermediate cytogenetic risk group, which had a high
frequency of co-mutations, significant coexistence was detected
for mutations in the following genes: FLT3-ITDx NPM1, FLT3-
ITD x DNMT3A, NPM1 x PTPN11, NPM1 x DNMT3A, NPM1 x TET2 and
DNMT3A x IDH2. Mutations of the following genes were mutually
exclusive:  FLT3-ITD x NRAS,  FLT3-ITD x CEBPA, CEBPA X NPM1,
NPM1 x KMT2A-PTD and CEBPA x DNMT3A (Figure 2).

Co-mutations

Characteristics of patients with CMGAs harboring >3 mutations.
Complex molecular genetic abnormalities (CMGAs) harboring >3
mutations were detected in 63.0% of patients with the
intermediate  cytogenetic risk. Table 1 summarizes the

Intermediate cytogenetic risk
Favorable cytogenetic risk
Poor cytogenetic risk
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(a) Frequency of analyzed genetic mutations in the de novo AML cohort. Blue represents intermediate cytogenetic risk, green

represents favorable cytogenetic risk and red represents poor cytogenetic risk. Many of the mutations were detected in the intermediate
cytogenetic risk group, although mutations in KiT and TP53 genes were frequently detected in the favorable and poor cytogenetic risk groups,
respectively (KIT mutation x favorable cytogenetic risk: P < 0.0001; TP53 mutation X poor cytogenetic risk: P=0.0019). (b) Number of genetic
mutations according to cytogenetic risk. Mean numbers of mutations detected per patient by cytogenetic risk were as follows: intermediate
cytogenetic risk, 2.76/patient; poor cytogenetic risk, 2.08/patient; and favorable cytogenetic risk, 1.06/patient. There was a high frequency of
co-mutations in the intermediate cytogenetic risk group, and a trend for few co-mutations in the favorable cytogenetic risk group.
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Figure 2.

Pairwise associations among genetic mutations found in the intermediate cytogenetic risk group. We listed only genetic mutations

detected over 10 patients in this figure. Associations are colored by odds ratio. Blue depicts mutually exclusive gene pairs, and red depicts
gene pairs that are co-mutated more than expected by chance. *P < 0.05; **P < 0.01.

characteristics of CMGA-positive patients. There were no signifi-
cant differences in age, chromosomal analysis and treatment
between CMGA-positive and -negative patients. When assessing
the mutations comprising the CMGAs, mutations in NPMT
(P <0.0001), DNMT3A (P <0.0001), FLT3-ITD (P < 0.0001), TET2
(P=0.0001) and /DH1/2 (P=0.0048) were strongly involved in
CMGAs in the intermediate cytogenetic risk group, and mutations
in WT1 and KMT2A-PTD were also included in CMGAs at a high
frequency. However, CEBPA dm (P=0.0019) were mutually
exclusive with CMGAs.

Analysis of prognosis of survival and remission. In the intermediate
cytogenetic risk group, patients with CMGAs had a significantly
shorter OS than those without CMGAs (5-year OS: CMGA-positive,
18.1%; CMGA-negative, 45.9%; P=0.0006), but a significantly
higher CIR (5-year CIR: CMGA-positive, 83.2%; CMGA-negative,
52.6%; P=0.0052). This trend was also significant among
patients aged <65 years old (5-year OS: CMGA-positive, 24.1%;
CMGA-negative, 58.9%; P < 0.0001; 5-year CIR: CMGA-positive,
79.2%; CMGA-negative, 48.1%; P=0.0073). Moreover, as CMGA
positivity was a significant prognostic factor for FLT3-ITD negative
patients aged <65 years in the intermediate cytogenetic risk
group (5-year OS: CMGA-positive, 28.36%; CMGA-negative,
63.20%; P=0.0010; 5-year CIR: CMGA-positive, 75.68%; CMGA-
negative, 44.55%; P=0.1800), CMGA positivity could be consid-
ered an adverse prognostic factor independent of FLT3-ITD
(Figures 3a-f).

Similarly, in analysis of AML with normal karyotype only
(NK-AML), CMGA positivity was a significant adverse prognostic
factor for OS and CIR (5-year OS: CMGA-positive, 29.0%; CMGA-
negative, 52.6%; P=0.0088; 5-year CIR: CMGA-positive, 76.5%;
CMGA-negative, 47.0%; P=0.0048). This trend was also significant
among patients aged < 65 years (5-year OS: CMGA-positive, 31.9%;
CMGA-negative, 68.7%; P=0.0006; 5-year CIR: CMGA-positive,
76.0%; CMGA-negative, 40.3%; P=0.0029). In analysis of FLT3-
ITD-negative NK-AML, CMGA positivity was a significant adverse
factor in patients aged <65 years, affecting OS with a trend
toward higher CIR (5-year OS: CMGA-positive, 43.0%; CMGA-
negative, 74.8%; P=0.0066; 5-year CIR: CMGA-positive, 69.1%;
CMGA-negative, 33.9%; P=0.0566) (Figures 4af).

In the intermediate cytogenetic risk group, when one point was
allotted for each chromosomal aberration and the points added to
the number of co-mutations, cases with more than three points
also had a significantly shorter OS (5-year OS: CMGA-positive,
19.5%; CMGA-negative, 48.7%; P=0.0021), and this trend was also
significant among both patients aged <65 years (5-year OS:
CMGA-positive, 25.1%; CMGA-negative, 64.0%; P=0.0003) and
FLT3-ITD-negative patients aged <65 years (5-year OS: CMGA-
positive, 43.0%; CMGA-negative, 74.8%; P=0.0066). However,
there was no significant difference in CIR between the groups
(Supplementary Figures 1A-F).
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Multivariate analysis. In order to establish the importance of
CMGA positivity, we conducted multivariate analyses to assess the
effects of the following factors on OS and CIR for patients aged
< 65 years in the intermediate cytogenetic risk group: sex (male or
female), white blood cell count on initial visit (=20 000/ul or
<20 000/pl), induction therapy (idarubicin plus cytarabine and
daunorubicin plus cytarabine or not), post-remission therapy
(hematopoietic stem cell transplantation on first CR or not), FLT3-
ITD (positive or negative), NPM1 mutation (positive or negative),
CEBPA dm (positive or negative), TET2 mutation (positive
or negative), DNMT3A (positive or negative), TP53 (positive or
negative), NRAS (positive or negative), KMT2A-PTD (positive or
negative) and CMGA (positive or not). Multivariate analyses
with Cox proportional hazards models revealed that CMGA
positivity (HR: 3.717, P=0.0007, 95% confidence interval (Cl):
1.7331-7.9722), hematopoietic stem cell transplantation on first
CR as a post-remission therapy (HR: 0.362, P=0.0037, 95% Cl:
0.1826-0.7194) and NPM1 mutation positivity (HR: 0.504,
P=0.0355, 95% Cl: 0.2665-0.9547) were independent prognostic
factors associated with OS (Table 2). With respect to CIR,
hematopoietic stem cell transplantation on first CR as a post-
remission therapy (HR: 0.258, P=0.0004, 95% Cl: 0.1218-0.5457)
and FLT3-ITD positivity (HR: 2.179, P=0.0298, 95% Cl: 1.0791-4.4005)
were independent prognostic factors. However, CMGA positivity
did not reach statistical significance (HR: 1.792, P=0.1164, 95% Cl:
0.8651-3.7110) (Table 2).

Prognostic stratification based on a simplified CMGA analysis for
clinical application. Our results indicate that CMGAs are useful in
prognostic stratification. However, in order to apply CMGAs to
clinical settings, comprehensive mutational analysis with next-
generation sequencers is necessary. This is not a trivial issue, given
the associated high costs.

When stratifying based on a ‘simplified analysis of co-mutations’
using 7 genes (NPM1, DNMT3A, TET2, IDH1/2, WT1 and KMT2A-PTD)
that were found to be present at high frequency in CMGAs, along
with the status of FLT3-ITD and CEBPA dm, we found that CMGA
positivity (that is, >3 co-mutations) was a strong adverse
prognostic factor of patients of the intermediate cytogenetic risk
group on OS and CIR, similar to FLT3-ITD positivity (5-year OS:
FLT3-ITD-positive, 16.24%; FLT3-ITD-negative/CEBPA dm-positive,
68.38%; FLT3-ITD-negative/CEBPA dm-negative/CMGA-positive, 18.18%;
FLT3-ITD-negative/CEBPA  dm-negative/CMGA-negative, 30.84%;
P=0.0003; 5-ear CIR: FLT3-ITD-positive, 87.50%; FLT3-ITD-negative/
CEBPA dm-positive, 38.81%; FLT3-ITD-negative/CEBPA dm-
negative /CMGA-positive, 100%; FLT3-ITD-negative/CEBPA dm-
negative/CMGA-negative, 64.06%; P<0.0001) (Figures 5a and b).
Among patients aged <65 vyears, ‘simplified analysis of
co-mutations’ was also useful for further classification significantly
(5-year OS: FLT3-ITD-positive, 20.97%; FLT3-ITD-negative/CEBPA
dm-positive, 74.07%; FLT3-ITD-negative/CEBPA dm-negative/
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Table 1. Characteristics of patients harboring complex molecular genetic abnormalities (CMGAs)

Intermediate cytogenetic Age < 65 years

risk group, n=184

All patients

CMGA-positive, CMGA-negative, P-value CMGA-positive, CMGA-negative, P-value
n=116 (80) n=68 (46) n=73 (58) n=48 (31)
Male/female 60/56 (36/44) 37/31 (24/22) 0.7612 (0.4638) 39/34 (28/30) 26/22 (15/16) 1.0000 (1.0000)
Age (years) 56.2 (54.0) 52.5 (54.0) 46.6 (47.2) 43.6 (44.6)
18-85 (18-79) 17-86 (18-86) 0.1988 (0.8931) 18-65 (18-65) 17-65 (18-65) 0.3050 (0.4933)

FAB subtype

Mo 9(5) 54 50) 303

M1 38 (23) 17 (12) 24 (18) 11(7)

M2 27 (21) 23 (16) 17 (14) 17 (12)

M4 25 (21) 8 (6) 18 (16) 6 (4)

M5 14 (9) 8(5 9(7 74

M6 1(0) 3(M 0(0) 2(1)

M7 0(0) 0(0) 0(0) 0(0)

Not determined 2(1) 4 (2) 0.0749 (0.6350) 0 (0) 2(1 0.2809 (0.6307)
Cytogenetic mutation

Normal karyotype: 126 80 46 58 31

Trisomy 8:5 4 1 3 1

Others: 40 26 14 1 14

Not determined: 13 6 7 0.2500 1 6 1.0000
Induction therapy

IDA/AraC or DNR/AraC 61 (47) 35 (24) 44 (35) 31 (20)

Others 55 (33) 33 (22) 1.0000 (0.5761) 29 (23) 17 (1) 0.7037 (0.8199)
HSCT on first CR

Auto-HSCT 1(1) (1) 1(1) 1(1)

Allo-HSCT 21: MRD10, MUD10, CB1 10: MRD5, MUD3, CB2) 21: MRD10, MUD10, CB1 9: MRD5, MUD2, CB2)

(14: MRD6, MUD?7, CB1) (4: MRD1, MUD2, CB1) 0.5000 (0.3151) (14: MRD6, MUD7, CB1) (3: MRD1, MUD1, CB1) 0.5000 (0.6220)

Achieving CR (%) 65.7% (66.7%) 48.8% (67.4%) 0.0245 (1.0000) 65.2% (67.3%) 65.4% (71.0%) 1.0000 (0.8113)

0os
Median OS (days) Not reached
(not reached)

58.9% (68.7%)

459 (487) 1315 (not reached) 491 (542)

5-Year OS 18.1% (29.0%) 45.9% (52.6%) 0.0006 (0.0088) 24.1% (31.9%) < 0.0001 (0.0006)

CR
Median CIR (days) Not reached

(not reached)

284 (279) 1505 (not reached) 344 (284)

5-Years CIR 83.2% (76.5%) 52.6% (47.0%) 0.0052 (0.0048 79.2% (76.0%) 48.1% (40.3%) 0.0073 (0.0029
Genetic mutations included in CMGA
NPM1 73 (60) 10 (10) < 0.0001 (< 0.0001 49 (43) 4(4) < 0.0001 (< 0.0001
DNMT3A 48 (36) 5(4) < 0.0001 (< 0.0001 33(27) 2(1) < 0.0001 (< 0.0001
FLT3-ITD 49 (39) 7 (6) < 0.0001 (< 0.0001 36 (30) 5(4) < 0.0001 (0.0005,
TET2 34 (23) 77 0.0031 (0.1274) 19 (19) 303 0.0072 (0.0200;
wrt1 14 (7) 2(0) 0.0545 (NA) 8(8) 2(1) NA (NA)
KMT2A-PTD 15 (10) 3(2 0.0735 (NA) 11 (5) 2(0) 0.0742 (NA)
IDH1 11(8) 1(1) NA (NA) 4 (4) 1(1) NA (NA)
IDH2 18 (13) 4(4) 0.0610 (0.2869) 9(8) 2(2) NA (NA)
IDH1/2 28 (21) 5(5 0.0048 (0.0428 13(12) 303 0.0986 (0.2424)
CEBPA 15 (10) 15 (13) 0.1469 (0.0332 11 (10) 15 (12) 0.1258 (0.0382
CEBPA double mutation 4(2) 12 (11) 0.0019 (NA) 3(2) 12(11) 0.0012 (NA)
CEBPA single mutation 11(8) 4 (2) 0.5779 (NA) 8 (8) 3(1) NA (NA)

Abbreviations: AraC, cytarabine; CB, cord blood; CIR, cumulative incidence of relapse; CR, complete remission; DNR, daunorubicin; FAB, French-American-
British; HSCT, hematopoietic stem cell transplantation; IDR, idarubicin; MRD, HLA-matched related donor; MUD, HLA-matched unrelated donor; NA, not
applicable; OS, overall survival. The data of the normal karyotype are given in parenthesis. The underlines represent significant differences.

CMGA-positive, 25.00%; FLT3-ITD-negative/CEBPA dm-negative/
CMGA-negative, 42.34%; P=0.0002; 5-year CIR: FLT3-ITD-positive,
84.73%; FLT3-ITD-negative/CEBPA dm-positive, 33.71%; FLT3-ITD-
negative/CEBPA  dm-negative/CMGA-positive, 100%; FLT3-ITD-
negative/CEBPA dm-negative /CMGA-negative, 59.11%; P < 0.0001)
(Figures 5c and d).

DISCUSSION

In the present study, we conducted a comprehensive analysis of
genetic mutations of 271 patients with de novo AML and clarified
previously unknown partnerships between mutations repeatedly
detected in AML. Whereas many of the mutations analyzed in this

© 2016 Macmillan Publishers Limited

study were detected in the intermediate cytogenetic risk group,
KIT mutations were frequently detected in the favorable
cytogenetic risk group and TP53 mutations in the poor
cytogenetic risk group (Figure 1a). The coexistence and mutual
exclusivity of many of the mutations detected in the intermediate
cytogenetic risk group became evident through our analyses
(Figure 2). These results demonstrate the existence of strong
partnerships between cytogenetic and genetic mutations.

Our findings suggest the possibility that genetic mutations can
predict prognosis and response to chemotherapy in AML patients.
We also confirmed that, in Japanese cohorts, FLT3-ITD is an
adverse prognostic factor, and that CEBPA dm are a favorable
prognostic factor, as reported previously. However, although
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Figure 3.

Prognostic impact of CMGAs in the intermediate cytogenetic risk group. Error bars represent s.e.m. (a) Kaplan-Meier curves of

survival based on the presence or absence of CMGAs (all patients). (b) Kaplan-Meier curves of survival based on the presence or absence of
CMGA s (patients aged < 65 years). (c) Kaplan-Meier curves of survival based on the presence or absence of CMGAs (patients aged < 65 years
and FLT3-ITD-negative). (d) Kaplan-Meier curves of CIR based on the presence or absence of CMGAs (all patients). (e) Kaplan-Meier curves of
CIR based on the presence or absence of CMGAs (patients aged < 65 years). (f) Kaplan-Meier curves of CIR based on the presence or absence

of CMGAs (patients aged <65 years and FLT3-ITD-negative).

NPM1-positive AML patients had a high remission rate consistent
with previous reports, the relapse rate was also high
(Supplementary Tables 2a-c). Thus, even if patients were FLT3-
ITD negative, there was no trend for a favorable prognosis. This is
consistent with the findings reported by the Japan Adult
Leukemia Study Group (JALSG),* and may reflect racial
differences.

CMGA positivity strongly predicted survival and relapse in AML
patients. This result not only made possible the stratification of
intermediate cytogenetic risk/FLT3-ITD-negative patients, for
whom prognosis was previously considered difficult to predict
based on genetic mutations, but also explains the genetic
significance of each of the independently reported mutations in
the clinical context. In other words, the combination of genetic

Leukemia (2016) 545-554

mutations (that is, co-mutations) is the most important adverse
prognostic factor, and our results demonstrate that the impact of
previously known FLT3-ITD and CEBPA dm on prognosis
arises from (1) the high frequency of coexistence of multiple
co-mutations with FLT3-ITD and (2) the mutual exclusivity of many
co-mutations and CEBPA dm (Table 1). Our data also suggest that
the unfavorable prognosis of Japanese FLT3-ITD-negative, NPM1
mutation-positive AML patients may result from background
co-mutations. Western studies have shown a trend of favorable
prognosis in AML with mutated NPM1 when the patient is in the
intermediate cytogenetic risk group and is also FLT3-ITD negative.
As mentioned above, in the univariate analysis, NPMT mutation
positivity was not a favorable prognostic factor in our cohort, even
if the patient was FLT3-ITD negative. The multivariate analysis,

© 2016 Macmillan Publishers Limited

— 174 —



W — IR S R SRR

Complex molecular genetic abnormalities in AML
S Wakita et af

Figure 4. Prognostic impact of CMGAs in AML with normal karyotype. Error bars represent s.e.m. (a) Kaplan-Meier curves of survival based on
the presence or absence of CMGAs (all patients). (b) Kaplan—-Meier curves of survival based on the presence or absence of CMGAs (patients
aged <65 years). (c) Kaplan-Meier curves of survival based on the presence or absence of CMGAs (patients aged <65 years and FLT3-ITD-
negative). (d) Kaplan-Meier curves of CIR based on the presence or absence of CMGAs (all patients). (e) Kaplan-Meier curves of CIR based on
the presence or absence of CMGAs (patients aged <65 years). (f) Kaplan-Meier curves of CIR based on the presence or absence of CMGAs

(patients aged <65 years and FLT3-ITD-negative).

however, identified NPM1 as an independent prognostic factor.
This suggests that the overlapping of mutations may cancel the
favorable character of AML with mutated NPM1. Focusing on the
subset of our cohort consisting of patients aged <65 years with
mutated NPM1, we did indeed find that all four of the patients
without CMGAs achieved long-term survival (CMGA-positive: n=4;
5-year OS, 100%; CMGA-negative: n=49; 5-year OS, 30.37%. HR:
0.3230; P=0.0742). Recent advances in knowledge have led to the
conclusion that AML with mutated NPMT has a heterogeneous
background involving a variety of co-mutation patterns. So far,
several large cohort studies have tried to distinguish a poor-
prognosis group of AML with mutated NPM1 without FLT3-ITD by
other genetic mutations, but without success. In particular, TET2

© 2016 Macmillan Publishers Limited

and /DH1 mutations were expected to be prognostic factors, but
no consensus has been reached because their predictive value
differed between reports.>?*4>% Qur proposed system for
prognostic stratification using CMGAs may aid the evaluation of
unexpected risk associated with these mutations. Furthermore,
recent studies also revealed changeability in the co-mutation
pattern of AML with mutated NPM1.37°" For instance, Krénke
et al.®” performed a comparative mutation analysis of primary and
relapse samples from 53 AML patients with mutated NPM1 using
deep sequencing and reported changes in mutation patterns in 34
patients, including 9 patients who acquired FLT3-ITD. The study
also reported that, regardless of the co-presence of a DNMT3A
mutation that was continuously detected from primary onset,
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Table 2. Multivariate analysis of overall survival (OS) and cumulative incidence of relapse (CIR) based on complex molecular genetic abnormalities
(CMGAs)

Intermediate cytogenetic risk group, age <65 years os CIR

HR P-value 95.0% CI HR P-value 95.0% CI

CMGA positive 3.717 0.0007 1.7331 7.9722 1.792 0.1164 0.8651 3.7110
HSCT on first CR 0.362 0.0037 0.1826 0.7194 0.258 0.0004 0.1218 0.5457
NPM1 mutation-positive 0.504 0.0355 0.2665 0.9547 - - - -
CEBPA double mutation-positive 0.247 0.0629 0.0568 1.0779 0.430 0.1857 0.1234 1.5004
FLT3-ITD-positive 1.582 0.1513 0.8454 2.9619 2179 0.0298 1.0791 4.4005
NRAS mutation-positive 0.516 0.1926 0.1904 1.3966 0.247 0.0596 0.0579 1.0579
KMT2A-PTD mutation-positive - - - - 1.905 0.1111 0.8620 4.2109
WBC < 20000/l - - - - 0.583 0.1150 0.2980 1.1404
Abbreviations: Cl, confidence interval; CR, complete remission; HR, hazard ratio; HSCT, hematopoietic stem cell transplantation; PTD, partial tandem
duplication; WBC, white blood cell count. The underlines represent significant differences.

Figure 5. Development of a new prognostic risk stratification method based on CMGAs. Error bars represent s.e.m. (a) Kaplan-Meier curves of
survival for the intermediate cytogenetic risk group based on stratification using the simplified CMGA analysis. (b) Kaplan-Meier curves
of CIR for the intermediate cytogenetic risk group based on stratification using the simplified CMGA analysis. (c) Kaplan-Meier curves of
survival for the intermediate cytogenetic risk group (patients aged <65 years) based on stratification using the simplified CMGA analysis.
(d) Kaplan-Meier curves of CIR for the intermediate cytogenetic risk group (patients aged <65 years) based on stratification using the
simplified CMGA analysis.

there were five patients in whom NPM1 mutations were lost on
relapse, all of whom were resistant to intensive salvage therapy.>’
The findings of the present study suggest that some cases of AML
with mutated NPMT may exhibit genetic changeability in AML
clones owing to genetic instability, leading to the evolution of a
therapy-resistant clone. Overlapping of genetic mutations, which
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probably reflects genetic instability, may be predictive of AML
relapse owing to clonal evolution.

We believe it is important to focus on not only the importance
of karyotypic instability in AML and myelodysplastic syndrome
based on previous reports,>>*> but also genetic instability in
NK-AML. Interestingly, many of the genetic mutations found to
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comprise CMGAs were mutations in DNA methylation modifiers.
Although such mutations were detected together with many
other mutations, they were stably detected in primary and
relapsed AML, unlike mutations in NPM1 and FLT3-ITD.>®>%%°
Furthermore, in recent years, analysis of leukemic stem cells with
droplet digital PCR has revealed that mutations that coexist with
DNMT3A and IDHT mutations could be detected in preleukemic
hematopoietic stem cells that are pluripotent like normal
hematopoietic stem cells.>® Other studies have shown that clonal
hematopoiesis accompanied by small amounts of DNMT3A and
TET2 mutations are observed in the serum of ~10% of healthy
elderly individuals,>” and mutations in DNA methylation modifiers
could be thought of as founder gene mutations that cause
preleukemia. The findings of many of these studies suggest the
possibility that DNA methylation modifiers act to protect
hematopoietic stem cells from the accumulation of genetic
mutations. TP53 has been referred to as ‘the guardian angel of
the genome,’ reflecting its property of protecting the genome
from karyotypic instability. DNA methylation modifiers may
represent another such ‘guardian angel of the genome,’ through
their ability to protect against molecular genetic abnormalities.
Future research aimed at determining how genetic mutations
accumulate in AML may lead to the development of novel
therapeutic strategies against the disease.

Our proposed system for prognostic stratification using CMGAs
covers molecular mutations, but does not include chromosomal
aberrations. Adding an assessment of chromosomal instability
may improve the predictive value of our stratification. It may
however be necessary to examine chromosomal abnormalities in
more detail in order to clarify the entire picture of genetic
instability. The chromosomal analyses with G-band technique
used in this study were somewhat crude, particularly in light of the
fact that only dividing cells could be detected, that results are
affected during sample preparation for morphological analysis
and analysts’ skill and experience, and the difficultly of
chromosomal analysis of copy number alterations and uniparental
disomies. In recent years, studies have shown that loss
of heterozygosity because of copy number alterations and
uniparental disomies, which were difficult to detect with G-band
analysis in previous studies, is an important genomic abnormality
associated with the pathogenesis of NK-AML.*®"° Detailed
chromosomal analysis using virtual karyotyping with methods
such as single-nucleotide polymorphism arrays may be of key
importance when elucidating the mechanisms underlying genetic
instability.

Finally, we propose using CMGAs in prognostic stratification.
The importance of CMGAs not only extends to explaining the
correlations between complex genetic mutations, but may also
contribute to the detection for unpredictable risk of patients who
are classified into the intermediate cytogenetic risk group
(Figure 5). Previous genomic analyses of AML not only clarified
the complex nature of the involved genetic mutations, but also
complicated the genetic mutation-based prognostic stratification.
However, clinical application of genomic analysis that are more
practical and convenient in actual clinical settings are being
contemplated. Complex prognostic stratification in the post-
genomic era might be simplified by placing more focus on
genetic co-mutations.
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ABSTRACT

n recent years, it has been reported that the frequency of DNA-
Imethylation regulatory gene mutations — mutations of the genes that
regulate gene expression through DNA methylation — is high in acute
myeloid leukemia. The objective of the present study was to elucidate
the clinical characteristics and prognosis of acute myeloid leukemia with
associated DNA-methylation regulatory gene mutation. We studied 308
patients with acute myeloid leukemia. DNA-methylation regulatory
Correspondence: gene mutations were observed in 135 of the 308 cases (43.8%). Acute
y-hiroki@1d6.s0-net.ne.jp myeloid leukemia associated with a DNA-methylation regulatory gene
mutation was more frequent in older patients (P<0.0001) and in patients
with intermediate cytogenetic risk (P<0.0001) accompanied by a high
white blood cell count (P=0.0032). DNA-methylation regulatory gene
Received: January 23, 2016. mutation was an unfavorable prognostic factor for overall survival in the
Accepted: May 30, 2016. whole cohort (P=0.0018), in patients aged =70 years, in patients with
intermediate cytogenetic risk, and in FLT3-ITD-negative patients
(P=0.0409). Among the patients with DNA-methylation regulatory gene
mutations, 26.7% were found to have two or more such mutations and
prognosis worsened with increasing number of mutations. In multivari-
ate analysis DNA-methylation regulatory gene mutation was an inde-
pendent unfavorable prognostic factor for overall survival (P=0.0424).
information on this article, onine Supplements However, patients with a DNA-methylation regulatory gene mutation
and information on authorship & disclosures: ~ Who underwent allogeneic stem cell transplantation in first remission
www.haematologica.org/content/101/9/1074  had a significantly better prognosis than those who did not undergo such
transplantation (P=0.0254). Our study establishes that DNA-methylation
regulatory gene mutation is an important unfavorable prognostic factor

in acute myeloid leukemia.
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a variety of chromosomal abnormalities and gene mutations.”” To improve the out-
come of AML treatment, it is very important to establish a prognosis from cytoge-
netic analysis and provide accordingly differentiated treatment.'” Standard
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chemotherapy is given to patients with a favorable prog-
nosis according to their cytogenetic profile, whereas allo-
geneic transplantation in first remission is actively pro-
moted for patients with an unfavorable cytogenetic prog-
nosis.*

Meanwhile, for the approximately 60% of cases that fall
into the intermediate prognosis group, clinicians are seek-
ing to provide a clear prognosis and differentiated therapy
based on cytogenetic analysis, which have not been avail-
able for this group of patients. In the latter half of the
2000s, gene mutations in AML were successively discov-
ered, and attempts have been made to use these to provide
a differentiated prognosis. The most important of these
gene mutations for differentiated prognosis are FAVIS-like
tyrosine kinase 3 internal tandem duplications (FLT3-ITD),
nucleophosmin 1 (NPM1) gene mutation, and
CCAAT/enhancer binding protein A (CEBPA) gene mutation.*
’In 2008, Richard et al. reported that AML cases that were
FLT3-ITD-negative and NP/ 1-mutation-positive, or that
were accompanied by CEBPA biallelic mutation, were
associated with a favorable prognosis and that allogeneic
hematopoietic stem cell transplantation in first remission
was not indicated.”"" It was also reported that FLT3-ITD-
positive AML has a very unfavorable prognosis, which
might be improved by allogeneic hematopoietic stem cell
transplantation in first remission."” These findings have
been integrated as prognostic factors in the European
Leukemia Net (ELN) and National Comprehensive Cancer
Network (NCCN) guidelines,”"* which are becoming
widely applied in clinical practice.

However, these gene mutations are observed in only
around 30% of cases with intermediate cytogenetic prog-
nosis, meaning that differentiation of prognosis is still
insufficient. In recent years, the use of next-generation
sequencers has facilitated energetic exploration of gene
mutations, leading to the discovery of other AML-related
gene mutations,"" and mutations in the genes that regu-
late DNA methylation, such as DNA methyltransferase 3 alpha
(DNMT3A), Tet methylcytosine dioxygenase 2 (TETZ), isoci-
trate dehydrogenaset (IDH1), and isocitrate dehydrogenase 2
(IDH2)."** It has been suggested that these gene mutations
may also have prognostic relevance in some cases of AML,
but this view has yet to become established. Moreover, a
further series of gene mutations has recently been discov-
ered, so that differentiated prognosis based on gene muta-
tions has actually become more confused.'*'*'***

The focus of the present study was DNA-methylation
regulatory gene mutations (DMRGM), which are muta-
tions of the genes that regulate gene expression through
DNA methylation (IDH1, IDH2, DNMT3A, TET2).
Studies have been carried out of the various DMRGM
and other genes reported as indicating an unfavorable
prognosis in AML."®*?*%2% Qur group has also reported
that AML with DMRGM at onset is associated with a
high frequency of FLT3-ITD at relapse and has an unfa-
vorable prognosis.” However, since comprehensive gene
mutation analysis using a next-generation sequencer is
costly, there have so far been few reports on DMRGM-
based prognostic analysis covering a large number of
cases. In particular, there are very few reports on large
cohorts in which there is a combined analysis of both
TET2 mutation, which is mutually exclusive with IDH1
and IDH2 mutations, and DNMT3A mutation.” Since
IDH1/2 mutations and TET2 mutation are mutually com-
plementary, DMRGM need to be subjected to integrated

haematologica | 2016; 101(9)

analysis as a group, but there have so far been no reports
of such analysis having been performed. We therefore
analyzed the clinical characteristics of a group of AML
patients with DMRGM and the prognostic impact of
these mutations.

Methods

Patients

We studied 308 patients with de novo AML (excluding M3) treat-
ed at Nippon Medical School Hospital or its affiliated institutions.
A comprehensive genetic mutational analysis, as described below,
was conducted among patients with =20% blasts in bone marrow
or peripheral blood. The study was conducted in accordance with
the Declaration of Helsinki; written informed consent was
obtained from the participants, and the patients were analyzed
and treated with respect for their welfare and free will. The study
protocol was approved by our institutional review board.

Screening for cytogenetic mutations

G-band analysis was performed on bone marrow samples
obtained from patients at initial presentation. When it was diffi-
cult to obtain bone marrow samples, peripheral blood was used
instead. For patients suspected of having M2, M3, or M4e AML
based on the French-American-British classification, fluorescence
in situ hybridization analysis was used to search additionally for
RUNX1-RUNX1T1, PML-RARA, and CBFB-MYH11 mutations.
The cytogenetic prognosis was then classified in accordance with
the system recommended by the ELN.

Screening for molecular genetic abnormalities in ail
exons of 20 genes and hotspots of eight genes

An oligonucleotide library was generated by emulsion poly-
merase chain reaction using order-made probes designed against
the exons of the following 20 genes: TET2 (HGNC:25941),
DNMT3A (HGNC:2978), ASXL1 (HGNC:18318), KMT2A
(HGNC:7132: the HGNC nomenclature of AMLL has recently
changed to KMT2A), RUNX1 (HGNC:10471), KIT (HGNC:6342),
TPs3 (HGNC:11998), PTPN14 (HGNC:9644), GATA2
(HGNC:4171), WT1 (HGNC:12796), STAG2 (HGNC:11355),
RAD21 (HGNC:9811), SMC1A (HGNC:11111), SMC3
(HGNC:2468), DAXX (HGNC:2681), BCOR (HGNC:20893),
BCORL1 (HGNC:25657), NFi (HGNC:7765), DDX41
(HGNC:18674), and PHF6 (HGNC:18145). The library was
sequenced with the next-generation sequencer lon PGM™. With
respect to detected mutations, the NCBI and COSMIC databases
were used to search for polymorphisms and cancer-related muta-
tions. For newly identified mutations, genetic polymorphisms
were checked using Sanger sequencing with remission-stage sam-
ples.

Genes located in known hot spots (FLT3-ITD and FLT3-TKD,
NPM1, IDHA1, IDH2, NRAS, and KRAS), those for which probe
design for emulsion sequencing was difficult (CEBPA), and those
for which analysis with ITon PGM™ was difficult (KMT2A-PTD),
were analyzed using previously reported methods.™

Statistical analysis

The primary endpoint was overall survival of DMRGM-positive
AML patients in the study cohort. A hazard ratio of 0.707 and an
overall survival rate of 50% were assumed for the sample size cal-
culation. Recruitment of approximately 300 patients allowed for a
power of 80% in detecting a difference of that size with a type I
error of 5%. During the study period, there were 80 deaths among
the 135 DMRGM-positive AML patients. This provided an 80%
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statistical power to detect a hazard ratio of 0.542 with a signifi-
cance level (alpha) of 0.05 (two-tailed) regarding overall survival,
which was defined as the time interval from the date of diagnosis
to the date of death. Relapse-free survival for patients who had
achieved complete remission was calculated as the time interval
from the date of complete remission to the date of relapse.

The ¢’ test was used to test the association between categorical
variables and the presence and absence of mutations. The Fisher
exact test was used if the expected frequency of an event was less
than five in any cell of a 2 x 2 table. The non-parametric Mann—
Whitney U test was used to determine the statistical significance
of differences in median values. All statistical tests were two-
sided. The Kaplan-Meier method and log-rank test were applied to
analyze overall survival and relapse-free survival. With respect to
prognostic factors, multivariate analysis was conducted with the
Cox proportional hazards model. A stepwise backward procedure
selection model was used to extract independent events. Events at
a significance level of P<0.20 were analyzed. Statistical analyses
were performed using GraphPad Prism (version 6.00 for
Windows, GraphPad Software, La Jolla, CA, USA) and IBM SPSS
Statistics (version 21.0 for Windows, IBM Corp., Armonk, NY,
USA), while the power calculation was performed using
GraphPad StatMate (version 2.00 for Windows).

Table 1. Clinical background of the AML patients studied.

Results

Patients’ background

The average age of the 308 patients studied was 54.1
years (range, 17-86 years). There were 181 males (58.8%)
and 127 females (41.2%). Based on cytogenetic analysis,
60 cases (19.5%) were assigned to the favorable risk
group, 51 (16.6%) to the unfavorable risk group, and 184
(69.7%) to the intermediate risk group. Overall, 148
(48.1%) had a normal karyotype (Table 1, Ounline
Supplementary Table S1). Gene mutations were observed in
265 cases (86.0%), with the most frequent being NP1
mutation (88 cases, 28.6%), DNMT3A mutation (71,
23.1%), and FLT3-ITD (65, 21.1%) (Online Supplementary
Figure S1, Online Supplementary Table S2). Gene mutations
with an incidence of <3% were excluded from the analysis
as they were too infrequent to be studied as prognostic
factors (Online Supplementary Figure S1).

Clinical characteristics of patients with
DNA-methylation regulatory gene mutations

A DNMT3A mutation was found in 71 cases (23.1%),
TET2 mutation in 57 (18.5%), IDH2 mutation in 28

All DMRGM-positive DMRGM-negative
n=308 % n=135 % n=173 ) P value
Age, years
Mean 54.1 59.0 502 <0.0001
Range 17-86 18-86 17-82
Sex
Male 181 58.8 72 533 109 63.0 0.1025
Female 127 412 63 46.7 64 370
White cell count, x10/L
Mean 572 75.2 4.1 0.0032
Range 0.3-677 0.3-677 0.6-483
Cytogenetic risk group
Favorable 60 195 4 3.0 56 324 <0.0001
Intermediate 184 59.7 109 80.7 75 432
Adverse 51 16.6 16 119 35 202
Unknown 13 42 6 44 7 4.0
FAB classification
MO 17 55 5 3.7 12 6.9 03150
Ml 75 244 42 311 33 19.1 0.0163
M2 115 373 39 28.9 76 43.9 0.0089
M4 40 13.0 22 16.3 18 104 0.1712
Mde 12 3.9 0 0.0 12 6.9 0.0015
M5 33 10.7 21 15.6 12 6.9 0.0246
M6 7 2.3 2 1.5 5 29 04729
M7 1 0.3 1 0.7 0 0.0 0.4383
Not determined 8 2.6 3 22 5 29 1.0000
Induction therapy
(IDA/DNR/ACR)+AraC 292 94.8 125 82.6 167 96.5 0.2989
Others (AVWV, VP16+AraC) 3 1.0 2 15 1 0.6
Unknown 13 42 8 5.9 5 29
Stem cell transplantation
First CR 37 12.0 14 104 23 133 0.4831
Second CR 13 42 4 3.0 9 5.2 04015
=Third CR/disease 36 117 12 8.9 24 13.9 0.2122
CR: complete remission. IDA: idarubicin; DNR: daunorubicin; ACR: aclarubicin; AraC: ¢ ine; AVVV: ¢ i idle VPI6: etoposide.
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(9.1%), and IDH1 mutation in 17 (5.5%). TET2 mutation
was more frequent in older patients (average 63.5 years,
P<0.0001) (Online Supplementary Table S3). High white
blood cell counts were found in patients with mutations of
DNMT3A (average 86.6x10°/L, P=0.0028) and TET2 (aver-
age 80.7x10°/L, P=0.0389). Mutations in DNMT3A
(P<0.0001), TET2 (P=0.0087), and IDH2 (P=0.0199) were
more frequent in the intermediate cytogenetic risk group
(Online Supplementary Table S3).

A DMRGM was found in 135 cases (43.8%), indicating
that this group of gene mutations occurs with very high
frequency in AML. There were 99 cases (73.3%) with one
DMRGM (DMRGM1), 34 (25.2%) with two (DMRGM2),
and two (1.5%) with three (DMRGMS3). No cases had four
or more DMRGM (Figure 1). Compared to AML without
DMRGM (non-DMRGM), AML with DMRGM was more
frequent in older patients (DMRGM: average 59.0 years;
non-DMRGM: average 50.2 years; P<0.0001), in patients
with high white blood cell count (DMRGM: average 75.2
x10°/L; non-DMRGM: average 43.1x10°/L; P=0.0032), and
in the intermediate cytogenetic risk group (DMRGM:
80.7%; non-DMRGM: 43.4%; P<0.0001) (Table 1).

Overlapping gene mutations

DNMT3A mutation was frequently present together
with FLT3-ITD (P=0.0005), FLT3-TKD (P=0.0200), and
mutations of PTPN11 (P=0.0254), NPM1 (P<0.0001), and
IDH2 (P=0.0002), but was mutually exclusive with NRAS
mutation (P=0.0364) and CEBPA double mutation (CEBPA
dm, P=0.0265). TET2 mutation was frequently present
together with NPA1 mutation (P=0.0031) and CEBPA
monoallelic mutation (P=0.0441), but was mutually exclu-
sive with NRAS mutation (P=0.0229), IDH1 mutation
(P=0.0497), and IDH2 mutation (P=0.0380) (Ounline
Supplementary Table S4). DMRGM was frequently present
together with FLT3-ITD (P=0.0007) and mutations of
PTPN/11 (P=0.0190) and NPM1 (P<0.0001), but was mutu-
ally exclusive with mutations of NRAS (P=0.0035) and
WT1 (P=0.0241) (Online Supplementary Table S4).

Prognostic analysis in all subjects
With regards to overall survival, the factors associated
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with an unfavorable prognosis were age >70 years
(P<0.0001), adverse cytogenetic risk (P<0.0001), FLT3-ITD
(P<0.0001), KMT2A-PTD (P=0.0152), DNMT3A mutation
(P=0.0017), TET2 mutation (P=0.0043), and TP53 muta-
tion (P<0.0001). In recent years, the development of a non-
myeloablative regimen for hematopoietic stem cell trans-
plantation has made it possible also for patients aged 65 to
69 years to undergo allogeneic hematopoietic stem cell
transplantation. In the present study, analysis of prognosis
was therefore stratified between patients aged <70 and
>70 years. Favorable cytogenetic risk (P<0.0001), allogene-
ic hematopoietic stem cell transplantation (in first or sec-
ond remission) (P<0.0001), and CEBPA dm (P=0.0282)
were associated with a favorable prognosis (Ounline
Supplementary Table S5).

As regards relapse-free survival, the factors associated
with an unfavorable prognosis were adverse cytogenetic
risk (P=0.0210), FLT3-ITD (P<0.0001), TET2 mutation
(P=0.0219), and TP53 mutation (P=0.0011), whereas allo-
geneic hematopoietic stem cell transplantation (in first
remission) (P<0.0001) and NRAS mutation (P=0.0142)
were associated with a favorable prognosis (Ounline
Supplementary Table S5).

Stratified analysis of FLT3-ITD-negative patients
aged below 70 years with intermediate cytogenetic
prognosis

Age >70 years, adverse cytogenetic risk, and FLT3-ITD
were powerful poor prognostic factors. Rates of overall
survival and relapse-free survival were therefore analyzed
following stratification based on age <70 years, intermedi-
ate cytogenetic prognosis, and FLT3-ITD negativity. For
overall survival, DNMT3A mutation was associated with
an unfavorable prognosis (P=0.0429). On the other hand,
allogeneic hematopoietic stem cell transplantation (in first
or second remission) was associated with a favorable
prognosis (P=0.0283) (Online Supplementary Table S5). For
relapse-free survival, P53 mutation was associated with
an unfavorable prognosis (P=0.0068), while, allogeneic
hematopoietic stem cell transplantation (in first remission)
was associated with a favorable prognosis (P=0.0008)
(Online Supplementary Table S5).

Figure 1. Frequency and
overlap of DMRGM. There
were 173 cases of DMRGM-
negative AML (DMRGMO),
99 cases with one DMRGM
(DMRGM1: 10 cases with
IDH1, 13 with /DH2, 35 with
DNMT3A, and 41 with
TET2), 34 cases with two
DMRGM (DMRGM2: 6 with
IDH1+DNMT3A, 13 with
DH2+DNMT3A, and 15 with
DNMT3A+TET2), and two
cases with three DMRGM
(DMRGM3: 1 with
IDH1+IDH2+DNMT3A and 1
with IDH2+DNMT3A+TET2).

=

— 182 —




W — IR S R SRR

| T. Ryotokuji et .

Prognostic impact of DNA-methylation regulatory gene
mutations

The significance of DMRGM as a prognostic factor was
investigated. With regards to overall survival, cases with
DMRGM had a significantly poorer prognosis than cases
without DMRGM (P=0.0018) (Figure 2A). Furthermore,
patients with DMRGM tended to have a higher rate of
relapse than patients without DMRGM, but the difference
was not statistically significant (Figure 2B). Additionally,
overall and relapse-free survival rates were analyzed fol-
lowing stratification based on age <70 years, intermediate
cytogenetic risk, and FLT3-ITD negativity. With regards to
overall survival, cases with DMRGM had a significantly
poorer prognosis than cases without DMRGM (P=0.0409)
(Figure 2C). However, there was no significant difference
in relapse-free survival between patients with and without

DMRGM (Figure 2D).

Prognostic impact of number of DNA-methylation
regulatory gene mutations

Overall and relapse-free survival rates were studied rel-
ative to the number of DMRGM mutations. The greater
the number of DMRGM, the poorer the prognosis
(DMRGMO versus DMRGM2+3: P<0.0001; DMRGM1 ver-
sus DMRGM2+3: P=0.0244; DMRGMO versus DMRGM1:

P=0.0651) (Figure 3A). As far as concerns relapse-free sur-
vival, DMRGM2+3 was associated with a poorer progno-
sis than DMRGMO (P=0.0244) and DMRGM1 (P=0.0324)
(Figure 3B). Additionally, overall and relapse-free survival
rates were analyzed following stratification based on age
<70 years, intermediate cytogenetic risk, and FLT3-ITD
negativity. The overall survival rate of patients with
DMRGM2+3 was significantly lower than that of patients
with DMRGMO (P=0.0189) (Figure 3C). The relapse-free
survival rate of patients with DMRGM2+3 tended to be
worse than that of patients with DMRGM1, but not sig-
nificantly so (P=0.0600) (Figure 3D).

Prognostic significance of DNA-methylation regulatory
gene mutation combinations

In the present analysis, prognosis was poor for patients
with DMRGM, but was found to be poorer still for those
with DMRGM2+3. We, therefore, investigated whether
the combinations of DMRGM influence prognosis in
patients with DMRGM2+3. The 15 patients with
DNMT3A mutation accompanied by TET2 mutation
(DNMT3A mutation”/TET2 mutation”) were compared
with the 20 patients with DNAMT3A mutation accompa-
nied by IDH mutation (DNMT3A mutation’/IDH1 or
IDH2 mutation®). No clear significant difference was

Figure 2. Overall and relapse-free survival rates in AML cases with and without DMRGM. (A) Overall survival rate for all cases. (B) Relapse-free survival rate for all
cases. (C) Overall survival rate in FLT3-ITD-negative cases aged < 70 years with intermediate cytogenetic prognosis. (D) Relapse-free survival rate in FLT3-ITD-nega-
tive cases aged < 70 years with intermediate cytogenetic prognosis. HR: Hazard ratio.
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established in overall survival rate (Online Supplementary
Figure S2A), but DNMT3A mutation”/TET2 mutation” was
associated with a poorer relapse-free survival rate

(P=0.0349) (Online Supplementary Figure S2B).

Multivariate analysis

Multivariate analysis (Cox proportional hazard model)
via the step-wise method was carried out using the follow-
ing variables: age >70 years, poor cytogenetic risk, trans-
plantation time (in first or second complete remission),
DMRGM, and gene mutation associated with poor prog-
nosis. The following were identified as independent unfa-
vorable prognostic factors for overall survival: age >70
years (P=0.0001); adverse cytogenetic risk (P<0.0001);
DMRGM (P=0.0424); FLT3-ITD (P<0.0001); and TP53
mutation (P=0.0003) (Table 2), whereas the independent
unfavorable prognostic factors for relapse-free survival
were: unfavorable cytogenetic risk (P=0.0005); FLT3-ITD
(P<0.0001); TP53 mutation (P=0.0089); and KMT2A-PTD
(P=0.0236) (Table 2).

Efficacy of allogeneic transplantation in first remission
for patients with DNA-methylation regulatory gene
mutation-positive acute myeloid leukemia

The efficacy of allogeneic transplantation in first remis-
sion for patients with DMRGM aged <70 years was exam-
ined. In terms of overall survival, patients with DMRGM
who underwent allogeneic stem cell transplantation in

first remission [SCT (1* CR)/DMRGM] had a significant-
ly more favorable prognosis than those who did not
undergo such transplantation [SCT(1* CR)/DMRGM]
(P=0.0254) (Figure 4A). Likewise, in terms of relapse-free
survival, SCT (1* CR)’/DMRGM" cases had a significantly
more favorable prognosis than SCT (1* CR)/DMRGM*
cases (P=0.0049) (Figure 4B). A similar analysis was under-
taken in cases aged <70 years, cases with intermediate
cytogenetic risk, and FLT3-ITD-negative cases, but as the
number of SCT(1* CR)/DMRGM" cases was low, at just
seven, the efficacy of allogeneic stem cell transplantation
in first remission is not shown here.

Discussion

It was confirmed that DMRGM are very frequently
present in AML, being observed in 135 of the 308 cases
(43.8%) studied. A DMRGM was an unfavorable prognos-
tic factor for overall survival in the whole group and in
patients aged <70 years, in patients with an intermediate
cytogenetic risk group, and in FLT3-ITD-negative patients.
Allogeneic stem cell transplantation in first remission may
improve the prognosis of cases with DMRGM mutation.

Until now, the significance of individual DMRGM as
prognostic factors in AML has not been clear. Regarding
DNMT3A, the most frequent of the DMRGM, Ley et al.
reported that DNMT3A R882 mutation and non-R882

Figure 3. Overall and relapse-free survival rates in AML patients with no DMRGM, one DMRGM, and two or more DMRGM (A) Overall survival rate for all cases. (B)
Relapse-free survival rate for all cases. (C) Overall survival rate in FLT3-ITD-negative cases aged < 70 years with intermediate cytogenetic prognosis. (D) Relapse-free
survival rate in FLT3-ITD-negative cases aged < 70 years with intermediate cytogenetic prognosis. HR: Hazard ratio.
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mutation are both associated with unfavorable prognosis,
independently of whether FLT3-ITD is present.”
Meanwhile, Patel et al. reported that patients with inter-
mediate cytogenetic risk who have a DNAMT3A mutation
do not have an unfavorable prognosis even if FLT3-ITD is
not present.”

Because of the expense associated with comprehensive
gene mutation analysis using a next-generation sequencer,
there have so far been few reports on DMRGM-based
prognostic analysis involving a large number of patients.
Such studies consist of the one by Patel et al., based on 398
cases, and one by Hou er al., based on 500 cases.**” Our
analysis covered four DMRGM - IDH1, IDH2, DNMT3A,
and TET2 —in 308 cases of AML, a large cohort suggesting
reliable results. Moreover, ours is the first study in which
AML prognosis was explored with division into groups
based on DMRGM.

Our study revealed that the greater the number of
DMRGM, the poorer the prognosis is. It has been reported
that increasing numbers of DMRGM are associated with
unfavorable outcome in a number of hematologic malig-
nancies. For example, Papaemmanuil et al. described that
leukemia-free survival in patients with myelodysplastic
syndromes becomes shorter with increasing number of
gene mutations.” Guglielmelli er al. also reported that, in
primary myelofibrosis, the greater the number of muta-
tions of ASXL1, EZH2, SRSF2, and IDH1/2, the poorer the
patients’ prognosis is.* We have also reported recently
that three or more gene mutations is an unfavorable prog-
nostic factor in de novo AML.* According to whole-exon
mutation analysis using a next-generation sequencer, there
are on average 2.5-5.0 gene mutations per case in
AML,"*** and it has been established that the onset of
AML requires the combination of a number of gene muta-
tions."” These findings suggest that cases with a large
number of gene mutations have a correspondingly high
level of genomic instability and point to the strong possi-
bility of mutations in genes not yet examined.” This is
thought to result in a poorer prognosis. Our finding that
prognosis in AML worsens with increasing number of
DMRGM suggests that to improve prognostic analysis in
AML it will be important not only to focus on each indi-
vidual gene mutation, but also to seek to identify overall
genomic instability in individual cases.

In a whole-exon analysis of 12,380 healthy subjects,
Genovese et al. found that healthy subjects in whom
DMRGM mutations were observed had a high rate of
myeloid malignancies in hematopoietic organs a number
of years later.”” Shlush et al. demonstrated that, in AML
with DNMT3A mutation, the mutation also occurred in
hematopoietic stem cells with normal differentiation
potential, so that even in cases in which chemotherapy
induced remission, the DNAMT3A mutation remaining in
the stem cells subsequently led the resulting blood cells
to proliferate and cause relapse of the leukemia.” If this
finding applies to all DMRGM-positive AML cases, then
chemotherapy alone cannot be expected to be effective
in DMRGM-positive AML. As indicated by Patel ez al.,
for young patients with DMRGM-positive AML, allo-
geneic hematopoietic stem cell transplantation in first
remission may be the only curative therapy available.
The findings above indicate that the prognosis of
patients with DMRGM-positive AML is unfavorable,

Table 2. Multivariate analysis of prognostic factors.

Hazard ratio P value 95% Confidence

interval

Overall survival

Age>T0 years 22901 0.0001 1.5049 — 3.4848
Adverse cytogenetic risk  2.7025 <0.0001 1.7472 - 4.1802
SCT (first or second CR) ~ 0.2917  <0.0001 0.1658 — 0.5133
DMRGM 1.5782 0.0424 1.0158 — 2.4521
FLT3-ITD 2.6250  <0.0001 1.7393 — 3.38945
RUNXI 0.6524 0.0918 0.3971 = 1.0719
TP53 2.5915 0.0003 1.5488 — 4.3362
KMT24-PTD 1.5755 0.0983 0.9191 - 2.7010
GATA? 0.5523 01717 0.2358 — 1.2939
Relapse free survival
Age>T0 years 1.4937 0.1443 0.8716 — 2.5599
Adverse cytogenetic risk ~ 2.6814 0.0005 1.5347 — 4.6848
SCT(first remission) 0.1466  <0.0001 0.0670 — 0.3211
FLT3-ITD 3.1407  <0.0001 2.0494 — 48131
NRAS 0.5634 0.0888 0.2910 — 1.0909
RUNXI 0.6602 0.1802 0.3597 = 1.2117
TP53 23102 0.0089 1.2341 — 4.3244
KMT2A-PTD 2.2479 0.0236 1.1147 — 45330

SCT: stem cell transplantation, CR: complete remission.

ic stem cell

Figure 4. Efficacy of

in first remission for DMRGM-positive AML cases aged 70 years or below. (A) Overall survival rate for all

cases. (B) Relapse-free survival rate for all cases. HR: hazard ratio; SCT: stem cell transplantation; 1stCR: first complete remission.
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that the outcome worsens with increasing numbers of
such mutations and that these patients should be treated
with allogeneic hematopoietic stem cell transplantation

in first remission.

One of the issues that needs to be considered when
going forward with this research is that the subjects in this
study were of Japanese ethnicity. So far. there have been
no reports on the relation of ethnicity to frequency of gene
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Abstract

Acute lymphoblastic leukemias (ALL) positive for KMT2A/
AFF1 (MLL/AF4) translocation, which constitute 60% of all infant
ALL cases, have a poor prognosis even after allogeneic hemato-
poietic stem cell transplantation (allo-HSCT). This poor progno-
sis is due to one of two factors, either resistance to TNFo,, which
mediates a graft-versus-leukemia (GVL) response after allo-HSCT,
or immune resistance due to upregulated expression of the
immune escape factor S100A6. Here, we report an immune
stimulatory effect against KMT2A/AFF1-positive ALL cells by
treatment with the anti-allergy drug amlexanox, which we found

Introduction

The most prevalent mixed-lineage leukemia (MLL) rearrange-
ment in acute lymphoblastic leukemia (ALL) generates the
KMT2A/AFF1 (MLL/AF4) fusion gene due to the t(4;11)(q21;
q23) chromosomal translocation. ALL with t(4;11)(q21;q23) has
abimodal age distribution with a major peak of incidence in early
infancy and accounts for over 50% of ALL cases in infants < 6
months old, 10% to 20% in older infants, 2% in children, and up
to 7% in adults (1). Despite recent improvements in the overall
treatment outcome for ALL patients, including allogeneic hemato-
poietic stem cell transplantation (allo-HSCT), KMT2A/AFF1-pos-
itive ALL is still associated with a poor prognosis (2). The complete
remission (CR) rate in children is as high as 88%, but the median
overall survival (OS) is only 10 months, indicating an extremely
poor prognosis. In adult patients with ALL, the CRrate is 75%, but
the prognosis is also poor, with a median OS of 7 months (1).

The poor prognosis of KMT2A/AFF1-positive ALL has been
suggested to be due to resistance to TNFa, which is the factor
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to inhibit S100A6 expression in the presence of TNF-o.. In KMT2A/
AFF1-positive transgenic (Tg) mice, amlexanox enhanced tumor
immunity and lowered the penetrance of leukemia development.
Similarly, ina NOD/SCID mouse model of human KMT2A/AFF1-
positive ALL, amlexanox broadened GVL responses and extended
survival. Our findings show how amlexanox degrades the resis-
tance of KMT2A/AFF1-positive ALL to TNFo. by downregulating
S100A6 expression, with immediate potential implications for
improving clinical management of KMT2A/AFF1-positive ALL.
Cancer Res; 77(16); 4426-33. ©2017 AACR.

involved in the graft-versus-leukemia (GVL) effect, or tumor
immunity by upregulation of S100A6 expression followed
by interference with the p53-caspase pathway (3). S100AG is a
10.5-kDa Ca”*-binding protein belonging to the S100 protein
family, which has been reported to interact with and alter the
conformation of p53 (4-7). Upregulation of S100AG expression
in KMT2A/AFF1-positive ALL inhibits p53 acetylation followed by
inhibition of caspase apoptotic pathway upregulation in the
presence of TNFo. (8).

Here, we focused on amlexanox (2-amino-7-isopropyl-5-
oxo-5H-chromeno|[2,3-b| pyridine-3-carboxylic acid), a com-
mon anti-allergic drug, which targets SI00A6. Amlexanox was
reported to inhibit the translocation pathway of endogenous
S100A6 in endothelial cells (9). Amlexanox has also been
reported to bind to S100A13, which is another member of
the S100 protein family (10). S100A13 and acidic fibroblast
growth factor (FGF1) are involved in a wide range of important
biological processes, including angiogenesis, cell differentia-
tion, neurogenesis, and tumor growth. Generally, the biolog-
ical function of FGF1 is to recognize a specific tyrosine kinase
on the cell surface and initiate the cell signal transduction
cascade. Amlexanox binds S100A13 and FGF1 and inhibits the
heat shock-induced release of S100A13 and FGF1 (10). Amlex-
anox has been used in a number of recent metabolic studies.
Reilly and colleagues reported that amlexanox acted as an
inhibitor of IKKe and TBK1 (11). They showed that treatment
with amlexanox resulted in reduced inflammation, marked
improvement in insulin sensitivity, and reduced hepatostea-
tosis in mice with genetic or dietary obesity (11). The present
study was performed to examine the effects of amlexanox in
KMT2A/AFF1-positive ALL.
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Materials and Methods

Cell culture

The KMT2A/AFF1-positive human ALL cell line RS4;11 was
purchased from ATCC. The KMT2A/AFF1-positive ALL cell line
SEM was purchased from Deutsche Sammlung von Mikroorganis-
men und Zellkulturen GmbH (DSMZ). The cell lines were
obtained in 3 years and used within 6 months after receipt or
resuscitation. To check mycoplasma we used a PCR-based meth-
od, indirect staining and an agar and broth culture. SEM, SEM
transduced with a lentiviral vector expressing luciferase
(SEM-Luc), and RS4;11 cells were cultivated in RPMI 1640 (Sig-
ma-Aldrich) supplemented with 10% FBS (PAN Biowest) at 37°C
under 5% CO,.

In vitro analysis of SEM and RS4;11 cell growth

SEM and RS4;11 were seeded in 6-well plates (2 x 10° cells/
well) and incubated in vitro with TNFo (0 and 10 ng/mL; Wako) or
Human peripheral blood mononuclear cells (PBMC; 2 x 10°
cells/well) and amlexanox (Tokyo Chemical Industry; 0, 10, and
100 pg/mL) for 48 hours before counting cells to examine the
effects of TNFo. and amlexanox on leukemia cells.

Western blotting analysis

Western blotting analysis was performed as described previ-
ously (3). SEM and RS4;11 cells were incubated for 48 hours and
collected for Western blotting analysis. Equal aliquots of lysates
from cell lines or homogenized mouse spleen were subjected to
10% SDS-PAGE, transferred onto polyvinylidene difluoride
membranes, and immunoblotted with the following primary
antibodies (Abs): anti-S100A6 (calcyclin) Ab (Santa Cruz Bio-
technology), anti-caspase-3, anti-cleaved caspase-3 Ab (Cell Sig-
naling Technology), anti-p53 (Santa Cruz Biotechnology), anti-
acetyl-p53 (Millipore), and anti-B-actin Ab (Millipore). Can Get
Signal (Toyobo) was used to promote the reaction between
primary Ab and antigen (Ag).

Animal experiments using the KMT2A/AFF1 transgenic
mouse model

KMT2A/AFF1 transgenic (Tg) mice, which show CD45R/B220"
leukemia by 12 months of age, at which time lymphoma cells will
have infiltrated the bone marrow (BM) and spleen, were estab-
lished previously (12). This KMT2A/AFF1 Tg mouse model has an
essentially normal immune system. We divided 10 male KMT2A/
AFF1 Tg mice at the age of 4 months into two groups: the
amlexanox group (n = 5) fed a diet containing amlexanox
(0.02%) for 10 months, and the control group (n = 5). All
KMT2A/AFF1 Tg mice were killed at the age of 14 months for
histopathological and Western blotting analysis. All animal
experiments were performed in accordance with the regulations
established by the Ethical Committee of Nippon Medical School
and were approved by the Animal Care and Committee of Nippon
Medical School (Approval number: 28-026).

Histopathology and immunopathology

For histopathological analysis, mice were killed and tissues of
interest were fixed in 4% paraformaldehyde. Hematoxylin and
eosin (H&E) staining was performed using standard protocols.
For immunopathological analysis, the slides were fixed for 30
minutes in 4% paraformaldehyde, microwaved for 5 minutes in
Vector Antigen Unmasking Solution (pH 6.0; Vector Laborato-
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ries) for Ag retrieval, rinsed twice for 10 minutes each time in PBS,
and incubated for 15 minutes in 3% hydrogen peroxide in
methanol to quench endogenous peroxidase activity. For
CD45R/B220 staining, the pretreated slides were incubated for
60 minutes with anti-CD45R/B220 (BD Pharmingen) primary
Abs. To visualize anti-CD45R/B220 Ab binding, the slides were
incubated for 30 minutes with FITC-conjugated anti-rat IgG
(Jackson ImmunoResearch Laboratories). Nuclei were counter-
stained with Mayer's hematoxylin. The photomicrographs shown
in the figures were taken with a SPOT Insight digital camera
controlled using SPOT Advanced Version 4.0.9 software (Diag-
nostic Instruments) with a Nikon Eclipse 80i microscope
equipped with Nikon Plan 2x/0.08 NA and Plan 40x/0.75 NA
objectives. Comparison of CD45R/B220-positive tumor cells
between the control group and amlexanox group was performed
by counting the numbers of CD45R/B220-positive cells/mm?.

Separation of human PBMCs

Human PBMCs were obtained by separation of heparinized
blood from a healthy donor on a Ficoll-Histopaque gradient. The
PBMCs were washed twice and resuspended in RPMI 1640 sup-
plemented with 25 mmol/L HEPES buffer, 2 mm glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, and 10% heat-
inactivated FCS (designated as FCS-RPMI).

Animal experiments using PBMC-NOD/SCID mice

For invivo analysis, 5 x 10°/body of SEM-Luc cells were injected
intraperitoneally (i.p.) into three groups of 10 nonobese diabetic/
severe combined immunodeficiency (NOD/SCID) mice. Each
group of 10 mice was divided into two groups: the amlexanox
+ PBMC group (n = 5) fed a diet containing amlexanox (0.02%),
and the PBMC group (n = 5) fed a diet without amlexanox.
Feeding with each diet was started when SEM-Luc cells were
injected and supplied consistently until mice died. Mice in each
group were injected i.p. with 4 x 10’/body of human PBMCs
every 2 weeks. Non-PBMC-injected mice fed a diet without
amlexanox were used as controls. In addition to overall survival
(OS) rate, tumor growth after injection of human PBMCs was
assessed using an in vivo imaging system (IVIS) as described
previously (3).

Statistical analysis

The results of cell growth were analyzed by the Student ¢ test,
assuming unequal variances and two-tailed distributions. Data
are shown as the means + standard deviation of at least three
samples. For survival analyses, event time distributions were
estimated using the method of Kaplan and Meier, and differences
in survival rates were compared using the log-rank test. In all
analyses, P < 0.05 was taken to indicate statistical significance.

Results

Both SEM and RS4;11 cells were sensitive to TNFa in the
presence of 100 pg/mL of amlexanox, while both SEM and
RS4;11 cells showed resistance without amlexanox

First, to analyze the effects of amlexanox on KMT2A/AFF1-
positive ALL cell lines, SEM and RS4;11 were seeded in 6-well
plates (2 x 10° cells/well) and incubated in vitro with TN-c. (0 and
10 ng/mL; Wako) and amlexanox (Tokyo Chemical Industry; 0,
10, and 100 pg/mL). After 48 hours of incubation, viable cells
were counted using Trypan blue exclusion. KMT2A/AFF1-positive
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Figure 1.

Effects of amlexanox on KMT2A/AFFI-positive ALL cell lines with or without TNFo. The figure presents a summary of growth inhibition of KMT2A/AFFI-positive
ALL cell lines by administration of amlexanox with or without TNFo. (A, SEM; B, RS4;11). Although there was no significant inhibition by 10 ng/mL of TNFo.
without amlexanox, significant inhibition was observed with 10 ng/mL of TNFa. in the presence of 100 pg/mL of amlexanox.

Figure 2.

Effects of amlexanox on KMT2A/AFFI-positive ALL cell lines with or without PBMCs (2 x 10° cells/well). SEM and RS4;11 were incubated with PBMCs

(2 x 10° cells/well) instead of 10 ng/mL of TNFa. and viable cells were counted. SEM cells showed significant growth inhibition by incubation with PBMCs
in the presence of 10 or 100 pg/mL of amlexanox (P = 0.0136 or 0.0019; A). RS4:11 cells also showed significant growth inhibition by incubation with
PBMCs in the presence of 100 pg/mL of amlexanox (P = 0.0125; B).
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Figure 3.

Mechanism underlying the effects of
amlexanox on KMT2A/AFFI-positive
ALL. A and B, Western blotting of
lysates of KMT2A/AFFI-positive cell
lines with amlexanox. Western
blotting analysis showed that

100 pg/mL of amlexanox suppressed
S100A6 activation and induced
apoptosis by upregulation of acetyl
p53/p53 and cleaved caspase-3/
caspase (A, SEM; B, RS4;11).

ALL cells (SEM or RS4;11) showed no significant growth inhibi-
tion by 10 ng/mL of TNFo in the absence or presence of 10 pg/mL
of amlexanox (Fig. 1A and B). However, both cell lines showed
significant growth inhibition by 10 ng/mL of TNFo. in the presence
of 100 pg/mL of amlexanox (P = 0.0085 for SEM, P = 0.0196 for
RS4;11; Fig. 1A and B). Next, to examine direct evidence that
amlexanox increases cell-mediated anti-leukemia effects, SEM

Figure 4.

Amlexanox Suppresses KMT2A/AFF1 (MLL/AF4)-Positive ALL

and RS4;11 cells were incubated with PBMCs (2 x 10° cells/well)
instead of 10 ng/mL of TNFo. and viable cells were counted. SEM
cells showed significant growth inhibition on incubation with
PBMGCs in the presence of 10 or 100 pg/mL of amlexanox (P =
0.0136 or 0.0019; Fig. 2A). RS4:11 cells also showed significant
growth inhibition on incubation with PBMCs in the presence of
100 pg/mL of amlexanox (P = 0.0125; Fig. 2B). These results

Results of amlexanox in KMT2A/AFF1 Tg mice. A, Comparison of the results of immunohistopathological analyses (H&E and CD45R/B220) between one mouse from
the amlexanox group (amlexanox#1) and one mouse from the control group (control#1). Although CD45R/B220" pro-B-cell leukemia infiltration (green
fluorescence) was observed in the spleen and BM of control#1, no leukemia infiltration was observed in amlexanox#1. Although H&E staining in amlexanox#1showed
normocellular BM, control#1 showed hypercellular BM because of leukemia infiltration. Although H&E-stained spleen sections from amlexanox#1 showed
normal structure of the spleen, control#1 showed destruction of the normal structure. B and €, Comparison of CD45/B220" leukemia mass/mm? between the
control group (n = 5) and amlexanox group (n = 5). Both the spleen (B) and BM (C) of the amlexanox group had significantly less CD45/B220" leukemia

cell invasion in comparison with the control group (both P < 0.001).
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Figure 5.

Comparison of KMT2A/AFF1 Tg mice between the amlexanox group and control group. A, Western blotting analysis confirmed in vivo that upregulation of
S100A6 was inhibited and p53 acetylation and cleaved caspase-3 were activated in the amlexanox group. B and C, At the age of 14 months, KMT2A/AFFI Tg mice in
the amlexanox group had significantly lower body weight than those in the control group (P < 0.001).

indicated that amlexanox increases both TNFo. and cell-mediated
antileukemia effects.

Downregulation of S100A6 by amlexanox leads to growth
suppression of KMT2A/AFF1-positive human ALL cells through
the p53-caspase-3 pathway in the presence of TNFo

To analyze the molecular mechanism underlying the effect of
amlexanox on the KMT2A/AFF1-positive human ALL cells, SEM
and RS4;11 were incubated for 48 hours, and collected for
Western blotting analysis. As shown in Fig. 3, S100A6 was
activated in the presence of 10 ng/mL TNFo, and activated
S100A6 was decreased and both acetyl-p53/p53 ratio and
cleaved caspase-3/caspase-3 ratio were increased in cells treated
with 100 ug/mL of amlexanox in the presence of 10 ng/mL of
TNFo in the KMT2A/AFF1-positive human ALL cell line (Fig. 3A
and B).

Amlexanox inhibited infiltration of pro-B-cell leukemia in the
KMT2A/AFF1 Tg mouse model

To examine whether amlexanox in combination with tumor
immunity suppressed the development of MLL/AF4-positive ALL,
we used KMT2A/AFF1-positive Tg mice in which the immune
system is normal (12). In vivo analysis was performed using
KMT2A/AFF1-positive Tg mice, which we established previously
and show CD45R/B220" pro-B-cell leukemia by 12 months of
age (12). Although pro-B cell-leukemia infiltration was observed
in all five mice in the control group, no leukemia occurred in four

4430 Cancer Res; 77(16) August 15, 2017

of five mice in the amlexanox group at the age of 14
months. Figure 4A (top) shows a comparison of the results of
H&E staining between one mouse from the amlexanox group
(amlexanox#1) and one mouse from the control group (con-
trol#1). Although the normal structure of the spleen was dis-
rupted in control#1, no such effect was seen in the spleen of
amlexanox#1. Although BM of control#1 was hypercellular with
tumor cells, that of amlexanox#1 was normocellular with no
tumor invasion. Figure 4A (bottom) shows a comparison of the
results of immunohistopathologic analysis between one mouse
from the amlexanox group (amlexanox#1) and one mouse from
the control group (control#1). Although the spleen and BM of
control#1 showed CD45R/B220" leukemia infiltration, no leu-
kemia was observed in amlexanox#1.

Figure 4B shows a comparison of CD45/B220" leukemia
mass/mm? between the control group (n = 5) and amlex-
anox group (n = 5). Both the spleen and BM of the amlex-
anox group had significantly less CD45/B220" leukemia cell
invasion in comparison with the control group (both P <
0.001).

Amlexanox inhibits S100A6 upregulation followed by the
p53-caspase-3 apoptotic pathway in KMT2A/AFF1 Tg mice

To examine the mechanism underlying the suppression of
leukemia by amlexanox in KMT2A/AFF1 Tg mice, we performed
Western blotting analysis of the lysates from the spleens of
KMT2A/AFF1 Tg mice in the amlexanox group and compared the
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Figure 6.

Amlexanox Suppresses KMT2A/AFF1 (MLL/AF4)-Positive ALL

Results of amlexanox in PBMC-NOD-SCID mice. A, OS curves of PBMC-NOD-SCID mice injected with 5 x 10° body of KMT2A/AFFi-positive ALL cells. The
amlexanox + PBMC group showed significantly prolonged OS in PBMC-NOD-SCID mice injected with 5 x 10°/body of KMT2A/AFFI-positive ALL cells.

B and C, Figure 5B and C show comparisons of SEM-Luc volumes between the PBMC -+ amlexanox group and control group. On day 84 after transplantation,
the SEM-Luc volume was significantly lower in the amlexanox + PBMC group than in the control group (P = 0.003).

results with those for KMT2A/AFF1 Tg mice in the control group.
Western blotting analysis indicated the inhibition of S100A6 and
upregulation of p53 acetylation as well as cleaved caspase-3 levels
in the amlexanox group in comparison with the control group
(Fig. 5A).

Amlexanox-treated KMT2A/AFF1Tg mice were significantly
smaller than those in the control group

Reilly and colleagues reported that amlexanox reduced
obesity in mice by inhibition of IKKe and TBK1 (11), and this
may be a problem when considering use of amlexanox in
human infants. Therefore, we monitored body weight of mice
treated with amlexanox. As shown in Fig. 5B, KMT2A/AFF1 Tg
mice in the amlexanox group had significantly lower weight at
the age of 14 months than those in the control group (Fig. 5C;
P <0.001).

Comparison of PBMC-NOD/SCID mice transplanted with
SEM-Luc

To examine whether amlexanox in combination with GVL
effect could suppress the development of KMT2A/AFF1-positive
ALL, we used PBMC-NOD/SCID mice transplanted with KMT2A/
AFF1-positive ALL. As shown in Fig. 6A, PBMC-NOD/SCID mice
transplanted with SEM-Luc in the amlexanox + PBMC group
showed significantly longer survival than those in the control
group (P = 0.011). The PBMC group did not show significantly
longer survival than those in the control group (P = 0.93).

www.aacrjournals.org

Figure 6B and C show comparisons of the volumes of SEM-Luc
between the amlexanox + PBMC group and control group. On
day 84 following transplantation, the volume of SEM-Luc was
significantly lower in the amlexanox group than the control group
(P = 0.003). There was no significant difference in SEM-Luc
between the PBMC group and control group (P = 0.120).

Discussion

The results presented here suggested that amlexanox inhibits
the resistance of KMT2A/AFF1 (MLL/AF4)-positive ALL to TNFo
by downregulating S100A6 expression. The results of this study
indicated that amlexanox blocks upregulation of SI00A6 expres-
sion followed by interference with the p53-caspase pathway in
KMT2A/AFF1-positive ALL both in vitro and in vivo. The hypo-
thetical mechanism underlying these effects is shown in Fig. 7.
With respect to the genomic mechanism of KMT2A/AFF1, KMT2A
is an H3K4 histone methyltransferase, and leukemia transforma-
tion by KMT2A fusion requires the H3 lysine 79 (H3K79) methyl-
transferase DOT1L, which is recruited to the KMT2A fusion
transcriptional complex. Suppression of DOT1L inhibited expres-
sion of AFF1 target genes, indicating that H3K79 methylation is a
distinguishing feature of KMT2A/AFF1-positive ALL and plays a
key role in maintenance of AFFI1-driven gene expression (13).
However, our therapeutic target of KMT2A/AFF1-positive ALL is
not this genomic mechanism but the resistance of KMT2A/AFF1
(MLL/AF4)-positive ALL to TNFo. by downregulating S100A6
expression.
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Figure 7.

Working hypothesis for the effect of amlexanox on KMT2A/AFFI-positive ALL.
Amlexanox induces the caspase-3 apoptotic pathways in KMT2A/AFFI-positive
ALL through downregulation of SI00A6, followed by p53 acetylation.

We previously reported that the poor prognosis of KMT2A/
AFF1-positive ALL may be caused by resistance to TNFa, which is
the factor involved in the GVL effect, or tumor immunity by
upregulation of S100A6 expression followed by interference with
the p53-caspase apoptotic pathway (3). Amlexanox, known as an
anti-allergic drug, may exploit the GVL effect or tumor immunity
in KMT2A/AFF1-positive ALL because it inhibits the resistance of
KMT2A/AFFI1-positive ALL to TNFo. In vivo analysis using KMT2A/
AFF1-positive Tg mice showed that amlexanox in combination
with tumor immunity may suppress the development of MLL/
AF4-positive ALL. Therefore, using amlexanox after CR may be
effective to suppress relapse of KMT2A/AFF1-positive ALL.

The GVL effect on KMT2A/AFF1-positive ALL may also be
induced by amlexanox in PBMC-NOD/SCID mice. Specifically,
allogeneic hematopoietic stem cell transplantation (allo-HSCT) is
expected to show beneficial effects in combination with amlex-
anox despite its lack of efficacy in KMT2A/AFF1-positive ALL
patients reported to date (2). Interestingly, Spijkers-Hagelstein
and colleagues reported that overexpression of the S100 protein
family members S100A8 and S100A9 in KMT2A/AFF1-positive
ALL was associated with failure to induce free-cytosolic Ca®* and
prednisolone resistance (14). These observations taken together
with our previous study suggest that high levels of S100 protein
expression by KMT2A/AFF1-positive ALL may be the main factors
involved in therapy resistance and poor prognosis of KMT2A/
AFFI1-positive ALL. Amlexanox was also reported to bind to
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another member of the S100 protein family, S100A13 (10).
Although there have been no reports regarding the relations
between amlexanox and S100A8 and S100A9, it is possible that
this drug affects these proteins.

Another major advantage of the use of amlexanox is that it is
already a commonly used anti-allergy drug and its cost is not high
in contrast to almost all other molecular target drugs. However,
there is a problem when considering use of amlexanox as treat-
ment for human infants. As reported by Reilly and colleagues,
amlexanox prevents weight gain by inhibition of IKK-e and TBK1
(11). Our KMT2A/AFF1 Tg mice fed amlexanox were also signif-
icantly smaller than those fed the control diet (P < 0.001; Fig. 5B
and C). This is an important problem for the treatment of infants,
although it would not be an issue in adults. Despite these
problems, treatment targeting S100A6 by amlexanox may
increase tumor immunity and the effects of hematopoietic stem
cell transplantation against KMT2A/AFF1-positive leukemia, thus
making it useful for treatment of KMT2A/AFF1-positive leukemia.
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1 | INTRODUCTION

Chronic myelogenous leukemia (CML) is caused by the BCR-ABL1
fusion gene on the Philadelphia chromosome. This leukemia tends to
transform into an acute form and was, therefore, historically associ-
ated with a poor prognosis.?> However, the advent of tyrosine kinase
inhibitor (TKI) imatinib, which inhibits functions of BCR-ABL1 protein,
has dramatically improved the prognosis of CML patients.®> More
recently, second-generation TKI, such as dasatinib and nilotinib, have
been found to induce faster and deeper molecular responses com-
pared to imatinib.*> Most patients who receive TKI therapy survive
for more than a decade. Recent data have revealed that an increasing
number of patients may gradually achieve a deep molecular response
(DMR) if they continue to use second-generation TKI for several

years.>” However, increasing concern surrounds the long-term

adverse effects and financial burden associated with TKI.22

To address these concerns, the possibility of imatinib cessation
has been extensively studied. In a prospective study first presented
by a French group (STIM study), approximately 39% of CML patients
who maintained DMR for >2 years while using first-line imatinib
could safely stop taking the drug after >6 months,*® although
patients who had received therapy for >5 years or had a low Sokal
score were significantly more successful. An Australian group also
found that imatinib could be stopped after a 2-year DMR consolida-
tion period (TWISTER trial).®* Regarding second-generation TKI, a
Japanese prospective study demonstrated that approximately 49%
of CML patients who achieved DMR for >1 year during second-line
dasatinib therapy could successfully discontinue treatment for

>6 months,'

and attempts to discontinue nilotinib yielded similar
observations.'®” Therefore, the second-generation TKI appear to
better enable chronic-phase CML patients to achieve therapy discon-
tinuation.

The optimal conditions for successful TKI discontinuation regard-
ing the type of TKI, depth of DMR, duration and amount of TKI
administration or consolidation after DMR, and criteria for molecular
relapse are yet to be determined. Currently, several of the additional
TKI discontinuation trials needed to elucidate these conditions are
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patients with molecular relapse after discontinuation but remained unchanged in
patients without molecular relapse for >7 months. At the end of consolidation,
patients whose total lymphocytes comprised <41% CD3~ CD56* NK cells, <35%
CD16* CD56" NK cells, or <27% CD56" CD57* NK-LGL cells had higher TFS rela-
tive to other patients (77% vs 18%; P < .0008; 76% vs 10%; P < .0001; 84% vs
46%; P = .0059, respectively). The increase in the number of these NK cells
occurred only during dasatinib consolidation. In patients with DMR, dasatinib dis-
continuation after 2-year consolidation can lead to high TFS. This outcome depends

significantly on a smaller increase in NK cells during dasatinib consolidation.

chronic myelogenous leukemia, dasatinib, natural killer, stop, tyrosine kinase inhibitors

under way.'® Dasatinib induces increases in the populations of lym-
phocytes, large granular lymphocytes (LGL), natural killer (NK) cells
and cytotoxic T cells, as well as a decrease in regulatory T cells

1920 and a

(Tregs), especially in patients with good clinical responses,
recent report found an association between an expanded NK cell
population and successful TKI cessation.*>?* Therefore, the potential
association between dasatinib-induced lymphocyte changes in num-
ber and successful discontinuation of dasatinib is an area of growing
interest.

In the ongoing Japanese multicenter prospective D-STOP trial,
we have attempted to discontinue dasatinib following a 2-year con-
solidation in patients with CML who had achieved DMR. During this
period, we monitored the peripheral lymphocyte profiles via flow
cytometry to investigate their associations with successful discontin-
uation. Here we show that dasatinib specifically increased NK cells
during consolidation, but not during discontinuation, and demon-
strate that a lower percentage of NK cells during consolidation sig-
nificantly increases the likelihood that a patient will achieve a longer

treatment-free survival (TFS).

2 | MATERIALS AND METHODS

2.1 | Study design and patients

The D-STOP trial (NCT01627132) is a multicenter, single-arm, phase
2 study conducted over 22 centers in Japan. Figure 1 presents the
study schema for D-STOP. Patients diagnosed with chronic-phase
CML and who achieved DMR after receiving any TKI were eligible
for 2-year dasatinib consolidation therapy with the intent to main-
tain DMR. The inclusion criteria were as follows: age >15 years, per-
formance status (ECOG score) of 0-2, and no severe primary organ
dysfunction involving the liver, kidney or lungs. All previous treat-
ments were permitted except for allogeneic hematopoietic stem-cell
transplantation. The exclusion criteria were as follows: other chro-
mosomal abnormalities in addition to the Philadelphia chromosome,
a history of BCR-ABL1 mutation, and/or other active malignant disor-
ders. The D-STOP trial was approved by the ethics committees of

— 196 —



LIANE St EFRIE) Tt S S

KUMAGAI ET AL

® | wWiLEY—

the participating institutes. All participants provided written informed
consent in accordance with the Declaration of Helsinki.

2.2 | Real-time quantitative RT-PCR

During the dasatinib-consolidation phase, real-time quantitative RT-
PCR (RQ-PCR) analyses were performed every 3 months in the cen-
tral laboratory (Bio Medical Laboratories [BML], Tokyo, Japan) to
measure molecular responses®’ according to the BCR-ABL1 Interna-

tional Scale (IS) and the laboratory’s conversion factor,??

as previ-
ously described.*® In summary, ABL1 was used as an internal control,
and the cut-off corresponded to BCR-ABL1 of 0.0069% IS or molec-
ular response of 4.0 (detectable disease with a BCR-ABL1 <0.01% IS
or undetectable disease in cDNA with >10 000 ABL1 transcripts).?®
Patients with DMR confirmation every 3 months during a 2-year
dasatinib consolidation period subsequently entered the discontinua-
tion phase. Following dasatinib cessation, DMR were monitored by
RQ-PCR every month for the first year (clinical cut-off), followed by
every 3 months for the remaining 2 years (total = 3 years).

If BCR-ABL1 >0.0069% IS was detected at any point during the
consolidation or discontinuation phase, an additional RQ-PCR was
performed within 1 month. Two successive BCR-ABL1 positive
results confirmed a molecular relapse. For relapses occurring during
the discontinuation phase, dasatinib was restarted at the previously
effective dose. After dasatinib recommencement, the response was
assessed by RQ-PCR at 1, 3, 6 and 12 months. Dasatinib dose
reduction was permitted at any time in response to adverse events
based on physicians' judgment.

2.3 | Flow cytometric analysis

The whole peripheral blood lymphocyte profiles were established by

the central laboratory (BML) before and after 3, 6, 12 and

The Flow Chart of the D-STOP Trial

Entry

‘ Chronic CML with DMR achieved by any TKI 60 patients

Consolidation Phase ﬂ

‘ Consolidation with dasatinib for 2 years to maintain DMR

RQ-PCR (BCR-ABL1 mRNA)

Flow cytometry for
peripheral lymphocytes

Consent withdrawal 5
Molecular relapse 1

Stop Phase

‘ Discontinuation of dasatinib 54 patients

Follow-up

‘ Follow up treatment-free survival (TFR at 12 months)

FIGURE 1 Flow chart of the D-STOP trial. CML, chronic
myelogenous leukemia; DMR, deep molecular response; RQ-PCR,
real-time quantitative PCR; TFR, treatment-free survival

24 months of dasatinib consolidation. Blood samples were collected
more than a few hours after dasatinib intake. Peripheral white blood
cell counts were measured using an automated cell count analyzer.
The flow cytometry methods have been previously described.>1%:24
In brief, the lymphocyte fraction was determined using forward-scat-
ter vs side-scatter gating (Figure S1A), and immunophenotypic exam-
inations were performed using two-color or three-color flow
cytometry on a FACSCalibur system with CellQuest software, ver-
sion 3.3 (Becton Dickinson, Franklin Lakes, NJ, USA). All antibodies
used in this study were purchased from Becton Dickinson. The
defined lymphocyte subsets comprised NK cells (CD3~ CD56" and
CD16" CD56" cells), NK-cell LGL (NK-LGL, CD56* CD57), helper T
cells (CD4" CD8"), cytotoxic T cells (CD4~ CD8"), T-cell LGL (T-LGL)
(CD3* CD57Y' and regulatory T cells (Tregs) (CD4* CD25*
CD1279™~)?> (Figure S1B).

2.4 | Definition of the endpoint

The primary endpoint was the 12-month rate of TFS, defined as the
time from the discontinuation of dasatinib to the date of molecular
relapse. To establish the predictive factors associated with treat-
ment-free remission, we evaluated patients by sex, age at discontin-
uation, Sokal risk score at diagnosis, duration of BCR-ABL1 transcript
negativity before consolidation, duration of TKI therapy before con-
solidation, total dose of dasatinib, and type of TKI used when DMR
was achieved. We also assessed the above-described lymphocyte
subsets before and after 3, 6, 12 and 24 months of dasatinib consol-
idation while in TFS. Safety was evaluated throughout the consolida-
tion period and adverse events were classified using the Common
Terminology Criteria for Adverse Events, version 4.0.

2.5 | Statistical analysis

In this study, a sample size of at least 50 patients was determined to
demonstrate that patients who discontinued dasatinib remained in
TFS at a power >80% when compared with data from a previous
study.®® Each continuous variable was separated into two groups
using the cut-off points calculated by the concordance index.

A Kaplan-Meier analysis was used to calculate the proportion of
patients in treatment-free remission, and a log-rank test was used to
statistically compare the stratified groups (two or more). Cox propor-
tional hazards analysis of significant predictors in the univariate anal-
ysis was used to calculate the factors contributing to successful
discontinuation. Strongly correlated explanatory variables were inde-
pendently entered into the Cox regression model. Factors significant
in at least one of the tested models were considered possible inde-
pendent predictors of relapse risk.

Receiver operating characteristic (ROC) curves were generated
to determine the cut-off values of lymphocytes (%), NK cells (% and
counts) and clinical data for the Kaplan-Meier analysis. Optimal
thresholds along ROC curves were determined by searching for plau-
sible values where the sum of the sensitivity and specificity were
maximized. A P-value <.05 was considered significant. The statistical
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software EZR on R commander (R Project for Statistical Computing,

Vienna, Austria) was used for statistical analysis calculations.?®

3 | RESULTS

3.1 | Treatment-free survival after dasatinib
discontinuation

As shown in Figure 1, 60 patients with a confirmed DMR between 1
February 2012 and 31 January 2014 were enrolled into the dasa-
tinib consolidation phase. Of these patients, 6 were excluded during
consolidation because of consent withdrawal or fluctuations in the
BCR-ABL1 transcript levels suggestive of a molecular relapse. Safety
analyses revealed no severe (grade >3) treatment-related toxic
effects during the consolidation phase. A total of 54 patients (32
male, 22 female) were included in the dasatinib-discontinuation
(STOP) phase (Table 1).

The median age at treatment discontinuation was 56 (range: 27-
84) years. The median duration of TKI treatment was 92 (36-177)
months, and the median duration of BCR-ABL1 negativity before
treatment cessation was 51 (24-173) months. Patients were followed
up for a median of 16 (3-24) months after discontinuation. In total,
34, 19 and 1 patient used imatinib, dasatinib and an unknown agent,
respectively, at the time of DMR achievement before consolidation.
No patient received interferon-alpha.

Regarding the clinical endpoint, the estimated overall probabili-
ties of TFS were 68.5% (95% confidence interval [Cl]: 54.3-79.1) at
6 months and 62.9% (95% Cl: 48.5-74.2) at 12 months (Figure 2).
Twenty patients experienced relapses during discontinuation phase,
and most relapses occurred within 6 (and maximum 7) months. The
loss of major molecular response (MMR) was observed in 20% of

the relapsed patients. All relapsed patients responded to dasatinib

TABLE 1 Characteristics of the patients

Age at discontinuation (y) 56 (27-84)
Sex
Male 32
Female 22
Performance status
<1 54
Sokal score at diagnosis®
Low 24
Intermediate 11
High 6
Type of TKI when achieving DMR
Imatinib 34
Dasatinib 19
Unknown 1
BCR-ABL(—) duration (mo) 51 (24-173)
Duration of TKI treatment (mo) 92 (36-177)

DMR, deep molecular response; TKI, tyrosine kinase inhibitor.
2Sokal scores were not available for 13 patients.
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within 3 months of recommencing treatment. MMR was achieved
within 6 months in all patients and DMR within 12 months in 16 of
the 19 patients evaluable within this period. No loss of a hemato-
logic response, complete cytogenetic response or progression to
advanced disease was observed.

The clinical factors that affected molecular relapse during the dis-
continuation phase were analyzed (Figure 3). However, no significant
associations of the 12-month TFS rate were observed with patient
characteristics such as sex (Figure 3A), Sokal score at diagnosis (Fig-
ure 3B), BCR-ABL1 mRNA negative duration (Figure 3C), duration of
TKI treatment (Figure 3D), age at discontinuation (Figure 3E), total
dose of dasatinib (Figure 3F) and type of TKI used when DMR was
achieved (Figure 3G).

At present, the last patient discontinued dasatinib more than
24 months ago and the actual late TFS rate at 24 months was calcu-
lated as 57%. This is consistent with the results of previous reports,
which indicated that the most molecular relapses occur within
6 months after cessation, with a small percentage of patients experi-
encing late relapse.?”?® We will report our final results at 3-year
follow-up.

3.2 | Clinical data during consolidation therapy

Physicians were free to determine the dose of dasatinib during the
consolidation phase. Of the 60 patients who entered the consolida-
tion phase, 35% and 52% experienced transient suspension and
reduction of dasatinib, respectively. The etiologies of the drug sus-
pensions included 20 non-hematological adverse events (G2-3) (13
pleural effusions, 1 chronic heart failure, 1 elongation of corrected
QT in ECG, 1 renal failure, 1 hematochezia, 1 diarrhea, 1 general

Treatment-free Survival (D-STOP)

40

Treatment-free survival (%)

20

0 -

T T T T T T
0 5 10 15 20 25 30

Months from discontinuation
Number at risk

54 38 32 23 14 1 1

FIGURE 2 Estimated treatment-free survival in the D-STOP trial.
The estimated treatment-free survival of the patients who
discontinued dasatinib (y-axis) and the duration (months) of
discontinuation (x-axis) are shown. The dotted line indicates the 95%
confidence interval
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Sokal Score ©) BCR-ABL1 (mRNA) negative duration
100

>50 months  77%

80
Low 67 %
P=.122
Intermediate 64 % P=.761 60
. 50% <50 months ~ 55%
High /b 20
20
0
Month Month
Age at the discontinuation (F) Total dose of dasatinib
100
80
<72600mg  70% -
<S6years  64% P=.86 = e e P=52
60 i
>56 years 62% >72600mg  63%
40
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0
Month Month

FIGURE 3 Estimated treatment-free survival according to patients’ characteristics. The estimated treatment-free survival rates according to
patient characteristics, including sex (A), Sokal score (B), BCR-ABL1 mRNA-negative duration (C), duration of tyrosine kinase inhibitor (TKI)
treatment (D), age at discontinuation (E), total dose of dasatinib (F), and the type of TKI when achieving a deep molecular response (G) are
presented along the y-axis. In all figures, the duration (months) of discontinuation is shown along the x-axis. The cut-off levels of each type of
clinical data were determined using receiver operating characteristic (ROC) curve analyses as described in the Methods
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fatigue and 1 unknown) and 2 hematological adverse events (>G3)
(anemia and pancytopenia). The etiologies of the dose reductions
included 31 non-hematological adverse events (G2-3) (13 pleural
effusions, 1 elongation of corrected QT in ECG, 1 liver dysfunction,
1 renal failure, 1 hematochezia, 2 diarrhea, 1 general fatigue, 2
alopecia, 1 fever, 1 appetite loss, and others) and 3 hematological
adverse events (>G3) (1 anemia, 1 thrombocytopenia and 1 pancy-
topenia). Pleural effusions were the major reasons for dose change.
No patient withdrew from the study due to adverse events. Thirty-
four patients switched from imatinib to dasatinib at the start of con-
solidation. Patients switching to dasatinib for the first time during
consolidation took 80.1% of the scheduled dose (100 mg/d)
(n = 30).

3.3 | Lymphocyte profiles during consolidation
therapy

We divided patients in the D-STOP trial into S (successful) and F
(failed) groups, which, respectively, comprised those who discontin-
ued dasatinib and remained in remission for >7 months (n = 34)
and those who relapsed during the observation period (n = 20).
The absolute lymphocyte counts did not differ significantly
between S and F groups before or after dasatinib consolidation
therapy (P = .25 and .24, respectively) (data not shown). However,
the relative lymphocyte count after consolidation increased signifi-
cantly relative to the baseline values in F group (P =.0091%*) (Fig-
ure 4A(i)).

We further assessed the proportion (%) of each lymphocyte sub-
set among the total lymphocyte population and the absolute cell
counts using flow cytometry. The proportion of CD3~ CD56* NK
cells did not differ between S and F groups before consolidation
(P =.95); by contrast, this value increased significantly in F group
during the consolidation period (P = .00016*) but remained stable in
S group (P =.69). After consolidation, both the proportion (Fig-
ure 4A(ii)) and absolute number of CD3~ CD56* NK cells (Figure 4A
(iii)) were significantly higher in F group than in S group (P = .0043*
and P = .015%, respectively). In the S group, this NK cell population
transiently increased at 12 months (P = .0094*) and returned to
baseline levels after consolidation (P = .75), resulting in a significant
difference between the two groups after consolidation (Figure 4A
(iii)).

Regarding CD16* CD56" NK cells, the proportions among total
lymphocytes and cell counts in both groups exhibited similar changes
during the consolidation period (Figure S2A-1,A-2). The proportions
of CD56" CD57* NK-LGL cells among total lymphocytes did not dif-
fer significantly between the two groups before consolidation
(P = .52); during the consolidation period, this proportion increased
in F group (P = .0009*) while remaining stable in S group (P = .36).
After consolidation, the proportion of CD56* CD57" NK-LGL cells
was significantly higher in F group compared with S group
(P = .0051*) (Figure S2B-1). The absolute CD56" CD57* cell count
also increased during the consolidation period in F group
(P = .0004%*), whereas in S group this value increased transiently at
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12 months (P =.0011*) but returned to the baseline level after
24 months (P = .46) (Figure S2B-2).

Based on these observations, we our results were as follows.
The patients with a relative lymphocyte change <140% (as deter-
mined by ROC analysis) after consolidation had a significantly higher
TFS rate (76%) than those with a change >140% (38%) (P = .022*)
(Figure 4B(i)). The difference of CD3~ CD56" proportions also led to
a marked disparity in the TFS rates at 12 months between the
patients with CD3~ CD56" proportions of <41% and >41% (ROC
analysis) among total lymphocytes at the end of consolidation (77%
vs 18%, respectively; P = .0008%*) (Figure 4B(ii)). A marked difference
in TFS was also observed between patients with a CD16" CD56"
proportion of <35% vs those with a proportion >35% (ROC analysis)
after consolidation (76% vs 10%, respectively; P < .0001*) (Fig-
ure 4Bfiii)). A significant difference in the TFS at 12 months between
patients with a CD56" CD57* NK-LGL proportion of <27% (ROC
analysis) and those with a proportion of >27% after consolidation
was also observed (84% vs 46%, respectively; P =.0059*) (Fig-
ure 4B(iv)). Based on these results, we concluded that the increases
in NK and NK-LGL cells during the consolidation period correlated
negatively with successful discontinuation.

Multivariate analysis was performed using factors such as sex,
Sokal score, BCR-ABL-1 negative duration, duration of TKI treat-
ment, patient age, total dasatinib dose, switching from imatinib to
dasatinib before consolidation, the existence of imatinib resistance
and levels of CD56~ CD3" NK cells (<41%) at the end of consolida-
tion. In the univariate analysis, factors with P-values of >.30 were
excluded. Lower levels of CD3~ CD56" NK cells at the end of con-
solidation were an independent predictive factor for TFS (Figure S3).
The final results will be reported at 3-year follow-up.

Regarding the cytotoxic T (CD4~ CD8"), T-LGL (CD3* CD57%)
and regulatory T (Tregs; CD4* CD25* CD1279™ ) cell subsets, no
significant differences in the proportions among total lymphocytes
or absolute cell counts were observed between S and F groups
before or after consolidation (Figure S4A-1, A-2, B-1, B-2, D-1 and
D-2). However, F group exhibited significant increases in cytotoxic T
cells (Figure S4A-2, P = .0009%*) and T-LGL (Figure S4B-2, P = .028%)
during consolidation. In contrast, the S group exhibited only a signifi-
cant decrease in Tregs (Figure S4D-2, P = .035%).

The proportion of helper T cells (CD4* CD8") among total lym-
phocytes was significantly lower in F group than in S group after
consolidation (Figure S4C-1). However, as the absolute cell counts
did not differ between the two groups during consolidation (Fig-
ure S4C-2), the difference appeared to arise from a relative increase
in total lymphocytes in F group (Figure 4A(i)) and was not considered
important. In summary, small and occasionally significant changes in
T cell subsets were observed.

3.4 | Changes in natural killer cell populations
throughout the dasatinib discontinuation study

Rapid decreases in the lymphocyte, CD3~ CD56" NK cell and
CD56" CD57" NK-LGL populations were observed after dasatinib
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FIGURE 4 Changes in the numbers of total lymphocytes and natural killer (NK) cell subsets during consolidation therapy with dasatinib
after achieving a deep molecular response. In all figures, the solid line indicates the successful (S) group, which comprised patients who
achieved successful discontinuation without relapse for >7 mo (n = 34); the dotted line denotes the failed (F) group, which comprised patients
with a molecular relapse during the observation period (n = 20). Data are presented as averages + SE. The x-axis indicates the duration of
consolidation (months). The following data are presented on the y-axes: (A(i)) Relative proportion of lymphocytes (%) compared to the baseline
levels just before consolidation. (Alii)) Proportion (%) of CD3~ CD56" NK cells during consolidation. (A(jii)) Absolute number of CD3~ CD56*
NK cells during consolidation. (B(i)) Treatment-free survival (TFS) rates of patients with lymphocyte counts >140% or <140% relative to the
baseline at the end of consolidation. The cut-off level was determined using a receiver operating characteristic (ROC) curve analysis as
described in the Methods. (B(ii)) TFS rates of the patients with CD3~ CD56" NK cell proportions (%) >41% or <41% at the end of
consolidation. The cut-off level was determined using an ROC curve analysis as described in the Methods. (B(iii)) TFS rates of the patients with
CD16" CD56" NK cell proportions (%) of >35% or <35% at the end of consolidation. The cut-off level was determined using an ROC curve
analysis as described in the Methods. (B(iv)) TFS rates of the patients with CD56* CD57* NK-LGL proportions (%) of >27% or <27% at the
end of consolidation. The cut-off level was determined using an ROC curve analysis as described in the Methods
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discontinuation, and no significant differences remained between the
S and F groups after 3 months (Figure 5A). We note that although
NK cell counts may also have shifted over time, we did not collect
additional data.

In F group, the lymphocyte population increased significantly
after dasatinib re-treatment for a molecular relapse (Figure 5B), indi-
cating that dasatinib specifically increased NK cells. Before consoli-
dation, S group tended to have a higher average NK cell count
compared with F group; however, this trend reversed after 3 months
(Figure 5C). When we determined the cut-off level before consolida-
tion, patients with a higher than average NK cell count tended to
have higher TFS (data not shown), whereas during consolidation, F
group was more likely to exhibit a larger dasatinib-specific lympho-
cyte increase (%) from the baseline (Figure 4A(i-iii)).

At the start of consolidation, some patients switched from imatinib
to dasatinib. These patients were specific to the D-STOP study and
were not included in previous cessation studies. These patients did
not affect the TRF rate (Figure 1G). However, the relative increase in
lymphocyte levels in the failed patients during consolidation
(157.6 + 26.3%) tended to be higher than that in patients who contin-
ued dasatinib (117.4 + 13.7%). Therefore, such a patient population
might emphasize our results over those of other studies.*3152?

We considered the underlying mechanism of these NK cell
changes during dasatinib discontinuation (Figure 5D). Before consoli-
dation, NK cells tended to be higher in discontinuation-successful
patients (Figure 5C). Although these cells increased to a great extent
in the discontinuation-failed patients during consolidation (Figure 4A,
B), the population contracted rapidly after discontinuation (Fig-
ure 5A). During discontinuation, NK cell numbers are reportedly
higher among successful patients.!>?127%% We observed that in the
failed patients, the lymphocyte population increased again after re-
starting dasatinib, suggesting a direct effect of TKI on this cell popu-
lation (Figure 5B).

4 | DISCUSSION

The results of this study demonstrate the feasibility of achieving a high
TFS rate with dasatinib consolidation for >2 years after achieving
DMR; the dasatinib-induced increase in NK cells during consolidation
was found to correlate negatively with successful discontinuation.

We compared the D-STOP and DADI trials,®> which included
similar numbers of patients (63 and 54, respectively) with similar
median ages (59 [24-84] and 56 [27-84]) years, respectively, to eval-
uate favorable conditions for dasatinib discontinuation. Both trials
defined DMR at discontinuation and molecular relapse using RQ-
PCR data obtained at BML.2>?2 Patients in the DADI trial achieved
DMR during second-line dasatinib therapy after first-line imatinib
therapy.'® By contrast, patients in the D-STOP trial underwent dasa-
tinib consolidation after achieving DMR via treatment with any TKI,
although the majority of patients had initially used imatinib (34 pa-
tients) or dasatinib (19 patients). Interestingly, the TFS rates of ima-
tinib-treated and dasatinib-treated patients were extremely similar,
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with no significant differences (Figure 3G), indicating that the type
of TKI used to achieve DMR was not important for successful dis-
continuation. The most significant difference between 2 studies was
the duration of consolidation, which was 2 years in the D-STOP but
only 1 year in the DADI trial.'® In the D-STOP study, the rate of
imatinib resistance was 14.8% (8/54), which was lower than that in
the DADI study (20.6%, 13/63).2> As imatinib resistance was a pre-
dictive factor for poor TFS in DADI, this may affect the TFS in the
D-STOP study. In contrast, the estimated TFS at 12 months in ima-
tinib-resistant patients and others were 62.5% (95% Cl, 22.9-86.1)
and 62.9% (95% Cl, 47.3-75.1) (P = .94), respectively, in the D-STOP
study. These were not significantly different, and further analysis is
necessary. The different TFS observed in D-STOP (62.9% at
12 months) relative to DADI (49% at 6 months) might be attributa-
ble to these factors.

We previously reported that a relative increase in the levels of
NK' cells with initial dasatinib was associated with higher DMR
achievement. Increased levels of NK cells may function to exclude
CML cells before achieving DMR.Y? Such patients with increased
levels of NK cells could achieve DMR and enter a cessation-study
such as the D-STOP. After the achievement of DMR, levels of NK
cells may continue to increase or stabilize during consolidation. The
D-STOP trial indicated that patients with stable NK cells during con-
solidation were more successful in cessation.

After achieving DMR, NK cells may function differently for the
immune surveillance to prevent molecular relapses. This was indi-
cated by the previous reports that stated that the patients with suc-
cessful discontinuation had larger and more functional NK cells than
the failed patients.>2%:2%:30

To explain the greater increase in NK cells following dasatinib con-
solidation in the failed patients during DMR in the D-STOP trial, we
first hypothesized that NK cells of the successful patients and those of
the failed patients responded differently to dasatinib during DMR. NK
cells in the failed patients who had lower immune surveillance capabil-
ity may respond more and increase after dasatinib administration. The
increase in NK cells seemed dasatinib-specific and might be attributa-
ble to the inhibition of multiple kinases, such as c-KIT, PDGF, SRC and
Src family kinases, in addition to ABL1.3? Although SRC has been
reported to be associated with NK cell function and signal transduc-
tion,%2 the reason underlying dasatinib-induced specific increase in NK
cells during consolidation in the failed patients remains unclear. Differ-
ences in the immune functions, maturation, and genomic as well as
epigenomic structures of NK cells of the successful patients and failed
patients is a topic for future research.

Another hypothesis is that the increase in NK cells during DMR
occurs through the off-target effects of dasatinib only when residual
CML cells with high expansion capacity are excluded by NK cells,
even though present in a small number (<MR4). Therefore, levels of
NK cells stabilize when there are few residual CML cells with high
expansion capacity, as is observed in the successful patients. In con-
trast, the levels of NK cells may increase with residual CML cells
with high expansion capacity, such as imatinib-resistant CML cells to
be excluded by NK cells, as observed in the failed patients.
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Such an increase in NK cells during consolidation was also
induced specifically by dasatinib in DADI (Figure $3 in Imagawa®®);
however, similar increases were not reported for imatinib cessa-
tion. Levels of NK cells were high in successful patients during
discontinuation;>2*2?%° however, in the D-STOP study, they
were high during the consolidation phase in those who failed
(Figure 5A). The levels of NK cells should be reversed before and

after dasatinib cessation. In Figure 5, we proposed the possibility
of reversing the levels of NK cells before and after dasatinib ces-
sation. After 3 months, the sample size was not sufficient because
data collection was not scheduled for all patients, and data could
not be collected from those who relapsed in <3 months and
restarted dasatinib with further rise in the lymphocyte levels
(Figure 5B).
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FIGURE 5 Natural killer (NK) cell changes throughout the dasatinib-discontinuation study. (A) (i) Lymphocytes, (i) NK cells (CD3~ CD56")
and (jii) NK-large granular lymphocytes (NK-LGL; CD57" CD56") significantly decreased rapidly after dasatinib discontinuation in both the
successful (S) and failed (F) groups (x-axis: months after discontinuation of dasatinib, y-axis: counts of lymphocytes, CD3~ CD56" NK cells or
CD56" CD57* NK-LGL). Cell counts of lymphocytes, NK and NK-LGL did not differ significantly between patient groups after 3 mo (P = .89,
P = .064 and P = .065, respectively). (B) A rapid and significant increase in lymphocytes was observed after 12 mo of dasatinib re-start for F
patients with molecular relapses (P < .0001*) (x-axis: months after dasatinib re-start, y-axis: lymphocyte counts). (C) The average counts of (i)
lymphocytes, (i) NK cells (CD3~ CD56") and (jii) NK-LGL (CD57* CD56") were lower in F patients (n = 20) relative to S patients (n = 34)
before dasatinib-consolidation; this pattern reversed after 3 mo of consolidation (x-axis: months after dasatinib consolidation, y-axis:
lymphocyte counts). (D) The suggested hypothesis of NK cell transition during the dasatinib discontinuation study (x-axis: treatments including
the period of deep molecular response [DMR] induced by tyrosine kinase inhibitor [TKI] therapy [DMR], dasatinib consolidation therapy {DAS*
(consolidation phase)}, dasatinib discontinuation {DAS™ (discontinuation)} and dasatinib re-treatment for molecular relapses in discontinuation-
failed patients {DAS" (re-start)}, y-axis: NK cell counts). Dasatinib discontinuation-successful patients (S) are indicated by the solid line; failed
(F) patients are indicated by the dotted line. Patients who achieved DMR before consolidation therapy and were discontinuation-successful
tended to have a higher average NK cell count (as in C). During dasatinib consolidation, NK cells increased specifically in response to dasatinib
much more in the F group than in the S group, as shown in Figure 4A,B. A similar increase may not occur during imatinib consolidation.?®
However, NK cells rapidly decreased to the basal level after discontinuation, as in Figure 5A. During discontinuation, NK cells were higher in
group S, as previously reported.t>2427:3° Fyrthermore, lymphocytes increased again after re-starting dasatinib in the F group, further
supporting a specific effect of dasatinib (B). Consoli., consolidation with dasatinib; DAS®, duration with dasatinib treatment; DAS™, duration
without dasatinib treatment; DAS—DAS, patients who continued dasatinib before and during consolidation; DMR, duration of DMR with TKI
therapy; F, failed group; IM—DAS, patients who switched imatinib to dasatinib just before consolidation; S, successful group

In conclusion, we have demonstrated that a 2-year consolidation DISCLOSURE STATEMENT
with dasatinib after achieving DMR was feasible and yielded a high . . X .
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X . . and honoraria, speakers bureau and grants from Otsuka. K.M.
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. . k ) received honoraria from Celgene. S.M. received honoraria from
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These findings may provide new insights into optimal TKI cessation. pi
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We analyzed the clinical responses to thyrosine kinase inhibitors (TKIs) and the molecular and cytogenetic
characteristics of 18 chronic myeloid leukemia (CML) patients with 3-way chromosomal translocations. The
patients were 14 men and 4 women, aged 23-75 years (median 57 years). The Sokal risk was low in 12 patients,
intermediate in 4 patients, and high in 2 patients. Newly identified translocation breakpoints were seen in 7 of
the 18 patients. Three patients had the same breakpoints of t(9;22;11)(q34;q11.2;q23).

The best responses to TKIs were partial cytogenic response (PCyR) in 2 patients, complete cytogenic response
(CCyR) in 3 patients, molecular response (MR) 3.0 in 7 patients, MR 4.0 in 3 patients, and MR 4.5 or higher in 3
patients. A total of 66.7% of patients did not achieve MR 4.0 or higher. In 3 patients in whom TKIs resulted in
MR 4.5 or higher for more than 2 years, TKI treatment was discontinued. However, all of them exhibited a loss of
MR3.0, at 2, 6, and 20 months after the discontinuation of treatment, respectively, and TKI treatment needed to
be restarted. According to Kaplan-Meier survival curve analysis, the overall survival (OS) was 100 months in
56% of the patients. The 60-months cumulative incidences of CCyR, MR3.0, MR4.0 and MR4.5 were 88.9%,
72.2%, 33.3%, and 16.7%, respectively. In the 11 analyzable patients, the BCR-ABL1 mRNA subtype was el4a2

type in 4 patients and el3a2 type in 7 patients.

1. Introduction

Chronic myelogenous leukemia (CML) develops when reciprocal
translocation between chromosome 9 and 22 leads to formation of the
Philadelphia (Ph) chromosome, which contains the BCR-ABL1 fusion
gene [1,2]. In about 5% of CML patients, translocations involving a
single or multiple chromosomes occur in addition to that between
chromosomes 9 and 22 [3,4]. These are called variant (or complex)
translocations. Of these, abnormalities of 3 chromosomes that occur in
a single step are called 3-way translocations. A 2-step mechanism has
also been hypothesized, but it is thought to be less likely [5].

To date, nearly all CML patients with 3-way translocations have
been identified in case reports or investigations with small numbers of
patients. Several of these reports were published around the time that

the treatment with tyrosine kinase inhibitors (TKIs) was established,
and the effect of TKIs is thought to be similar in CML with 3-way
translocations as in the usual form of CML [4,5]. However, 2 studies
showed poor prognosis in CML with chromosomal abnormalities in
addition to the Ph translocation [6,7].

Even in reports of Ph variants have only assessed major molecular
response (MMR) [4-6]. There are no studies of the response to TKI in
such cases, or analysis of the achievement of deep molecular response
(DMR). In the era of TKI therapy, 40%-60% of CML patients no longer
require treatment after DMR; however, among these patients there are
still no reports of patients with 3-way translocations. At the molecular
biological level, the BCR-ABLI mRNA subtype el3a2 (b2a2) is thought
to be associated with worse outcomes than the el4a2 (b3a2) type [8,9],
and there have been no reports regarding these subtypes in CML
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patients with this 3-way translocations. There are also no reports of
CML with 3-way translocations in Japanese populations. Here we report
the clinical and molecular characterristics and TKI therapy outcomes of
18 Japanese CML patients with 3-way translocation.

2. Patients and methods
2.1. Patients

This study retrospectively investigated 18 CML patients with 3-way
translocations involving chromosomes other than 9 and 22. The pa-
tients were followed at 5 institutions: Nippon Medical School Hospital,
Nippon Medical School Chiba Hokusoh Hospital, Juntendo University,
Tokyo Medical University, and Ome Municipal General Hospital
Department of Hematology. These institutions followed 306 CML pa-
tients during a 15-year period (from 2002 to 2016); only 18 (5.9%)
could be screened for CML with 3-way translocations.

2.2. Cytogenetic analysis

Cytogenetic responses were estimated based on the prevalence of
Ph-positive interphase among at least 20 G-banded cells in each bone
marrow sample. G-banded bone marrow metaphases (24 or 48h of
culture) at diagnosis were interpreted according to the International
System for Human Cytogenetic Nomenclature (ISCN 2009). We used
fluorescence in situ hybridization (FISH) with BCR and ABL double-
color probes to detect Ph-positive leukocytes [10,11].

2.3. Definition of response

During the TKI treatment, conventional cytogenetic and FISH ana-
lysis was performed on bone marrow cells at baseline, after 6 and 12
months of treatment, and every 6months thereafter or if disease pro-
gression stopped. Cytogenetic response was estimated based on the
results of conventional banding analysis. The criteria for cytogenetic
responses according to the percentage of Ph-positive peripheral leuko-
cytes in interphase were as follows: complete cytogenetic response
(CCyR), 0%; partial cytogenetic response (PCyR), 1%—-35%; minor CyR,
36%-65%; minimal CyR, 66%-95%; no cytogenetic response,
96%-100%.

2.4. Evaluation of treatment response and molecular analysis

Molecular response measurement followed the ELN recommenda-
tions for BCR-ABL1 messenger RNA quantification by reverse tran-
scription  quantitative polymerase chain reaction (RQ-PCR).
Quantification of BCR-ABL1 transcripts by RQ-PCR analysis was per-
formed to assess the molecular response. Patient peripheral blood
samples were obtained before and at 1, 3, 6, 9, 12, 15, and 18 months
after starting TKI treatment, and the analysis of BCR-ABLI transcripts
was performed by Biomedical Laboratories (Tokyo, Japan) [12,13,14].
The values were corrected using GAPDH and converted to BCR-ABL1",
as described [12,13,14]. A DMR was defined as a GAPDH — corrected
BCR-ABL1 transcript value of less than 50 copies/ug RNA, which en-
sures < 0.01% of BCR-ABL1" [12,13].

MR3.0, MR4.0, and MR4.5 were defined as detectable BCR-ABL1
values of < 0.1%, < 0.01%, and < 0.0032%, respevtively. After TKI
discontinuation, BCR-ABL1 transcripts were quantified in the periph-
eral blood at the same frequency as in the STIM study, namely monthly
during the first 12 months, every 2-3 months during the second year,
and every 3-6 months for up to 5 years.

The loss of a major molecular response (MR) was defined as a BCR-
ABL1 57 0.1% IS; MR3.0.
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2.5. Determination BCR-ABL1 transcriptsubatypes and detection of ABL1
gene mutations

Subtypes of BCR-ABLI transcripts were deteminated using our
previously described methods [15]. At first we used the RNA STAT-60
reagent (Tel-test, Friends wood, TX, USA) for total RNA extraction and
recently QIAamp RNA Blood MiniKit, QIAGEN, Hilden, Germany) [16].
Patients with BCR-ABL1 transcripts el3a2 (previously named b2a2),
el4a2 (previously named b3a2), and el3a2 (b2a2) coexpressed with
el4a2 (b3a2) were identified [15]. Mutation analysis of the ABLI gene
was performed as previously described [16]. Briefly, mRNA was col-
lected from the peripheral blood or bone marrow samples and was
analyzed for BCR-ABL1 gene point mutations using denaturing high-
performance liquid chromatography (D-HPLC) and sequencing [17].

3. Results
3.1. Patient characteristics

A summary of karyotypes and molecular biological, and clinical
characteristics of the 18 CML patients with 3-way chromosome trans-
locations is shown in Table 1.

The patients all had Ph-positive, major BCR-ABL1-positive CML, and
consisted of 14 men and 4 women, treated at 5 institutions. Thus, there
were considerably more men than women. Their ages ranged from 23 to
75 years (mean age 57 years). At initial presentation, 1 patient (Case 8)
was in the accelerated phase, while the remaining 17 patients were in
the chronic phase. The Sokal risk was low in 11 patients, intermediate
in 5 patients, and high in 2 patients. Karyotype was determined based
on the International System for Human Cytogenetic Nomenclature
(ISCN2009). At least 20 metaphases were analyzed. All patients had a
3-way translocation.

The chromosomes other than 9 and 22 that were involved in the
variant translocations varied widely, as follows: chromosome 1 (2 pa-
tients), 2 (2 patients), 3 (2 patients), 6 (1 patient), 7 (1 patient), 8 (1
patient), 11 (3 patients), 12 (1 patient), 14 (2 patients), 17 (2 patients),
and 21 (1 patient). New translocation breakpoints not reported in
previous reports [4-7] were present in 7 of the 18 patients. In several
cases the same breakpoints occurred in multiple patients; especially, t
(9;22;11) (q34;q11.2;g23) in 3 patients and t(1;9;22) (q21;q34;q11) in
2 patients. In Case 17, the monosomy 5 karyotype abnormality was
present in 4/24 cells.

All 18 patients had the major BCR-ABLI mRNA. The BCR-ABLI
mRNA subtypes, in the 11 analyzable patients were the b3a2 type in 4
patients and the b2a2 type in 7 patients.

3.2. Clinical course and TKI treatment

All CML patients underwent treatment with TKIs. The clinical
course of each patients is shown in Fig. 1. The initial TKI was imatinib
in 6 patients, nilotinib in 3 patients, and dasatinib in 9 patients. Eight
patients had to be switched to another TKI (second or third TKI) be-
cause of intolerance (interstitial pneumonia, pulmonary hypertension,
bronchiolitis obliterans etc.), insufficient therapeutic effect, or the re-
quirements of a clinical trial. Six of 18 patients switched to a second
line treatment during the 5-year study period.

Of the 7 patients who began treatment with imatinib, 2 patients
(Cases 1, 16) switched to nilotinib because of intolerance and 4 patients
(Cases 2, 3, 15,18) switched to a second TKI (nilotinib or dasatinib)
because of insufficient response.

Three patients (Cases 1, 8, 9) achieved an MR of 4.0 or higher using
dasatinib, and continued intensive therapy with this drug for more than
2 years. This response persisted, so we stopped dasatinib treatment.
However, there was a loss of MR3.0 in 2 patients (Cases 1, 9) at 6
months and 2 months after the discontinuation of treatment, respec-
tively, and a loss of MR3.0 in the 20th month in 1 patient, and dasatinib
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H had to be restarted.
s In Case 2 the disease worsened and the patient died at 96 months. In
=2 .
g Case 3, double ABLI gene mutations of T315I and F359 V were seen
g during imatinib therapy (Table 1), and allogeneic transplantation was
g performed. Despite having acquired molecular CR, the patient died
5 from post-transplant complications at about 5 months after transplan-
P
£ _ tation. In Case 18, M244V and Q252H double ABL1 gene mutations
é 5 were observed after administration of imatinib for 106 months, and a
= > EE switch was made to nilotinib. There was still no improvement, and
i; % z ] another switch was made to dasatinib. After the start of dasatinib, the
§ ; gz M244V and Q252H double ABLI1 gene mutations rapidly disappeared,
3 E é § and good control from minimal CyR to PCyR, and persisted for 8 years.
<
é 3.3. Cytogenetic and molecular responses, and the overall survival (0S)
,‘é
E The best responses with TKI treatment in the 18 analyzed patients
| 338888888 ccanncds were PCyR in 2 patient, CCyR in 3 patients, MR3.0 in 7 patients, MR4.0
2| 33T9TTTTVZZZZZ22250 0 in 3 patients, and MR4.5 or higher in 3 patients. MR4.0 was not
° achieved in 11/18 patients (66.7%) (Fig. 2).
§ The 60-months cumulative incidences of CCyR, MR3.0, MR4.0 and
E] Sz BH. = sxzzz MRA4.5 were 88.9% 72.2%, 33.3%, and 16.7%, respectively (Fig. 3).
8| 8588888 558558883585 Kaplan-Meier survival curve analysis showed that OS for the entire
o sample at 60 months was 100%, and at 100 months was 56% (Fig. 4).
2 0 0 n 3o o
SEloo-“antomrortanNToanNS
4. Discussion
=}
i)
§| i fwmdooarmSdmnTmme A previous study demonstrated poor prognosis in CML patients with
_ 3-way translocations that developed following the conventional t(9;22)
S translocation by a 2-step mechanism [5]. In this study, none of the 18
g y p y.
£ n 0 10 2 atients showed 2 cutting points on the third chromosome in the kar-
yotype, and there were breakpoints on the third chromosome at the
5535525308 58355 inital visit.
RO OaaAR0aTaAnonaino Thus, it was considered probable that breakpoints on the third
5 chromosome were caused by a 1-step mechanism, and we assumed that
< the prognosis of these 18 patients was the same as that of CML with
_E o i) & R standard Ph. On the other hand, regarding a new deletion such as 9q
TemTT Tommem oo that occurs in der (9), the possibility of becoming TKI resistant has been
= reported [7], but the corresponding abnormality was not found in the
= P D g y
S s888S8ss.g82ssss8sss current 18 patients. These patients exhibited 7 new translocation
2133538285832 "82aR8828 breakpoints that were not reported in previous studies. [4-7] Three
PrATANOIONANOID T — 0 F N N .
patients had the same breakpoint, t (9; 22; 11) (q34; q11.2; q23), and
g the breakpoint at 11q23 was seen for the first time in a 3-way trans-
i location. This translocation may be specific to Japanese patients. The
© therapeutic effect of TKI varied in these 3 cases was varied (Case 3,
I .
g CCyR; Case 8, MR > 4.5; Case 11, MR 4.0), and it was unclear whether
E] . the overall molecular biological response was good or bad.
) ° g P g
4| 5 —~ Taaneyovaad | B i i
§|8|~88x8IT RFIT - The BCR/ABL1 mRNA subtype was el4a2 type in 4 patients and
§ . g el3a2 type in 7 patients; this frequency seems to be reversed compared
% | 8 a6 fem_aa 3 to the usual ratio in CML patients, namely 70% el4a2 and 30% el3a2.
< = ~ aa a ~ I~ . . . s .
5 gl 82oeid%owlies =3 RN - [8,15,18] This reversed ratio may be one characteristic of CML with 3-
- =y NN A =N~ NN - — . BT . B
B | 8288522922492 | g way translocation. The probability of the el3a2 subtype is lower in
> g | = - = [SR=I=ID == < 3 Z . A 7 A )
S| FeFIeIITOIFFCeeee | DMR; thus, it may be necessary to analyze this subtype in patients with
2 § E‘ é; E‘ E‘ é_]_ E :U‘ E‘ E‘ §_. E‘ ;O‘ E‘ g g. E, §. @. E 3-way translocations, because CML patients with the el13a2 subtype are
8 5”5 R R R R R R R poorly controlled compared with those with subtype el4a2 [8,18].
kA N EN ARV N EN AR B AR IR A A o . . . .
glgloddadaaaaaaad SRR RS £ However, the worse outcome of el3a2 patients is still a matter of dis-
E|E|leEeeESeEEEEEEEEEEE |5 cussion [19]
('g o .
2| . g None of the patients exhibited an obvious early resistance after the
E ke = == = S =2 £ start of TKI. However, in 6 patients in whom MR3.0 was maintained,
'% 2 £ MR4.0 or greater was not achieved even with the long-term use of a
5| ¢ = TKI. Six of the 18 patients in this study switched to a second-line
o0
& ) E treatment during the 5-year study period. It can not be said that the
S = ol number of patients who change TKI treatment is not large [20].
b5 Y
5 E | NN RR8Y R ERIS2239Y 5 The above results (Figs. 2 and 3) indicate that it may be more dif-
- § ficult to obtain DMR with TKI in CML patients with 3-way transloca-
2 g g M memoreaomanTnonn | & tions than in patients with the usual form of CML. In all 3 patients in
£a = whom good control of MR > 4.0 continued for 2 years and dasatinib
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Fig. 1. Clinical course of each patient with a 3-way translocation.
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BO: bronchiolitis obliterans; Bosu:bosutinib; CCyR: complete cytogenetic response; dasa: dasatinib; IM: imatinib; IP: interstitial pneumonia; nilo: nilotinib; PH: pulmonary hypertention;

PCyR: partial cytogenetic response; mos: months.

Fig. 2. Best responses during the TKI therapy.
CCyR: complete cytogenetic response; N =: Number of patients; PCyR: partial cytogenetic
response.

77

Fig. 3. Cumulative incidences of CCyR, MR3.0, MR4.0 and MR4.5.
Vertical lines indicate censored patients. CCyR: complete cytogenetic response; MR:
molecular response.

was discontinued, there was a loss of MR3.0. Further investigations of a
larger number of CML patients with 3-way translocation will be needed
to determine the indications for treatment discontinuation.

While several studies have shown worse overall survival (OS) with
imatinib treatment in patients with a showing a variant Ph transloca-
tion [6,7], there are also many reports showing less impact on OS [4,5].
There are no comprehensive reports to date on the DMR (MR4.0 and
MR4.5), and in this study the effect of TKIs in CML with 3-way trans-
location was limited to CCyR and MR 3 in many patients. This is the
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Fig. 4. Overall survival (OS) of 18 cases receiving TKI treatment.
Vertical lines indicate censored patients.

first report demonstrating MR 4 or higher in this population, but only
about 33.8% of patients reached this level (Figs. 2 and 3). Many of the
patients who received imatinib as the initial TKI had poor responses and
had to be switched to a second TKI; it is necessary to investigate the role
of imatinib as a first TKI in additional patients with 3-way transloca-
tion.

The cumulative CCyR, MR3.0, MR4.0 and MR4.5 rates were higher
for TKIs-treated Japanese patients as compared with total international
patients in DASSION analysis [21,22]. When the rates of cumulative
molecular responses were compared between standard Japanese CML
and this CML with 3-way translocations, the cumulative CCyR and
MR3.0 rates of CML patients with 3-way translocations were the same
as those of Japanese standard CML [21]. However, the cumulative
MR4.0 and MR4.5 rates at any time seemed to be lower in the CML with
three-way translocation versus standard CML patients. The possible
explanation for the difference of the cumulative MR4.0 and MRA4.5 rates
between standard CML and CML with three-way translocation may be
molecular abnormalities due to the three-way translocation. The mo-
lecular abnormalities due to chromosomal translocation may influence
on the cumulative MR4.0 and MR4.5 rates. Gene mutations in the
driver gene have been reported to influence on the effectiveness of the
molecular response [23].

Past reports have suggested that disease progression may be related
to the location of the breakpoint on the third chromosome involved in
3-way translocation [6,7]. In this study, these breakpoints were not
identified in all patients, but 3 patients had a breakpoint at 11923,
which is known to be associated with refractory leukemia, and there is a
possibility that the MLL gene is located here and serves some kind of
role related to tumorigenesis and prognosis [23]. In addition, 1123
may be an abnormal chromosomal translocation peculiar to Japanese
people. Multiple other breakpoints that have been indicated to be as-
sociated with tumorigenesis were also seen in the patients in this study.
The 21q22 chromosome band is where the AML1 gene is located [24]
and other genes that function as multiple myeloma or cancer genes
have been reported at breakpoints 17925, 17923, 1q21, 7q36, 2q24,
and 1432 [25-27] Gene analysis of these breakpoints is desirable, as is
further investigation of the relationship with prognosis or MR in a
larger number of patients. Gene mutation analysis has been performed
in CML [23], and, in patients with a mutation in the driver gene, ac-
quisition of DMR has been poor. The relationship of the acquisition of
DMR with BCR-ABL1 mRNA subtype is also an issue that will need to be
examined in the future.

This study investigated 18 CML patients with a 3-way translocation,
the first to do so in a Japanese population. It will be necessary to
conduct investigations with a larger number of patients with 3-way
translocations, including evaluations of racial differences.
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m In the opinion of the European LeukemiaNet (ELN), nucleophosmin member 1 gene mutation
(NPM1 mut)-positive acute myeloid leukemia (AML) with an fms-like kinase 3-internal
* The ELN guideline tandem duplication (FLT3-ITD) allele ratio (AR) <0.5 (low AR) has a favorable prognosis,
classifying Fi L T3'_ITD and allogeneic hematopoietic stem cell transplant (allo-HSCT) in the first complete remission
o el ratlp T (CR1) period is not actively recommended. We studied 147 patients with FLT3-ITD gene
:Z\D,II\:; :;23:;;1; S mutation—positive AML, dividing them into those with low AR and those with AR of
progosis is =0.5 (high AR), and examined the prognostic impact according to allo-HSCT in CR1. Although
questionable. FLT3-ITD AR and NPM1 mut are used in the prognostic stratification, we found that
_ NPM1 mut-positive AML with FLT3-ITD low AR was not associated with favorable
: Per.formlng ?”O-HSC,T outcome (overall survival [OS], 41.3%). Moreover, patients in this group who underwent
gr::: ,(:JLF\;;-'IV_'I'_GDSZﬁ:EeVe allo-HSCT in CR1 had a significantly more favorable outcome than those who did not
ratio and NPM mut (relapse-free survival [RFS] P = .013; OS P = .003). Multivariate analysis identified allo-HSCT
status significantly in CR1 as the sole favorable prognostic factor (RFS P < .001; OS P < .001). The present
study found that prognosis was unfavorable in NPM1 mut-positive AML with FLT3-ITD

improves outcome.
low AR when allo-HSCT was not carried out in CR1.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous hematological malignancy characterized by myeloblast
invasion of the bone marrow, peripheral blood, and other tissues in association with impaired differentiation
and autonomous proliferation of hematopoietic stem cells. Induction therapy achieves complete remission
(CR) in 60% to 80% of cases. However, the subsequent 5-year survival rate remains at ~40%." Allogeneic
hematopoietic stem cell transplantation (allo-HSCT) is a useful treatment aimed at cure of AML. However,
non-relapse mortality in allo-HSCT is as high as ~20%,? and allo-HSCT therefore needs to be applied
appropriately based on a consideration of the prognosis. To allow this, prognostic stratification plays an
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important role, but at present, chromosomal analysis places more
than half of patients in the intermediate prognosis group, suggesting
that this form of stratification is as yet insufficient. Our current tasks are
to achieve more detailed prognostic stratification and a more accurate
understanding of when hematopoietic stem cell transplant is indicated.

The prognostic factors in AML include age, white blood cell count at
initial presentation, and chromosomal abnormality. The advent of the
next-generation sequencer has enabled prognostic stratification to
additionally take account of gene mutations.® It has been suggested
that the gene mutations nucleophosmin member 1 (NPM1), CCAAT/
enhancer-binding protein a (CEBPA), and fms-like kinase 3-internal
tandem duplication (FLT3-ITD) may act as prognostic factors in
AML of normal karyotype, and these mutations are also used in the
prognostic classification of the European LeukemiaNet (ELN). However,
they are found in only ~30% of patients in the intermediate prognosis
group. A more detailed stratification is therefore required going forward.

FLT3, a member of the type Ill receptor tyrosine kinase family,
consists of a ligand-binding extracellular domain, a single trans-
membrane domain, a cytoplasmic domain containing the juxta-
membrane domain, tyrosine kinase domain 1, and tyrosine kinase
domain 2. FLT3-ITD gene mutation was first reported in 1996 by
Nakao et al* and is observed in ~25% of AML patients.® In the
FLT3-ITD gene mutation, the ITD is inserted into the FLT3 gene on
chromosome 13, and its length varies from 3 to several hundred
nucleotides.® The FLT3-ITD gene mutation promotes proliferative
activation through persistent phosphorylation of the FLT3 receptor
and simultaneously suppresses apoptosis.”® In clinical terms,
FLT3-ITD gene mutation is associated with increased white
blood cell count, elevation of myeloblast proportion, and risk of
relapse from CR and has been reported to carry an unfavorable
prognosis.>'®"" For this reason, allo-HSCT in the first complete
remission (CR1) is recommended in FLT3-ITD-positive AML
patients of transplant-eligible age.'*'®

In FLT3-ITD gene mutation—positive AML cases, there was for many
years no settled opinion regarding the status as prognosis-regulating
factors of FLT3-ITD allele ratio (AR), the size of the ITD insertion
mutation, the presence in ITD of tyrosine kinase domain 1, and the
presence of the NPM1 gene mutation (NPM1 mut).'>2" In recent
years, however, it has been reported that the inclusion of FLT3-ITD
AR may make possible more detailed prognostic stratification in
NPM1 mut-positive AML.'2?224 |n response to these findings, the
ELN proposed a new prognostic classification in 2017.2% In the
opinion of the ELN, NPM1 mut-positive AML with FLT3-ITD AR
<0.5 has a favorable prognosis, and allo-HSCT in CR1 is not actively
recommended. In contrast, the guideline of the National Compre-
hensive Cancer Network classifies FL T3-ITD gene mutation as a poor
prognostic factor.2® Although it involves only a certain proportion of
FLT3-ITD—positive cases, this is the first time that FLT73-ITD—positive
AML has been classified in the favorable prognosis group, and there
appears to be a fair number of clinicians who view the ELN
recommendation with skepticism. The present study therefore aimed
to examine the prognostic impact of FLT3-ITD AR and explore
whether allo-HSCT is indicated in FLT3-ITD—positive AML.

Materials and methods

Patients

The study was a retrospective analysis of the 147 FLT3-ITD-
positive cases among de novo AML patients diagnosed at Nippon
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Medical School Hospital or partner research institutions in the period
since the year 2000 after excluding therapy-related AML, AML arising
from myelodysplastic syndromes, and acute promyelocytic leukemia
(M3). None of the patients was treated with FLT3 inhibitors. All
samples were obtained at diagnosis after obtaining written informed
consent in accordance with the Declaration of Helsinki. All the
experiments were approved by the ethics committee of each
institution.

Screening for cytogenetic abnormalities

G-band analysis was carried out using bone marrow aspirate sampled
at the time of initial presentation. In cases where sampling was difficult,
peripheral blood was used for the test instead. The cytogenetic
prognosis was then classified in accordance with the system
recommended by the ELN.

Gene mutation analysis

Following reference to existing studies,'’272® 5'-GCAATT-
TAGGTATGAAAGCCAGC-3’ was used as the forward primer
and 5'-CTTTCAGCATTTTGACGGCAAC-3' as the reverse primer.
Approximately 1 ng DNA was added to a mixture of 0.2 pM of the
respective primer with TaKaRa Taq (Takara Bio, Shiga, Japan) (6 pL
Ex Taq Buffer, 4 pL dDNP mixture, and 0.25 pL TaKaRa Ex Taq
polymerase), and the whole mixture was brought to an overall
volume of 50 plL with sterile purified water. The resulting mixture
was subjected to polymerase chain reaction amplification at
95°C for 3 minutes, followed by 35 cycles at 98°C for 5 seconds,
64°C for 30 seconds, 72°C for 1 minute, and 72°C for 7 minutes.
The amplified products were electrophoresed through 2% agarose
gels and visualized under UV light with ethidium bromide staining.
Cases in which an additional higher molecular weight band was
observed were judged to be FLT3-ITD gene mutation—positive
(FLT3-ITD). The AR and mutant size of FLT3-ITD patient samples
were measured by fragment analysis using Applied Biosystems
3130 and 3130xI Genetic Analyzers (Thermo Fisher, Carlsbad,
CA). FLT3-ITD AR was calculated as the ratio of the area under the
curve of mutant to wild-type alleles (FLT3-ITD/FLT3wt). FLT3-ITD
allele frequency (AF) was calculated as the area under the curve of
mutant alleles as a percentage of mutant and wild-type alleles. In
cases with >1 mutant, all FL73-ITD mutants were aggregated. Mutant
size was calculated by subtracting the total number of bases with
wild-type FLT3 from the total number of bases containing mutant
FLT3. As in previous reports, screening was carried out for NPM1
mut and CEBPA mutation,?3°

Statistical analysis

CR in the present study was defined according to the criteria
for CR (bone marrow blasts <5%, absence of circulating blasts
and blasts with Auer rods, absence of extramedullary disease,
absolute neutrophil count =1.0 X 10%L, and platelet count =100 X
10%/L) or those for CR with incomplete hematologic recovery
(the same except for residual neutropenia [<1.0 X 10%L] or
thrombocytopenia [<100 X 10%L]) in the ELN's Response
Criteria in AML.?® Relapse was defined as a return to =5% blast
cells in the bone marrow after successful achievement of CR.
Primary induction failure was defined as nonresponse to remission
induction. Overall survival (OS) was defined as the time interval
measured from the date of diagnosis to the date of death.
Relapse-free survival (RFS) for patients who had achieved CR
was calculated as the time interval from the date of CR to the
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Table 1. Clinical background of the AML patients with FLT3-ITD

AR
All (N = 147) <0.5 (n = 59) 20.5 (n = 88) P

Age, median (range), y 56 (18-90) 54 (21-86) 54 (18-90) .853
Sex 172

Male 66 30 36

Female 77 26 51

Unknown 4 3 1
ECOG-PS, 0/1/2/3/4 41/46/6/3/3 21/17/1/1/0 20/29/5/2/3
WBC count, median (range), X10%L 56.1 (1.0-677.0) 47.2 (1.0-620.0) 75.6 (1.3-677.0) 342
Hb, median (range), g/dL 8.4 (3.3-15.1) 8.4 (3.3-15.0) 8.6 (4.1-15.1) 799
Plt count, median (range), X10°%/L 50.0 (5.0-630.0) 55.0 (6.0-630.0) 49.0 (5.0-540.0) 515
LDH, median (range), IU/L 719 (151-5930) 718 (151-5930) 765 (156-4144) 437
FAB

Mo 6 1 5 402

M1 51 17 34 220

M2 37 19 18 .108

M4 29 13 16 .565

M5 17 4 13 190

Not determined 7 5 2 A17
Chromosomal aberrations

1(8,21) 4 2 2 1.000

inv(16) 1 1 0 .401

Normal 106 40 66 354

Trisomy 8 3 0 3 274

11923 0 0 0 1.000

Complex 4 1 3 649

Unknown 8 4 4 558
Gene mutation

FLT3-TKD 0 0 0 1.000

NPM1 83 31 52 432

CEBPA(sm) 8 5 3 .268

CEBPA(dm) 3 3 0 .063
Induction therapy

(IDA/DNR/ACR) + Ara-C 108 41 67 371

AVVW, BHAC-DM, CAG 25 12 13 .382

Others 14 6 8 .827
Stem cell transplantation

All 65 26 39 976

In CR1 31 16 15 142

Data are numbers of patients, except as noted. Some data are missing due to the unavailability of certain follow-up data in a retrospective study.
ACR, aclarubicin; Ara-C, cytarabine; AVVV, cytarabine + etoposide + vincristine + vinblastine; BHAC-D, enocitabine + daunorubicin + 6-mercaptopurine; CAG, cytarabine + cytarabine +
granulocyte colony-stimulating factor; dm, double mutation; DNR, daunorubicin; ECOG-PS, Eastern Cooperative Oncology Group performance status; FLT3-TKD, fms-like kinase 3-tyrosine kinase

domain; IDA, idarubicin; Plt, platelet; sm, single mutation; WBC, white blood cell.

date of relapse. These were defied according to the ELN. 2° An x?
test was used for the analysis of nominal variables. Where a figure of
<5 appeared in any field of the 2 X 2 table, a Fisher's exact test was
used for analysis. The nonparametric Mann-Whitney U test was
used to determine the statistical significance of differences in
median values. All statistical tests were 2 sided. To analyze OS
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and RFS, the Kaplan-Meier method and the log-rank test were
used. Events at a significance level of P < .05 were analyzed.
Statistical analyses were performed using GraphPad Prism (version
7.03 for Windows; GraphPad Software, La Jolla, CA), and EZR
(version 1.36; Saitama Medical Center, Jichi Medical University,
Saitama, Japan).®"

23 OCTOBER 2018 - VOLUME 2, NUMBER 20 & blood advances

—214 —



Results
Patient background

Patient background is shown in Table 1. The median age was 56
years. There were 66 males and 77 females. The median follow-up
period was 0.95 years (345 days). Cytogenetic test results found
normal karyotype in 106 cases, t(8;21) in 4, inv(16) in 1, trisomy 8 in
3, and complex karyotype in 4. Gene mutations other than FLT3-ITD
consisted of NPM1 in 83 cases and CEBPA biallelic mutation in 3.
Induction therapy consisted in 108 cases of standard chemotherapy
in the form of an anthracycline-type drug (idarubicin, daunorubicin, or
aclarubicin) combined with cytarabine. Allo-HSCT was carried out in
65 patients, in 31 of whom it took place during CR1.

Study of FLT3-ITD AR

The median value for FLT3-ITD AF was 36.98% (range 2.08% to
100%), similar to that of a previous report,'? in which the median
value for FLT3-ITD AF was 35% (range 1% to 96%) (supplemental
Figure 1A). The characteristic distribution of AF and mutant size in the
124 cases with a single FLT3-ITD mutant is shown in supplemental
Figure 1B-C.

RFS and OS were studied with the cutoff values for FLT3-ITD AR
set variously at 0.25 (AF 20%), 0.5 (AF 33.3%), and 1.0 (AF 509%).
When the cutoff value was set at FLT3-ITD AR 0.25, RFS and OS
were found to be significantly more favorable in the low-AR group
than in the high-AR group (RFS P = .030; OS P = .037)
(supplemental Figure 2A). When the cutoff value was set at FLT3-ITD
AR 0.5, RFS and OS were again significantly more favorable in the low-
AR group (RFS P = .008; OS P = .015) (Figure 1). In contrast, when
the cutoff value was set at FLT3-ITD AR 1.0, no significant difference in
RFS or OS was observed between the low-AR group and the high-AR
group (RFS P = .174; OS P = .624) (supplemental Figure 2B). These
findings indicate that a cutoff value set at FLT3-ITD AR 0.5 was the
most appropriate for prognostic stratification.

Based on the above results, the patients were divided into 2 groups:
alow-AR group with AR of <0.5 (low AR) and a high-AR group with
AR of =0.5 (high AR). The patient background of the 2 groups
(Table 1) showed no significant difference in any factors.

Impact of AR on CR1 success rate, relapse rate, and
CR2 success rate

The success rate of CR1, the relapse rate, and the success rate of
the second complete remission (CR2) in the low-AR and high-AR
groups are summarized in Table 2. The overall success rate of CR1
was 68.6% (94/137), with no significant difference found between
the low-AR and high-AR groups (low AR 62.7% vs high AR 64.8%,
P = .985). The relapse rate was examined with analysis restricted
to cases in which allo-HSCT was not performed during CR1. The
relapse rate was 84.4% (38/45) overall, with no significant
difference noted between the low-AR and high-AR groups (low AR
85.7% vs high AR 83.9%, P = 1.000). Next, we examined the
efficacy in these cases of postrelapse second induction therapy.
The overall success rate of CR2 was 31.8% (7/22 patients), with no
significant difference found between low-AR and high-AR groups
(low AR 20.0% vs high AR 35.3%, P = .637). Relapse cases where
transplant was not carried out in CR1 were thus associated with poor
outcome irrespective of AR, with a probability of achieving second
remission of ~30%.
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Figure 1. Impact on RFS and OS of FLT3-ITD AR with cutoff value set at 0.5.
(A) RFS. (B) OS. RFS and OS were found to be significantly more favorable in the
low-AR group than in the high-AR group (RFS at 5 years: low-AR group 48.9% vs
high-AR group 23.8%, P = .008; OS at 5 years: low-AR group 39.1% vs high-AR
group 16.0%, P = .015).

Impact of AR on OS and RFS

Taking all cases of FLT3-ITD-positive AML, the 5-year RFS was
34.3%, and the 5-year OS was 25.8% (supplemental Figure 3). The
overall relapse rate was 58.2% (53/91 patients).

In stratified analysis focusing on patients <70 years of age who
have intermediate prognosis based on karyotype, the low-AR group
was also found to have significantly better outcomes in both RFS
and OS than the high-AR group (RFS P = .017; OS P = .049)
(Figure 2A).

When analysis was restricted to NPM1 mut-positive cases, RFS
and OS were again found to be significantly more favorable in the
low-AR group than the high-AR group (RFS P = .026; OS P =
.041) (Figure 2B). Table 3 shows patient background stratified by
AR status in cases positive and negative for NPM1 mut. No
significant difference in patient background was observed between
the low-AR and high-AR groups in the NPM1 mut-positive cases.
Thus, although cases with low-AR FLT3-ITD accompanied by
NPM1 mut are classified according to the ELN recommendation®®
as having favorable prognosis, our results indicate an associated
OS of =50%, which, far from being favorable, represents an
intermediate outcome. Moreover, although high-AR FLT3-ITD
cases additionally positive for NPM1 mut are classified by the
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Table 2. Outcome data according to FLT3-ITD AR level

AR
<0.5 20.5
(n=59) (n=88) OR (95% CI) P

All patients

PIF 17 (28.9) 26 (29.5) 0.993 (0.477-2.063) .985

CR1 37 (62.7) 57 (64.8)
Excluding patients who

received allo-HSCT in CR1

Relapse after CR1 12(20.3) 26(29.5) 0.867 (0.171-4.576) 1.000

Nonrelapse after CR1 2(3.9) 5 (5.7)

Resistant to reinduction 4(6.8) 11(125) 0458 (0.058-4.063) .637

CR2 1(.7)  6(68)

Values represent n (%) of patients.
Cl, confidence interval; OR, odds ratio; PIF, primary induction failure.

ELN guidelines® in the intermediate group, according to our findings,
this group has OS of =259%, corresponding to an unfavorable
outcome.

Prognostic impact of AR and allo-HSCT

FLT3-ITD-positive AML patients who did not undergo allo-SCT had
significantly less favorable outcome (Figure 3A). In the group in
which allo-HSCT was performed, cases with low AR had significantly
more favorable outcome in RFS and OS than cases with high AR
(RFS: low AR vs high AR, P = .012; OS: low AR vs high AR,
P = .004) (Figure 3B). In the group in which allo-HSCT was not
performed, no significant difference in RFS and OS was found
between the low-AR and high-AR groups, both of which had
unfavorable outcomes (RFS: low AR vs high AR, P = .812; OS: low

AR vs high AR, P = .967) (Figure 3B) (supplemental Table 1A).
Cases with FLT3-ITD low AR are classified by the ELN recommen-
dation as having good prognosis, but in our analysis, cases in this
group not undergoing allo-HSCT had a very poor outcome.

In the group in which allo-HSCT was performed in CR1, no significant
difference in RFS and OS was found between cases with low AR and
those with high AR, with both groups having a favorable outcome
(RFS: low AR vs high AR, P = .5601; OS: low AR vs high AR,
P = .266) (Figure 4A) (supplemental Table 1B).

Among NPM1 mut-positive AML cases with FLT3-ITD where allo-
HSCT was performed in CR1, no significant difference in RFS and
OS was found between cases with low AR and those with high AR,
with both groups having a favorable outcome (RFS: low AR vs high
AR, P = .372; OS: low AR vs high AR, P = .695) (Figure 4B)
(supplemental Table 1C).

Significance of allo-HSCT in CR1 in cases with
low-AR FLT3-ITD

Among cases with low-AR FLT3-ITD, those undergoing allo-HSCT
in CR1 had a significantly more favorable outcome than those who
did not receive allo-HSCT in CR1 (RFS: P < .001; OS: P < .001)
(Figure 4A). Moreover, in cases with low-AR FLT3-ITD, even with
stratification for NPM1 mut, those who underwent allo-HSCT in CR1
had a significantly more favorable outcome than those that did not
have allo-HSCT in CR1 (RFS P = .013; OS P = .003) (Figure 4B).
To allow for the possibility that age influenced the decision on
whether to carry out transplant in CR1, an analysis stratified by age of
<70 years was performed in the low-AR FLT3-/TD group. However,
the result of this stratified analysis also showed that performing
transplant in CR1 significantly improved outcome, regardless of
whether NPM1 mut was also present (low AR, RFS P < .001; OS
P < .001) (low AR + NPM1 mut, RFS P = .044; OS P = .028)
(supplemental Figure 4; supplemental Tables 2 and 3).
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Figure 2. Impact on RFS and OS of FLT3-ITD AR focus on
patients younger than 70 years with intermediate prognosis
based on karyotype and NPM1 mut. (A) RFS (left) and OS
(right) of patients <70 years with intermediate prognosis based on
karyotype stratified for FLT3-ITD AR. The low-AR group was found
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to have significantly better outcomes in both RFS and OS than the
high-AR group (RFS at 5 years: low-AR group 51.9% vs high-AR
group 22.8%, P = .017; OS at 5 years: low-AR group 41.9% vs
high-AR group 17.1%, P = .049). (B) RFS (left) and OS (right) of
NPM1 mut-positive cases stratified for FLT3-ITD AR. When

== low-AR analysis was restricted to NPM1 mut-positive cases, RFS and OS

= high-AR were again found to be significantly more favorable in the low-AR

group than the high-AR group (RFS at 5 years: low-AR group
50.5% vs high-AR group 11.7%, P = .026; OS at 5 years: low-AR
group 41.3% vs high-AR group 14.7%, P = .041). However, in
contrast to the classification of the ELN guidelines,?® the low-AR

n=30

group, with a 5-year survival rate of 41.3%, was found to have not

a good but an intermediate prognosis, and the high-AR group, with
a 5-year survival rate of 14.7%, was found to have not an

intermediate but an unfavorable prognosis.
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Figure 3. Impact on RFS and OS of FLT3-ITD AR and
allo-HSCT. (A) Comparison of RFS (left) and OS (right) with and
without allo-HSCT. The group in which transplant was carried out
had significantly better OS than the nontransplant group. Addi-
tionally, although the difference was not significant, RFS showed
a superior tendency in the transplant group compared with the
nontransplant group (RFS at 3 years: allo-HSCT [+] 47.4% vs
allo-HSCT [—-] 9.9%, P = .165; OS at 3 years: allo-HSCT [+]
46.1% vs allo-HSCT [~] 10.1%, P < .001). (B) RFS (left) and
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OS (right) with and without allo-HSCT and stratified for AR.
When analysis was restricted to FLT3-ITD low-AR cases, RFS
and OS were again found to be significantly more favorable in
the allo-HSCT (+) group than the allo-HSCT (—) group (RFS at
2 years: allo-HSCT [+] group 72.6% vs allo-HSCT [—] group
0.0%, P = .012; OS at 2 years: allo-HSCT [+] group 76.5% vs
allo-HSCT [—] group 17.4%, P < .001). Among FLT3-ITD high-
n=26 AR cases, the transplant group had significantly better OS than

p<0.001

the nontransplant group. Additionally, although the difference was
n=39 not significant, RFS showed a superior tendency in the transplant
group compared with the nontransplant group (RFS at 5 years:
allo-HSCT [+] group 32.4% vs allo-HSCT [—] group 12.7%,

—— low-AR allo-HSCT(+)

—— low-AR allo-HSCT(-) —— high-AR allo-HSCT(-)

Years Years
— high-AR allo-HSCT(+)

P =.784; OS at 2 years: allo-HSCT [+] group 33.7% vs
allo-HSCT [—] group 6.4%, P = .002).

The findings presented above suggest that prognosis in FLT3-
ITD—-positive AML could be improved by performing allo-HSCT in
CR1 irrespective of FLT3-ITD AR and NPM1 mut.

Prognostic factor analysis

The results of prognostic factor analysis carried out using Cox
proportional hazard regression analysis are shown in Table 4.
Favorable prognostic factors associated with significant difference
in RFS in univariate analysis were white blood cell count of =20 X
10%L (HR, 0.415; P < .001), AR <0.5 (HR, 0.460; P = .010), and
allo-HSCT in CR1 (HR, 0.083; P < .001). In multivariate analysis,
the only favorable prognostic factor associated with significant
difference was allo-HSCT in CR1 (HR, 0.066; P < .001). Prognostic
factors associated with significant difference in OS in univariate
analysis were white blood cell count of 20 X 10%/L or below (HR,
0.544; P = .024), age (HR, 1.039; P < .001), AR <0.5 (HR, 0.555;
P =.017), allo-HSCT (HR, 0.248; P < .001), and allo-HSCT in CR1
(HR, 0.113; P < .001). In multivariate analysis, the prognostic factor
associated with significant difference was age (HR, 1.033; P < .001)
and allo-HSCT in CR1 (HR, 0.092; P < .001).

Discussion

We found that FLT3-TD low AR with NPM7 mut was not associated
with favorable outcome and that careful interpretation was required
with respect to the ELN recommendation, which classifies such cases
as having favorable prognosis. In FLT3-ITD-positive AML, we
additionally found that performing allo-HSCT during CR1 irrespective
of AR and NPM1 mut significantly improves outcome. Although
FLT31TD ARis used in the prognostic stratification of FL 73-[TD—positive
AML, low AR was not associated with favorable prognosis and was
not a factor influencing therapeutic strategy.

2750 SAKAGUCHI et al

AML with low-AR FLT3-ITD accompanied by NPM1 mut is reported
in some studies to have intermediate outcome, with 5-year OS
of 35% to 47%,"'%222%32 while elsewhere it is reported to be
associated with good outcome, with a 3-year OS of ~60%.%*
However, as the reports quoted include some whose analysis is
restricted to cases with intermediate cytogenetic prognosis®*32 or
to cases aged 60 years or below,?? and one that excludes cases
having undergone allo-HSCT,?* their results need to be interpreted
with care. When our data are supplemented with the findings of
these reports, AML with low-AR FLT3-ITD and NPM1 mut appears
to be of intermediate outcome, rather than belonging in the favorable
prognostic classification proposed by the ELN.

So what should we conclude as to whether to perform allo-HSCT in
CR1 for the treatment of AML with low-AR FLT3-ITD combined with
NPM1 mut? Pratcorona et al reported no usefulness of allo-HSCT
in CR1 in patients who were NPM1 mut—positive and had wild-type
or low-AR FLT3-ITD; however, as the group that received allo-HSCT
in CR1 did show a clear tendency to more favorable outcome than
the group that did not receive allo-HSCT in CR1, questions remain
regarding the conclusion of the study.?> Meanwhile, Ho et al report
that, in a group with FLT3-ITD AR <0.8, patients who received allo-
HSCT in CR1 and those that received chemotherapy without allo-
HSCT in CR1 had similar therapeutic outcomes, with a 5-year OS of
~60%.3% However, no stratification for NPM7 mut was carried out,
and in the group that received chemotherapy rather than allo-HSCT
in CR1, information is lacking as to whether allo-HSCT was performed
after first relapse, making the results difficult to interpret. Kim et al
analyzed outcome comparing patients with AF <50% and mutant
size <70 bp with other cases.®* Focusing only on patients with a
normal karyotype, they found that the group with AF <50% and
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Figure 4. Impact on RFS and OS of allo-HSCT in CR1 and FLT3-ITD AR. (A) RFS (left) and OS (right) with and without allo-HSCT in CR1 and stratified for FLT3-ITD
AR. Among FLT3-ITD low-AR cases, the group in which transplant was carried out in CR1 had significantly more favorable RFS and OS than the group in which transplant
was not carried out in CR1 (RFS at 3 years: allo-HSCT in CR1 [+] group 92.9% vs allo-HSCT in CR1 [—] group 12.8%, P < .001; OS at 4 years: allo-HSCT in CR1 [+]
group 66.7% vs allo-HSCT in CR1 [~] group 20.4%, P < .001). Similarly, among FLT3-ITD high-AR cases, RFS and OS were significantly more favorable in the group with
transplant in CR1 than in the group without transplant in CR1 (RFS at 3 years: allo-HSCT in CR1 [+] group 85.6% vs allo-HSCT in CR1 [~] group 4.1%, P < .001; OS at
4 years: allo-HSCT in CR1 [+] group 59.3% vs allo-HSCT in CR1 [~] group 9.2%, P < .001). (B) RFS (left) and OS (right) in patients positive for both FLT3-ITD and NPM1
mut, showing results with and without allo-HSCT in CR1 and stratified for FLT3-ITD AR. Among FLT3-ITD low-AR cases, RFS and OS were significantly more favorable in the

group with transplant in CR1 than in the group without transplant in CR1 (RFS at 3 years: allo-HSCT in CR1 [+] group 85.7% vs allo-HSCT in CR1 [~] group 15.2%,
P =.013; OS at 4 years: allo-HSCT in CR1 [+] group 66.7% vs allo-HSCT in CR1 [~] group 15.6%, P = .003). Among FLT3-ITD high-AR cases similarly, RFS and OS
were significantly more favorable in the group with transplant in CR1 than in the group without transplant in CR1 (RFS at 3 years: allo-HSCT in CR1 [+] group 66.7% vs
allo-HSCT in CR1 [~] group 0.0%, P = .036; OS at 4 years: allo-HSCT in CR1 [+] group 75.0% vs allo-HSCT in CR1 [~] group 9.9%, P = .030). The group without

allo-HSCT in CR1 includes cases that did not receive allo-HSCT.

mutant size <70 bp had a 5-year OS of ~35%, rising to ~65% if
allo-HSCT was performed, which is equivalent to the outcome
associated with wild-type FLT3. However, this study also did not
stratify for NPM1 mut and did not indicate at which stage allo-HSCT
was performed. We carried out stratification for NPM1 mut in cases
with FLT3-ITD low AR, and our analysis took account of the stage
at which allo-HSCT was performed, the relapse rate in cases not
undergoing allo-HSCT in CR1, and the rate of successful second
remission following the first relapse. As a result, we found that allo-
HSCT in CR1 significantly improved outcomes in this group of
patients. Therefore, in contrast to the ELN recommendation against
allo-HSCT in CR1 for NPM1 mut—positive AML with FLT3-ITD low AR,
we recommend that NPM1 mut-positive AML with FLT3-ITD low AR
should be treated with allo-HSCT in CR1 if a suitable donor is available.

One potential problem with the present study lies in the small
number of cases of FLT3-ITD low-AR AML in which allo-HSCT was
not performed in CR1. In clinical practice since 2010, based on the
view that FLT3-ITD—positive AML patients have poor prognosis,
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allo-HSCT in CR1 is frequently and actively pursued when a
suitable donor is available. We therefore included in the present
study a retrospective analysis of cases from a period when genetic
mutation analysis was not carried out as a prognostic factor. This
makes possible a comparison within FLT3-ITD-positive AML cases
between those in which allo-HSCT was carried out in CR1 and those
in which it was not. Given the above and the improvement in allo-HSCT
treatment techniques, it is possible that our results may have been
influenced by the period in which treatment was received. As the
present study was a retrospective one, a further problem is that we
could not perform an analysis of the reasons why transplant was not
possible in CR1 (eg, comorbid infectious disease).

The multikinase inhibitor midostaurin has been shown to improve
the therapeutic result when administered concomitantly with chemo-
therapy.®® In the relevant report, allo-HSCT in CR1 was carried out in
28.1% of the midostaurin group and in 22.7% of the placebo group,
and the 4-year OS rate was found to show a more favorable tendency
in the midostaurin group. However, as no account was taken of AR,
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Table 4. Multivariate analysis of prognostic factor

Univariate analysis

Multivariate analysis

HR 95% CI P HR 95% CI P
RFS
WBC count <20 X 10%/L 0.415 0.216-0.800 <.001 1113 0.474-2.614 .805
Age 1.017 0.998-1.036 .077
Not poor cytogenetic prognosis 1.008 0.245-4.148 991
AR <0.5 0.460 0.255-0.830 .010 0.578 0.284-1.178 135
Presence of NPM1 mut 1.5636 0.903-2.614 114
Allo-HSCT at any time 0.641 0.343-1.197 163 NA NA NA
Allo-HSCT at CR1 0.083 0.030-0.234 <.001 0.066 0.020-0.218 <.001
os
WBC count <20 X 10%/L 0.544 0.321-0.924 .024 0.754 0.376-1.513 427
Age 1.039 1.023-1.055 <.001 1.033 1.016-1.051 <.001
Not poor cytogenetic prognosis 1.037 0.379-2.838 944
AR <05 0.555 0.343-0.898 .017 0.747 0.435-1.286 293
Presence of NPM1 mut 1.313 0.846-2.038 .225
Allo-HSCT at any stage 0.248 0.150-0.409 <.001 NA NA NA
Allo-HSCT in CR1 0.113 0.045-0.281 <.001 0.092 0.028-0.302 <.001
HR, hazard ratio; NA, not available.
the impact of AR and midostaurin remains unclear. Going forward, it Ackn°w|edgment

would be helpful to undertake a renewed analysis of prognosis based
on the inclusion of AR. In the present study, 5-year OS in the low-AR
group was 39.1%. If the use of FLT3 inhibitors and other therapies
succeeds in raising OS by ~10% to 15%, then in the future, patients
in the low-AR group might be treated as if they belong to the favorable
prognosis group. FLT3 inhibitors may thus make it possible to avoid
allo-HSCT.

The present study consisted of a prognostic analysis of AR in FLT3-
ITD—-positive AML before the advent of FLT3 inhibitors. Going forward,
the advent of FLT3 inhibitors may bring about major changes in
therapeutic methods and outcomes. For example, Dohner et al report
that low-AR FLT3-ITD patients with NPM1 mut have a 5-year OS of
~50% with chemotherapy alone, indicating intermediate prognosis
as in our findings, but that chemotherapy supplemented with FLT3
inhibitor treatment may improve 5-year OS to ~70%, placing these
patients in the favorable prognosis group.®

For the present, however, we recommend allo-HSCT in CR1 for
FLT3-ITD-positive AML in cases where a suitable donor is available,
regardless of whether NPM1 mut is also present.
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