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- Abstract The percentage of myeloperoxidase (MPO)-
positive blast cells is a simple and highly significant
prognostic factor in AML patients. It has been reported that
the high MPO group (MPO-H), in which >50% of blasts
are MPO activity positive, is associated with favorable
karyotypes, while the low MPO group (<50% of blasts are
MPO activity positive, MPO-L) is associated with adverse
karyotypes. The MPO-H group shows better survival even
when restricted to patients belonging to the intermediate
chromosomal risk group or those with a normal karyotype.
. Tt has recently been shown that genotypes defined by the
mutational status of NPMI, FLT3, and CEBPA are asso-
ciated with treatment outcome in patients with cytogenet-
ically normal AML. In this study, we aimed to evaluate the
relationship between MPO positivity and gene mutations
found in normal karyotypes. Sixty AML patients with
normal karyotypes were included in this study. Blast cell
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MPO positivity was assessed in bone marrow smears
stained for MPO. Associated genetic lesions (the NPM1,
FLT3-ITD, and CEBPA mutations) were studied using
nucleotide sequencing. Thirty-two patients were in the
MPO-L group, and 28 patients in the MPO-H group. FLT3-
ITD was found in 11 patients (18.3%), NPMI mutations
were found in 19 patients (31.7%), and CEBPA mutations
were found in 11 patients (18.3%). In patients with CEBPA
mutations, the carrying two simultaneous mutations
(CEBPA™"™*™") was associated with high MPO expres-
sion, while the mutant NPM1 without FLT3-ITD genotype was
not associated with MPO activity. Both higher MPO expression
and the CEBPA®™"™*™" genotype appeared to be associated
with improved overall survival after intensive chemotherapy.
Further studies are required to determine the importance of
blast MPO activity as a prognostic factor, especially in CEBPA
wild-type patients with a normal karyotype.
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- 1 Introduction

The AMLS87, -89, and -92 studies conducted by Japan
Adult Leukemia Study Group (JALSG) revealed that
patient age, ECOG performance status, leukocyte count,
FAB subclass, the number of induction courses required to
achieve complete remission (CR), the presence of good
prognostic chromosomal abnormalities [t(8;21) or inv(16)],
and percentage of myeloperoxidase (MPO)-stained positive
blast cells at diagnosis were significant risk factors for
overall survival (OS) of patients with acute myeloid leu-
kemia (AML) [1]. In more recent AML201 study, it was
shown that significant unfavorable prognostic features for
OS were adverse cytogenetic risk group [2], age of more
than 50 years, WBC more than 20 x 10%/L, FAB classifi-
cation of either MO, M6, or M7, and MPO-positive blasts

"less than 50% [3]. These observations imply that the per-
centage of MPO-positive blast cells is one of the important
prognostic markers along with cytogenetics and molecular
genetic information.

MPO, a microbicidal protein, is considered to be a
golden marker for the diagnosis of AML in the French—
American-British (FAB) and WHO classifications [4, 5].
In our previous reports [6-8], AML patients with a high
percentage of MPO-positive blasts (>50% of blasts are
MPO activity positive, MPO-H) had a significantly better
complete remission (CR) rate, disease-free survival, and
overall survival compared with the low MPO activity
positive blast group (<50% of blasts are MPO activity
positive, MPO-L). Most patients with a favorable chro-
mosomal risk profile were in the MPO-H group, and most
of the patients with an adverse chromosomal risk profile
were in the MPO-L group. The difference in OS between
the low and high MPO groups was still observed in a
cohort of patients with normal karyotypes, suggesting that
MPO is highly expressed in the leukemic blasts of AML
patients with a favorable prognosis. To fully understand
this phenomenon, it would be important to analyze genetic
factors associated with MPO expression, especially in
patients with a normal karyotype.

In the WHO classification, mutations of FLT3, NPM1
and CEBPA have been emphasized to have prognostic

significance in AML patients with normal karyotype. The

nucleophosmin 1 gene (NPMI) has been shown to be
mutated in 45-64% of AML cases with a normal karyotype
[9, 10], and NPMI mutations are associated with a favor-
able prognosis in the absence of the internal tandem
duplication (ITD) type of fms-related tyrosine kinase-3
gene (FLT3) mutation, a known adverse prognostic factor
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[11]. The CCAAT/enhancer binding protein-alpha gene
(CEBPA) is another gene that has been shown to be
mutated in AML patients with a normal karyotype [12, 13].
Mutations in the CEBPA gene are found in 5-14% of all
AML cases and are associated with a relatively favorable
outcome, and hence, have gained interest as a prognostic
marker [14]. Recently, it has been shown that most AML
patients with CEBPA mutations carry 2 simultaneous
mutations (CEBPA%"P*™)  whereas single mutations
(CEBPAS™* ™ are less common. In addition it was
found that the CEBPA"®'*™ genotype is associated with
a favorable overall and event-free survival [15, 16]. It is
still unclear why CEBPA%"*™t AMI. patients have
better outcomes than those with a single heterozygous
mutation. ’

In this study, we retrospectively examined 60 de novo
adult AML patients with normal karyotypes in order to
obtain a better insight into the relationships between MPO
positivity and other prognostic factors (NPMI, FLT3, and
CEBPA mutations). In line with previous reports, both high
MPO positivity in AML blasts and the CEBPA%Pem
genotype appeared to be associated with a favorable out-
come, and it appeared that it was the CEBPA%Plemut
genotype that associated with high blast MPO activity.

2 Materials and methods
2.1 Patients and treatments

The study population included 60 patients with newly
diagnosed de novo AML that had been treated at the
Department of Internal Medicine, Nagasaki National
Medical Center, between 1990 and 2010. All patients had
normal karyotype AML. AML was diagnosed according to
the FAB classification. Two members independently
assessed the percentage of MPO-positive blast cells in
MPO-stained bone marrow smears. The main biological
and clinical features of the patients are shown in Table 1.
Excluding the 25 patients who did not receive conventional
induction chemotherapy, all patients were treated accord-
ing to the Japan Adult Leukemia Study Group (JALSG)
protocols (AMLS9, -92, -95, -97, and -201 studies) [3, 17-
19]. CR was determined as when blasts accounted for less
than 5% of the cells in normocellular bone marrow with
normal peripheral neutrophil and platelet counts. This
study was approved by the Ethical Committees of the
participating hospitals.

2.2 Analysis of the FLT3, NPM1, and CEBPA genes

High molecular weight genomic DNA was extracted from
bone marrow and peripheral blood samples after Ficoll
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Table 1 Characteristics of de novo AML patients with a normal
karyotype

All patients Patients

(n = 60) who received
intensive
chemotherapy
(n = 36)

Median age (range) (year) 59.5 (15-81) 49 (15-67)
Male/female 32/28 18/18
FAB type

MO 5

Mi 10

M2 21 14

M4 18 11

MS5 3 1

M6 3 2

M7 0 0

WBC (x10°%/L), median (range)
Performance status

14.9 (0.7-556)  13.0 (0.7-246)

0-2 55 34
34 5 2
LDH (IU/L), median (range) 296 291
(120-5,325) (140-2,606)
MPO
Low (<50%) 32 20
High (>50%) 28 16

FAB French-American—British, WBC white blood cells, LDH lactate
dehydrogenase, MPO myeloperoxidase

separation of mononucleated cells (35 and 4 patients,
respectively) using the QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany). In addition, we isolated genomic DNA
from the BM smears of the AML patients (21 samples) using
the QIAamp DNA blood Mini Kit (Qiagen, Hilden,
Germany).

Mutations in the FLT3, NPM1, and CEBPA genes were
detected by genomic DNA PCR and direct sequencing.
Exons 14 and 15 and the intervening intron of the FLT3 gene
were amplified from DNA using the previously described
primers FLT3-11F and FLT3-12R [20]. PCR for NPM1 exon
12 was performed with genomic DNA, the same reagent, and
the published primer molecules NPM1-F and NPM1-R [21].
PCR for CEBPA was performed using 2 overlapping primer
pairs: CEBPA-CT3F (5-TGCCGGGTATAAAA-GCT
GGG-3) and CT3R (5-CTCGTTGCTGTTCTTGTCCA
-3}, CEBPA-PP2F (5-TGCCGGGT-ATAAAAGCTGG
G-3') and PP2R (5-CACGGTCTGGGCAAGCCTCG
AGAT-3"). The PCR reactions were run in a final volume of
50 pL containing 10 ng DNA, 5x buffer, 0.2 mmol/L of
each deoxynucleotide triphosphate, primers (0.3 pmol/L of
each), nucleotides (0.2 mmol/L of each), and 1 U of KOD-
Plus-Neo polymerase (TOYOBO, Osaka, Japan). The

mixture was initially heated at 94°C for 2 min, before being
subjected to 35 cycles of denaturation at 94°C for 10 s and
annealing and extension at 68°C for 1 min. The amplified
products were cut out from a 1.2% agarose gel and purified
with the MinElute Gel extraction kit (QIAGEN, Germany).
To screen for mutations, the PCR products were sequenced
in both directions with the following primers: FLT3-11F,
FLT3-12R, NPM1-F, NPM-R, CEBPA-CT1F, CEBPA-IR,
CEBPA-PP2F, CEBPA-PP2R, CEBPA-2F (5-GCTG
GGCGGCATCTGCG-A-3"), and CEBPA-1IR (5'-TGT-GC
TGGAACAGGTCGGCCA-3') using a BigDye Terminator
v3.1 Cycle Sequencing Kit and the ABI Prism 3100 x1
Genetic Analyzer (Applied Biosystems, CA, USA). In the
case of NPM1 and CEBPA genes, when heterozygous data
were identified by sequence screening, mutations were
confirmed by cloning with the StrataClone Blunt PCR
Cloning Kit (Stratagene, CA, USA) according to the manu-
facturer’s recommendations. Four to ten recombinant colo-
nies were chosen and cultured in LB medium. Plasmid DNA
was prepared using a QIAprep spin plasmid miniprep kit
(Qiagen, Hilden, Germany), and both strands were
sequenced using the T3 and T7 primers and the CEBPA-2F
and CEBPA-1R primers.

2.3 Statistical methods

To evaluate the relationship between the frequency of
mutations status and clinical characteristics, the following
variables were included in the analysis: age, FAB classifi-
cation, peripheral WBC count, MPO-positivity rate, JALSG
score [1], and CR achievement. A comparison of frequencies
was performed using Fisher’s exact test. Differences in
percentage of MPO-positive blasts among patients with
different mutational status of genes were compared using the
non-parametric Kruskal-Wallis test and followed by Dunn’s
multiple comparison post-test. Overall survival (OS) was
calculated using the Kaplan-Meier method [22], and the
group differences were compared using the log-rank test.
Thirteen patients who underwent allogeneic or autologous
hematopoietic stem cell transplantation were not censored at
the time of transplantation. For all analyses, statistical
significance was considered at the level of two-tailed 0.05.

3 Results

3.1 Patients’ characteristics

As shown in Table 1, the series included 60 patients. Their
median age was 59.5 (15-81 years), and there were 32 males
(53.3%) and 28 females (46.7%). All patients had normal

cytogenetics. Using the percentage of MPO-positive leu-
kemic blasts, as judged from bone marrow slides, the cases
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a All patients

b Patients who received intensive chemotherapy

(2) NPMI
mutation

n=13

(3) CEBPA double-out
n=8

(8) CEBPA single-mut

O n=1

(9) triple-negative
genotype

n=27

(2) NPM1
mutation

n=7

(3) CEBPA doubje-mut
n=7

(8) CEBPA single-mut

O n=1

(9) triple-negative
genotype

n=17

Fig. 1 Frequency and overlapping patterns of AML patients with a
normal karyotype. Data are shown for all patients (a) and for patients
-who received intensive chemotherapy (b). a (I) FLT3-ITD +
wt NPMI 4+ wt CEBPA (n =4, 6.7%), (2) wt FLT3 + NPMI
mutation + wt CEBPA (n =13, 21.7%), (3) wt FLT3 + wt
NPMI + CEBPA®™™*™ (4 =8, 13.3%), (4) FLT3-ITD + wt
NPMI + CEBPA*™™* (n =1, 1.7%), (5) FLT3-ITD 4 NPM1
mutation + wt CEBPA (n = 5, 8.3%), (6) wt FLT3 + NPMI muta-
tion + CEBPA%"™™™ (n — 0, 0%), (7) FLT3-ITD + NPMI muta-
tion + CEBPA™™™™ ™  (n =1, 1.7%), (8 wt FLT3 4+ wt

were divided into the High group (MPO-positive
blasts > 50%) and Low group (MPO-positive blasts
< 50%). Thirty-two patients were classified into the Low
group, and 28 patients were classified into the High group.

3.2 Mutational analysis

FLT3-ITD was found in 11 patients (18.3%), NPM1
mutations were found in 19 patients (31.7%), and CEBPA
mutations were found in 11 patients (18.3%). Frequency
and an overlapping pattern of mutations are shown in
Fig. 1. Among the patients with CEBPA mutations,
approximately 90% (10 of 11 patients) of the patients had
two CEBPA mutations (CEBPA®"™*™"), whereas 10% (1
of 11 patients) had a single mutation. As previously
reported, the mutations in the CEBPA"™*™" patients
were clustered in the N- and C-terminal hotspots (Table 2;
Fig. 2). FLT3-ITD mutation was associated with a higher
WBC at the time of diagnosis, as reported previously.
Neither NPMI1 nor CEBPA mutation status displayed a
significant association with age, PS, WBC, FAB subtype,
JALSG score, or CR achievement (Table 3).

3.3 Clinical outcome

OS was analyzed only in patients who received intensive
chemotherapy (n = 36). They received chemotherapy
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NPMI + CEBPA™S8=™" (5 = 1, 1.7%), (9) triple-negative genotype
(n =27, 45%). b (I) FLT3-ITD + wt NPMI + wt CEBPA (n =2,
5.6%), (2) wt FLT3 + NPMI mutation + wt CEBPA (n = 7, 19.4%),
(3) wt FLT3 + wt NPMI + CEBPA%™=™" (n — 7, 19.4%), (4)
FLT3-ITD + wt NPM1 + CEBPA®™*™* (4 — 0, 0%), (5) FLT3-
ITD + NPMI mutation + wt CEBPA (n = 2, 5.6%), (6) wt FLT3 +
NPMI mutation + CEBPA™™" (,; — 0, 0%), (7) FLT3-ITD +
NPM] mutation + CEBPA®™™*™ (n = 0, 0%), (§) wt FLT3 + wt
NPM1 + CEBPASM=™ (5 — 0, 0%), (9) triple-negative genotype
(n = 17, 47.2%). wt wild-type

based on the treatment protocol described in the JALSG
AMLSR9, -92, -95, -97, and -201 studies. As reported pre-
viously [6], we observed an association between the per-
centage of MPO-positive blasts and the survival rate in the
normal karyotype patients treated with intensive chemo-
therapy, although the significance in this cohort was rather
low (P = 0.10) (Fig. 3). Figure 4 shows Kaplan-Meier
curves according to genotype. ‘Other genotypes’ included
the FLT3-ITD genotype, the CEBPAS"'* ™" genotype, and
the triple-negative genotype consisting of the wild-type
NPM1 and CEBPA genotypes without FLT3-ITD. In
line with previous reports [14], the patients with the
CEBPA®™ ™ genotype tended to show higher survival
rate compared with patients displaying other genotypes
(P = 0.07). In this study, the mutant NPM1 without FLT3-
ITD genotype was not significantly associated with treat-
ment outcome, possibly due to the small number of
patients.

3.4 Difference of MPO-positivity rate by gene
mutation status

Figure 5 shows the level of the percentage of MPO-posi-
tive blasts by gene mutational status of the CEBPA, FLT3-
ITD, and NPM1. The MPO-positivity rate was very high,
over 50% (median 96, range 71-100), in all CEBPA%"Plemut
cases, but it was 20% in one case displaying the
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Table 2 Genetic findings of the patients with CEBPA mutations

Patient  Category  Nucleotide changes Amino acid changes Comments
4 Double 218_219insC P23£sX107 Produces N-terminal stop codon
1129_1130insATGTGGAGACGCAGCAGAAGGTGCTGGAGCTG  K326_327insHVETQQKVLELTSDNDRLRKR In-frame insertion in bZIP
ACCAGTGACAATGACCGCCTGCGCAAGC
6 Double 200_218delinsCT V S16fsX101 Produces N-terminal stop codon
1087_1089dup K313dup In-frame duplication in bZIP
7 Double 368_369insA - A72£sX107 Produces N-terminal stop codon
1080_1082del T310_Q311del In-frame deletion in bZIP
13 Double 303_316del P50fsX102 Produces N-terminal stop codon
1062_1063insTTG K304_Q305insV In-frame insertion in bZIP
19 Double 215_225del . 7 P21£fsX103 Produces N-terminal stop codon
1101_1102insCAGCGCAACGTGGAGACGCAGCAGA L317_T318insQRNVETQQKVLEL In-frame insertion in bZIP
AGGTGCTGGAGCTG
22 Double 213del P22£sX159 Produces N-terminal stop codon
1064_1129dup K304_Q305insQRNVETQQKVLELTSDNDRLRKR  In-frame insertion in bZIP
27 Double 324_328dup E59fsX161 Produces N-terminal stop codon
1062_1063insTTG K304_Q305insV In-frame insertion in bZIP
39 Double 213del P22£sX159 Produces N-terminal stop codon
1081_1086dup Q311_Q312dup In-frame duplication in bZIP
47 Double 397del F82fsX159 Produces N-terminal stop codon
1101_1102insCAGCGCAACGTGGAGACGCAGCA L317_T318insQRNVETQQKVLEL In-frame insertion in bZIP
GAAGGTGCTGGAGCTG
49 Double 297_304del A48fsX104 Produces N-terminal stop codon
758del A202fsX317 Frameshift between TAD2 and bZIP;
produces stop codon in bZIP
35 Single 1087_1089dup K313dup In-frame duplication in bZIP

Nucleotide numbering was performed according to NCBI Entrez accession no. XM_009180.3, in which the major translational start codon starts at nucleotide position 151. The locations of
functional domains are derived from Mueller and Pabst.1
bZIP basic leucine zipper region, TAD2 second transactivation domain
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Fig. 2 Location of mutations
detected in the CEBPAS™ el ™1t
and CEBPA%"™™ ™ patients.
Transactivation domain (TAD)
1, amino acids (AA) 70-97; p30
ATG, AA120; TAD2, AA

¥ Out-of-frame insertion VvV
A Out-of-frame deletion A

In-frame insertion

In-frame deletion

126-200; DNA-binding domain K}
(DBD), AA 278-306; leucine 2
zipper domain (LZD), AA ©v
307-358
£
]
3
<]
o

TAD 1

TAD2 DBD LZD

[—> p42

—> p30

CEBPAS™8mt genotype (data not shown). The MPO-
positivity rate was widely distributed in patients who had
mutant NPM1 without FLT3-ITD genotype (median 26,
range 0-100) and other genotypes (median 31, range
0-100). Kruskal-Wallis test showed that a significant dif-
ference of the MPO-positivity rate among three groups
(P = 0.005). When comparing the individual groups by
Dunn’s Multiple Comparisons post hoc test for each group,
there was a significant difference only for patients with
CEBPA%"™* ™ yersus patients with other genotypes.

4 Discussion

While cytogenetic group is considered to be the primary
prognostic indicator in AML, the percentage of MPO-
positive blast cells could be used to predict the prognosis
of patients with normal karyotypes [6]. In this study, we
found that CEBPA gene mutational status has impact on the
frequency of MPO expression: the patients with the
CEBPA mutation genotype displayed a significantly higher
percentage of cells expressing MPO than those with other
genotypes (P < 0.01). The association was even more
significant when analyzed without the CEBPA® g™
carrying patient, suggesting that high blast MPO activity is
related to double CEBPA mutations. Although the mutant
NPM1I without FLT3-ITD genotype has been reported to be
associated with a favorable prognosis in AML patients,
there was no relationship between this type of mutation and
the percentage of blasts showing MPO expression.

It is not clear how the CEBPAY™* ™" genotype
enhances MPO activity in AML blasts. It has been shown
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that the MPO enhancer contains a CEBPA site contributing
to its functional activity [23, 24], suggesting that the MPO
gene is a major target of C/EBPua. Since it has been shown
that both N-terminal frame-shift mutant and C-terminal
mutant do not show transcriptional activity [25], we first
speculated that mutations of the CEBPA gene might lead to
decreased MPO activity, which turned out to be wrong.
AML1 is another gene that has been reported to participate
in up-regulation of MPO gene [26]. An AMLI site was
identified in upstream enhancer of the human MPO gene,
which appears to be necessary for maximal stimulation of
MPO promoter activity. In patients with AML with t(8;21),
the translocation results in an in-frame fusion between 5
exons of the AM1 gene and essentially all of the ETO gene
producing a chimeric protein [27]. This protein, AMLI1-
ETO, acts as a negative dominant inhibitor of wild-type
AML1 [28], which theoretically could lead to down-regu-
lation of AML1 target genes, such as MPO gene. However,
blasts with t(8;21) have been shown to display higher
levels of MPO expression both in clinical samples and in
vitro experiments [29, 30], suggesting that the transcrip-
tional alterations caused by these mutations are complex.
The upregulation of blast MPO activity seen in CEBP/
gdoublemut cases may be due to alterations in the gene
expression profile, rather than a simple dominant negative
effect of mutated CEBP/o. Further experiments including
investigation of transactivation potential of CEBP/a
mutants on MPO promoter is necessary to clarify this
mechanism.

CEBPA mutations are associated with a relatively
favorable outcome, and it was recently shown in a multi-
variable analysis including cytogenetic risk and the
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Table 3 Frequency of FLT3-1TD, NPM1, and CEBPA mutations by clinical characteristics in de novo AML cases with a normal karyotype

FLT3 P NPM1 P CEBPA P
ITD Other type Mutation without  Other type Double mutation Other type
(n=11) (n=49) FLT3-ITD (n = 47) without FLT3-ITD  (n = 52)
(n=13) n=28)
Age 0.08 0.74 0.10
<50 1 19 15 5 15
>50 10 30 32 3 37
PS 1.00 0.20 0.52
0-2 10 45 11 45 7 48
34 1 4 2 2 4
WBC 0.02 1.00 1.00
<20,000 2 30 7 25 4 28
>20,000 9 19 6 22 4 24
FAB subtype 033 0.18 058
M1, M2, M4, M5 11 41 13 39 8 44
MO, M6, M7 - 0 8 0 8 0 8
JALSG score® 0.79 0.72 0.09
Favorable 0 5 5 2 3
Intermediate 2 18 5 15 5 15
Adverse ) 2 9 9 0 11
CR* 1.00 0.56 0.56
Achievement 4 27 7 24 7 24
Failure 0 5 0 5 0 5
* Analysis was carried in 36 patients with intensive chemotherapy
100 7 100
90 —| 90 —
80 80 CEBPA dowbtent (=)
i 70 — MPO-H (n=16) !:: 70 —
§ 60 — § 60 — NPM1 mutation without FLT3-ITD (n=7)
Z 50— 2 50—
§ 40 MPO-L (n=20) § 40 7 on .
g & 3 er genotypes (n=22)
20 — 20 —
10 o P=0.10 10 = P=007
0 ———T T T T T T 0 L ) R R B A B
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Days Days

Fig. 3 Kaplan-Meier estimates of the probability of overall survival
in 36 patients who received intensive chemotherapy, according to the
percentage of myeloperoxidase-positive blasts. MPO-H (MPO-
positive blasts: >50%) tended to have a positive effect on overall
survival compared with MPO-L (MPO-positive blasts: <50%),
although the difference was not statistically significant. The statistical
significance of differences was evaluated with the log-rank test

FLT3-ITD and NPMI mutations that the CEBPA®"Ye™
genotype is associated with favorable overall and event-
free survival [15, 16). In a cohort of 60 cases of adult de
novo AML, we identified 1 CEBPAS™8* ™ case and 10
CEBPA%"™™* ™" cases, and in line with previous reports,

Fig. 4 Overall survival according to genotype in patients adminis-
tered intensive chemotherapy. ‘Other genotypes’ was defined as the
FLT3-ITD genotype, the CEBPA™™ =™ genotype, and the triple-
negative genotype consisting of the wild-type NPM1 and CEBPA
genotypes without FLT3-ITD. The patients with the CEBPA%"ble-mut
genotype tended to show higher overall survival compared with the
patients with ‘other genotypes’ (P = 0.07)

our study tended to show better overall survival in
CEBPA®"™*™* cases compared to cases with wild-type
CEBPA in patients treated with intensive chemotherapy.
We failed to find a prognostic effect in relation to the
CEBPA™™®'*™* in patients treated with low dose
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Fig. 5 MPO-positivity rate in

Kruskal - Wallis test P=0.005

blast according to genetic
abnormalities in de novo AML

patients with a normal Dunn's multiple |

P<0.05

karyotype. ‘Other genotypes’

comparison test l
was defined as the FLT3-ITD

P>0.05 | ] P>0.05

genotype, the CEBPA®™gle-mt 100 — 6000 €230
genotype, and the triple- ,
negative genotype consisting of " 90 — 8 @ '
the wild-type NPM1 and T ogg e
CEBPA genotypes without ;
FLT3-ITD. The median MPO- = 70 - @
positivity rate (horizontal line) 8 p ©
was significantly different g %4 o
between the CEBPA®"ble™ = 50 S
genotype and ‘other genotypes’ jg
(Kruskal-Wallis test followed z 40 — ’
by Dunn’s multiple i
. o 30 — .——.—

. &

comparisons test: P < 0.05) S —Qg—
20 — 29
10 _| & &
0 Q-
CEBPA double-mut ]YPMI mutation Other genotypes
(1=8) without FLT3-ITD (1=39)
(0=13)

chemotherapy (data not shown), suggesting that the stan-
dard chemotherapy dose is necessary to improve the out-
come of CEBPA%"™™*™" cases.

It is unclear why CEBPA"™'*™" AML patients have a
better outcome than those with CEBPA wild-type AML. One
explanation is that high MPO expression leads to increased
sensitivity to chemotherapeutic agents, such as to Ara-C [8].
To test this hypothesis, we also examined the association
between blast MPO positivity and overall survival in CEBPA
wild-type cases. Unexpectedly, when the patients were
treated with intensive chemotherapy, the percentage of
MPO-positive blasts was not significantly associated with
overall survival in this group (data not shown), suggesting
that the level of MPO expression itself is not responsible for
the improvement in overall survival. However, as this
analysis only involved 28 cases, we need to increase the
number of cases in order to draw a definitive conclusion.

In summary, the data presented here suggested that the
CEBPA%"™Pe ™t genotype was associated with high MPO
blast activity in patients with a normal karyotype. Although
the results were obtained from a single institution, the
presence of CEBPA%"™*™" genotype in high MPO group
could explain, at least in part, why high MPO blast activity
is associated with better overall survival. Further studies in
a larger cohort of patients are necessary to assess blast
MPO activity as a prognostic factor, especially in CEBPA
wild-type patients with a normal karyotype.
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Pulmonary Inflammatory Myofibroblastic Tumor Expressing a Novel
Fusion, PPFIBP1-ALK: Reappraisal of Anti-ALK Immunchistochemistry
as a Tool for Novel ALK Fusion ldentification
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Reimi Asaka'?, Sakae Okumura®, Ken Nakagawa®, Hiroyuki Mano*€, and Yuichi Ishikawa?®

Abstract

Purpose: The anaplastic lymphoma kinase (ALK) inhibitor crizotinib has been used in patients with
lung cancer or inflammatory myofibroblastic tumor (IMT), both types harboring ALK fusions. However,
detection of some ALK fusions is problematic with conventional anti-ALK immunohistochemistry because
of their low expression. By using sensitive immunohistochemistry, therefore, we reassessed "ALK-negative"
IMT cases defined with conventional immunohistochemistry (approximately 50% of all examined cases).

Experimental Design: Two cases of ALK-negative IMT defined with conventional anti-ALK immuno-
histochemistry were further analyzed with sensitive immunohistochemistry [the intercalated antibody-
enhanced polymer (1AEP) method].

Results: The two "ALK-negative" IMTs were found positive for anti-ALK immunohistochemistry with the
iAEP method. 5'-rapid amplification of cDNA ends identified a novel partner of ALK fusion, protein-
tyrosine phosphatase, receptor-type, F polypeptide-interacting protein-binding protein 1 (PPFIBP1) in one
case. The presence of PPFIBP1-ALK fusion was confirmed with reverse transcriptase PCR, genomic PCR,
and FISH. We confirmed the transforming activities of PPFIBP1-ALK with a focus formation assay and an
in vivo tumorigenicity assay by using 3T3 fibroblasts infected with a recombinant retrovirus encoding
PPFIBP1-ALK. Surprisingly, the fusion was also detected by FISH in the other case.

Conclusions: Sensitive immunohistochemical methods such as iAEP will broaden the potential value of
immunohistochemistry. The current ALK positivity rate in IMT should be reassessed with a more highly
sensitive method such as iAEP to accurately identify those patients who might benefit from ALK-inhibitor
therapies. Novel ALK fusions are being identified in various tumors in addition to IMT, and thus a
reassessment of other "ALK-negative" cancers may be required in the forthcoming era of ALK-inhibitor
therapy. Clin Cancer Res; 17(10); 3341-8. ©2011 AACR.

Introduction

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase that was discovered in anaplastic large cell lym-
phoma (ALCL) in the form of a fusion protein, NPM-ALK.
(1, 2). In addition to ALCL (fused to NPM, TPM3, TPM4,
ATIC, TFG, CLTC, MSN, MYHD9, or ALO17; refs. 1-10), ALK
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has further been found to generate fusions in inflammatory
myofibroblastic tumor (IMT; TPM3, TPM4, CLTC, CARS,
RANBP2, ATIC, or SEC31L1; refs. 10-15), ALK-positive
large B-cell lymphoma (CLTC, NPM, SEC31L1, or
SQSTM1; 16-19), lung cancer (EML4 or KIFSB; refs. 20,
21), and ALK-positive histiocytosis (TPM3; ref. 22) Besides,
some ALK fusions have been reported without showing
histopathologic evidence: TPM4-ALK in esophageal squa-
mous cell carcinoma (23, 24), TFG-ALK in lung adeno-
carcinoma (25), and EML4-ALK in colon and breast
carcinomas (26). The wild-type ALK is mainly expressed
in the developing nervous system, and is usually not
expressed in other normal tissues (27). A fusion protein
formation with a partner through chromosomal transloca-
tions is the most common mechanism of ALK overexpres-
sion and ALK kinase domain activation. These features
render ALK fusion oncokinase an ideal molecular target.
Recently, the ALK inhibitor crizotinib has been used in
patients with lung cancer or IMT, both types harboring ALK
fusions (28, 29). The compound showed a 57% response
rate in lung cancers (28), and a strong response for several
months in IMT (29). Crizotinib and other ALK inhibitors
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have thus become one of the most promising groups of
molecularly targeted drugs. Therefore, the sensitive and
accurate identification of ALK fusion in tumors has also
become clinically relevant, because it is no longer a mere
research target or simply a diagnostic marker, but is directly
linked to the therapeutic benefit of patients harboring the
fusions.

Identification of such ALK fusions, especially within
ALCL, has been prompted by the immunohistochemical
staining pattern with antibodies to ALK. In ALCL, the most
common ALK fusion is NPM~-ALK (comprising approxi-
mately 80% of all cases), and its immunohistochemical
staining pattern is both nuclear and cytoplasmic. NPM has
a nuclear localization signal in the C-terminal region, and
therefore the heterodimers of wild-type NPM with NPM-
ALK fusion protein are transported to the nucleus whereas
NPM-ALK homodimers remain within the cytoplasm (30).
In contrast, other fusions do notlocalize in the nucleus and
do not show a nuclear staining pattern in anti-ALK immu-
nohistochemistry. Interestingly, each ALK fusion usually
has its own characteristic anti-ALK immunohistochemical
staining pattern, because the subcellular localization of
ALK fusions is dependent on the corresponding fusion
partners. Anti-ALK immunohistochemistry has thus
become a highly useful tool for both research and diag-
nostic purposes.

Since the discovery of EML4-ALK fusion in lung cancer
(20), however, an unexpected problem in anti-ALK immu-
nohistochemistry has become apparent, that is, the inabil-
ity to detect a low level of fusion expression. To overcome
this, we developed the intercalated antibody-enhanced

polymer (iAEP) method, which moderately raises sensitiv-
ity in the immunohistochemical detection system (21).
With this very simple method, anti-ALK immunohisto-
chemistry has become a potent weapon in the diagnosis
of EML4-ALK-positive lung cancer (21, 31-33). Other
researchers used an anti-ALK rabbit monoclonal antibody,
which is usually more sensitive than mouse monoclonal
antibody, which can stain EML4-ALK (34). However, most
EML4-ALK-positive lung cancer tissues do not stain well
with conventional anti-ALK immunohistochemical meth-
ods because of the low message/protein level of EML4~ALK
(21, 35). The expression level of a fusion gene depends on
the promoter activity of the 5’-side gene, and that of EML4
is likely to be lower than that of the other ALK fusion
partner genes, which may explain why EML4-ALK had not
been discovered until 12 years after the development of the
first anti-ALK antibody became available for immunohis-
tochemistry (36). In other words, a tumor that immunos-
tains for ALK only by a sensitive immunohistochemistry
method may harbor a novel ALK fusion. Interestingly, in
this study, we detected 2 IMT cases positive for ALK immu-
nohistochemistry only when stained by iAEP method (21),
and successfully identified a novel fusion gene, protein-
tyrosine phosphatase, receptor-type, F polypeptide-inter-
acting protein-binding protein 1 (PPFIBP1)-ALK.

Materials and Methods

Materials

Pathologic specimens from 2 pulmonary IMT cases,
originally diagnosed as fibrous histiocytoma (1988: case
1, 45-year-old male; 1998: case 2, 34-year-old female),
were reassessed morphologically and immunohistochemi-
cally. Surgically removed tumor specimens were routinely
fixed in 20% neutralized formalin and embedded in par-
affin for conventional histopathologic examination. For
case 2, total RNA was extracted from the corresponding
snap-frozen specimen and purified with the use of an
RNeasy Mini kit (Qiagen). The study was approved by
the institutional review board of the Japanese Foundation
for Cancer Research.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue was sliced at a
thickness of 4 um, and the sections were placed on silane-
coated slides. For antigen retrieval, the slides were heated
for 40 min at 97°C in Target Retrieval Solution (pH 9.0;
Dako). For the conventional staining procedure, the slides
were incubated at room temperature with Protein Block
Serum-free Ready-to-Use solution (Dako) for 10 minutes
and then with primary antibodies against ALK (5A4),
smooth muscle actin, muscle-specific actin (HHF35),
CD34, cytokeratins (AE1/AE3), $100, or desmin for 30
minutes. The immune complexes were then detected with
dextran polymer reagent (EnVision + DAB system; Dako)
and an AutoStainer instrument (Dako). The iAEP method
was also used for the sensitive detection of ALK, as
described previously (21).
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Isolation of PPFIBP1-ALK fusion

To obtain cDNA fragments corresponding to a novel ALK
fusion gene, we used a 5-RACE method with the SMART
RACE cDNA Amplification Kit (Clontech) according to the
manufacturer’s instructions, with a minor modification:
the ALK2458R primer (5'-GTAGTTGGGGITGTAGTCGGT-
CATGATGGT-3’) was used as the gene-specific reverse
primer.

From the oligo(dT)-primed cDNA obtained from case 2
RNA, a 47 1bp cDNA fragment containing the fusion point
was specifically amplified with the primers PPFIBP1-592F
(5-AGAGACACAGAGGGGCTGATT-3') and ALK3078RR
(5'-ATCCAGTTCGTCCTGTTCAGAGC-3').

PCR analysis of genomic DNA for PPFIBP1-ALK in case 2
was carried out with a pair of primers flanking the putative
fusion point, PPFIBP1-607F (5'-CTGATTCAGGAGATCA-
ATGATTTGAGGT-3') and Fusion-RT-AS (5'-TCTTGCCAG-
CAAAGCAGTAGITGG-3').

From the cDNA, a full-length cDNA for PPFIBP1-ALK was
amplified by PCR with the PA-w-cDNA-in-S primer (5-
TATCTGGGTTGGAATTTGCCCCTG-3') and the KA-w-
cDNA-in-AS primer (5-TGAGTGTGCGACCGAGCTCAGG-
3') and PrimeSTAR HS DNA polymerase (TakaraBio).

FISH

FISH analysis of gene fusion was carried out with
bacterial artificial chromosome (BAC) clone-derived
DNA probes for ALK and PPFIBP1. Unstained sections
(4 pm thick) were subjected to hybridization with an
ALK-split probe set (Abbott) or BAC clone-derived probes
for ALK (RP11-984121, RP11-62B19) and PPFIBPI

(RP11-1060]15). Hybridized slides were then stained
with DAPI and examined with the fluorescence micro-
scope BX51 (Olympus).

Transformation assay for ALK fusion proteins
Analysis of the transforming activity of PPFIBP1-ALK
was carried out as described previously (20, 37, 38). Briefly,
the pMXS-based expression plasmid for PPFIBP1-ALK,
EML4-AIK variant 1, or NPM-ALK was used to generate
recombinant ecotropic retrovirus, followed by individual
infection of mouse 3T3 fibroblasts (39). Formation of the
transformed foci was evaluated after culturing the cells for
14 days. The same set of 3T3 cells was subcutaneously
injected into nu/nu mice, and tumor formation was exam-
ined after 20 days. The animal experiments were approved
by the animal ethics committee of Jichi Medical University.

Results

Morphology and immunophenotype of PPFIBP1-ALK-
positive IMT

Histopathologic analysis of the 2 IMT cases revealed a
marked proliferation of cells composed of somewhat his-
tiocytoid spindle cells showing a fascicular or storiform
pattern. The tumor cells were uniform and had pale eosi-
nophilic cytoplasm and an oval vesicular nucleus, within
which a small nucleolus was centrally located. Mild inflam-
matory infiltrate containing lymphocytes, plasma cells,
foamy histiocytes, and multinucleated giant cells was
observed (Fig. 1A and 1D). The immunophenotype of
the 2 cases was negative for smooth muscle actin,

Figure 1. Histopathology of PPFIBP1-ALK-positive IMT. Diffuse proliferation of histiocytoid spindie cells showing a fascicular or storiform pattern. The
tumor cells were uniform and had pale eosinophilic cytoplasm and an oval vesicular nucleus, within which a small nucleolus was centrally located. Mild
inflammatory infiltrate containing lymphocytes, plasma cells, and foamy histiocytes is observed (A and D). The tumor cells were negative for ALK with
conventional anti-ALK immunohistochemistry (B and E), but were clearly positive for ALK when the iIAEP method was used. The staining pattern is diffuse

cytoplasmic (C and F). Case 1 (A-C), Case 2 (D-F).
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Figure 2. |dentification of PPFIBP1-ALK: a PCR product of 471 bp covering the fusion point of PPFIBP1-ALK cDNA was specifically amplified from the
tumor cells of case 2. The left lane contains DNA size standards {100 bp ladder). The right lane represents no template control (A). A PCR product of
approximately 3 kbp covering the genomic fusion point of PPFIBP1-ALK was specifically amplified from the tumor cells of case 2. The left lane contains DNA
size standards (1 kbp fadder). The right lane represents no template control (B). In our 5'~RACE products, exon 8 of PPFIBP1 cDNA was fused to a 49 bp
sequence in intron 19 of ALK, followed by exon 20 of ALK (C). PPFIBP1 contains 5 coiled-coil domains. A chromosome translocation, 1(2;10)(p23;p11),
generates a fusion protein in which the top 3 coiled-coil domains of PPFIBP1 and the intracellular region of ALK (containing the tyrosine kinase domain) are

conserved. Numbers indicate amino acid positions of each protein (D).

HHF35, CD34, AE1/AE3, and S$100. Desmin was focally
positive in case 1, but was negative in case 2.

Identification of PPFIBP1-ALK as a novel ALK fusion
gene

We conducted anti-ALK immunohistochemistry on 2
morphologically typical pulmonary IMT cases, originally
diagnosed as fibrous histiocytoma. Immunostaining for
ALK with the conventional polymer method led to the
revised diagnosis of "ALK-negative” IMT (Fig. 1B and E). In
the present study, anti-ALK immunohistochemistry with
the iAEP method, however, showed a diffuse positive
cytoplasmic staining (Fig. 1C and F), indicating the possi-
bility of ALK fusion to a novel partner gene, the expression
level of which is modest. To address this issue, in case 2 we
conducted 5’-RACE assay for the isolation of an upstream
cDNA to the ALK kinase domain ¢cDNA, for which snap-
frozen material was available.

Interestingly, we isolated a cDNA fragment containing
exon 8 of PPFIBP1 followed by a 49 bp-sequence within
intron 19 of ALK and coupled to exon 20 of ALK (Fig. 2),
suggesting the presence of a novel fusion between PPFIBP1
and ALK genes. Because insertion of the intronic 49 bp
allows an in-frame fusion between the 2 genes, this rear-
rangement likely produces a novel fusion-type tyrosine
kinase. To confirm the genomic rearrangement responsible
for the PPFIBP1-ALK fusion, a genomic PCR assay (Fig. 2B)
and both ALK split and PPFIBP1-ALK fusion FISH assays
(Fig. 3) were carried out. All results were consistent with the
presence of t(2;12)(p23;p11) leading to the generation of
PPFIBP1-ALK. Owing to the limited material available in

case 1, only the FISH analyses were carried out. Surpris-
ingly, these results also indicate the presence of PPFIBP1-
ALK (Fig. 3, Supplementary Fig. 2A-C).

Transforming activities of PPFIBP1-ALK

To prove that the t(2;12)(p23;p11) rearrangement
leads to the production of PPFIBP1-ALK kinase, in case
2 we attempted to amplify from the cDNA a full-length
cDNA encoding the protein. By using a sense primer at the
S’-untranslated region of PPFIBPI mRNA (GenBank
accession no. NM_003622) and an antisense primer at

PPFIBP1-ALK fusion assay

ALK split assay

ALK PPFIBP1

Merged

Cas 1 Case 2 Cas 1 Case2

Figure 3. FISH analyses for PPFIBP1-ALK: sections of tumors positive for
PPFIBP1-ALK were subjected to FISH analyses. In PPFIBP1-ALK fusion
assays (left) the fusion genes are indicated by arrows. In ALK split assays
(right) the 3'-sides of ALK are indicated by arrowheads. The color of
fluorescence for the BAC clones and the case numbers in each
hybridization are indicated. Nuclei are stained blue with DAPI.
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Mock PPFIBP1-ALK EML4-ALK

3T3

Nude mice

Tumors/ 0/4 414 4/4
Injections

Figure 4. Transforming potential of PPFIBP1-ALK. Top, mouse 3T3
fibroblasts were infected with retroviruses encoding PPFIBP1-ALK or
EML4-ALK or with the corresponding empty virus (Mock). The cells were
photographed after 14 days of culture. Scale bars, 400 um. Bottom, Nude
mice were injected subcutaneously with the corresponding 373 cells, and
tumor formation was examined after 14 days. The number of tumors
formed per 4 injections is indicated at the bottom.

the 3’-untranslated region of ALK mRNA (GenBank acces-
sion no. NM_004304), a full-length PPFIBP1-ALK cDNA
of 2488 bp was successfully amplified, which should have
produced a fusion kinase of 811 amino acids with a
predicted molecular weight of 90,740 Da (Supplementary
Fig. 1).

To examine the transforming potential of PPFIBP1-ALK,
a recombinant ecotropic retrovirus was generated to
express PPFIBP1-ALK, which was used to infect mouse
3T3 fibroblasts. As shown in Figure 4, PPFIBP1-ALK pro-
duced hundreds of transformed foci over 14 days of cul-
ture, which was comparable with the observation with
EML4-ALK. Furthermore, subcutaneous injection of the
infected 3T3 cells into the shoulder of nude mice revealed
that those expressing either PPFIBP1-ALK or EML4-ALK
formed large tumors in vivo.

Discussion

Since their discovery in 1994, appropriate diagnosis of ALK
fusion-positive tumors with conventional anti-ALK immu-
nohistochemistry methods has been accepted. However,
EMI4A-AIK in lung adenocarcinoma, identified in 2007,
did not stain positive for ALK with conventional immuno-
histochemistry methods (21, 35). We developed a sensitive
immunohistochemistry method, the iAEP method, and suc-
cessfully stained EML4-ALK with ordinary anti-ALK mouse
monoclonal antibodies {21, 31-33). Such observation
further indicates a possibility that staining cancer specimens
with sensitive immunohistochemical methods (such as
iAEP) may detect novel ALK fusions in the "ALK-negative"
tumors defined by conventional anti-ALK immunohisto-
chemistry methods. On the basis of this hypothesis, we have
identified a novel ALK fusion in "ALK-negative" IMT.

Caution is needed in practical settings. For example,
rhabdomyosarcoma, especially of the alveolar type, often
expresses wild-type ALK at a detectable level with conven-
tional anti-ALK immunohistochemistry (40). Moreover, in

our experience, a small portion of small cell carcinoma and
large cell endocrine carcinoma of the lung, and some
sarcomas, may be positive for ALK by iAEP immunohis-
tochemistry, expressing wild-type ALK. Therefore, in order
to specifically detect ALK fusions with sensitive anti-ALK
immunohistochemistry, a confirmatory test by using FISH,
RT-PCR, or similar is usually required. If a tumor is positive
for a confirmatory test and the suspected partner gene is not
a reported one, 5-RACE or inverse reverse transcriptase
PCR methods can be used for the identification of the
suspected partner. Even if overexpressed, wild-type ALK
may not be oncogenic (20, 21, 37, 38), although some
investigators have suggested that wild-type ALK overexpres-
sion above a certain threshold level drives the growth of
neuroblastoma (41). Further investigation will be required
to clarify if wild-type ALK overexpression is a target for ALK
inhibitor therapy.

IMT is a rare mesenchymal tumor that has been referred
to as inflammatory pseudotumor, plasma cell granuloma,
fibroxanthoma, fibrous histiocytoma, pseudosarcomatous
myofibroblastic tumor, and invasive fibrous tumor of the
tracheobronchial tree (42). It occurs in the soft tissues as
well as in the viscera and the lung, and is more likely to
occur in children and young adults. Histologically, IMT is
composed of a variable admixture of bland, spindle-shaped

myofibroblast-like cells and an inflammatory component

of lymphocytes, eosinophils, plasma cells, and macro-
phages. Recent genetic studies have elucidated clonal chro-
mosomal abnormality involving 2p23, at which ALK is
located, in a subset of IMT. The expression of ALK fusion
proteins is detected by anti-ALK immunohistochemistry in
approximately 50% of IMT cases (42), in which various
ALK fusion genes have been reported (Table 1). Collec-
tively, these lines of evidence support ALK-positive IMT
being a distinct neoplastic entity. However, the other 50%
of IMT cases are negative for anti-ALK immunohistochem-
istry, and thus in terms of pathogenesis it remains
unknown whether these ALK-negative IMTs should be
included in the same entity or not. In fact, 1 ALK-negative
IMT case did not respond to crizotinib therapy (29).
However, we have detected a novel ALK-fusion in "ALK-
negative" IMT that subsequently proved positive for ALK
with the iAEP immunohistochemistry method. Therefore,
unexpectedly lowly expressed ALK fusions may explain the
pathogenesis of a portion of "ALK-negative" IMT cases.
PPFIBP1-ALK represents such an ALK fusion, although we
do not yet know what proportion of "ALK-negative" IMTs
can be attributed to this novel subtype. "ALK-negative" IMT
warrants screening with the iAEP method to detect this
fusion or other, unrecognized, ALK fusions.

PPFIBP1 codes liprin beta 1 (also called PTPRF-interact-
ing protein-binding protein 1). This 114 kDa protein is
a member of the leukocyte common antigen-related
(LAR) transmembrane tyrosine phosphatase-interacting
protein family that may regulate LAR protein properties
via interaction with another member of the family, liprin
alphal (43). Liprin beta 1 expresses in intestinal lymphatic
endothelial cells in vitro and lymphatic vasculature in vivo,
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Table 1. ALK fusion partners in well-documented IMT cases
Partner Locus Age Sex Site Year, First author
TPM3 1p23 ) 30 F Lung 2000, Lawrence

23 F Abdomen 2000, Lawrence

4 M Lung 2006, Yamamoto .

29 F lleum 2006, Milne

4 M Lung 2007, Kinoshita
TPM4 18p13 1 M Abdomen 2000, Lawrence

6 M Mesentery 2003, Hisaoka

25 M Prostate 2003, Hisaoka

5 M Mesentery 2006, Yamamoto

5 F Urinary bladder 2006, Yamamoto
CLTC 17923 3 F Neck 2001, Bridge

37 M Pelvis 2001, Bridge

2 M Thoracic cavity 2006, Yamamoto

6 M Mesentery 2006, Yamamoto

0 F Mediastinum 2007, Patel
CARS 11p15 0 M Abdomen 2002, Cools

10 M Neck : 2003, Debelenko
RANBP2 2q13 7 M Abdomen 2003, Ma

0 M Abdomen 2003, Ma

2 M Abdomen 2007, Patel

34 M Liver 2008, Chen

44 M Abdomen 2010, Butrynski
ATIC 2935 46 M Urinary bladder 2003, Debiec-Rychter
SEC31L1 4921 23 M Abdomen 2006, Panagopoulos
PPFIBP1 12p11 45 M Lung Present case 1

34 F Lung Present case 2

and plays an important role in the maintenance
of lymphatic vessel integrity in Xenopus tadpoles (44).
PPFIBP1 has 5 coiled-coil domains in exons 5 through
12, and the upper 3 domains are conserved in fusion
form with ALK (Fig. 2D). The coiled-coil domain is shared
in all ALK fusion partners (except for NPM, MSN, and
SQSTM1), with which the ALK fusion proteins homodimer-
ize leading to constitutive activation of ALK kinase domains
(8, 19). As expected, in the present study, the oncogenicity
of PPFIBP1-ALK was clearly confirmed with an in vitro focus
formation assay and an in vivo tumorigenicity assay.

The difference in subcellular localization has contributed
to the discovery/identification of various ALK fusions.
Likewise, the difference in the expression level found is
here proved important in the accurate detection of fusion
proteins. Sensitive immunohistochemical methods such as
iAEP will broaden the potential value of immunohisto-
chemistry, which is a simple and long-established histo-
pathologic technique in the fields of research and
diagnosis. The ALK positivity rate (approximately 50%)
in IMT should be reassessed with these more sensitive
methods, possibly leading to the identification of novel
ALK fusions and more candidates for ALK inhibitor ther-
apy. A novel ALK fusion, VCL-ALK, has recently been
identified in renal cancers (45, 46). In addition to IMT,

therefore, a reassessment of diverse "ALK-negative" human
cancers may be required in the forthcoming era of ALK
inhibitor therapy.

Disclosure of Potential Conflicts of Interest

K. Takeuchi, scientific advisor for developing an anti-ALK iAEP immu-
nohistochemistry kit (ALK Detection Kit, Nichirei Bioscience, Japan) and in
charge of pathology screening for ALK fusions using the immunohisto-
chemistry kit and an original probe set for ALK split FISH assay in a clinical
trial of an ALK inhibitor (AF802, Chugai, Japan). The other authors dis-
closed no potential conflicts of interest.

Grant Support

This work was supported in part by Grants-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science,
and Technology of Japan as well as by grants from the Japan Society
for the Promotion of Science; the Ministry of Health, Labor, and Welfare
of Japan; the Vehicle Racing Commemorative Foundation of Japan;
Princess Takamatsu Cancer Research Fund; and the Uehara Memorial
Foundation.

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.

Received January 9, 2011; revised March 7, 2011; accepted March 15,
2011; published OnlineFirst March 23, 2011.

Clin Cancer Res; 17(10) May 15, 2011

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on February 16, 2012
Copyright © 2011 American Association for Cancer Research

— 334 —



Published OnlineFirst March 23, 2011; DOI:10.1158/1078-0432.CCR-11-0063

PPFIBP1-ALK-Positive inflammatory Myofibroblastic Tumor

Beferences

1.

10,

11,

12

13.

14,

15.

16.

17.

18,

by

Morris SW, Kirstein MN, Valentine MB, Dittmer KG, Shapiro DN,
Saltman DL, et al. Fusion of a kinase gene, ALK, to a nucleolar
protein gene, NPM, in non-Hodgkin's lymphoma. Science 1994;
263:1281-4.

Shiota M, Fujimoto J, Semba T, Satoh H, Yamamoto T, Mori S.
Hyperphosphorylation of a novel 80 kDa protein-tyrosine kinase
similar to Ltk in a human Ki-1 lymphoma cell line, AMS3. Oncogene
1994;9:1567-74.

Lamant L, Dastugue N, Pulford K, Delsol G, Mariame B. A new fusion
gene TPM3-ALK in anaplastic large cell lymphoma created by a (1;2)
(g25;p23) translocation. Blood 1999;93:3088-95.

Meech SJ, McGavran L, Odom LF, Liang X, Meltesen L, Gump J, et al.
Unusual childhood extramedullary hematologic malignancy with nat-
ural killer cell properties that contains tropomyosin 4-anaplastic
lymphoma kinase gene fusion. Blood 2001;98:1209~16.

Colleoni GW, Bridge JA, Garicochea B, Liu J, Filippa DA, Ladanyi M.
ATIC-ALK: A novel variant ALK gene fusion in anaplastic large cell
lymphoma resulting from the recument cryptic chromosomal inver-
sion, inv(2)(p23g35). Am J Pathol 2000;156:781-9.

Hernandez L, Pinyol M, Herndndez S, Bea S, Pulford K, Rosenwald A,
et al. TRK-fused gene (TFG) is a new partner of ALK in anaplastic large
cell lymphoma producing two structurally different TFG-ALK translo-
cations. Blood 1999,94:3265-8.

Touriol C, Greenland C, Lamant L, Pulford K, Bernard F, Rousset T,
et al. Further demonstration of the diversity of chromosomal changes
involving 2p23 in ALK-positive lymphoma: 2 cases expressing ALK
kinase fused to CLTCL (clathrin chain polypeptide-like). Blood
2000;95:3204-7.

Tort F, Pinyol M, Pulford K, Roncador G, Hernandez L, Nayach |, et al.
Molecular characterization of a new ALK translocation involving
moesin (MSN-ALK) in anaplastic large cell lymphoma. Lab Invest
2001,;81:419-26.

Lamant L, Gascoyne RD, Duplantier MM, Armstrong F, Raghab A,
Chhanabhai M, et al. Non-muscle myosin heavy chain (MYH9): a new
partner fused to ALK in anaplastic large cell lymphoma. Genes
Chromosomes Cancer 2003;37:427-32.

Cools J, Wiodarska |, Somers R, Mentens N, Pedeutour F, Maes B,
et al. Identification of novel fusion partners of ALK, the anaplastic
lymphoma kinase, in anaplastic large-celi lymphoma and inflamma-
tory myofibrobtastic tumor. Genes Chromosomes Cancer 2002;34:
354-62.

Lawrence B, Perez-Atayde A, Hibbard MK, Rubin BP, Dal Cin P,
Pinkus JL, et al. TPM3-ALK and TPM4-ALK oncogenes in inflamma-
tory myofibroblastic tumors. Am J Pathol 2000;157:377-84.

Bridge JA, Kanamori M, Ma Z, Pickering D, Hill DA, Lydiatt W, et al.
Fusion of the ALK gene to the clathrin heavy chain gene, CLTC, in
inflammatory myofibroblastic tumor. Am J Pathol 2001;159:411-5.
Ma Z, Hill DA, Collins MH, Morris SW, Sumegi J, Zhou M, et al. Fusion
of ALK to the Ran-binding protein 2 (RANBP2) gene in inflammatory
myofibroblastic tumor. Genes Chromosomes Cancer 2003;37:98-
105.

Debiec-Rychter M, Marynen P, Hagemeijer A, Pauwels P. ALK-ATIC
fusion in urinary bladder inflammatory myofibroblastic tumor. Genes
Chromosomes Cancer 2003;38:187-90.

Panagopoulos 1, Nilsson T, Domanski HA, Isaksson M, Lindblom P,
Mertens F, et al. Fusion of the SEC31L1 and ALK genes in an
inflammatory myofibroblastic tumor. Int J Cancer 2006;118:1181-6.
Delsol G, Lamant L, Mariamé B, Pulford K, Dastugue N, Brousset P,
et al. A new subtype of large B-cell lymphoma expressing the ALK
kinase and lacking the 2; 5 transiocation. Blood 1997;89:1483-90.
Gascoyne RD, Lamant L, Martin-Subero JI, Lestou VS, Harris NL,
Miller-Hermelink HK, et al. ALK-positive diffuse large B-cell lym-
phoma is associated with Clathrin-ALK rearrangements: report of 6
cases. Blood 2003;102:2568~73.

Van Roosbroeck K, Cools J, Dierickx D, Thomas J, Vandenberghe P,
Stul M, et al. ALK-positive large B-cell lymphomas with cryptic
SEC31A-ALK and NPM1-ALK fusions. Haematologica 2010;95:
509-13.

19,
20.

21,

22,
23,

24,

25,
26,
27.
28,
29,

30.

31.

32,

33.

34,

35.

36,

37.

38.

Takeuchi K, Soda M, Togashi Y, Ota Y, Sekiguchi Y, Hatano S, et al,
Identification of a novel fusion, SQSTM1-ALK, in ALK-positive large
B-cell lymphoma. Haematologica 2010.

Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S,
et al. Identification of the transforming EML4-ALK fusion gene in non-
small-cell lung cancer. Nature 2007;448:561-6.

Takeuchi K, Choi YL, Togashi Y, Soda M, Hatano S, Inamura K, et al.
KIFSB-ALK, a novel fusion oncokinase identified by an immunohis-
tochemistry-based diagnostic system for ALK-positive lung cancer.
Clin Cancer Res 2009;15:3143-9.

Chan JK, Lamant L, Algar E, Delsol G, Tsang WY, Lee KC, et al. ALK+
histiocytosis: a novel type of systemic histiocytic proliferative disorder
of early infancy. Blood 2008;112:2965-8.

Du XL, Hu H, Lin DC, Xia SH, Shen XM, Zhang Y, et al. Proteomic
profiling of proteins dysreguited in Chinese esophageal squamous
cell carcinoma. J Mol Med 2007;85:863-75.

Jazii FR, Najafi Z, Malekzadeh R, Conrads TP, Ziaee AA, Abnet C, et al.
Identification of squamous cell carcinoma associated proteins by
proteomics and loss of beta tropomyosin expression in esophageal
cancer. World J Gastroenterol 2006;12:7104-12.

Rikova K, Guo A, Zeng Q, Possemato A, Yu J, Haack H, et al. Global
survey of phosphotyrosine signaling identifies oncogenic kinases in
fung cancer. Cell 2007;131:1190~203.

Lin E, Li L, Guan Y, Soriano R, Rivers CS, Mohan S, et al. Exon array
profiling detects EML4-ALK fusion in breast, colorectal, and non-small
cell lung cancers. Mol Cancer Res 2009;7:1466-76.

Chiarle R, Voena C, Ambrogio C, Piva R, Inghirami G. The anaplastic
lymphoma kinase in the pathogenesis of cancer. Nat Rev Cancer
2008;8:11-23.

Kwak EL, Bang YJ, Camidge DR, Shaw AT, Solomon B, Maki RG, et al.
Anaplastic lymphoma kinase inhibition in non-small-cell lung cancer.
N Engl J Med 2010;363:1693-703.

Butrynski JE, D'Adamo DR, Hornick JL, Dal Cin P, Antonescu CR,
Jhanwar SG, et al. Crizotinib in ALK-rearranged inflammatory myofi-
broblastic tumor. N Engl J Med 2010;363:1727-33.

Falini B, Bigerna B, Fizzotti M, Pulford K, Pileri SA, Delsol G, et al. ALK
expression defines a distinct group of T/null lymphomas ("ALK lym-
phomas") with a wide morphological spectrum. Am J Pathol
1998;153:875-86. :

Sakairi Y, Nakajima T, Yasufuku K, Ikebe D, Kageyama H, Soda M,
et al. EML4-ALK fusion gene assessment using metastatic lymph
node samples obtained by endobronchial ultrasound-guided trans-
bronchial needle aspiration. Clin Cancer Res 2010;16:4938-45.
Nakajima T, Kimura H, Takeuchi K, Soda M, Mano H, Yasufuku K, et al.
Treatment of lung cancer with an ALK inhibitor after EML4-ALK fusion
gene detection using endobronchial ultrasound-guided transbron-
chial needle aspiration. J Thorac Oncol 2010;5:2041-3.

Jokoji R, Yamasaki T, Minami S, Komuta K, Sakamaki Y, Takeuchi K,
et al. Combination of morphological feature analysis and immunohis-
tochemistry is useful for screening of EML4-ALK-positive lung ade-
nocarcinoma. J Clin Pathol 2010;63:1066-70.

Mino-Kenudson M, Chirieac LR, Law K, Hornick JL, Lindeman N, Mark
EJ, et al. A novel, highly sensitive antibody allows for the routine
detection of ALK-rearranged lung adenocarcinomas by standard
immunohistochemistry. Clin Cancer Res 2010;16:1561-71.

Martelli MP, Sozzi G, Hernandez L., Pettirossi V, Navarro A, Conte D,
et al. EML4-ALK rearrangement in non-small cell lung cancer and non-
tumor lung tissues. Am J Pathol 2009;174:661-70.

Shiota M, Nakamura S, ichinohasama R, Abe M, Akagi T, Takeshita M,
et al. Anaplastic large cell lymphomas expressing the novel chimeric
protein pBONPM/ALK: a distinct clinicopathologic entity. Biood
1995;86:1954-60.

Takeuchi K, Choi YL, Soda M, Inamura K, Togashi Y, Hatano S, et al.
Multiplex reverse transcription-PCR screening for EML4-ALK fusion
transcripts. Clin Cancer Res 2008;14:6618-24.

Choi YL, Takeuchi K, Soda M, Inamura K, Togashi Y, Hatano S, et al.
Identification of novel isoforms of the EML4-ALK transforming gene in
non-small cell lung cancer. Cancer Res 2008;68:4971-6.

www.aacrjournals.org

Clin Cancer Res; 17(10) May 15, 2011

Downloaded from clincancerres.aacrjournals.org on February 16, 2012
Copyright © 2011 American Association for Cancer Research

— 335 —

3347



Published OnlineFirst March 23, 2011; DOI:10.1158/1078-0432.CCR-11-0063

Takeuchi et al.

39.

41.

42,

Onishi M, Kinoshita S, Morikawa Y, Shibuya A, Phillips J, Lanier LL,
et al. Applications of retrovirus-mediated expression cloning. Exp
Hematol 1996;24:324-9.

. Pillay K, Govender D, Chetty R. ALK protein expression in rhabdo-

myosarcomas. Histopathology 2002;41:461-7.

Passoni L, Longo L, Collini P, Coluccia AM, Bozzi F, Podda M, et al.
Mutation-independent anaplastic lymphoma kinase overexpression in
poor prognosis neuroblastoma patients. Cancer Res 2009;69:7338-
46.

Travis WD, Elisabeth B, Muller-Hermelink HK, Harris CC, editors.
Pathology and Genetics of Tumours of the Lung, Pleural, Thymus
and Heart. Lyon: IARC Press; 2004, -

. Krigjevska M, Fischer-Larsen M, Moertz E, Vorm O, Tulchinsky E,

Grigorian M, et al. Liprin beta 1, a member of the family of LAR

transmembrane tyrosine phosphatase-interacting proteins, is a new
target for the metastasis-associated protein S100A4 (Mts1). J Biot
Chem 2002;277:5229-35.

. Norrmén C, Vandevelde W, Ny A, Saharinen P, Gentile M, Haraldsen

G, et al. Liprin (beta)1 is highly expressed in lymphatic vasculature
and is important for lymphatic vessel integrity. Blood 2010;115:906-9.

. Debelenko LV, Raimondi SC, Daw N, Shivakumar BR, Huang D,

Nelson M, et al. Renal cell carcinoma with novel VCL-ALK fusion:
new representative of ALK-associated tumor spectrum. Mod Pathol
2010.

. Marino-Enriquez A, Ou WB, Weldon CB, Fletcher JA, Perez-Atayde

AR. ALK rearrangement in sickle cell trait-associated renal
medullary carcinoma. Genes Chromosomes Cancer 2011;50:
146-53.

3348  Clin Cancer Res; 17(10) May 15, 2011

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on February 16, 2012
Copyright © 2011 American Association for Cancer Research

— 336 —



Brief Report

Identification of a novel fusion, SQSTM1-ALK, in ALK-positive

large B-cell lymphoma

Kengo Takeuchi,* Manabu Soda,? Yuki Togashi,* Yasunori Ota,* Yasunobu Sekiguchi,* Satoko Hatano,* Reimi Asaka,*

Masaaki Noguchi,* and Hiroyuki Mano?®

*Pathology Project for Molecular Targets, The Cancer Institute, Japanese Foundation for Cancer Research, Tokyo; ?Division of
Functional Genomics, Jichi Medical University, Tochigi; *Department of Pathology, Toranomon Hospital, Tokyo; *Department of
Hematology, Urayasu Hospital, Juntendo University, Chiba; *CREST, Japan Science and Technology Agency, Saitama, Japan

~ ABSTRACT =

ALK-positive large B-cell lymphoma is a rare subtype of
lymphoma, and most cases follow an aggressive clinical
course with a poor prognosis. We examined an ALK-posi-
tive large B-cell lymphoma case showing an anti-ALK
immunohistochemistry pattern distinct from those of 2
known ALK fusions, CLTC-ALK and NPM-ALK, for the
presence of a novel ALK fusion; this led to the identification
of SQSTM1-ALK. SOSTM1 is an ubiquitin binding protein
that is associated with oxidative stress, cell signaling, and
autophagy. We showed transforming activities of SQSTM1-
ALK with a focus formation assay and an # vivo tumori-
genicity assay using 3T3 fibroblasts infected with a recom-
binant retrovirus encoding SQSTM1-ALK. ALK-inhibitor
therapies are promising for treating ALK-positive large B-cell

lymphoma, especially for refractory cases. SQSTM1-ALK
may be a rare fusion, but our data provide novel biological
insights and serve as a key for the accurate diagnosis of this
rare lymphoma.
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Introduction

Anaplastic lymphoma kinase-positive large B-cell lym-
phoma (ALK+LBCL) is a rare subtype of lymphoma that was
first described in 1997.! Approximately 50 cases have been
reported to date,” with most cases (60%) following an aggres-
sive clinical course.? In well-characterized cases, 3 genes have
been reported as a fusion partner of ALK: cathrin (CLTC-
ALK),* nucleophosmin (NPM-ALK)® and SEC31A (SEC31A-
ALK)” In this paper, we report a case of ALK+LBCL that har-
bored a novel ALK fusion partner, sequestosomel (SQSTM1).

Design and Methods

Materials

Biopsied specimens were fixed in 20% neutralized formalin and
embedded in paraffin for conventional histopathological examination.
We extracted DNA and total RNA from the snap-frozen specimens
and subsequently purified the samples. Written informed consent was
obtained from the patient. The study was approved by the
Institutional Review Board of the Japanese Foundation for Cancer
Research.

Immunchistochemistry
Formalin-fixed, paraffin-embedded tissue was used. For antigen

retrieval, we heated the slides for 40 min at 97°C in Target Retrieval
Solution (pH 9.0; Dako), and subsequently detected the immune com-
plexes with a dextran polymer reagent (EnVision+DAB system, Dako)
and an AutoStainer instrument (Dako).

Isolation of ALK fusion ¢cDNA

To obtain ¢cDNA fragments corresponding to novel ALK fusion
genes, we used an inverse reverse transcription-polymerase chain
reaction (RT-PCR) method slightly modified from one previously
reported.’ Double-stranded cDNA was synthesized from 2 pg of total
RNA with 1 pM of the primer ALKREVex22-23 (5'-
TGGTTGAATTTGCTGATGATC-3') and a cDNA Synthesis System
(Roche), and was self-ligated by incubation overnight with T4 DNA
ligase (TaKaRa Bio). We subjected the resulting circular cONA to PCR
(85 cycles of 94°C for 15 sec, 62°C for 30 sec, and 72°C for 1 min) with
primers ALKREV3T (5'-CTGATGGAGGAGGTCTTIGCC-3') and
ALKFWDex20-21 (5-ATTCGGGGTCTGGGCCAT-3") in a final vol-
ume of 20 uL. We subjected 1 pL of the 1:100 diluted reaction products
to a second PCR step (the same settings as above), with primers
ALKREVAT  (5-GGTTGTAGTCGGTCATGATGGTC-3") and
ALKFWDex21-22 (5'-AGTGGCTGTGAAGACGCTGC-3") in a final
volume of 20 pL. The resulting products were purified by gel extrac-
tion and directly sequenced in both directions with primers
ALKFWDex20-21 and ALKREV4T.

The fusion point of SQSTM1-ALK ¢DNA was amplified by RT-

The online version of this article has a Supplementary Appendix.
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PCR with primers SQSTM1 565F (5'-AAACACGGA-
CACTTCGGGT-3) and ALK3078RR (5’-ATCCAGTTCGTCCT-
GTTCAGAGC-3").

Full-length SQSTM1-ALK cDNA was obtained from the speci-
men by RT-PCR with primers SQSTM1v1-F90 (5’-CTCGCTATG-
GCGTCGCTCACCGTGAA-3") and KA-W-cDNA-out-AS (5'-
CCACGGTCTTAGGGATCCCAAGG-3").

Fluorescence in situ hybridization (FISH)

We performed FISH analysis of the gene fusion for unstained
slides (4 um thick) with bacterial artificial chromosome (BAC)
clone-derived DNA probes for ALK (RP11-984]121, RP11-62B19)
and SQSTM1 (RP11-55M16).

Transfermation assay for ALK fusion protein

We analyzed the transforming activity of SQSTM1-ALK as
described previously.""* Briefly, cDNA for SQSTM1-ALK was
inserted into the retroviral expression plasmid pMXS." The result-
ing plasmid and similar pMXS-based expression plasmids for
EML4-AIK variant 1 or NPM-ALK were used to generate recom-
binant ecotropic retroviruses, which were then used to infect
mouse 3T3 fibroblasts. We evaluated formation of transformed
foci after culturing the cells for 14 days. We subcutaneously inject-
ed the same set of 3T3 cells into nu/nu mice and examined tumor
formation after 20 days.

PCR for IGH gene rearrangement
Genomic PCR was used for amplification of the rearranged IGH

SQSTM1-ALK-positive L BCL

gene using the primers FRZA 5'-TGG(A/G)TCCG(A/C)CAG
(C/G)C(C/T(C/T)YCNGG-8" and LJH 5-ACCTGAGGAGACG-
GTGACC-3'. Several clones were sequenced after subcloning the
PCR product into pGEM-T-Easy Vector (Promega).

Results and Discussion

Case presentation

A 67-year old man was admitted with a tumor in the Jeft
side of his neck. A systemic workup revealed swelling of
cervical, mediastinal, and hilar lymph nodes. Blood counts
were within normal ranges. Lactose dehydrogenase was
slightly elevated (223 IU/L) in peripheral blood with high
IgG (2,425 mg/dL), normal IgA (157 mg/dL) and low IgM
(32 mg/dL) levels.

Histopathological examination of the biopsied specimen
from the cervical lymph node showed a diffuse infiltrate
of tumor cells with a round, vesicular nucleus containing a
centrally located large nucleolus. The cytoplasm was
abundant (Figure 1A). These features may be consistent
with immunoblasts or plasmablasts, but the size of tumor
cells was large compared with typical immunoblasts and
plasmablasts. Immunophenotypically, the tumor cells
were negative for CD3, CD4, CD5, CD10, CD20, CD57,
CD79a, and most cytokeratins (CK5/6, CK8, CK19,
CK20); focally positive for CD30 and cytokeratins
(AE1/AE3, CAMS .2, CK7, CK18) (Figure 1B); weakly pos-

Figure 1. Histopathology of SQSTM1-ALK-positive large B-cell lymphoma. (A) The pattern of tumor infiltration was diffuse. The lymphoma
cells were large with abundant cytoplasm and had round, vesicular nuclei, each containing a centrally located large nucleolus. These fea-
tures may be consistent with immunoblasts or plasmablasts, but the size of tumor cells was extremely large compared with these typical
cell types (Magnification 40x). (B) Some lymphoma cells expressed cytokeratin (AE1/AE3) (Maghnification 20x), (C) Syndecan1/CD138 was
strongly expressed (Maghnification 20x). (D) In anti-ALK immunohistochemistry, a diffuse cytoplasmic staining pattern with ill-demarcated

spots was clearly shown (Maghnification 20x).
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