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RUNXI mutation associated with clonal evolution in relapsed
pediatric acute myeloid leukemia with t(16;21)(p11;q22)
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Abstract TLS/FUS-ERG chimeric fusion transcript
resulting from translocation changes involving chromo-
somes 16 and 21 is a rare genetic event associated with
acute myeloid leukemia (AML). The distinct t(16;21) AML
subtype exhibits unique clinical and morphological fea-
tures and is associated with poor prognosis and a high
relapse rate; however, the underlying mechanism remains
to be clarified. Recently, whole-genome sequencing
revealed a large set of genetic alterations that may be rel-
evant for the dynamic clonal evolution and relapse patho-
genesis of AML. Here, we report three pediatric AML
patients with t(16;21) (pll; q22). The TLS/FUS-ERG
fusion transcript was detected in all diagnostic and relapsed
samples, with the exception of one relapsed sample. We
searched for several genetic lesions, such as RUNX!, FLT3,
c-KIT, NRAS, KRAS, TP53, CBL, ASXLI, IDHI/2, and
DNMT3A, in primary and relapsed AML samples. Inter-
estingly, we found RUNX/ mutation in relapsed sample of
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one patient in whom cytogenetic analysis showed the
emergence of a new additional clone. Otherwise, there
were no genetic alterations in FLT3, c-KIT, NRAS, KRAS,
TP53, CBL, ASXLI, IDHI/2, or DNMT3A. Our results
suggest that precedent genetic alterations may be essential
to drive the progression and relapse of t(16;21)-AML
patients.
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Introduction

Translocation t(16;21) (p11;922) is a rare reciprocal chro-
mosomal change observed in Ewing’s sarcoma [1], blast
crisis of chronic myelocytic leukemia (CML) [2] and acute
myeloid leukemia (AML) [3-5]. This translocation leads to
the formation of TLS/FUS-ERG fusion gene, resulting in
TLS/FUS-ERG chimeric protein [6]. The incidence of
t(16;21) AML is estimated to be 1 % of all de novo and
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secondary AML cases [7]. The chromosomal translocation
t(16;21)(p11:q22) has been diagnosed in adult and child-
hood AML with a wide range of age (1-60 years) and with
no sex predilection [6]. AML with t((16;21) is a unique
cytogenetic subtype that showed distinct clinical and
hematological characteristics. Unfavorable prognosis and
poor survival are considered the most prominent features of
t(16;21) AML [7], while hemophagocytosis, micromegak-
aryocytes, increases of eosinophils in bone marrow (BM),
and vacuolation of leukemic cells are frequently detected in
1(16;21) AML [6, 7]. Treatment of AML with
t(16;21)(p11:q22) represents significant therapeutic chal-
lenges with high relapse rate. Furthermore, post-relapse
treatment outcomes remain unsatisfactory for this group of
patients [6, 7]. Recently, it has been shown that CD56, a
neural cell adhesion molecule, is frequently expressed in
adult 1(16;21)-AML patients and it could be a useful
indicator for poor prognosis, failure of complete remission
(CR) and extramedullary involvement [7]. Although some
prognostic factors have been reported in AML patients
with 1(16;21) (p11;q22), the underlying mechanism of poor
prognosis and high relapse rate in those patients is not yet
fully understood. Thus, identification of new biological
markers is urgently needed and would be useful to establish
a new therapeutic strategy for t(16;21)-AML patients who
are at extremely high risk of relapse. A subset of recurrent
genetic alterations has been found in AML with potential
clinical implications [8-12]; therefore, these genetic
mutations are expected to hold prognostic importance for
AML patients. More recently, genome-wide analysis using
next generation sequencing have suggested two molecular
models involved in the relapse pathogenesis of AML. First,
the original clone in primary tumor is susceptible to gain
new mutations and evolves into the relapse clone. Second,
development of a subclone from the original clone, sur-
viving initial therapy, acquires additional mutations and
expands at relapse [13]. To investigate the genetic changes
associated with primary and relapsed samples, we per-
formed comprehensive genetic, clinical and morphological
assessments for three pediatric cases diagnosed as having
de novo AML with t(16;21)(p11;922) to delineate new
molecular features and better understand the mechanism of
relapse for this unique cytogenetic subtype of AML.

Patients and samples

Three patients satisfying the diagnostic criteria for AML
(according to the WHO classification) were included in this
study. Morphological diagnosis was made according to the
French—American-British (FAB) morphologic classifica-
tion. Cytogenetic analysis was performed for all patients at
diagnosis and after relapse. Peripheral blood (PB) and/or
BM samples were collected from all patients at diagnosis,
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during CR or after relapse and mononuclear cell fractions
were isolated using a Ficoll gradient. RNA and cDNA were
prepared following the manufacturer’s instructions (Roche
Diagnostics, Mannheim, Germany) and Genomic DNA
was isolated using the QIAmp DNA blood mini kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
protocol. Informed consent was obtained from the guard-
ians of all patients, in accordance with institutional
guidelines, and study protocols were approved by the
Institutional Review Boards of Nagoya University Gradu-
ate School of Medicine.

Cytogenetics analysis

Karyotyping of blood or BM cells from all patients was
done by routine G-banding karyotype analysis.

Detection of TLS/FUS-ERG fusion transcript
by RT-PCR

Reverse transcriptase polymerase chain reaction (RT-PCR)
and real-time PCR were performed to detect TLS/FUS-
ERG fusion transcript. In addition, sensitivity was evalu-
ated as described previously [6].

Flow cytometric analysis

We performed detailed surface marker analysis including
anti-CD13, CD10, CD33, CD34, CD15, CD41, CD38,
CD56, cytoplasmic myeloperoxidase (MPO), and HLA-
DR. (Positive and negative controls were examined along
with samples. Positivity was defined as involving more
than 20 % of the cells among the blast gate).

Mutation analysis of FLT3, ¢-KIT, NRAS, KRAS,
RUNXI1, TP53, CBL, TET2, ASXL1, IDH1/2
and DNMT3A

We investigated the following candidate genes at known
mutational hot spots: FLT3, ¢-KIT, IDHI/2, DNMT3A,
NRAS (exons 2 and 3), KRAS (exons 2 and 3), TET2 (exons
3-11), RUNXI (exons 3-8), ASXLI (exon 12), CBL (exons
7, 8, 9), and the complete coding region for TP53 were
searched by sequencing analysis after PCR amplification of
genomic DNA. PCR amplification and purification were
performed in a 25-pl PCR mix containing at least 50 ng of
template ¢cDNA using quick Taq PCRTM HS Dye mix
(Qiagen) under the following conditions: 94 °C for 2 min
(first denaturing step); 94 °C for 30 s; 65 °C for 30 s; 35
cycles of 68 °C for 30 s to 1 min, depending on PCR
product length; and 68 °C for 7 min (final extension step).
PCR products were purified from the reaction mixture
using the QIAquick PCR purification kit (Qiagen), and
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were directly sequenced on a DNA sequencer (ABI PRISM
3100 Genetic Analyzer; Applied Biosystems, Japan) using
a Big Dye terminator cycle sequencing kit (Applied Bio-
systems). All DNA sequence abnormalities were confirmed
by three independent experiments.

Results
Clinical and hematological features

Three de novo AML patients (two females, one male)
with a median age at onset of 2 years (range 2-10 years)
were included. The main clinical and hematologic fea-
tures of all patients are summarized in Table {. The
median white blood cell counts, percent of PB and BM
blast, were 2.7 x 10%/1 (range 1.9-39.2 x 10°/1), 53 %

(range 23-62 %) and 57 % (range 9.3-73 %), respec-
tively. Karyotypes of patient Nos. 1 and 2 at the onset
were t(16;21)(p11:q22) with additional abnormalities
observed in patient No. 2 in the form of 46, XY,
t(16;21)(p11:q22), add(11)(q13), del(13)(q12q14).
Patient No. 3 did not show the t(16;21)(p11;q22) and
showed various additional chromosomal abnormalities
(Table 2). Histopathologic examination of BM showed
leukemic cells with hemophagocytosis (erythrophagocy-
tosis and megakaryophagocytosis) and vacuolation
(Fig. 1). Among three AML patients with t(16;21), two
showed positivity for CD56, CD13+, 33+, 154, 34+,
MPO+-, HLA-DR+, while the other patient expressed
only CD13+, 334, HLA-DR+. CD56-positive cell per-
centage was 73.3 and 33 % in the diagnostic samples,
while at the relapsed one was 66 and 63 % in patient
Nos. 2 and 3, respectively.

Table 1 Clinical features of 3 pediatrics patients with TLS/FUS-ERG chimera

Patient  Sex/ WBC FAB CD56 DES 1st HSCT 2nd HSCT Overall ~ Survival Cause of
no. Age (xlOgll) classification {months) survival  outcome death
(Y) (months)
1 F/2 39.2 Ml - 15 At 2nd CR, from - >121 Alive -
HLA-mismatched
mother
2 M/2 2.7 M7 + 12 At Ist CR, from At st relapse. from 27 Death Relapse
unrelated HLA- HLA-mismatched
matched donor mother
3 F/10 1.9 M1 with + 10 At 2nd CR, from At 2nd relapse, from 45 Death Hepatitis

MLD

HLA-matched
sibling

HLA-mismatched
mother

MLD multilineage dysplasia, DFS disease-free survival, HSCT hematopoietic stem cell transplantation, CR complete remission

Table 2 Detailed cytogenetic analysis and mutations profile of 3 pediatrics patients with TLS/FUS-ERG chimera

D Disease Karyotype TLS/FUS- ERG Transcript Molecular alterations
stage chimera type
(COp]CS/HgRNA) RUNXI Others
1 At diagnosis 46.XX.t(16;21)(p11;q22)[8] 497814 B.C - -
2 46,XY.t1(16;21)(p11:q22)[8]/46, 6,960 B - -
idem, add(11)(ql3), del(13)
(q12q14) 6]
3 45.XX der(1;17), +8[2] 1,237,000 B - -
1 At relapse 46,XX,t(16;21)(p11;q22)[14] 28,304 B,C - -
2 46.XY.1(16;21)(p11;q22),add(1) (q12), 0 - + -
add(2)(p13),add(3)(q21), add(8)(p21), der
(8),1(8;11) (q11.2;q11), —11, —15,
add(15)(q24)[18]
3 47 X 4(X53)(p22;p12), add(1)(p34).der(1)ad(1)add 132,168 B - -
(1)(g21),add(7)(q32),-8,
©(8;11)(q24;q13),add(12)
(q24.1).add(17)(q21), +marl{18]
@ Springer
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Fig. 1 Morphologic examination of leukemic cells obtained from
bone marrow aspirates of t(16;21)-AML-CD356-positive pediatric
patients. a Leukemic cells with cytoplasmic vacuolation. b Leukemic

TLS/FUS-ERG fusion transcript

We detected the chimeric fusion TLS/FUS-ERG transcripts
in all cases at the onset of diagnosis (patient 1 had type B
and C fusion transcripts, patients 2 and 3 had type B fusion
transcript). However, in patient 2, the band of fusion
transcripts was absent at the relapse (Table 2). A serial
tenfold dilution of cDNA of patients’ samples was used to
detect the chimeric transcripts; type B and C transcripts
were found in very low-diluted solutions (107°).

Mutation profiling of pediatric patients with 1(16;21)
AML

We identified 203-bp (149_351) deletion that led to a
frameshift mutation at codon 137 in the runt domain of
AMLI/RUNXI at relapse in RNA sample obtained from
BM of patient No. 2 (Fig. 2a). Interestingly, missense point
mutation in TET2 (R835C) was detected in a diagnostic,
complete remission and relapsed BM samples obtained
from patient No. 3 (Fig. 2b), but 3 out of 50 healthy Jap-
anese control were found to harbor this mutation, indicat-
ing that TET2 (R835C) mutation could be encountered as
single-nucleotide polymorphism (SNP). All t(16;21)-AML
patients were negative for FLT3, ¢-KIT, NRAS, KRAS,
TP53, CBL, ASXLI, IDHI/2 and DNMT3A genetic
alterations.

Therapy and clinical outcome

Patient Nos. 1, 2, 3 received AML-oriented chemotherapy
(ECM regimen; VP16, AraC and Idarubicin), but they
relapsed after 15, 12 and 10 months respectively from the
onset of the disease. Patient No. 1 underwent HLA-ha-
ploidentical hematopoietic stem cell transplantation

@_ Springer

cells with erythrophagocytosis (white arrow) and megakaryocyte
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Fig. 2 RUNXI and TET2 alterations detected in pediatric patients
with t(16;21)(p11:q22). a Sequence data for AMLI/RUNXI gene in
patient No. 2. Nucleotide sequences showing wild-type exon 3 and 4
boundary of AMLI/RUNXI in cDNA and 201-bp deletion from exon
3 resulting in a frameshift mutation. b Sequence traces showing TET2
exon 3, C to T mutation at codon 835 in patient No. 3

(HSCT) from her mother during the 2nd complete
remission (CR) (25 months after the 1st CR) and she is
still alive. Patient No. 2 received HSCT from HLA-mat-
ched unrelated donor at 5 months after the 1st CR, but he
relapsed and received the 2nd HSCT from HLA 3 loci-
mismatched mother without induction chemotherapy. He
achieved 2nd CR after HSCT but experienced 2nd relapse
12 months later and died soon due to the disease pro-
gression. Patient No. 3 received HSCT from HLA-mat-
ched related sibling at 6 months after the 2nd CR.
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However, she relapsed 4 months after the 1st HSCT and
underwent 2nd HSCT from HLA 1 locus-mismatched
mother. She developed fulminant hepatitis (Caused by
adenovirus) and died 4 months after the 2nd HSCT.
Notably, two patients had poor prognosis with over all
survival (OS) 27 and 45 months and the other patient is
still alive (Table 1).

Discussion

Several studies demonstrated the clinical importance of
genetics in prognostification of AML patients and this
depends mainly upon the use of cytogenetic to categorize
patients into favorable, intermediate, or adverse cytogenetic
groups, in addition to identification of new molecular genetic
abnormalities. We would like to emphasize the importance
of cytogenetic analysis as well as genetic assessment in
predicting the clinical outcome of AML patients. Herein, we
report three pediatric AML patients with TLS/FUS-ERG
fusion transcript. Although t(16;21)(p11;q22) karyotype was
found in two out of three patients, chimeric fusion TLS/FUS-
ERG transcript was detected in all cases at the onset of
diagnosis and in two cases at the relapse phase, suggesting
that detection of TLS/FUS-ERG chimeric transcript by RT-
PCR has the upper hand in identification and monitoring of
t(16;21)-AML patients. On the other hand, it is quite possible
that absence of TLS/FUS-ERG fusion transcript at relapse
phase in patients No. 2 may be attributed to RNA degradation
eliminating the TLS/FUS-ERG transcripts. In line with our
results, Kong et al. [6] demonstrated that RT-PCR analysis
for detecting TLS/FUS-ERG chimeric fusion transcript is an
important monitoring tool for t(16;21)-AML patients during
various clinical stages. Remarkably, RUNXJ mutation was
detected in relapsed sample of one patient in whom cyto-
genetic analysis showed the emergence of a new additional
clone, while TET2 SNP was found at diagnosis, during
complete remission (CR) and after relapse. Our study
extends the findings of a recent study [13] showed that
genetic alterations could contribute to clonal evolution and
relapse pathogenesis. It has been shown that RUNXJ muta-
tions are frequently associated with AML disease [14—16]
and particular t(16;21)-AML patients [7]. Auewarakul et al.
[16] further demonstrated that a higher frequency of RUNX!
mutation was found in southeast Asian t(16;21)-AML
patients. Accumulated knowledge with strong evidence
supports the integral and important role of TET2 mutations in
myeloid diseases [17, 18]. Approximately, 17 % of AML
patients have been reported to carry TET2 mutations [19],
however, the prognostic impact of TET2 mutation in AML
remains enigmatic. Fathi et al. showed that there was no
association between TET2 mutations and patients’ survival
[19]. Conversely, other investigators have documented that

TET2 mutations were associated with low rate of complete
remission, decrease overall survival and worse clinical out-
come in patients with AML diagnosis [20]. In our study,
immunophenotypic analysis of leukemic cells in t(16;21)-
AML pediatric patients revealed positive expression for
CD13, CD15, CD34, CD33, CD56, MPO, HLA-DR. Spe-
cifically, CD56 was strongly expressed in patients with
decrease OS, but the small patients’ number makes it difficult
to draw a firm conclusion of this possible association. These
findings are similar to previous reports that showed variable
degree of surface markers expression in t(16;21)-AML
patients [21]. Jekarl et al. [7] clearly described that high
CD56 expression confer an unfavorable prognosis in AML
patients with t(16; 21)(p11;q22). In conclusion, our findings
lend significant credence for the use of CD56 as a prognostic
marker for AML patients with t(16;21)(p11;q22). Further
investigations are required to define precisely clonal evolu-
tions and mutational changes that may be relevant for relapse
pathogenesis of t(16;21) AML.
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