Homozygous JAK3 V674A mutation

~1 to 1), and MTX. Desired neutrophil counts (>500 per
L) were obtained by day 11, reticulocyte counts (>1.0 %)
by day 12, and platelet counts (>5.0 x 10* per L) by day
18. Stage 1 acute GVHD and limited chronic GVHD of the
skin have been observed. He remains in CR at 18 months
after his second allo-HSCT.

To identify additional genetic alterations at relapse, a
comprehensive genomic analysis of leukemic cells at the
initial diagnosis and at the time of relapse was performed.
Informed consent was obtained from his parents according
to the Declaration of Helsinki. First, genome-wide analy-
sis for genetic lesions was performed by single nucleotide
polymorphism (SNP) array analysis using the Affymetrix
Genome-Wide Human SNP 6.0 array (Affymetrix, Santa-
clala, CA, USA). The data obtained were processed using
CNAG software (http://www.genome.umin.jp). SNP array
analysis detected acquired losses at 2q14.1-q14.3, 5¢31.1,
13q13.3-q14.1, 13q14.2—q21.1, and 13¢21.1-q21.3, and
UPD at the 19p13.3-p12 locus, only in leukemic cells at
relapse (Table 1). Because ETP-ALL has been reported
to be characterized by activating mutations in genes regu-
lating cytokine receptors and RAS signaling (67 % of

Fig. 1 Results of a single A
nucleotide p’olymoxphlsm‘ (SNP) + Chromosome 19
array analysis for leukemic gt G bl kg
cells at initial diagnosis (a)
and relapse (b). The blue line
shows the total gene dosage.
The green and red lines show
allele-specific gene dosage
levels. Uniparental disomy
(UPD) at the 19p13.3-p12
locus was detected at relapse
(brown line), whereas UPD
was absent at initial diagnosis.
Results of direct sequencing
for the JAK3 gene in leukemic
cells at initial diagnosis (¢) and
relapse (d). e Primary structure
of JAK3 showing the location
of the point mutation (V674A).

cases; NRAS, KRAS, FLI3, IL7R, JAK3, JAKI, SH2B3,
and BRAF) [2], we focused on the UPD at 19p13.3-p12,
where the JAK3 gene is located (Fig. la, b). Thus, direct
sequence of JAK3 was performed. The entire coding region
of the JAK3 was amplified by RT-PCR using the primers
listed in supplemental Table 1. Then, the PCR products
were sequenced using Big Dye Terminator Sequencing
Kit (Applied Biosystem, Darmstadt, Germany). Direct
sequencing of the JAK3 gene revealed that a hemizygous
JAK3 V674A mutation was present in leukemic cells at
diagnosis (Fig. 1c). Interestingly, direct sequencing of the
JAK3 gene revealed the loss of normal allele (Fig. 1d).
Considering UPD at 19p13.3-pl12, JAK3 V674A was
homozygous at relapse.

Next, we performed whole-exome sequence (WES)
of the paired samples in this case. The procedure of WES
is same as previously described [5]. Briefly, exome cap-
ture was performed using SureSelect Human All Exon
V5, and enriched exome fragments were then subjected
to massively parallel sequencing using HiSeq 2000 plat-
form (Illumina). The mean depth of WES was 129, 90, and
101 for the diagnostic, relapsed, and reference specimens,

B
,Chromosome 19

V674A mutation was previously
reported only in two T-ALL
patients. FERM, band 4.1 ezrin,
radixin, and moesin domain;
SH2, src homology domain;
JH2, pseudokinase domain; and

JH1, kinase domain
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Table 2 The list of mutated
genes in diagnostic and relapsed
samples in whole-exome
sequencing

@ Springer

Sample Gene Amino acid change Nucleotide change Variant frequency
Relapse AHNAK2 p. V12221 c.G3664A 0.375
Diagnosis AHNAK2 p.V12221 c.G3664A 0.520408163
Relapse ARHGEFI0L p.R674C ¢.C2020T 0.536585366
Diagnosis ARHGEFIOL p.R674C ¢.C2020T 0.566037736
Relapse ATPIB4 p-R280X c.C838T 0.8
Diagnosis ATPIB4 p-R280X c.C838T 0.873015873
Relapse GALNTLG6 p.G26A c.G77C 0.355263158
Diagnosis GALNTL6 p.G26A c.G77C 0.464285714
Relapse GATA3 p-R276Q c.G827A 0.84057971
Diagnosis GATA3 p-R276Q c.G827A 0.897435897
Relapse JAK3 p.V674A c.T2021C 0.89189189
Diagnosis JAK3 p.V6T4A c.T2021C 0.41558442
Relapse LAMAI p.R1180C c.C3538T 0.344262295
Diagnosis LAMAI p-R1180C c.C3538T 0.472
Relapse LILRBS p.A104V c.C311T 0.295081967
Diagnosis LILRBS p-A104V c.C311T 0.4

Relapse MMP3 p.R110S c.G330T 0.315789474
Diagnosis MMP3 p.R110S ¢.G330T 0.514084507
Relapse MYB p.-W82R c.T244A 0.353846154
Diagnosis MYB p-W&2R c.T244A 0.415662651
Relapse MYO5B p.C798F ¢.G2393T 0.53030303
Diagnosis MYOSB p.C798F ¢.G2393T 0.473684211
Relapse NCORI p.E1345X ¢.G4033T 0.469798658
Diagnosis NCORI p.E1345X c.G4033T 0.709803922
Relapse NOTCHI p-Q2391X c.C7171T 0.454545455
Diagnosis NOTCH!I p.Q2391X c.C7171T 0.395522388
Relapse OR52K1 p-R302H c.G905A 0.489655172
Diagnosis ORS52K1 p.R302H c.G90SA 0.470899471
Relapse PIDD p.A499T c.G1495A 0.339285714
Diagnosis PIDD p.A499T c.G1495A 0.421052632
Relapse RPIN p-G159S c.G475A 0.116731518
Diagnosis RPTN p.G159S c.G4T5A 0.105960265
Diagnosis ARVCF p.-N5D c.A13G 0.578947368
Diagnosis DMKN p.G2718 c.G811A 0.636363636
Diagnosis KRT24 p-N222 K c. T666A 0.571428571
Diagnosis MUC17 p.T1541P c.A4621C 0.148479428
Diagnosis NOTCHI p.I1718T ¢.T5153C 0.449704142
Diagnosis PRDM9 p.R842S c.C2524A 0.153153153
Diagnosis STS p.R478 W c.C1432T 0.37
Relapse AIRE p.G8R c.G22A 0.373913043
Relapse APIGI p-Q470P c.A1409C 0.423423423
Relapse CASPS pR23 fs c.67delA 0.14953271
Relapse CSMD3 p.L1821F c.G5463T 0.374301676
Relapse DSCAM p.R1624 M c.G4871T 0.368421053
Relapse FRGI p-R128C c.C382T 0.072
Relapse JAKI p.E1012G c.A3035G 0.157894737
Relapse L2HGDH exon5:¢.409-1G>T 0.333333333
Relapse LIMAI p.V54F c.G160T 0.538461538
Relapse MIER2 exonl1:¢.984 + 1G>T 0.289719626
Relapse MMP27 exon4:c.490 + 1G> C 0.379746835
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Table 2 continued

Sample Gene Amino acid change Nucleotide change Variant frequency
Relapse N4BP2L2 p-M5491 ¢.G1647T 0.368421053
Relapse SF3A2 p.A385T ¢.G1153A 0.909090909
Relapse SLC23A2 p-M5T1 c.GI71A 0.444444444
The mutations of the listed Relapse SNX10 p.R10C c.C28T 0.201834862
genes except for JAK3 were not Relapse SPEG p-W243L ¢.G728T 0.355555556
validated by other analysis, such  Relapse SYNJ1 p.L1320 M c.T3958A 0.333333333
as the targeted deep sequencing  pop e ZFR p.VISIA . T542C 0.474576271

and/or Sanger sequencing

respectively. More than 90 % of the targeted exons were
analyzed by more than 30 independent reads (96.3 % for
diagnostic, 91.1 % for relapsed, and 94.8 % for reference
specimens, respectively).

The buccal cells were used as normal control. The result
was summarized in Table 2. There were 16 genes which
were mutated both in diagnostic and relapsed samples
and included essential transcriptional factors related to
T-ALL, such as GATA3, MYB and NOTCHI {2, 6]. Inter-
estingly, JAK3 V674A mutation was identified in both
samples and the frequency was almost double in relapsed
sample, which was consistent with the result of SNP array
analysis. Although the results of WES were not validated
by Sanger sequencing and/or targeted deep sequencing,
there were 7 and 18 genes only in diagnostic and relapsed
samples, respectively. JAK/ E1012G was identified only
in relapsed samples with low frequency, suggesting this
mutation was not associated with the relapse. To the best of
our knowledge, there was no genetic alteration which was
known to be associated with T-ALL in 18 mutated genes
found only in relapsed samples. These findings suggested
that homozygous JAK3 mutation was potentially associated
with the relapse in this case.

Discussion

JAK3 is a cytoplasmic tyrosine kinase that plays an
important role in T-cell development and function [7, 8].
Recently, mutations of pseudokinase domain of JAK3
including V674A have been identified in T cell leukemia
(Fig. le) [2, 9, 10]. Bergmann et al. [10] indicated V674A
could increase kinase activity by disrupting the activation
loop and the interface between N and C lobes, increasing
the accessibility of the catalytic loop. Indeed, Choi et al. [3]
demonstrated that 32D cells expressing JAK3 V674A grew
. in the absence of cytokine, showing that the JAK3 V674A
mutation abrogates the cytokine dependency of 32D cells.
These findings suggest that JAK3 V674A contributes to
leukemogenesis and could be a therapeutic target.
Raghavan et al. [11] reported that approximately 40 %
of patients with acute myeloid leukemia (AML) exhibit a
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newly acquired UPD at relapse, and an acquired UPD fre-
quently results in a homozygous mutation, most commonly
internal tandem duplications (ITDs) of FLT3 on chromo-
some 13. This suggests that mitotic recombination is an
important mechanism responsible for recurrence of AML.
As described above, ETP-ALL is characterized by activat-
ing mutations in genes regulating cytokine receptors and
RAS signaling, such as JAK3 [2]. In this ETP-ALL patient,
we identified a newly acquired UPD at relapse, resulting in
a homozygous JAK3 V674 A mutation. In addition, WES of
paired samples identified 18 genes mutated only in relapsed
sample. Although there is the possibility that some of these
18 mutated genes are associated with the relapse, none of
them except for JAKI was known to be associated with
T-ALL. These findings suggest homozygous JAK3 V674A
mutation might be deeply associated with the relapse in this
case. Further genetic analysis of more patients with paired
leukemic samples is required to assess the contribution of
not only UPD of JAK3 mutation, but also other genetic
alterations to the relapse of ETP-ALL.

Conflict of interest The authors report no potential conflicts of
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The Leucine Twenty Homeobox (LEUTX) Gene,
Which Lacks a Histone Acetyltransferase Domain, is
Fused to KAT6A in Therapy-Related Acute Myeloid
Leukemia with t(8;19)(pl1;q13)

Yoshiaki Chinen,' Tomohiko Taki,> Yasuhiko Tsutsumi,' Satoru Kobayashi,' Yosuke Matsumoto,’
Natsumi Sakamoto,' Junya Kuroda,' Shigeo Horiike,' Kazuhiro Nishida,' Hirofumi Ohno,® Naokuni Uike,’
and Masafumi Taniwaki'™*

'Department of Molecular Hematology and Oncology, Kyoto Prefectural University of Medicine Graduate School of Medical Science,
Kyoto, Japan

Department of Molecular Diagnostics and Therapeutics, Kyoto Prefectural University of Medicine Graduate School of Medical
Science, Kyoto, Japan
*Department of Hematology, National Kyushu Cancer Center, Fukuoka, Japan

The monocytic leukemia zinc finger protein KAT6A (formerly MOZ) gene is recurrently rearranged by chromosomal trans-
locations in acute myeloid leukemia (AML). KAT6A is known to be fused to several genes, all of which have histone acetyl-
transferase (HAT) activity and interact with a number of transcription factors as a transcriptional coactivator. The present
study shows that the leucine twenty homeobox (LEUTX) gene on 19q13 is fused to the KAT6A gene on 8pl | in a therapy-
related AML with t(8;19)(p! 1;q13) using the cDNA bubble PCR method. The fusion transcripts contained 83 nucleotides
upstream of the first ATG of LEUTX and are presumed to create in-frame fusion proteins. LEUTX is known to have a
homeobox domain. Expression of the LEUTX gene was only detected in placenta RNA by RT-PCR, but not in any tissues
by Northern blot analysis. The putative LEUTX protein does not contain any HAT domain, and this is the first study to
report that KAT6A can fuse to the homeobox gene. The current study, with identification of a new partner gene to KAT6A
in a therapy-related AML, does not elucidate the mechanisms of leukemogenesis in KATéA-related AML but describes a
new gene with a different putative function.  © 2014 Wiley Periodicals, Inc.

INTRODUCTION French-American-British classification M4 or M5
phenotype (Aguiar et al., 1997). The most frequent
translocation partner gene for KAT6A is CREBBP
in t(8;16)(p11.2;p13.3) (Borrow et al., 1996), other
8pl1 rtranslocations involving KAT6A give rise to
fusion oncogenes such as KAT6A-NCOAZ (nuclear
receptor coactivator 2, also known as 7/FZ2 or
GRIPI) in inv(8)(pl1ql3) (Liang et al., 1998),

Several leukemias are genetically characterized
by the presence of acquired translocations and
inversions that result in fusion genes of pathoge-
netic, diagnostic, and prognostic importance. The
8pl1 translocations result in diverse oncogenic
fusion genes involving fibroblast growth factor
receptor 1 (FGFRI) or monocytic leukemia zine fin-
ger protein (KAT6A, previously MOZ or MYST3).
FGFRI encodes a receptor tyrosine kinase, rear-
rangements of which have been associated with ma research program of the Project for Development
stem cell leukemia/lymphoma or myeloproliferativc: of Innovative Research on Cancer Therapeutics (P-Direct) and a

neoplasm, whereas KAT6A is a member of a histone Grant-in-Aid for Scicntific Research (C) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan.

acetyltransferase family associated with monoblas- *Correspondence to: Masafumi Taniwaki MD, PhD, Depart-
tic and monocytic leukemia (Patnaik et al., 2010). ment of Molecular Hematology and Oncology, Kyoto Prefectural
o . . . University of Medicine Graduate School of Medical Science, 465
KAT6A-related translocations are associated with

Kajii-cho, Kawaramachi-hirokoji, Kamigyo-ku, Kyoto 602-8566,
the same type of acute myeloid leukemia (AML), Japan. E-mail: taniwaki@koto.kpu-m.ac.jp
with blast cells of a monocytoid phenotype having Received 13 August 2013; Accepted 5 December 2013
d throphagocytic activity. This sub- DOI 10.1002/gec.22140
pronounced erythropnagocy Y. A8 Published online 21 January 2014 in
type 18 found in ~2% of cases of AML with the Wiley Online Library (wileyonlinelibrary.com).
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KAT6A-EP300 (adenoviral EIA-associated protein
p300) in «(8;22)(p11;q13) (Chaffanet et al., 2000),
and KAT6A-NCOA3 (nuclear receptor coactivator 3,
also known as TRAM-1, RAC3, pCIP, or AIB-1) in
©(8;20)(p11;q13) (Esteyries et al, 2008). These
fusion genes produce the same disease pattern with
blast cells of a monocytoid phenotype. Previous
studies have revealed that KA76A is essential
for the self-renewal of hematopoietic stem cells
(Katsumoto et al., 2006; Thomas et al., 2006), and
KAT6A fusion proteins enable the transformation
of non-self-renewing myeloid progenitors into leu-
kemia stem cells (Huntly et al., 2004). Other data
have shown that KAT6A cooperates with MLL to
regulate HOX gene expression in human cord
blood CD34+ cells (Paggetti et al., 2010). In the
present study, a case of therapy-related AML with
t(8;19)(p11;q13) was analyzed and a novel KATGA
fusion partner was identified using the cDNA bub-
ble PCR method.

MATERIALS AND METHODS

Patient

A 71-year-old male was initially diagnosed as
having non-Hodgkin’s lymphoma (diffuse large B-
cell lymphoma, DLBCL, stage IIIA, IPL: high-
intermediate). He was treated with six cycles of
chemotherapy consisting of R-THP-COP (rituxi-
mab, pirarubicin, cyclophosphamide, vincristine,
and prednisolone), after which partial remission
was obtained. Six months after treatment initia-
tion, he presented to the hospital complaining of
general malaise and dyspnea. Complete blood cell
count on admission demonstrated elevated white
blood cell count (6.62 X 10%/1, 44% blast) and
thrombocytopenia (46 X 10%/1). Bone marrow aspi-
rate showed 78.4% blast cells, and cytochemical
studies revealed that the blast cells were positive
for myeloperoxidase, non-specific esterase (butyr-
ate esterase), and specific esterase (chloroacetate
esterase). He was diagnosed as having AML
(FAB M4). Flow cytometric study also revealed
that the vast majority of leukemic cells were posi-
tive for CD4, CD13, CD33, CD56, and HLA-
DR, and high serum and urine lysozyme levels
were observed (28.9 mg/l and 0.4 mg/l, respec-
tively). These findings were also consistent
with AML (FAB M4). Erythrophagocytosis was
observed in bone marrow smears; however, extra-
medullary involvement was not observed. Other
significant laboratory data included elevated lac-
tate dehydrogenase (LDH) of 2,093 IU/l, fibrin
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degradation product (FDP) of 21.6 pg/ml, and
p-dimer of 16.9 ng/ml, which suggested dissemi-
nated intravascular coagulation (DIC). The
patient did not respond to induction chemotherapy
with idarubicin and cytarabine, but responded par-
tially to second line therapy with gemtuzumab
ozogamicin. However, he died four months after
the diagnosis of AML because of leukemia progres-
sion. After informed consent was obtained from the
patient, the leukemic cells at diagnosis were ana-
lyzed. The Institutional Review Board of Kyoto
Prefectural University of Medicine approved this
study.

Spectral Karyotyping Analysis

Spectral karyotyping (SKY) analysis was per-
formed with a Sky Painting kit (Applied Spectral
Imaging, MigdalHa’Emek, Israel). Signal detec-
tion was performed according to the manufac-
turer’s instructions.

Fluorescence In Situ Hybridization Analysis

Fluorescence in situ hybridization (FISH) analy-
sis using KAT6A-specific BAC clones (RP11-45111,
3" of KAT6A and RP11-589C21, 5 of KAT6A) was
carried out as previously described (Taniwaki et al,,
1994).

cDNA Bubble PCR

c¢cDNA bubble PCR was conducted as previ-
ously described (Chinen et al., 2008), and its out-
line is shown in Figure 1. The sequences of all
primers used in this study are listed in Table 1.
Nested PCR was performed using the primers
NVAMP-1 (bubble oligo) and MOZ-E16-1S for
first-round PCR, and NVAMP-2 (bubble oligo)
and MOZ-E16-2S for nested PCR. Poly(A)+ RNA
was extracted from the patient’s leukemic cells
using the QuickPrep Micro mRNA Purification
Kit (GE Healthcare, Waukesha, WI).

Bubble PCR of Genomic DNA

Bubble PCR of genomic DNA was performed
as previously described (Smith, 1992; Zhang et al,,
1995). Primers used were as follows: NVAMP-1
and MOZ-GNM2S1 for first-round PCR, and
NVAMP-2 and MOZ-GNM2S2 for second-round
PCR (Table 1).

RT-PCR and Genomic PCR Analyses

RT-PCR and genomic PCR analyses were per-
formed as previously described (Chinen et al,
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1. Synthesize double-stranded cDNA
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Random hexamer

2. Blunt end with T4 DNA polymerase and digestion by the restriction enzyme

3. Ligate bubble oligo
2N
V20N M\'I/ﬂ -\
— NVAMP2™® NVAMP1 -
h R R -

4. Initiate strand synthesis by a specific KAT6A primer proceeding to the end of the

bubble oligo

KAT6A 1st
—dp

5. Amplify with KAT6A and bubble primers

KATBA 1st
________________ e
NVAMP1
6. Amplify with nested primers
KAT6A 2nd
».....). ................................ S
~~~~~~~~~~~~~ A
NVAMP2

Figure 1. Outline of ¢cDNA bubble PCR. Bubble PCR primers
(NVAMP-1 and NVAMP-2) can only anneal with one complementary
sequence for bubble oligo synthesized with KATéA primer but not bub-
ble oligo itself; therefore, this single-stranded bubble provides the spec-
ificity of the reaction. The sequences of primers used are listed in
Table |. Nested PCR was performed using primers NVAMP-1 (bubble
oligo) and MOZ-El6-IS for Ist round PCR, and NVAMP-2 (bubble

2008). After 35 rounds of PCR (30 s at 94°C, 30 s
at 55°C, and 1 min at 72°C), 5 pl of PCR product
was electrophoresed in a 3% agarose gel. Primer
pairs were as follows: MOZ-E16-1S/MF19-1AS and
MOZ-3A/MF19-18 for RT-PCR; MOZ-GNM2S52/
MF19-GNMZ2A and MF19-GNM2S/MOZ-GNM2A
for genomic PCR; MOZ-E16-1S/LEUTX-5A for
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oligo) and MOZ-E16-2S for nested PCR for the detection of KAT6A-
LEUTX fusion transcripts, and primers NVAMP-1 and MOZ-GNM2S|
for |st round PCR, and NVAMP-2 and MOZ-GNM2S2 for nested PCR
for the detection of KAT6A-LEUTX genomic fusion point. NVAMPI and
NVAMP2 can only anneal to the newly synthesized unique sequence of
the bubble oligo by MOZ-E!6-1S.

RT-PCR to detect whole sequence of LEUTX in
the chimeric transcript (Table 1).
Nucleotide Sequencing

Nucleotide sequences of PCR products and, if
necessary, subcloned PCR products were analyzed
as previously described (Chinen et al., 2008).

Genes, Chromosomes & Cancer DOT 10.1002/gec
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Expression Analysis of LEUTX in Normal Tissues

Pre-made Northern blots (human 12 lane MTN
blot, Clontech, Palo Alto, CA) were hybridized to

TABLE I. Primers Used in This Study

Forward primers

MOZ-El6-1S GGTGTCAGTCCTCTTCTAAG
MOZ-El6-2S GATGAAGAGTCAGATGATGCTG
MOZ-GNM2S| CCCTGATTAAGTTCCCATGG
MOZ-GNM2s2 TTGCTGATGCAGCCATTTCC
MF19-18 CACACGGTTTTCAGCCTCAT
MF19-GNM2S TCCCTTCAGTCTCTCACCCA
Reverse primers
MF19-1AS AGTCTCCTCCTTCTTCACTG
MOZ-3A GCGTCATTGAGCCCATCGTTTCCA
MF19-GNM2A CCAGTGGCAGAACAGTGAAT
MOZ-GNM2A TACTCTAGGCCATGACTGAG
LEUTX-5A TTACACTGAAGATTGGAGCTGG
Bubble PCR primers
NVAMPI TGCTCGTAGTAATCGTTCGCAC
NVAMP2 GTTCGCACGAGAATCGCAAGAT

der{19) ‘

probes labeled using the Dig-labeled PCR method
according to the manufacturer’s instructions
(Roche Applied Science, Gilroy, CA). Probes were
112 bp LEUTX cDNA fragments (nucleotides
166-667; GenBank accession no. NM_001143832).
Human 1st strand ¢cDNA Mix was used for RT-
PCR (Genostaff, Tokyo, Japan).

RESULTS

Identification of the KAT6A-LEUTX Fusion
Transcript

G-banding of the leukemic cells of the patient
revealed 46,XY,t(8;19)(p11;q13) in all 20 cells ana-
lyzed, and it was confirmed by SKY (Fig. 2A).
Because the patient was diagnosed as having AML-
M4 with hemophagocytosis, and not a myeloproli-
ferative neoplasm, a KAT6A rearrangement was
thought more likely than an #GFR] rearrangement.
FISH analysis using KAT6A-specific BAC clones

Figure 2. A: SKY analysis. Arrows indicate rearranged chromosomes. B: FISH analysis. RP{1-
589CI11 (green, 3’ side of KAT6A) and RP11-45111 (red, 5 side of KAT6A). One fusion signal was

detected on chromosome 8.
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showed KAT06A splic signals on der(8) and der(19)
(Fig. 2B). The ¢DNA bubble PCR method was
performed to identify the KAT6A fusion partner,
Products of various sizes were obtained (Fig. 3A),
and one product contained a 25 bp KATGA
sequence fused to an 84 bp unknown sequence
(Fig. 3B). Inidally, a BLAST search revealed that
the unknown sequence was identical to that of a
gene encoding a hypothetical protein identified
from a human placenta ¢cDNA library (GenBank
accession no. CR746510); later, that sequence was
shown to be part of the LEUTX (leucine twenty
homeobox) gene (GenBank accession no.
NR_003931). RT-PCR confirmed the in-frame
fusion transcript of the exon 16 of KAT6A and exon
2 of LEUTX (Fig. 3C). The NCBI database showed
that the LEUTX gene consists of three exons; how-
ever, the predicted amino acid sequence of LEUTX
exon 1 continues in frame into exon 2 (Fig. 4).
Although we attempted to find upstream LEUTX
sequences, no upstream exon could be identified
by bubble PCR. Another RT-PCR to detect the
fusion transcripts contained whole sequence from
exon 2 and to the stop codon of exon 3 were ampli-
fied (Fig. 3D).
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(bp)
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344 —
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Figure 3. Identification of KAT6A-LEUTX fusion transcript. A: Bubble
PCR products by nested PCR using MOZ-EI6-1S and NVAMPI for
the Ist PCR, and MOZ-E[6-2S and NVAMP2 for the 2nd PCR
(lane 1). M, size marker. B: Sequence analysis of KAT6A-LEUTX fusion
transcript. C: Detection of KAT6A-LEUTX fusion transcripts by RT-PCR.
Primers used are: MOZ-E[6-1S and MFI9-1AS for 5'-KAT6A-LEUTX—3’
(lanes | and 2); MF19-1S and MOZ-3A for reciprocal fusion transcripts

I

Detection of KAT6A-LEUTX Genomic Junctions

To isolate the fusion point of chromosomes 8
and 19, bubble PCR was performed on genomic
DNA previously digested with Heelll, and nested
PCR products were detected using the primers
MOZ-GNM2S2 and NVAMP2 (Fig. 5A). Sequence
analysis of the subcloned PCR product revealed
the genomic junction of 5-KAT6A-LEUTX~3, and
the result was confirmed by PCR analysis using the
primers MOZ-GNM2S2 and MF19-GNMZ2A (Fig
5B). Bubble PCR on genomic DNA revealed that
the genomic breakpoints were within intron 16 of
KAT6A and 4,314 bp upstream of the known first
exon of LEUTX (Fig. 5C). The fusion products of
exon 1 of LEUTX and exon 16 of KAT6A were not
detected by RT-PCR.

Expression of the LEUTX Gene

To examine the expression of the LEUTX gene
at the RNA level, Northern blot analysis was per-
formed using the LEUTX ¢DNA probe spanning
exons 2-3. LEUTX RNA could not be detected in
12 various human tissues (including brain, heart,
skeletal muscle, colon, thymus, spleen, kidney,

KATBA exon 16 === | EUTX exon 2

.

ARG AGTCAGATGAT GL T GATGIAGGGC CAAGGCGTTATCGT CG G
244

283 § 262 271
A
WA o i ned 43 b NG ¥,

D
(bp)
500 =

(lanes 3 and 4), and primers for P-actin (lanes 5 and 6). Lanes |, 3,
and 5, patient’s leukemic cells; lanes 2, 4, and 6, normal peripheral lym-
phocytes. D: Detection of KAT6A-LEUTX fusion transcripts with a
primer containing the stop codon of LEUTX by RT-PCR. Primers used
are: MOZ-E16-1S and LEUTX-5A. Lane [, patient’s leukemic cells;
lane 2, water; M, size marker.
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CTGCACACGGTTTTCAGCCTCATGCCTCCGTGGAACCTGCCTGTCAGGCGGGCACCTGGA
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Ex2
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Figure 4. Partial sequencing of LEUTX cDNA. The NCBI database (GenBank accession no.
NR_003931) shows that the LEUTX gene consists of three exons, and that the boxed ATG in
exon 2 is the translation initiation codon of LEUTX; however, the frame is open all of the way to
5 end of exon . Although we attempted to find upstream LEUTX sequences, no sequences

could be identified by bubble PCR.
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MOZ-GNM28-2 = MOZ-GNM2A sKb

Figure 5. Cloning of the genomic junction of KAT6A and LEUTX. A:
Bubble PCR for genomic DNA. P, patient’s leukemic cells; N, normal
peripheral lymphocytes. B: Detection of the genomic fusion point of
KAT6A-LEUTX by PCR. Primers used are MOZ-GNM2S-2 and MFi9-
GNM2A (lanes [-3), and MFI9-GNM2S and MOZ-GNM2A (lanes 4-

liver, small intestine, placenta, lung, and periph-
eral blood leukocytes). RT-PCR with the human
c¢DNA mix with 12 tissues (including brain, heart,
liver, lung, kidney, stomach, small intestine, large
intestine, muscle, spleen, placenta, and testis) also
could not detect any LEUTX gene transcript.
Since the NCBI expressed sequence tag (EST)
database showed that LEUTX was expressed only
in placenta, RT-PCR was performed using human
placental total RNA (Clontech, Palo Alto, CA) as
template, which finally revealed the normal
LEUTX twanscript. No expression of the LEUTX
transcript was found in any leukemic cell line,
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6). Lanes | and 4, patient’s leukemic cells; lanes 2 and 5, leukemic cell
line PEER; lanes 3 and 6, water. M, size marker. C: Physical map of the
breakpoint regions. Black boxes represent defined exons in each gene.
Horizontal arrows show the primers used. Restriction sites are indi-
cated by capital letters: G, Bgll; B, BamHI.

such as Kasumi-3, ML-1, LAZ-22, TS 9,22, or
THP-6 (data not shown).

DISCUSSION

This study identified a novel KAT6A-LEUTX
fusion gene in a patient with therapy-related AML
(FAB-M4) with t(8;19)(p11;q13). This is the sixth,
but unique, KAT6A fusion partner which does not
have a HAT domain (Fig. 5). Several previous
studies have reported AMIL.-M4 or M5 cases with
1(8;19)(p11;q13) (Brizard et al., 1988; Stark et al,,
1995), and a KAT6A rearrangement was detected
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in an AML-M5 with «(8;19)(p11;q13) (Gervais
et al., 2008), suggesting that this fusion is recur-
rent. T'o date, five genes have been identified as
KAT6A fusion partners in translocations including
CREBBP, EP300, NCOAZ2, NCOA3, and ASXLZ in
leukemia (GenBank accession no. AB084281)
(Imamura et al, 2003) (Fig. 6). LEUTX and
ASXL2 differ from the other fusion partner genes,
in terms of molecular characteristics. The remain-
ing four have a histone acetyluransferase (HAT)
domain, whereas LEUTX and ASXLZ2 do not
(Katoh and Katoh, 2004). ASXL2 may theoretically
interact with histone-modifying enzymes because
its homolog is ASXL7, modulates the activity of
LSDI, a histone demethylase of H3K4 and H3KO9,
by cooperation with heterochromatin protein-1
(HPI) (Wang et al,, 2009; Lee et al., 2010). The
sequence of the LEUTX gene conrtained in the
KAT6A-LEUTX chimeric transcript is shorter than
that of the other partner genes involved in KAT6A

breakpoint
¢
i

C4HC3 MYST

kater [ 0
NID CH1 CREB CH2 CH3
cReBa - |
L1
NID: CH1CREB CH2 CH3

EP300 17
NID i CID
Nneoaz [ A ]
NID
Noons [ PITHL ]

ASXH NR  PHD

HD

ASXL2

N

LEUTX

Figure 6. Schematic representation of putative KAT6A, LEUTX, and
other KAT6A fusion proteins. C4HC3, zinc finger domain associated
with chromatin binding; MYST, MYST domain; Acidic, Acidic domain;
NID, nuclear hormone receptor interaction domain; CH 1-3, cysteine/
histidine-rich domains 1-3; CREB, cyclic-AMP response element bind-
ing protein domain; CID, CBP-interacting domains; ASXH, ASX homol-
ogy domain; NR, nuclear receptor box; PHD, plant homeodomain; HD,
homeodomain; Horizontal bars, Regions of HAT domain,

translocations, suggesting a different mechanism
of leukemogenesis.

LEUTX is characterized by the presence of a
leucine residue at the otherwise highly conserved
homeodomain position 20 (Holland et al., 2007).
Although LEUTX is one of the homeobox genes,
the translated protein has never been recorded in
the NCBI database. However, LEUTX is poten-
tially a protein-coding gene, based on previously
reported findings. Firstly, LEUTX is highly con-
served and necessary for placental mammals
except rodents (Zhong and Holland, 2011). Sec-
ondly, the NCBI database now shows that LEUTX
is expressed only in placental tissue. Our data by
Northern blotting and RT-PCR also confirmed
this. A previous report showed that thousands of
genes are transcribed at a rate of only one copy
per cell, yet do perform functions (Kuznetsov
et al,, 2002). These data strongly suggest that
LEUTX is associated with the formation of the pla-
centa. Thirdly, LEUTX is considered to arise by
tandem duplication and extreme divergence from
CRX (Zhong and Holland, 2011), which is a mem-
ber of the Omx gene family interacting with
CREBBP, EP300, and NCOAZ2 (Yanagi et al,
2000), based on its localization close to the PRD-
class genes 7PRXI, CRX, DPRX, and DUXA on
the distal end of the long arm of chromosome 19.
These data suggest that LEUTX may function as a
homeobox gene. Fourthly, a previous study of
NKX2.6 gene confirmed that the missense muta-
tion of F151L at position 20 in the homeodomain
reduced its transcriptional activation (Heathcote
et al., 2005). This data suggests that leucine, but
not phenylalanine, in LEUTX alters and reserves
the transcriptional activity of the homeodomain
protein. Finally, a KAT6A fusion partner per se
may play a role in leukemogenesis, because a
mutant KAT6A protein, transcribed from the trun-
cated N-terminal part of KAT6A sequence within
KAT6A-NCOA2, did not bind CREBBP in con-
trast to the full length KATG6A or KAT6A-NCOA2
protein in vitro (Collins et al., 2006).

RNYNNCHNNGYNGKTNYNY
KRR Ek R RAAXAR ok F
KATGA AARATTITAAGTTTTATGTTACGTATAGTTTACCATAGTTTTTTTAARAATG
PREPRRERR IR ER bR R
KATEA-LEUTX BAAATTTTAAGTTITATGTTACGTAARAGTCACTCATGCTARATGCCACATY

(R R R R RN R RN

LEUTX CCAACGGACCAGACCAAACCARAATARAGTCACTCATGCTARATGCLACATT

Figure 7. DNA sequences across the junction points of KAT6A and LEUTX. Topoisomerase I
recognition site-like sequences (5-RNYNNCNNGYNGKTNYNY-3') near the junction points are
aligned. R, purine; Y, pyrimidine; N, any base; K, G or T; and *, homology.
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The patient in this study was exposed to piraru-
bicin for treatment of non-Hodgkin’s lymphoma,
which is associated with inactivation of topoisom-
erase II (TOPOII) and induction of DNA repair
(Aplan et al, 1996). Analysis of the sequence
around the genomic junction of KATGA-LEUTX
shows suggestive association with the TOPOII

Fusion point

ETVE COX2

ETV6-CDX2
GOT1

ETVE-GOTT

MLL GAS7
MLL-GAS7

MLL NCKIPSD
MLL-NCKIPSD Ex8B

FUS DDIT3
FUS-DDIT3 x5~8

Figure 8. Schematic representation of several fusion transcripts
with similar structures of the genomic junctions as in KAT6A-LEUTX.
All five fusion genes have the genomic breakpoint 5 upstream of first
exons of 3’ side of fusion partners. Solid small box in ETV6-GOT!, a
genomic region which created a fusion transcript with ETVé concur-
rently with ETV6-GOT! (Janssen et al., 2006).
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cleavage site (Fig. 7) (Spitzner and Muller, 1988).
Furthermore, the breakpoint was located upstream
of exon 1, though RT-PCR showed that exon 16
of KAT6A fused to exon 2 of LEUTX instead of
exon 1. KAT6A-LEUTX fusion transcript containing
the first exon of LEUTX could not be amplified in
this case. Similar findings have been described, for
example, the ETV6-CDX2 fusion [¢(12;13)(p13;q12)]
in AML (Chase et al.,, 1999), ETV6-GOT1 [t(10;12)
(q24;p13)] in myelodysplastic syndrome (MDS)
(Janssen et al., 2006), MLL-GAS7 [t(11;17)(q23;p13)]
in acute leukemia (Megonigal et al., 2000), MLL-
NCKIPSD [1(3;11)(p21;q23)] in therapy-related AML
(Sano et al, 2000), and FUS-DDIT3 [t(12;16)
(q13;p11)] in myxoid and round-cell liposarcoma
(Kanoe et al,, 1999) (Fig. 8). The 5 side of the first
exons are not flanked by splice recognition site; thus,
the first exons in the 3’ side of genes would not be
recognized as an exon in the mature fusion mRINA.
Interestingly, in a case of MDS with ©(10;12)
(q24;p13)/ETV6-GOT], a genomic region, which was
located between the breakpoint at 1024 and GOT1,
created a fusion transcript with £7V6 concurrently
(Janssen et al., 2006).

Based on FAB classification, the subtype was
defined as myelomonocytic in the present patient.
KAT6A-related leukemias, except for those having
ASXLZ2 as a partner, are associated with the M4/
M5, often therapy-related and with hemophagocy-
tosis. In other AML cases with 8p11 translocations,
including t(6;8)(q27;p11) (Brizard et al,, 1988),
t(3;8;17)(q27;p11;q12) (Bertheas et al., 1989), and
1(8;14)(p11;q11.1) (Slovak et al., 1991), where the
genes involved in these translocations have not
been identified, the morphological phenotypes are
highly similar to leukemias with KA76A transloca-
tions (Table 2). Our case displayed an M4

TABLE 2. Summary of KAT6A-Related Hematologic Malignancies

Chromosome abnormality ~ Fusion partner Phenotype Clinical characteristics Reference

t(816)(pl Iipl3) CREBBP AML-M4, M5 Therapy-related Borrow et al. (1996)
Hemophagocytosis

inv(8)(pliql3) NCOA2 AML-M4, M5 Therapy-related Liang et al. (1998)
Hemophagocytosis

t(8;20)(p1 1;q13) NCOA3 AML-M5 No hemophagocytosis  Esteyries et al. (2008)

£(8;22)(pl 1,q13) EP300 AML-M4, M5 Therapy-related Chaffanet et al. (2000)
Hemophagocytosis

t(2;8)(p23;pl 1) ASXL2 MDS Therapy-related Imamura et al. (2003)

t(8;19)(pl 1iqi3) LEUTX AML-M4, M5 Therapy-related Present case
Hemophagocytosis Brizard et al. (1988)

Stark et al. (1995); Gervais et al. (2008)

t(6;8)(q27;pl 1) Unknown AML-M5 Hemophagocytosis Brizard et al. (1988)

t(3:8;17)(q27;pl ligl2) Unknown AML-M5 Hemophagocytosis Bertheas et al. (1989)

t(&14)(pl LiglL.1) Unknown AML-M5 Hemophagocytosis Slovak et al. (1991)

Genes, Chromosomes & Cancer DOI 10.1002/gce
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phenotype, hemophagocytosis, and DIC, and
other AML cases with t(8;19) also tend to have the
M4/M5 phenotypes, hemophagocytosis, and DIC.
Thus, the present case with t(819) is similar to
other AML cases with KA70A rearrangements.

In conclusion, LEUTX was identified as a
KAT6A fusion partner. Molecular characterization
of the KAT6A-LEUTX gene suggests that LEUTX
may play a different role in leukemogenesis than
other KAT6A partners previously identified.
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Abstract. Fusion genes are frequently observed in hemato-
logic malignancies and soft tissue sarcomas, and are usually
associated with chromosome abnormalities. Many of these
fusion genes create in-frame fusion transcripts that result
in the production of fusion proteins, and some of which aid
tumorigenesis. These fusion proteins are often associated with
disease phenotype and clinical outcome, and act as markers
for minimal residual disease and indicators of therapeutic
targets. Here, we identified the 28S ribosomal DNA (RN28ST)
gene as a novel fusion partner of the B-cell leukemia/
lymphoma 11B gene (BCL/IB), the immunoglobulin x vari-
able 3-20 gene (IGKV3-20) and the component of oligomeric
Golgi complex 1 gene (COGIJ) in hematologic malignancies.
The RN28SI1-BCLI1IB fusion transcript was identified in a
case with mixed-lineage (T/myeloid) acute leukemia having
1(6;14)(q25;q32) by cDNA bubble PCR using BCL/1B primers;
however, the gene fused to BCLI/B on 14g32 was not on 6¢25.
IGKV3-20-RN28S1 and COGI-RN28S1 fusion transcripts
were identified in the Burkitt lymphoma cell line HBL-5, and
the multiple myeloma cell line KMS-18. RN28S7 would not
translate, and the breakpoints in partner genes of RN28S] were
within the coding exons, suggesting that disruption of fusion
partners by fusion to RN28S/ is the possible mechanism of
tumorigenesis. Although further analysis is needed to eluci-
date the mechanism(s) through which these RN28S/-related
fusions play roles in tumorigenesis, our findings provide
important insights into the role of rDNA function in human
genomic architecture and tumorigenesis.
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Introduction

Fusion genes are frequently observed in hematologic malig-
nancies and soft tissue sarcomas (1). These fusion genes are
usually associated with chromosome abnormalities such as
translocations, inversions, and deletions, but have also been
identified in cryptic chromosome abnormalities. Fusion genes
have also been identified in various solid tumors, including
ETS-family fusion genes in prostate cancer (2), ETV6-NTRK3
in secretory breast cancer (3), and ALK fusion genes in lung
cancer (4). Many of these fusion genes create in-frame fusion
transcripts that result in the production of fusion proteins, and
some of which aid tumorigenesis. These fusion proteins are
often associated with disease phenotype and clinical outcome,
and act as markers for minimal residual disease and indicators
of therapeutic targets. However, several fusion genes that do
not create in-frame fusion transcripts have also been identi-
fied. Oncogenic rearrangements of immunoglobulin (I/G) or
T-cell receptor (TCR) genes are well-known fusion genes, and
some of these create fusion transcripts, such as IGH-BACH?2
by t(6;14)(q15;932) in B-cell lymphoma/leukemia (5),
IGH-MMSET by t(4;14)(p16.3;q32.3) (6) and Ca-IRTAI by
t(1;14)(g21;q32) (7) in multiple myeloma, and BCLII/B-TRDC
by inv(14)(q11.2q32.31) in T-cell acute lymphoblastic leukemia
(8). Furthermore, chromosome abnormalities led to fusion
transcripts in the non-coding gene PVT/ such as PVTI-NBEA
and PVTI-WWOX in multiple myeloma (9), PVTI-CHDY7 in
small-cell lung carcinoma (10), and PVTI-MYC and PVTI-
NDRGI in medulloblastoma (11). The role of PVTI-fusions
is uncertain, but they may represent another type of fusion
transcript in cancer cells and possibly in normal cells.

In the present study, we unexpectedly identified additional
fusion genes involving 28S ribosomal DNA (RN28S7) in
hematologic malignancies.

Materials and methods

Clinical sample and cell lines. Leukemic cells from a
15-year-old boy with mixed-lineage (T/myeloid) acute
leukemia having t(6;14)(q25;q32) were analyzed after
obtaining informed consent from the patient's parents. In
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Figure 1. Outline of cDNA bubble PCR method used for the detection of RN28S1-BCL11B fusion transcript.

addition, 14 B-cell non-Hodgkin's lymphoma, 11 multiple
myeloma, 4 B-cell precursor acute lymphoblastic leukemia
cell lines, and 3 EB virus-transformed B-cell lines from
normal healthy volunteers were analyzed; the cell lines were
as described previously (5). The Institutional Review Board of
Kyoto Prefectural University of Medicine approved this study.

¢DNA bubble PCR. cDNA bubble PCR was used to detect the
fusion partner of BCLIIB, as described previously (Fig. 1)
(12). Total RNA was used to generate double-stranded cDNA.
Primers used were: NVAMP-1 and BCL11B-4A for first-round
PCR, and NVAMP-2 and BCL11B-3A-1 for second-round
PCR (Fig. 1 and Table I).

Reverse transcription (RT)-PCR. RT-PCR analysis was
performed as described previously (5). Primers used for
the detection of BCLI//B-RN28S] fusion transcripts were

Table 1. Primers used for PCR.

Primer Sequence 5'-3'
BCLI11B-3A-1  ACGCAGAGGTGAAGTGATCAC
BCL11B-3A-2 GACAACTGACACTGGCATCC
BCL11B-4A ACCACGCGCTGTTGAAGGG
RN28S1-GA1l  CCTTAGCGGATTCCGACTTCCAT
RN28S1-GA2  GTCCTGCTGTCTATATCAACCAACAC
IGKV3-20-2F  GGCTCCTCATCTATGGTGCATC
COGI1-11F AACAGCAACCTTCATCGCCTG

BCL11B-3A-2 and RN28S1-GA1 for first-round PCR, and
BCL11B-3A-1 and RN28S1-GA?2 for second-round PCR;
those for IGKV3-20-RN28S1 were IGKV3-20-2F and
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Figure 2. Fluorescence in situ hybridization analysis of the leukemic metaphase (A) and interphase (B). Split signals of BAC clone, RP11-431B1 (red, arrows),
that encompassed BCLI1IB gene on 14q32, were detected. Arrowheads indicate CEP6 probe (centromere of chromosome 6, green).

A

Pt M

(bp)

~-200
—100

Figure 3. Identification of BCLIIB-RN28S1, IGKV3-20-RN28S1 and COGI-RN28S1 fusion transcripts. (A) Bubble PCR products from a mixed-lineage acute
leukemia patient sample. (B) Confirmation of BCL1/B-RN28S] fusion transcript by nested RT-PCR. Detection of /GK'V3-20-RN28S1 fusion transcript (C) and
multiple amplicons including COGI-RN28S! fusion transcript (D) by nested RT-PCR for the detection of BCL/IB-RN28S1. RT-PCR using specific primers
confirmed IGKV3-20-RN28S1 (E) and COGI-RN28S] (F) fusion transcripts. Lanes are: Pt, mixed-lineage acute leukemia patient; N, negative control (water);

M, size marker.

RN28S1-GA1; and those for COGI-RN28S1 were COGI1-11F
and RN28S1-GA1 (Table I).

Nucleotide sequencing. Nucleotide sequences of PCR
products and, if necessary, subcloned PCR products were
analyzed as previously described (5).

Results

Identification of RN28S1-BCLI11B fusion transcript by cDNA
bubble PCR method. Leukemic cells from a patient with
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mixed-lineage acute leukemia having t(6;14)(q25;q32) were
analyzed using fluorescence in situ hybridization analysis,
and rearrangement of the B-cell leukemia/lymphoma 11B
(BCLI11B) gene was suggested (Fig. 2). Thus, we performed
c¢DNA bubble PCR to identify the gene on chromosome 6q25
that was fused to the BCLIIB gene on 14g32. Sequence
analysis of multiple products amplified by second-round
PCR of bubble PCR detected a product that contained a
34-bp sequence of BCLIIB exon 3 fused to an unknown
96-bp sequence (Fig. 3A). A BLAST search revealed that
the unknown sequence was 28S ribosomal DNA (RN28S1)
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Bc:.:c:ts exon 3

i
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| COG:‘L exon 13 -

Figure 4. Structure of three fusion transcripts of RN28S1. (A) BCL11B-RN28S1. (B) IGKV3-20-RN28S1. (C) COGI-RN28S1. Dashed arrows indicate fusion
points. Horizontal arrows indicate transcriptional orientation.

(Fig. 4A). This fusion transcript was confirmed by RT-PCR
(Fig. 3B). The transcriptional directions of the contributing
genes in the fusion transcript were opposed, and the fusion
point of BCLI1B was within the exon (Fig. 4A). No sequences
from chromosome 6q25 were identified.

Accidental detection of IGK-RN28S1 and COGI-RN28S]
fusion transcripts in B-cell malignancy cell lines. RN28S1
is one of three ribosomal DNAs encoding the 18S, 5.8S and
28S rRNAs, which exist in nucleolar organizer regions on the
five acrocentric chromosomes (13p, 14p, 15p, 21p and 22p).
Therefore, in this case, the RN28S1-BCLI11B fusion transcript
was considered not to be generated by the chromosome
translocation of t(6;14)(q25;q32). Thus, we could infer that a
mechanism other than chromosome abnormalities was involved
in the creation of the RN28S/-BCL11B fusion transcript. To

“Rnzest

analyze whether the RN28S/-BCLI1IB fusion transcripts were
expressed in other hematologic malignancy cell lines, RT-PCR
using RN2851 and BCL11B primers was performed. PCR prod-
ucts were detected in several cell lines. In the Burkitt lymphoma
cell line HBL-5, a 367-bp PCR product (Fig. 3C), contained
119-bp of immunoglobulin k variable 3-20 (IGKV3-20) exon 2
fused to an RN28S1 sequence (Fig. 4B). The multiple myeloma
cell line KMS-18, amplified multiple PCR products (Fig. 3D)
including a 441-bp product that resulted from a 62-bp sequence
of the component of oligomeric Golgi complex 1 (COGI) gene
fused to an RN28S1 sequence (Fig. 4C). These fusions both
occurred within the exons of IGKV3-20 and COGI, as in the
RN28S1-BCLI11B fusion, and they were confirmed by RT-PCR
using each specific primer (Fig. 3E and F).

Comparison of the sequence of BCL11B primer with those
of IGKV3-20 and COG]I found similarities between them, with
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Figure 5. Comparison of nucleotide sequences of BCLI1B primer and those of /GKV3-20 and COG!. Primer BCL11B-3A-1 is boxed. "Identity.
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Figure 6. Breakpoint cluster region within RN28S1. Nucleotides are numbered (left side of the sequence) according to GenBank accession NR_003287.
Vertical arrows indicate the breakpoints in cases with BCLIIB-RN28S1 (I), COGI-RN28S1 (I1), IGKV3-20-RN28S1 (111) and BCL-6-RN28S! (IV). Three
MYC binding sites are at positions 1344-1349, 1507-1521 (relates to the coanonical pathway) and 3655-3661 (relate to non-canonical pathway).

six mismatches in 20 nucleotides, suggesting that annealing of
the primer to the similar sequences of /JGK and COGJ made
it possible to amplify these fusion genes by chance (Fig. 5).
Other products amplified by RT-PCR for the detection of
RN28S1-BCLI11B were either the normal sequence of RN28S/
or non-specific sequences.

Discussion

In the present study, we identified three novel fusion transcripts
involving RN28SI. Only one RN28SI-related fusion gene,
RN28S1-BCL6, has been previously reported, and this was in
a case of gastric lymphoma (13). RN28S1 is a gene that would
not translate to protein, and the breakpoints in partner genes
of RN28S1 were within the coding exons. Notably, BCLI/B
and RN28S1 were fused with opposite transcription directions.
These findings suggest that fusion genes involving RN28S/ do
not produce fusion proteins, but that disruption of the normal
functions of fusion partners contribute to tumorigenesis in
these cases.

Several studies have noted an association of ribosomal
DNA (RNA) with tumorigenesis. rRNA transcription and
ribosome biogenesis are controlled by several cancer-related
genes through the PI3 kinase/mTOR, MYC or RAS/ERK
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pathways (14). Proto-oncoprotein MYC controls ribosome
biogenesis through the regulation of transcription by all
three RNA polymerases (15). Another cancer-related gene,
nucleophosmin (NPM1), which is frequently mutated in acute
myeloid leukemia with a normal karyotype and creates fusion
genes with ALK in anaplastic large cell lymphoma with t(2;5)
(p23;q35), is necessary for MYC-mediated rRNA synthesis
(16). RN28S1 has three MYC-binding sites (17), and the break-
points within RN28S1 in our cases were to the 5' side of the
MYC-binding sites (Fig. 6), suggesting that the RN28S]-fusion
transcripts we detected are associated with tumorigenesis
through the dysregulation of MYC-mediated tRNA synthesis.
In other correlations of rDNA with tumorigenesis, a high
frequency of rDNA rearrangements was noted in lung and
colon cancers (18) and overexpression of rDNA was seen in
prostatic cancer (19). The breakpoints of RN28S7 in our three
cases were within an ~600 bp region (Fig. 6); these may be
related to recombinational hot spots in repetitive sequences.
The three genes fused to RN28S/ that we found in
our study are related to tumorigenesis in certain types of
malignancies. IGK is one of the immunoglobulin light chain
genes that is frequently rearranged by chromosome translo-
cations, such as t(2;8)(p11;q24) in B-cell malignancies (20).
Rearrangement of the BCLIIB gene locus is observed in T-cell
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malignancies, and three fusion transcripts involving BCLIIB
have been identified: TLX3-BCL1IB fusion gene by cryptic
t(5;14)(g35;q32.2) in T-ALL (21), BCL11B-TRDC by inv(14)
(q11.2q32.31) in T-ALL (8) and HELIOS-BCLI1IB by t(2;14)
(g34:;q32) in adult T-cell leukemia (22). COGI is a component
of the conserved oligomeric Golgi (COG) complex, Golgi
transport complex, that is involved in glycosylation reactions
and vesicular transport (23). Although the COGI gene has not
been firmly associated with tumorigenesis to date, one COG
family gene, COGS5, was found fused to HMGA?2 in uterine
leiomyoma (24), suggesting a possible link with tumorigenesis.
Although the fusion genes we identified in this study were not
related to chromosome translocations, each gene is involved
in tumorigenesis in some way, suggesting that RN28S/-related
fusion genes play some roles in tumorigenesis.

Molecular analysis of ribosomal DNA is challenging due
to its repetitive nature. In this study, we attempted to confirm
the three fusions at the genomic level; however, genomic PCR
was unsuccessful. A possible explanation for the failure of
amplification of genomic junctions is the quantitative imbal-
ance of genomic DNAs between partner genes and RN28S1
due to the ~400 copies of ribosomal DNA in a diploid human
genome. Whole-transcriptome analysis by next-generation
sequencing is usually a powerful tool for the detection of fusion
transcripts. However, detection of RN28S! fusion transcripts
using this method is difficult, because ribosomal RNAs, which
comprises >95% of total RNA, is usually removed from total
RNA prior to sequencing. While further analysis is needed to
clarify the role of rDNA in tumorigenesis, our findings provide
an important insight into the role of rDNA function in human
genomic architecture and tumorigenesis.
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