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methyltransferase, is recruited through TAD2.2'™?* Sumegi et al."
demonstrated that deletion of TAD1 from PAX3-NCOA2 more
strongly suppressed the transforming activity of the chimeric
protein than did deletion of TAD2, and PAX3-NCOA2 needed an
intact activation domain 2(TAD2) and CID for optimal transforming
activity using the NIH3T3 mouse fibroblast cell line. Both TADs on
NCOA2 boost transcriptional activation of PAX3-NCOA?2, as they do
in PAX3-FOXO1A.

However, the role of the NCOAZ2 rearrangement including PAX3-
NCOA2 in RMS tumorigenesis remains to be elucidated. In this
study, we compared the biological function of the PAX3-NCOA2
fusion protein with PAX3-FOXO1A fusion protein to reveal the
function of PAX3-NCOA2 in RMS tumorigenesis both in vitro and
in vivo. To this end, we expressed these two fusion genes in C2C12
mouse myoblast cell lines and studied their biological character.

RESULTS

PAX3-NCOA2 was identified in an ERMS tumor specimen and
transcriptional activation of the PAX3 consensus-binding site was
enhanced

We previously showed the PAX3 rearrangement in our case with
ERMS by FISH analysis."® To identify the partner gene of PAX3 in
this case with the complex translocation involving 2g35 and 8913,
and so on, we narrowed down the 8q13 breakpoint region by
stepwise FISH approach using bacterial artificial chromosome
(BAC) probes located on chromosome 8q13. The results
demonstrated that the BAC clone RP11-479K21 (located at
8q13.3) spanned the 8q13 breakpoint, and that the split signal
of RP11-479K21 probe was fused to the signal of RP11-624P23 (on
the telomeric side of the PAX3 gene located at 2g35) (data not
shown). RP11-479K21 clone contained the NCOA2 gene. These
results suggested that the candidate partner gene of PAX3 was
NCOAZ2 in our case with ERMS. Sequence analysis of the PAX3-
NCOA2 PCR products of our patient’s sample revealed that exon 7
of PAX3 (391st AA) was fused to exon 12 (798th AA) of the NCOA2
gene in-frame (Figure 1a). The resulting PAX3-NCOAZ2 fusion
protein consisted of the 391 N-terminal AA of PAX3 and the 666
C-terminal AA of NCOA2. A schema of the structures of intact and
chimeric proteins is shown in Figure 1b. The PAX3-NCOA2 fusion
gene retained the DNA-binding domain of PAX3, and the CID/
TAD1 and TAD2 domains of NCOA2, in agreement with the
findings of Sumegi et al.'> When HEK293 cells were transfected
with the GFP-PAX3-NCOA2 expression vector, PAX3-NCOA2
localized in the nucleus (Figures 2a and b). The expressions of
PAX3-NCOA2 enhanced transcriptional activation of the PAX3
consensus-binding site 3.8 times more than did the expression of
the wild-type PAX3 and the expression of PAX3-FOXO1A
enhanced it 19.8 times more (both P<0.05) (Figure 2¢).

PAX3-NCOA2 stimulated proliferation and motility in myoblasts
in vitro

We confirmed the protein expressions of PAX3-NCOA2 and PAX3-
FOXO1A in HEK293 cells transiently transfected with FLAG-tagged
constructs by western blotting (Figure 3a). Cell proliferation was
assessed using C2C12 cells expressing PAX3-NCOA2, PAX3-
FOXO1A or MSCV empty vector. On day 4, the numbers of
PAX3-NCOA2 C2C12 cells and PAX3-FOXO1A C2C12 cells were 1.3
times more (P<0.05) and 1.7 times more (P<0.05), respectively,
than the number of control cells (Figure 3b). The PAX3-NCOA2
cells switched from the G1phase to the S phase and showed an
accelerated cell cycle progression (Figure 3c). Wound closure was
more rapid with both the PAX3-NCOA2 cells and PAX3-FOXO1A
cells than with the control cells (Figure 3d), indicating that the
transformed cells have an enhanced motility. However, the wound
width (% of original width) indicated that the PAX3-NCOA2 cells
were not as motile as the PAX3-FOXO1A cells. When the cells were
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Figure 1. In-frame fusion of exon 7 of PAX3 to exon 12 of NCOA2.
(a) Representative RT-PCR and sequence analyses for chimeric
transcripts in our patient. Sequence alignment of the PAX3-NCOA2
breakpoint regions. Arrows depict the fusion point. Single-letter
amino-acid code is displayed beneath the nucleotide sequence.
(b) Comparison of wild type, fusion products associated with the
t(2;8)(g35; q13) and t(2;13)(q35; q14) translocation. Interacting
proteins are displayed as bars. The letters within the bars designate
conserved domains (PD, paired domain; HD, homeodomain of the
PAX3 protein; CID, CBP interaction domain; and bHLH/PAS,
DNA-binding/protein heterodimerization domain, receptor nuclear
translocator domain, involved in DNA binding). S/T represents the
serine-threonine-rich region. Transcriptional domains of PAX3 are
DBD (DNA-binding domain) and TAD (transcriptional activation
domain). Arrows show the locations of LXXLL motifs in wild-type
NCOA2, FOXO1A and their fusion proteins. NCOA2 has all five
motifs, but the three on the N-terminus were lost during formation
of PAX3-NCOA2. On the other hand, FOXO1A has only one motif,
which is retained in PAX3-FOXO1A. All of the motifs on PAX3-NCOA2
(LXD4-5) and PAX3-FOXO1A (LXD) are in their transactivation
domains. LXD, LXXLL-containing helical motif.

plated on soft agar, 3+ 0.5 colonies grew from the control cells,
whereas 53.6 £4.2 and 115.2 £ 0.5 colonies grew from the PAX3-
NCOA2 cells and PAX3-FOXO1A cells (Figure 3f), respectively,
indicating that both lines were capable of anchorage-independent
growth. However, anchorage-independent growth of the PAX3-
NCOA2 cells was only about half that of the PAX3-FOXO1A cells
(Figure 3g).

PAX3-NCOA2 inhibited the differentiation from myoblasts into
myotubes in the differentiation medium

PAX3-NCOA2 and PAX3-FOXO1A morphologically blocked
myotube differentiation (Figure 4a). Few of either PAX3-NCOA2
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Figure 2. Confocal microscopy images showing localization of PAX3-
NCOA2 in HEK293 cells. Cells were transfected with (a) GFP-PAX3-
NCOA2 expression vector or (b) GFP empty vector. Scale bar, 20 pm.
(€) Expression of PAX3-NCOA2 promoted transcriptional activation
of PAX3 consensus-binding site by luciferase assay. Results represent
the means +s.d. of three independent experiments. *P<0.05 and
**P<0.07 compared with wild-type PAX3.

or PAX3-FOXO1A cells were stained with myosin heavy
chain (MHQ), a marker of muscle differentiation (Figure 4b).
MHC positivity of PAX3-NCOAZ-expressing cells and PAX3-
FOXO1A-expressing cells were 2.3+ 0.3% and 0.3 + 0.3%, respec-
tively, whereas the control cells was 53.0+3.8% (P<0.05)
(Figure 4c).

PAX3-NCOA2 promoted tumorigenesis in vivo

When fibroblasts expressing the fusion genes were transplanted
into nude mice, the PAX3-NCOA2 and PAX3-FOXO1A cells took
~6.8 and 52 weeks, respectively, to form 15-mm-diameter
tumors (Figure 5a). Therefore, tumorigenic properties of the
PAX3-NCOA2 and PAX3-FOXO1A cell lines well reflect their in vitro
anchorage-independent growth.

Every tumor was solid, firm and fibrotic. Unexpectedly, the
tumors induced by the PAX3-NCOA2 and PAX3-FOXO1TA cells did
not differ with respect to any of eight characteristics examined:
cell shapes, growth pattern/architecture, cellular cohesiveness,
muscle differentiation, number of giant cells, nuclear-to-cytoplasm
volume ratio reversal, hyperchromatism, cellular/nuclear pleo-
mophism and stromal matrix. None of the tumors displayed the
alveolar architectures on H&E stain and silver impregnation
(Figure 5b, i~iii). All tumors were generally densely cellular and
were mainly composed of a mixture of primitive RMS cells and
limited numbers of nucleated giant cells and spindle-shaped
tumor cells without myxoid stroma. All tumors stained positive for
desmin, myoD1 and myogenin (Figure 5b, iv-vi), which are
commonly used markers for RMS. Although some tumors showed
evidence of local invasion, none of the tumor-bearing mice
developed metastasis.
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The LXXLL motifs of PAX3-NCOA2 was not required for anchorage-
independent growth

The LXXLL motif (where L is leucine and X is any amino acid) is
found in various co-activators, including NCOA®>?® and FOXO
family proteins, as well as in PAX3-NCOA2 and PAX3-FOXO1A
(Figure 1b). To examine whether the LXXLL motif is involved in
anchorage-independent growth, we constructed mutation/dele-
tion constructs of the motif (Supplementary Table 1) following
previous reports.”’*® However, these mutations and deletions did
not significantly affect anchorage-independent growth of either
cell line (Figure 6), suggesting that the LXXLL motif is not a
promising therapeutic target.

DISCUSSION

Qur in vitro results revealed that the expression of PAX3-NCOA2
promoted transcriptional activation of the PAX3 consensus-
binding site and that PAX3-NCOA2 actually acted as a transcrip-
tional activator. PAX3-NCOA2 also enhanced proliferation, cell
cycle progression, motility and anchorage-independent growth. In
addition, we showed that PAX3-NCOA2 blocked myotube
differentiation. These data indicated that PAX3-NCOA2 has a dual
role in the tumorigenesis of RMS: promotion of cell proliferation
and inhibition of myogenic differentiation. Our PAX3-NCOA2
results bear a close resemblance to previous findings that PAX3-
FOXO1A promoted cell proliferation and motility and inhibited
differentiation.?*" Our results suggest that PAX3-NCOA2 and
PAX3-FOXO1A share the same mechanism for tumorigenesis.
Finckenstein et al3? called PAX3-FOXOIA genes ‘pangenes’ in
tumorigenesis, meaning that they simultaneously initiate
myogenesis and inhibit terminal differentiation. It is not
surprising that PAX3-NCOA2 acts as a pangene like PAX3-FOXOT1A
because PAX3-NCOAZ induces tumors derived from muscle tissue
in vivo.

The tumors in nude mice derived from C2C12 cells transformed
with PAX3-NCOA2 share several pathologic features with human
ERMS tumor samples: the shapes of cells were small and round or
spindle-like, and the cells having abundant cytoplasm were
irregularly distributed among immature undifferentiated cells
(Figure 5b, i-vi). Although PAX3-FOXO1A-expressing C2C12 cells
developed non-invasive ERMS-like tumors in our experiment,
Zhang et al.® showed that mouse myoblasts transformed with
PAX3-FOXO1A-induced malignant, ARMS-like tumors in mice. In
addition, almost all PAX3-FOXOTA tumor-bearing mice develop
spontaneous metastasis to the lungs, one of the targeted sites for
metastasis in human ARMS. On the other hand, Wang et al>*
reported that a PAX3-FOXO1A stable cell line formed tumors but
the tumors did not have alveolar structure and did not invade any
organ, in agreement with our results. As suggested by Naini
et al®, whether or not a tumor is malignant with alveolar
structure may depend on not only PAX3-FOXO1A but also one or
more other abnormalities as well, loss of p16INK4A/p14ARF or
overexpression of MYCN.

Sumegi et al."? did not report the prognosis of his patients with
the PAX3-NCOA2 fusion gene. However, our case had localized
RMS, responded to standard therapy and is alive and in remission
at 9 years after treatment. Mosquera et al'' also reported
recurrent NCOA2 rearrangements in spindle cell-type RMS, which
is a subtype with good prognosis. In all of our experiments, the
most aggressive phenotype was PAX3-FOXO1A, followed by
PAX3-NCOA2, as expected. The finding that the PAX3-NCOA2
stable cell line expressed a less aggressive phenotype than did the
PAX3-FOXO1A stable cell line supports our hypothesis that RMS
with the PAX3-NCOAZ2 fusion gene has a better prognosis than
RMS with the PAX3-FOXOTA fusion gene.

The LXXLL motif was originally observed in cofactor proteins
that interact with hormone-activated nuclear receptors.®
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Figure 3.

Promotion of some characteristics of tumorigenesis by PAX3-NCOA2. (a) Western blot showing expressions of intact and chimeric

genes. The molecular weights of wild-type PAX3, PAX3-FOXO1A, and PAX3-NCOA2 were 53, 97 and 120kDa, respectively. (b) Cell growth of
C2C12 with and without the chimeric gene 96 h later. Results represent the means * s.d. from three independent experiments. (c) Cell cycle of
C2C12 with and without the chimeric gene 72h later as determined by flow cytometry. Results represent the means£s.d. of three
independent experiments. *P<0.05 and **P<0.01 compared with the same phase of MSCV empty vector. (d) Light microscopic images of
C2C12 cells that were scratched using a pipette tip and compared the wound width 6 h later. Scale bar, 100 um. (e) Average wound widths,
expressed as a percent of the original width, obtained from 30 measurements in each photo. PAX3-NCOA2 enhances motility of mouse
myoblasts. Results represent the means % s.d. of three independent experiments. *P<0.05 and **P<0.01 compared with MSCV empty vector.
(f) Photographs of colonies of C2C12 cells with and without the chimeric gene 14 days later. (g) Anchorage-independent growth of the three
cell types using a colony-forming soft agar assay as described in Materials and methods. Results represent the means +s.d. of three

independent experiments. **P<0.01 compared with MSCV empty vector.

Functionally active examples of LXXLL motifs have also been
documented in proteins that do not directly interact with nuclear
receptors, including several transcription factors,***” cAMP (cyclic
adenosine monophosphate) response element-binding protein
(CREB)-binding protein (CBP) and p300,*® and mediator subunits.
In fact, PAX3-NCOA2 has two LXXLL motifs. Deguchi et al.?®
constructed LXXLL mutants and deletions of MOZ-TIF2 fusion
protein, and demonstrated that these abnormalities contributed
to decrease anchorage-independent growth and transcriptional
activity in murine bone marrow cells. On the other hand, PAX3-
FOXO1A has only one LXXLL motif. Mutating it was found to
decrease the transcriptional activity of FOXO1A in simian virus-40-
transformed hepatocytes.”” However the LXXLL motif did not
have a key role in our experimental system using a mouse
myoblast cell line transduced with human chimeric genes. This
difference might be due to a difference of cell types or to a
difference in the conformation of the chimeric proteins.

Oncogene (2014) 5601 - 5608

In conclusion, our study has two main findings: the PAX3-NCOA2
fusion gene 1) has a dual role in the tumorigenesis of RMS,
promoting cell proliferation and inhibiting myogenic differentia-
tion and 2) is less aggressive than the PAX3-FOXOTA fusion gene.
PAX3-NCOA2 could be a potential marker of low risk in RMS. The
analyses needed to determine the risk stratification and prog-
nostic factors of RMS have progressed from classic morphology to
molecular diagnoses, using aberrant chimeric genes. The present
results should help provide a more rational stratification of RMS.

MATERIALS AND METHODS
Tumor tissue samples

Tumor specimens from our patient with ERMS were surgically resected
before any chemotherapy and immediately stored at — 80 °C. The patient's
symptoms are described elsewhere.'® Written informed consent was given
by the parents according to the protocol approved by the institutional
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Inhibition of myogenic differentiation by PAX3-NCOA2 and PAX3-FOXO1A. (a) Representative light microscopic images of mouse

myoblasts with MSCV vector alone (control), cells expressing PAX3-NCOA2 and cells expressing PAX3-FOXO1A after 4 days in differentiation
medium (DM). Scale bar, 50 um. The MSCV empty cells formed multinuclear fusion myotubes, while the PAX3-NCOA2 and PAX3-FOXO1A
formed only a few fusion cells. (b) Fluorescent images of MHC staining after 4 days in DM. Scale bar, 100 um. Representative images of MSCV
empty showed MHC and DAPI (for nuclei), meanwhile that of PAX3-NCOA2 and PAX3-FOXO1A demonstrated few MHC-positive cells. (c)
Numbers of MHC-positive cells per 5.0 x 10° cells. Results represent the means + s.d. of three independent experiments. **P < 0.01 compared

with MSCV empty vector.

review board of Kyoto Prefectural University of Medicine in accordance
with the Declaration of Helsinki.

FISH analysis

The BAC clones (RP11 series) were selected according to the University of
California Santa Cruz Genome Browser (http://genome.ucsc.edu) and were
obtained from Invitrogen (Basel, Switzerland). These BAC DNAs were
isolated using a NucleoBond BAC 100 kit (Macherey-Nagel Inc,, Easton, PA,
USA) and were directly labeled by means of nick translation with
SpectrumGreen-dUTP or SpectrumOrange-dUTP (Abbott Molecular/Vysis,
Des Plaines, IL, USA). Hybridization, washing and detection were performed
using standard procedures. FISH images were captured and analyzed with
the PowerGene system (Applied Imaging, Santa Clara, CA, USA).

Cell cultures, transfection, infection and reagents

Mouse myoblast C2C12 cells and human embryonic kidney HEK293 were
purchased from the American Type Culture Collection (Manassas, VA, USA).
These cells were maintained in growth medium: Dulbecco’s modified
Eagle’s high-glucose medium, supplemented with 10% fetal bovine serum,
penicilliin (100 U/ml) and streptomycin (10 mg/ml) at 37 °C in a humidified
atmosphere of 5% CO,. Stable C2C12 cell lines expressing PAX3-NCOA2,
and PAX3-FOXO1A were established using a murine stem cell virus (MSCV)
retrovirus expression system (Clontech Laboratories Inc, Madison, WI,
USA). C2C12 cells were transfected in 60-mm dishes at ~50% confluence
with 1 pg of purified expression vector DNA, 8 pl of Enhancer and 7.5 pl of
Effectene (Qiagen, Hombrechtikon, Switzerland) in 1ml of Dulbecco’s
modified Eagle’s high-glucose medium. After 48h, the cells were
trypsinized and replanted at a 1: 5 dilution in medium. Selection of
stability transfected cells was performed with 1000 ng/mi of G418 sulfate
(Life Technologies, Carlsbad, CA, USA).

© 2014 Macmillan Publishers Limited

Reverse transcription—-polymerase chain reaction (RT-PCR) and
direct sequencing of PAX3-NCOA2

Total RNA was extracted from a tumor specimen with the use of an RNeasy
mini kit (Qiagen) according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was synthesized with the use of the SuperScript First-
Strand Synthesis System for RT-PCR (Invitrogen) according to the
manufacturer’s instructions. The fusion region of PAX3-NCOA2 was PCR
amplified in overlapping fragments. The primer pairs used in this
experiment are listed in Supplementary Table 2. The entire coding region
of PAX3-NCOA2 was PCR amplified. PCR products were sequenced with
the use of the BigDye Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Rotkreuz, Switzerland) and the ABI PRISM 377 Sequence
Detection System (Applied Biosystems).

Localization assay

HEK293 cells were transfected with GFP (green fluorescent protein)-PAX3-
NCOA2 expression vector and the fusion protein was observed with
confocal microscopy BZ-8000 (KEYENCE, Osaka, Japan).

Assay for cell proliferation

C2C12 cell lines expressing each gene or MSCV vector alone were seeded
at 2 x 10* cells/well. Every 24h, an aliquot of the cells was lysed under
hypotonic conditions, and nuclei were counted with a Coulter counter
(ERMA Inc., Jacksonville, FL, USA) until 96 h later (day 4).

Cell cycle analysis

Cells were plated for 72 h and then washed twice with 1 x PBS and then
incubated for 30 min with propidium iodide (PI) to stain DNA. Propidium
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Figure 5. Effects of PAX3-NCOA2 and PAX3-FOXO1A on the

proliferation of C2C12 cells in a murine xenograft model.
(@) C2C12 cell were injected into subcutaneous tissue of BALB/c
nude mice. Tumor diameters were measured every 2 or 3 days. Each
point represents the meanstsd. of three independent
experiments. (b) Images representative of tissue sections of
PAX3-NCOA2 stained with H&E (i, ii), silver impregnation (i) and
with antibodies specific for desmin (iv), myoD1 (v) and myogenin
(vi). Scale bar, 200 um (i, iii) and 100 um (ii, iv-vi), respectively. The
tumor cells ranged from small round cells to large elongated poorly
differentiated cells, and exhibited varying degrees of myogenic
differentiation. There were small oval or long spindle-shaped
differentiated rhabdomyoblasts with eosinophilic cytoplasm, with-
out cross striation. Even in silver impregnation (iii), there was no
alveolar architecture. Also lacking was the classic cystic pattern with
tumor cells palisaded against fibrovascular stroma. None of the cells
were anaplastic. In the immunohistology, desmin, myoD1 and
myogenin were - positive; however, the expressions of myoD1
and myogenin were different. Thus, the latter differentiation in
rhabdomyogenesis appeared to be abnormal or suppressed.

iodide fluorescence was read on a FACS Calibur (BD Biosciences, Franklin
Lakes, NJ, USA), and the data were analyzed with Cell Quest software (BD
Biosciences). The cell cycle phase was determined on the basis of DNA
content using the ModFit LT Software (Verity Software House, Topsham,
ME, USA) as described previously.®
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Figure 6. Effect of mutations and deletions of the LXXLL motif on

anchorage-independent growth of PAX3-NCOA2 and PAX3-FOXO1A
cells using a colony-forming soft agar assay. Results represent the
means = s.d. of three independent experiments. A P-value of less
than 0.05 was considered statistically significant; NS, no significance.

Anchorage-independent soft agar colony formation assay

Cells were cultured in a two-layer soft agar system developed by
Hambruger et al*® It consisted of a 1% Noble agar underlayer and a
0.7% Noble agar overlayer containing 2 x 10* cells in 35-mm dishes.
Colonies were allowed to form for duration of 2 weeks with fresh media
added every 3 days. Plates were stained with crystal violet and colonies
more than 0.1 mm in diameter were counted.

Luciferase reporter assay for PAX3-FOXO1A enhancer

A luciferase reporter construct was generated by inserting multimerized
PAX3 DNA-binding sites (6 x e5 DNA-binding sites) into pGL3 vector.
A total of 1x10° HEK293 cells were plated per 35-mm plate and
cotransfected 24 h later with FLAG expression vectors, pGL3 basic 6 x e5
vector and pRL-TK vector; 290, 90 and 20ug, respectively. Luciferase
activity was determined by using a dual luciferase assay system (Promega,
Wallisellen, Switzerland) to adjust for differences in transfection efficiency.
Data shows luciferase expression relative to pFLAG wild-type PAX3.

Western blot

Cells were lysed with Laemmli sample buffer. Protein concentrations in the
cell lysates were measured with the Bio-Rad DC Protein Assay (Bio-Rad
Laboratories, Hercules, CA, USA). Samples were boiled for 5 min in sample
buffer containing bromophenol blue and 1 x B-ME, and equal amounts of
protein were separated by sodium dodecylsulfate~polyaclylamide gel
electrophoresis (SDS-PAGE). Electrophoretic separation was carried out on
10% polyacrylamide gel (Bio-Rad Laboratories), and the proteins were
subsequently transferred to an Immobilon-P membrane (Millipore, Billerica,
MA, USA). Membranes were blocked in PBST (phosphate-buffered saline
with Tween 20) with 5% non-fat dry milk powder and incubated with the
following primary antibodies: FLAG (Sigma-Aldrich, St Louis, MO, USA). The
membranes were then washed with PBST and incubated with goat anti-
mouse secondary antibody (GE Healthcare, Little Chalfont, UK) or anti-
rabbit (GE Healthcare). Antibody binding was detected with the enhanced
chemiluminescence detection system (ECL and ECL plus; GE Healthcare).

Assays for the differentiation of myoblast and
immunofluorescence

To initiate myogenesis, cells were rinsed thoroughly with phosphate-
buffered saline (PBS) before adding differentiation medium; Dulbecco’s
modified Eagle’s high-glucose medium containing 2% Horse serum,
penicillin (100U/ml), and streptomycin (10mg/ml) 24h after seeding
(day 1). Differentiated cells were observed on day 4 with a confocal
microscope BZ-8000 (KEYENCE) to assess morphological change. For
immunofluorescence, cells on cover slips were fixed with absolute
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methanol, washed and incubated with anti-myosin heavy chain antibody
(Sigma-Aldrich) for 1h, rinsed with PBS, incubated with fluorescein
isothiocyanate-conjugated anti-mouse IgG (Invitrogen) for 1h, and
visualized using a fluorescence microscope as previously described.'

Wound-healing assay

The cell layers were scratched using a pipette tip, and then cultured in the
differentiation medium. Immediately after scratching (0 h), the plates were
photographed and the distance between the edges of the wound area was
measured and defined as 100%. At 6 h after scratching, the plates were
photographed and the distance between the edges of the wound region
was again measured and presented as a percentage of the distance
between the edges of wound area at 0 h.

In vivo tumorigenesis

Tumors were induced in 4- to 6-week-old male athymic nude mice (BALB/c
nu/nu; SHIMIZU Laboratory Supplies, Kyoto, Japan). Each mouse was
injected subcutaneously with 2 x 10° C2C12 cells suspended in 0.5ml of
PBS at a single site to the lower flank. Tumor diameter was monitored
every 2 or 3 days on onset of tumor formation. Mice were killed when
the tumor size reached 17mm in diameter. At the end point of
the experiments, tumors were extracted and immediately photographed.
A portion of the tumor was embedded in paraffin for histopathological and
immunohistochemical analyses. At least three mice were used in each
experiment. The mice used for this study were handled in strict adherence
with local governmental and institutional animal care regulation.

Histopathology and immunohistochemistry

Histological specimens were fixed in 10% formalin and routinely processed
for embedding in paraffin. Histological sections 4-pum-thick were stained
with hematoxylin and eosin (H&E), silver impregnation or hybridized to
antibodies specific for desmine, myoD1 and myogenin. Slides were
reviewed by a board-certified pathologist (H Hojo) to define the histologic
type of cancer. The sections were incubated with anti-desmin, anti-myoD1
and anti-myogenin antibody that was diluted at 1:20, 1:25 and 1:50
respectively. Sections were then treated with a VECTASTAIN Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA).

Mutant and deletion construction

The LXXLL motif of NCOA2 was mutagenized by inverse PCR using Topo-
PAX3-NCOA2-vector with Xhol and Bam HI tags as a template. The PCRs
were initiated with a 2-min incubation at 95 °C followed by 10 cycles of
95°C for 30s, 60°C for 30s and 72°C for 7min, and finally 10min
incubation at 72 °C. The template plasmid was digested with Dpn | for 1h
at 37°C, and the remaining PCR products were treated with restriction
enzymes Xhol and Bam Hl. A total of 7.5 pl MSCV vector and insert DNA
with 7.5 pl Ligation high ver.2 were ligated with a DNA Ligation Kit Ligation
high Ver2 (Toyobo, Osaka, Japan) according to the manufacturer's
instructions. Thereafter, the composed plasmid was transformed into
competent cells, and MSCV vector containing these cDNAs was generated
by transfecting C2C12 cells. Mutagenesis/deletion of the LXXLL motifs of
PAX3-NCOA2 and PAX3-FOXO1A were performed in the same way. The
primer pairs used in this study are listed in Supplementary Table 2.

Statistical analysis

Statistical analysis was performed using the unpaired Student’s t-test.
A P-value of less than 0.05 was considered statistically significant.

ABBREVIATIONS

ARMS, alveolar rhabdomyosarcoma; BAC, bacterial artificial
chromosome; bHLH, sequence similarity with basic helix-loop~
helix motifs; CBP, CREB-binding protein; ¢cDNA, complementary
DNA; CID, CBP interaction domain; CREB, cAMP (cyclic adenosine
monophosphate) response element-binding protein; DM, differ-
entiation medium; ERMS, embryonal rhabdomyosarcoma; FISH,
fluorescence in situ hybridization; FKHR, forkhead in human
rhabdomyosarcoma; FOXO1A, forkhead box O1A; G1, Gap1; GFP,
green fluorescent protein; H&E, hematoxylin and eosin; LXD,
LXXLL-containing helical motif; MHC, myosin heavy chain; MSCVY,
murine stem cell virus; NCOA2, nuclear receptor coactivator 2; NID,

© 2014 Macmillan Publishers Limited

nuclear receptor-interacting domain; PAS, sequence similarity with
the Per Amndt-Sim (PAS) motifs; PAX3, paired box 3; PBS,
phosphate-buffered saline; PBST, phosphate-buffered saline with
Tween 20; Pl, propidium iodide; RMS, rhabdomyosarcoma; RT-
PCR, reverse transcription—polymerase chain reaction; SDS-PAGE,
sodium dodecylsulfate—polyacrylamidegel electrophoresis; TAD,
fransactivation domain
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FN1: A Novel Fusion Partner of ALK in an Inflammatory Myofibroblastic Tumor
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Inflammatory myofibroblastic tumors (IMTs) are rare tumors
characterized as low-to-intermediate grade sarcomas. Re-
arrangements of the anaplastic lymphoma kinase (ALK) gene
have been reported in IMT. Here, we describe a novel fusion
gene in an IMT tumor specimen. A 12-year-old male was
admitted to our hospital with a bladder tumor. We identified the

Key words:

ALK gene fusion; FNT; inflammatory myofibroblastic tumor

fibronectin 1 gene (FNT) as a fusion partner of ALK using 5'RACE.
This novel fusion, FNT-ALK, resulted in ALK overexpression in
the IMT. This finding should clarify the causes of IMT and
facilitate development of novel therapeutics. Pediatr Blood
Cancer  © 2015 Wiley Periodicals, Inc.

INTRODUCTION

The term “inflammatory myofibroblastic tumor (IMT)” was
first introduced in 1990 in a report on 20 inflammatory
pseudotumors of the lung [1]. Subsequently, IMT has been
used to describe similar lesions sometimes encountered in the
bladders of children [2].

Approximately half of IMTs carry rearrangements of the
anaplastic lymphoma kinase (ALK) gene [3]. ALK is a tyrosine
kinase receptor that is normally expressed in the central nervous
system. Fusion of the ALK gene with partners such as CLTC,
RANBP2, TPM3, TPM4, CARS, ATIC, SECILI, ALO17, and
PPFIBP [4,5] can cause ALK overexpression and activation of the
ALK kinase domain. Identification of ALK fusion genes is useful
for the diagnosis of IMT and for deciding on a treatment plan, such
as whether to administer an ALK inhibitor. Here, we describe a
novel fusion gene encoding an oncokinase in an IMT tumor
specimen.

Case Description

A 12-year-old male was admitted with a complaint of gross
hematuria. Imaging studies revealed a bladder tumor. Before any
therapy, the tumor was biopsied, and the specimen was
flash-frozen in liquid nitrogen and stored at —80°C. Histological
examination revealed a fascicular proliferation of pale basophilic
spindle cells with enlarged nuclei, admixed with abundant
capillaries, lymphocytes, and eosinophils. Immunohistochemical
analysis revealed positive staining for ALK and a-smooth muscle
actin, and negative staining for desmin (Fig. 1). FISH analysis
revealed disruption of the ALK gene in a specimen of the bladder
tumor (Supplemental Figure S1). Based on these data, we
diagnosed the tumor as IMT. Neoadjuvant treatment with
meloxicam (a cyclooxygenase-2 [COX2] inhibitor) reduced the
size of the tumor, allowing complete resection by partial
cystectomy. The patient has remained in complete remission
for a year. Written informed consent for the research use of the
tumor specimen was given by the parents according to the
protocol approved by the institutional review board of Kyoto
Prefectural University of Medicine, in accordance with the
Declaration of Helsinki.

© 2015 Wiley Periodicals, Inc.

DOI 10.1002/pbe.25424

Published online in Wiley Online Library
(wileyonlinelibrary.com).

METHODS

Rapid Amplification of cDNA Ends (5’-RACE) and
Sequencing

Total RNA was extracted from tumor specimens using the
RNeasy kit (Qiagen, Hombrechtikon, Switzerland). cDNA for RT-
PCR was synthesized using the SuperScript VILO cDNA Synthesis
Kit (Invitrogen, Basel, Switzerland). One microgram of total RNA
was reverse-transcribed to cDNA, followed by 5'-RACE using the
5'-Full RACE Core set (Takara Bio, Shiga, Japan). The primer pairs.
used in this study are listed in Supplemental Table SI. Amplified
products following the second PCR were cloned using the TOPO
TA Cloning Kit for Sequencing (Invitrogen). The constructed
plasmid DNA was sequenced using the BigDye Terminator v3.1
Cycle Sequencing kit (Applied Biosystems, Rotkreuz, Switzerland)
and an ABI PRISM 3130 Sequence Detection System (Applied
Biosystems).

RT-PCR

The FNI-ALK fusion transcript was detected by PCR using Ex
Taq DNA Polymerase, Hot-Start Version (Takara Bio). PCR
conditions were as follows: denaturation at 95°C for 30sec; 30
cycles of PCR denaturation at 95°C for 30 sec, annealing at 60°C for
30sec, and extension at 72°C for 60sec; and a final extension at
72°C for 7 min. The PCR products were analyzed by electrophoresis

Additional Supporting Information may be found in the online version
of this article at the publisher’s web-site
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Fig.'1 . Histopathological findings. Fascicular proliferation of pale basophilic spindle cells with enlarged nuclei (A). Tumor cells were positive for
ALK (B) and a-smooth muscle actin (C), but negative for desmin (D). Scale bar =5 pm.

on a3.0% agarose gel. As an internal control for the intactness of the
RNA, cDNA of the glyceraldehyde-3- phosphate dehydrogenase
(GAPDH) gene was also amplified. The primer pairs used in this
study are also listed in Supplemental Table SI.

ALK Expression Level

Total RNAs were extracted from the tumor specimen, an
NPMI-ALK-positive anaplastic large cell lymphoma cell line
(SU-HDL-1), an EML4-ALK-positive non-small cell lung adeno-
carcinoma cell line (NCI-H2228), three neuroblastoma cell lines
(RTBM1, IMR32, and SH-SY5Y), and three rhabdomyosarcoma
cell lines (RM2, RD, and Rh30). The neuroblastoma cell lines
RTBM1 and SH-SYSY have a cancer-associated mutation in ALK
(F1174L) [6]. None of the rhabdomyosarcoma cell lines had ALK
gene amplifications. Total RNAs of normal human tissues were
purchased from Invitrogen. cDNAs were synthesized as described
above. Real-time RT-PCR was carried out in a 7500 Fast Real-Time
PCR system (Applied Biosystems) with SYBR Premix Ex Taq II
(Takara Bio). Relative ALK mRNA expression was initially
determined by ACt method [2“Y, where ACt=Ct (ALK)-Ct
(GAPDH)]. This value was further normalized to the level of ALK
mRNA in normal human brain tissue. The relevant primers are
shown in Supplemental Table SI.

RESULTS

We identified a potential ALK fusion partner by 5’ RACE. PCR
amplification of the 5’ end of ALK transcripts gave a 1300-bp
Pediatr Blood Cancer DOI 10.1002/pbc

product. The sequence of the product revealed that exon 20 of FNI
was fused in-frame to exon 19 of ALK (Fig. 2). To confirm the
existence of the FNI-ALK fusion transcript, we tested for its
presence in cDNA from the IMT specimen using the FNI and ALK
primers, and obtained the expected 247-bp fragment (Supplemental
Figure S2).

The ALK expression level was higher in the tumor specimen than
in other ALK fusion—positive cell lines, pediatric malignant tumor
cell lines, and normal tissues (Supplemental Figure S3), suggesting
that the FNI-ALK rearrangement results in overexpression of ALK.

DISCUSSION

Our results indicate the existence of a novel fusion gene,
FNI-ALK, in an IMT. ALK maps to 2p23, whereas FNI maps to
chromosome 2q34 and encodes fibronectin, which is ubiquitously
expressed in many cell types and is present in dimeric or multimeric
form in the extracellular matrix [7]. Ren et al. discovered the same
ALK gene translocation, FNI-ALK, in an ovary stromal sarcoma
patient [8]. They demonstrated that 3T3 fibroblasts overexpressing
FN1-ALK generated subcutaneous tumors in nude mice, suggest-
ing that the fusion gene had strong oncogenic potential. As in most
other ALK fusion genes, the oncogenic activity of the fusion gene is
probably a result of constitutive activation of ALK due to
homodimerization of the fusion protein through the FN1 domain.
Furthermore, because FN1 is ubiquitously abundantly expressed in
human cells, the oncogenicity of the fusion could be due to high-
level expression of ALK under the control of the strong FN1
promoter, as revealed by quantitative RT-PCR (Supplemental
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Figure 2. Novel fusion partners in IMT. Partial cDNA sequence of FNI-ALK showing the fusion of FNI exon 20 with ALK exon 19.

Figure S3). Unlike previously reported ALK-related fusion genes,
FNI-ALK retains the transmembrane domain of ALK itself,
encoded by exons 19-20. Retention of this domain may lead to
membrane/cytoplasmic localization of ALK, which is evident from
immunostaining of the tumor sample (Fig. 1).

Ren et al. also showed that ALK inhibitors dramatically
suppressed the growth of 3T3 FNI1-ALK tumors. Given the
sensitivity of 3T3/FN1-ALK tumors to ALK inhibitors and the
recent promising results obtained with crizotinib (an APT-
competitive inhibitor of ALK)[9], we predict that IMT patients
carrying FN1-ALK should respond well to therapy targeted
against ALK.

In summary, we identified a novel fusion gene, FNI-ALK, in an
IMT of the bladder. This discovery broadens the scope of ALK
fusion oncoproteins in human cancer and identifies a potential
therapeutic target for IMT.
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Abstract

Purpose The purpose of this study was to evaluate, retro-
spectively, the clinical efficacy of preoperative transcatheter
arterial chemoembolization {TACE) combined with systemic
chemotherapy for unresectable hepatoblastoma,

Muaterials and merhods  Five boys and three girls (mean
age 15.2 months) were wreated with preoperative TACE
combined with systemic chemotherapy for unresectuble
hepatoblastomas. Mean tumor diameter and mean alfa-
fetoprotein (AFP) level were 11.8 om and 549,386 ng/ml.,
respectively, Pretreatment, the extent of disease (PRE-
TEXT) was: I, 1: I, 6; IV, . For all patients, preopera-
tive systemic chemotherapy was  administered before
TACE. At each TACE, carboplatin and adriamyein mixed
with iodized oil were infused into the feeding anterics.
Tumor response and prognosis after treatment were
eviluated.
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Results TACE resulted in few Grade 1 adverse effects
{AEs), without G3 or more AEs, according to CTACAE
3.0, Mean wmor shrinkage was 60.9 %, and the mean AFP
decrease from initial levels was 94.8 %. In all cases TACE
combined with systemic chemotherapy enabled subsequent
safe and complete surgical resection. After a mean follow-
up of 539 months, tumor-free survival was 75 %.
Conclusion  Preoperative TACE combined with systemic
chemotherapy was effective in inducing surgical resect-
ability of unresectable hepatoblastoma.

Keywords Hepatoblastoma - TACE - Systemic
chemotherapy
Introduction

Hepatoblastoma is the most common malignancy of the
liver among infants and children [1-3]. It is well known
that the resectability of the primary tumor is the most
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important factor determining the long-term survival of
children with hepatoblastoma, and complete surgical
resection of the primary tumor is absolutely vital to achieve
cure {3-10]. However, 50 % of cases are unresectable at
initial presentation because of local bilobar disease, portal
invasion, or metastatic spread. This situation has tradi-
tionally been associated with a poor prognosis {3, 6, 7, 11}
Preoperative systemic chemotherapy is vital to reduce
tumor size and control tumor spread, to convert an unre-
sectable tumor to a resectable one, thus improving prog-
nosis [7}. However, the associated systemic adverse
effects, for example myelosuppression and cardiotoxicity,
sometimes lead to delayed surgery and hence tumor
regrowth and chemotherapy-related death [12]. There are
also problems of drug resistance [9], and induction of 2
second malignancy [13, 14] by use of anticancer drugs. To
reduce these disadvantages of systemic chemotherapy,
transcatheter arterial chemoembolization (TACE) may be
an alternative to systemic chemotherapy. TACE has the
advantages of maximum drug uptake by the tumor and
minimum systemic exposure to the drug. It can, further-
more, be combined with arterial embolization, to occlude
feeding aneries, and thus induce ischemic tumor necrosis
and prolong the dwell time of anticancer drugs in the tumor
vasculature, which enhances their effect [12]. We report a
series of hepatoblastoma cases that were successfully
treated by preoperative TACE combined with systemic
chemotherapy. The clinical efficacy of preoperative TACE
combined with systemic chemotherapy, and tumor
response and prognosis, were evaluated.

Materials and metheds

The retrospective study was performed with the approval
of our institutional review board, and written informed
consent was obtained from all the patients’ legal guardians.

Patients

Between March 2001 and March 2008, 11 children with
hepatoblastoma were referred to our institution. Three
children underwent right lobectomy without preoperative
systemic chemotherapy and TACE, because their tumors
were located in the right lobe only and no invasion of the
portal vein and hepatic vein was revealed by preoperative
contrasi-enhanced computed tomography (CT). The other
eight children, treated by preoperative TACE combined
with systemic chemotherapy for unresectable hepatoblas-
toma, form the basis of this study. The patients consisted of
five boys and three girls, ranging in age from 3 to
38 months (15.2 4 4.0 months, mean £ SD). We did not
perform biopsies before treatment, because of the risk of

@_ Springer

hemorrhage and invasiveness. Diagnosis was made before
treatment on the basis of hypervascular hepatic tumor on
contrast-enhanced CT findings and high serum o-fetopro-
tein (AFP) levels. Contrast-enhanced CT was performed to
evaluate the tumor site on the basis of which hepatic seg-
ments were occupied by the tumor, the pretreatment extent
of disease (PRETEXT) [1], the tumor size measured by the
maximum diameter on cross-sectional images, and the
presence or absence of distant metastasis. The tumor was
considered unresectable when there was bilobar disease or
inferior vena cava invasion (case 2) before treatment. The
patients’ characteristics before treatment are summarized
in Table 1.

All tumors were diagnosed as hepatoblastoma (1 well
differentiated and 7 poorly differentiated) on the basis of
pathological examination of resected specimens. Tumor
diameter was 11.8 £ 1.2 em (mean = SD; 6-16 cm), and
AFP level was 549,386 + 216,091 ng/mL (mean & SD)}.
The pretreatment extent of disease (PRETEXT) was: I, I;
o, 6 Iv, L.

Treatment

The procedure used for managing cases of unresectable
hepatoblastoma was as follows. Patients initially under-
went systemic chemotherapy in accordance with the prin-
ciples of the regimen of the Japanese Study Group for
Pediatric Liver Tumor (JPLT-2) protocol [15]. The che-
motherapy regimen consisted of repeated courses of cis-
platin (CDDP), 80 mg/m® x 1 day, and tetrahydropyranyl-
adramycin (THP-ADR), 30 mg/m® x 2 days. These
courses were repeated every 4 weeks until the tumor
showed no response or poor response to systemic chemo-
therapy, as assessed by enhanced CT scan and serum AFP
levels. When their cardiac function, renal function, liver
function, and inflammatory reaction improved, patients
underwent TACE, by use of the following procedure,
irrespective of the resectability of the primary tumor.
Under general anesthesia, the femoral ariery was cathe-
terized by use of the Seldinger technique. A 3-F or 4-F
sheath (Supersheath; Medikit, Tokyo, Japan) was placed in
the groin. Under fluoroscopic digital subtraction angiog-
raphy (DSA), a 3-Fr or 4-Fr cobra-shaped catheter (Med-
ikit) was manipulated into the celiac axis and superior
mesenteric artery. Arteriography using 61 % iopamidol
(lopamiron 300; Bayer Japan, Tokyo, Japan) was per-
formed to reveal the anatomy of the hepatic artery and
porial vein, identify accessory arteries, and confirm the
patency of the portal vein. Through the catheter, a 2.4-Fr
(Sniper 2; Clinical Supply, Gifu, Japan) or 2.0-Fr (Mester
Cath; Medikit) microcatheter was selectively introduced
and directed to the atery supplying the wmor. First, car-
boplatin (200 mg/m?) was injected into the feeding artery.
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