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Abstract

Effects of doping with fluorine to diamond-like carbon (DLC) films on the antithrombogenicity were investigated by changing its content.
Fluorinated DLC (F-DLC) films were prepared on silicon (Si) substrates using radio frequency (RF) plasma enhanced chemical vapour
depaosition (CVD) by changing the ratio of hexafluoroethane (C,Fg) and acetylene (C,H,). The contact angle measurements of human whole
blood droplet on 8i, DLC and F-DLC were 24.2°, 60.8° and 95.3°, respectively. Furthermore, the static evaluation of F-DLC films incubated
with platelet-rich plasma (PRP) showed dramatic reduction of platelet adhesion and activation on the surface, It was found that the addition of
fluorine into DLC films much improved antithrombogenicity, which was clearly shown by scanning electron microscopy (SEM) with
statistical analysis. F-DLC coating can be a great candidate for developing antithrombogenic surfaces in blood contacting materials.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Fluorinated diamond-like carbon; Hydrophobicity; Platelet adhesion; Antithrombogenicity

1. Introduction

Biomaterial implants such as vascular grafts, artificial
heart valves or interventional devices (stents, guidewires and
catheters) have been gaining widespread use with develop-
ment of medical engineering, Thrombogenic complication
remains as one of the main problems for blood contacting
implants, which triggers the life-threatening device failure.
For example, it has been reported that the restenosis after
coronary stenting statistically occurs 20% to 40% [1-4].
Recent study has shown that the thrombus formation after
intraarterial stent implantation provides a stimulus for
neointimal hyperplasia and, if excessive, can result in stent
thrombosis at sites of coronary stenting in humans [4].
Surface modification techniques are indispensable for
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improving both the mechanical and physical properties of
these implants in direct contact with the blood and tissue.

Recently, diamond-like carbon (DLC) films have received
much attention because of their antithrombogenicity, which
inhibits platelet adhesion and activation [S 7]. However, the
blood coagulation mechanism on DLC films in biological
environment has not been well understood so far. There have
been several reports that cell adhesion on DLC films is related
to surface energy and wettability [8-- 12]. They suggested that
hydrophobic surface tends to inhibit blood cell adsorption, As
for hydrophobic property, it is well known that fluorocarbon
polymers present great water-shedding characteristics. Thus,
we consider that the addition of fluorinate has potential to
develop haemocompatibility of materials.

2. Experimental

2.1. Film preparations and characterization

Conventional DLC and fluorinated DLC (F-DLC) films
were prepared on Silicon (8i) substrates using radio

DIAMAT-03467; No of Pages 4
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frequency (RF) plasma enhanced chemical vapour deposi-
tion ({CVD) method by changing the ratio of hexafluoro-
ethane (C;F¢) and acetylene (CoH3). The RF (13.56 MHz)
power and total pressure were fixed at 200 W and 13.3 Pa,
respectively. DLC films were deposited from C,H; and F-
DLC films from a mixture of C;H; and C;F¢, and the
thickness of DLC and F-DLC films was 40 to 50 nm,
respectively. According to partial pressure of C;Fg, each F-
DLC film was denoted as follows: for example, F-DLC20
indicates that F-DLC films were deposited under partial
pressure of CyFg at 20% of the total pressure.

Surface chemical compositions and bonding states of
DLC and F-DLC films were measured by the X-ray
photoelectron spectroscopy (XPS; JPS-9000MX, JEOL).
The wettability of Si, DLC and F-DLCR() were evaluated by
measuring the static contact angles between a droplet of
human whole blood (10 ul) and the samples surfaces.

2.2. Platelet adhesion and activation

Human whole blood (45 ml) from a healthy volunteer
without any medication for at least 10 days was collected
and mixed with 5 ml of acid-citrate-dextrose (ACD), and
then the blood was centrifuged at 180 xg for 10 min to
separate the blood corpuscles, and the resulting platelet-
rich plasma (PRP) was prepared. Subsequently, the rest of
whole blood was centrifuged at 2000 xg for 20 min to
obtain the platelet-poor plasma (PPP). The density of
platelets in PRP was adjusted to a concentration of 2X10°
cells/ul by diluting with PPP. After rinsing samples with
phosphate-buffered saline (PBS), the samples disks with a
surface area of 100 mm” were incubated in a 24-wells
plate with 2 ml of adjusted PRP for 60 min with 5% of
CO; gas at 37 °C (n=5 disks for each sample). There-
after, the supematant was discarded, and the samples were
washed with PBS. The adherent platelets were then fixed
with 1 ml of freshly prepared 1.0% of glutardialdehyde
for 60 min at room temperature. After fixation, the
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Fig. 2. Contact angle measurements of 10-pl whele human blood droplet on
the sample surface (wettability). The values of contact angle dramatically
increased with increasing the ratio of doped fluorine (a). F-DLC80 showed
the most hydrophobic property (b).

samples were washed and dehydrated in a graded ethanol
series (20%, 40%, 60%, 80%, 100% and 100% for 15
min each), as described previously [t3]. Dehydrated
materials were put in a vacuum chamber and dried
ovemnight. The entirely dried materials were coated with
gold and investigated by a scanning electron microscopy
{SEM; S-3100H, HITACHI),

Adhering platelets were manually counted on photo-
graphs per unit area (6000 um?). Results of the experi-
ments are expressed as means of counts/unit area and
standard error (SE). Values were compared statistically by
unpaired 7 test. Results with P<0.05 were considered to
be statistically significant. Additionally, the morphological
shape changes were categorized to Goodman et al. and
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Fig. 1. XPS spectra of DLC, F-DLC20, F-DLC40, F-DLC60 and F-DLC80. {a) C1s XPS, (b) Fls XPS.
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The number of platelets/unit area

Silicon DLC F-DLCgO

Fig, 3. The number of adhering platelets counted on Si substrate, DLC and
F-DLC80. The number of platelets per unit area (6000 pm?) was counted.
The values are the mean of five areas of each sample, while the error bars
denote the standard deviation. * denotes significant difference from control
Si substrate (*<0.05) .** denotes significant difference from Si or DLC
(**P<0.001). ’

Allen et al. [14,15] as-(I) round or discoid, (1) dendritic
or early pseudopodial, (III) spread-dendritic or intermedi-
ate pseudopodial, (IV) spreading or late pseudopodial and
(V) fully spread.

3. Results and discussion
3.1. Chemical compositions and bonding

Fig. 1(a) and (b) shows the local spectra of Cls and Fls
for DL.C, F-DLC20, F-DLC40, F-DLC60 and F-DLCS0 by
XPS. The horizontal axis corresponds to binding energy
[eV] and the vertical axis to intensity. By taking curve fitting
to each spectrum, they were well decomposed into main
three peaks, which centered at ~284.4, ~287.0 and ~289.0
eV, respectively. Due to the surface contamination and
charging effect during XPS$ analysis, it is very complex and
also still controversial to identify these peaks.

As shown in Fig. 1, the peak intensity for C-C bond
(284.4eV) gradually decreased (Fig. 1(2)) and the peak
intensity for F—F bond (686.0 eV) gradually increased (Fig.
1(b)) with increasing pressure of C,F4 gas during deposi-
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o

tion. This indicates that the pressure of C;F¢ influences the
ratio of fluorine on the topmost surface of films. Further-
more, in the spectra of F-DLC films, there were some peaks
indicating bonds of carbon and fluorine. The spectra of F-
DLC20, F-DLC40 and F-DLC60 showed the existence of
C-CF bond (287.0 V) as well as C-C bond. The spectrum
of F-DLC80 showed the existence of C-F bond (289.0 eV)
in addition to C-CF and C-C bonds. Bonding structures of
carbon and fluorine show low polarizability, which leads to
low surface energy with increasing the hydrophobicity of F-
DLC films.

3.2. Contact angle measurements

Fig. 2 shows the results of contact angle measurements
for three different samples. These results indicated the
dramatic improvement of wettability for DLC and F-DLC
films. The contact angles of human blood on Si, DLC and F-
DLCRBO were 24.2°, 60.8° and 95.3°, respectively. For the
DLC films, the contact angle increased by 2.51 times
compared to that of Si substrate. In particular, F-DLCS80 is
the most hydrophobic, and the contact angle for F-DLC80
increased by 3.94 times compared to that of Si.

The more hydrophobic a surface is, the higher the
interfacial free energy between the solid and liquid phases.
The interfacial free energy determines the wetting charac-
teristics and hence the wall shear stress generated when the
liquid comes into contact with the surface. It is considered
that the polarization of C-F and C-CF bonds on the
topmost surface of F-DLCR0, proven by the XPS analysis,
can lower the surface energy and the results in the increase
in contact angles,

3.3. Platelet adhesion and activation

Platelets play a pivotal role in thrombogenicity of
biomaterials in blood contacting applications, and the
reduction of platelet adhesion and activation is determinant
for the eventual success of any application. The initial local
response to foreign surface in the body is mainly catalyzed
by surface-absorbed proteins, which trigger numerous
processes such as cellular activation, inflammatory and
complement activation and attraction of circulating platelets.

Fig. 4. Morphology of adherent platelets on (a} Si, (b) DLC and (¢) F-DLC sufaces {60 min incubation in PRP) observed using SEM. Si substrate: dense platelet
layers (categories IV and V). DLC: lower densiry of platelets compared to Si (categories Il to V). F-DLC80: a few platelets (categories uniformly | to V).
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During activation, the platelets attach to the sample surface,
and they change in shape in developing pseudopodia versus
their activation level [12]. Thus, the investigation of platelet
adhesion must support the thrombogenicity evaluation of
biomaterials. :

Fig. 3 shows the adherent platelets counts on the three
different samples by SEM. This result clearly demonstrated
that the number of platelets per unit area for DLC or F-
DLC80 was significantly smaller compared to that of Si
substrate ( P<0.05 and P<0.001, respectively). In addition,
the number of platelets on F-DLC80 was significantly
smaller than that of DLC ( P<0.001). The morphology of the
attached platelets after 60 min of incubation is displayed as
shown in Fig. 4. Si substrate showed a dense platelet layer
with predominantly spread platelets (categories IV and V)
(Fig. 4(a)), whereas, on F-DLC80, a few platelets adhered,
and the categories of platelets uniformly varied between [ to
V (Fig. 4(c)). DLC films showed that almost all the platelets
were categorized into 1II to V (Fig. 4(b)).

In this present study, DLC and F-DLC coatings could
suppress the adhesion and activation of platelets compared
to Si substrate. The surface that promoted the greatest
spreading of platelets, i.e., the Si substrate, is the most
hydrophilic in the tested samples. In contrast, F-DLC
coating, which caused less activation, was most hydro-
phobic in the tested samples. This suggests that the
wettability of a biomaterial surface determines in part its
blood compatibility. However, it has been described to be
influential that blood compatibility is not solely determined
by wettability and also the specific chemical composition,
interfacial free energy and a higher ratio of albumin/
fibrinogen adsorption of biomaterial surfaces [16,17]. The
mechanism of biomaterial-associated thrombosis is not fully

clear. Tt is very complicated to determine all factors that .

contributed to novel antithrombogenic properties of F-DLC
films in this study. Further in vitro and in vivo studies are
needed to investigate all of the factors related with
biomaterial-associated thrombosis.

4, Conclusion

We have presented an engineering analysis of fluorine-
doped DLC films and quantitative and morphological
studies on platelet adhesion to DLC films or F-DLC coated
Si and bare Si substrate incubated in PRP. In this study, we
described a novel antithrombogenic effect by doping with
fluorine into DLC films compared to Si substrate and
conventional DLC. Our experiments showed that an
addition of fluorine into DLC films enhanced the water-

shedding properties. The number of platelets per unit area
decreased in order of Si, DLC and F-DLCR80. It was found
that F-DLC showed the best antithrombogenicity among the
tested samples. In addition, DLC and F-DLC coating
inhibited the platelets activation, as well as the number of
platelets on the film surface. .

The presented F-DLC appears to be a promising
candidate coating material for blood contacting devices,
such as interventional devices, artificial organs and pace-
makers. However, more basic study and long-tertn implan-
tation are needed.
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Identification of a SRC-Like Tyrosine Kinase Gene,
FRK, Fused with ETVé in a Patient with Acute
Myelogenous Leukemia Carrying a t(6;12)(q21;pi3)
Translocation

Noriko Hosoya,‘ Ying Qiao,' Akira Hangaishi,' Lili Wang,' Yasuhito Na.nnya,' Masashi $anada,' Mineo Kurokawa,'
Shigeru Chiba,'? Hisamaru Hirai,'? and Seishi Ogawa'**

'Department of Hermatology and Oncology. Graduate $chool of Medicine, University of Tokyo, Tokyo, Japan

IDepartment of Cell Therapy and Transplantation Medicine, University of Tokyo Hospital, University of Tokyo, Tokyo, Japan
3Department of Regeneration Medicine for Hematopoiesis, Graduate School of Medicine, University of Tokyo, Tokyo, Japan

The SRC family of kinases is rarely mutated in primary human tumors, We report the identification of a SRC-like tyrosine kin-
ase gene, FRK (Fyn-related kinase), fused with ETV6 in a patient with acute myelogenous leukemia carrying t(6;12){q21;p13).
Both reciprocal fusion transcripts, ETV6/FRK and FRK/ETVS, were expressed. In ETVS/FRK, exon 4 of ETV6 was fused in-frame
to exon 3 of FRK, producing a chimeric protein consisting of the entire oligomerization domain of ETV6 and the kinase domain
of FRK. The ETV4/FRK protein was shown to be constitutively autophosphorylated on its tyrosine residues. ETV&/FRK phos-
phorylated histones H2B and H4 in vitro to a greater extent than did FRK, suggesting it had elevated kinase activity. ETVé/
FRK could transform both Ba/F3 cells and NIH3T3 cells, which depended on its kinase activity. Moreover, ETV&/FRK inhibited
ETVé-mediated transcriptional repression in a dominant-negative manner. This report provides the first evidence that a SRC-
like kinase gene, FRK fused with ETV6, could directly contribute to leukemogenesis by producing an oncoprotein, ETV6/FRK,
with dual functions: constitutive activation of the ETV6&/FRK tyrosine kinase and dominant-negative modulation of ETVé-medi-

ated transcriptional repression.  © 2004 Wiley-Liss, Inc.
INTRODUCTION

The SRC gene was the first protooncogene iso-
lated as the cellular homologue of v-SRC, the ret-
roviral transforming oncogene of avian Rous
sarcoma virus (Brown and Cooper, 1996). Since
then, it has become clear that SRC is the prototype
for a family of genes that encode nonreceptor tyro-
sine kinases tmplicated in a variety of cellular proc-
esses, including cell growth, differentiation, and
carcinogenesis, The SRC family of kinases shares
common structures consisting of an N-terminal
unique domain, SRC homology 3 (SH3) and SRC
homology 2 (SH2) domains, a kinase domain, and
a short C-terminal regulatory tail (Brown and
Cooper, 1996). They are normally maintained in
an inactive state through phosphorylation of a crit-
ical C-terminal tyrosine residue (Tyr 330 in human
SRC, Tyr 527 in chicken SRC) by the C-terminal
SRC kinase (Csk) (Brown and Cooper, 1996). The
SH3 and SH2 domains also participate in this neg-
ative regulation through intramolecular interac-
tions (Brown and Cooper, 1996; Schindler et al,
1999; Xu etal., 1999; Young et al., 2001).

The SRC and its family member kinases have
long been postulated to participate in oncogenic

« 2004 Wiley-Liss, Inc.

processes. Activated variants of SRC family kin-
ases, including the viral oncoprotein v-SRC, are
capable of inducing malignant transformation in a
variety of cell types (Parker et al., 1984; Cartwright
et al, 1987). Activation of SRC-like kinases
recently was described in BCR-ABLI-expressing
acute lymphoblastic leukemia in mice (Hu et al,
2004). Elevated expression and/or activity of SRC
have been documented in several types of primary
human tumors (Bolen et al., 1987; Otenhoff-Kalff
et al., 1992; Talamonti et al, 1993). However, for
many years, structural abnormalities of the SRC
family of kinases have been detected rarely in
primary human tumors. Although Irby et al. (1999)
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reported that 12% of advanced human colon cancers
had a truncating mutation at codon 531 of the SRC
gene, determining the importance of this mutation
in the pencration of colorectal cancers remained
elusive according to the negative results in subse-
gquent reports (Daigo et al, 1999 Wang et al,
2000; Laghi er al,, 2001). In primary hematopoietic
malignancies, no studies have demonstrated struc-
tural abnormalities of the SRC family of kinases.

In this study, we performed molecular analysis
of a t{6;12)(q21;p13) observed as the sole chromo-
somal abnormality in a case of acute myelogenous
leukemia (AMLY} and identified a SRC-like tyro-
sine kinase gene, FRK (Fyn-related kinase or
Rat), on 6q21 {Cance et al., 1994; Lee et al., 1994)
that is fused with ETV6 {(also called TEL), a gene
frequently involved in chromosomal translocarions
in a variety of human leukemias (Golub et al,
1997). We found that the resultant chimeric pro-
tein, ETV6/FRK, is a wansforming oncoprotein
with elevated kinase activity. We alse demon-
strated that ETV6/FRK inhibits ETV6-mediated
transcriptional repression in a dominant-negative
manner, indicating that ETV6/FRK is a unique
oncoprotein with dual functions. This is the first
report showing the involvement of a SRC-like
kinase gene (FRK) in primary human cancers.

MATERIALS AND METHODS

Case History

The patient was a 69-year-old Japanese woman
with AML-M4, carrying the translocation t(6;12)
{q21;p13) as the sole chromosomal abnormality in
8 of 20 examined bone marrow metaphase cells.
After obtaining informed consent, a sample of her
bone marrow was taken for use in this study. The
patient did not respond to chemotherapy and died
5 months later.

Fluorescence In Situ Hybridization Analysis

Fluorescence in situ hybridization (FISH) analy-
sis was performed as previously described (Pinkel
et al., 1986} with a panel of biotin- and digoxige-
nin-labeled cosmid probes that conmined different
exons of ETV6, kindly provided by DDr. Peter
Marynen (University of Leuven, Leuven, Belgium).
The order and the relative locations of cosmids are
depicted in Figure 1A,

3'-Rapid Amplification of cDNA End

To do the ¥-rapid amplification of ¢DNA end
{RACE), total RNA was isolated from the leuke-
mic sample as described previously (Ogawa et al.,

1996). First-strand ¢DNA was synthesized from
2.5 pg of total RNA using the primer R2ZNG6 as
described previously by Peeters er al. (1997). The
first polymerase chain reaction (PCR) was per-
formed with primers T4F1 and RZN6R1 (Peeters
et al,, 1997). Then, a diluted preduct of the first
PCR, along with primers T4F2 and R2ZN6R2, was
used for the second, nested PCR (Pecters et al,,
1997). The nucleotide sequences of the primers
used in this study and the conditions for PCR are
listed in Table 1. The PCR products were sub-
cloned into the pCR™ 2,1-TOPO" vector using a
TOPO TA Cloning® kit (Invitrogen, Tokyo,
Japan) and subjected to DNA sequencing by
use of a 3100 Applied Biosystems automated
sequencer (Applied Biosystems, Chiba, Japan),

Reverse Transcriptase-PCR

For the reverse transeriptase-PCR (RT-PCR),
5 pg of the total RNA was transcribed to c[DNA with
2 units of Moloney murine leukemia virus reverse-
transcriptase (NMLV-RT, Stratagene, La Jolla, CA)
using a random hexamer. One-tenth of the synthe-
sized ¢DINA was directed to PCR analysis. Primers
T4F2 and FRK1198R were used to confirm the
ETV6/FRK uanscripts. The primers for detecting
the reciprocal FRE/ETVG transcripts were FRK451F
and TEL723R. For amplification of the wild-type
ETVs and FRK transcripts, primers T4I°2 and
TEL723R and primers FRK808F and FRK1198R,
respectively, were used. All the sequences of
the RT-PCR products were verified by direct
sequencing,

Plasmid Construction

Full-length £7V6 ¢cDNA tagged with a FLAG
sequence at the 5 end, a gift from Dr, Kinuko
Mitani (Dokkyo University School of Medicine,
Tochigi, Japan), was subcloned into the expression
plasmid pMEI18S-neo (Invitrogen, San Diego,
CA). A FLAG-tagped full-length FRK ¢IDNA was
isolated by RT-PCR from total RNA obrained from
human placenta using primers EcoRI-FLAG-FRK
and FRK-NosI-2058R  and was cloned into
pME185-neo. The pME18S-neo-FLAG-ETV¢/
FRK vector was generated by replacement of the
Clal-Nofl fragment of the pME18S-neo-FLAG-
ETV6 vector with the Clel-Nosl fragment of
ETV6/FRK, which was obtained by RT-PCR from
the patient’s bone marrow using primers TEL-
Clal-F and FRK-Norl-2058R, with subsequent
digestion with €/zl and Norl. To construct a kin-
ase-inactive mutant of ETV6/FRK, designated
ETV6/FRK(KZ62R), a peint mutation corresponding
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Figure 1. Analysis of breakpoint on chromo-
some |2. (A} A genomic map of ETVS and location
of the cosmid probes used for FISH analysis. (B)
FISH analysis of the patient’s leukemic cells. The
signals of the 2G8 probe (red) containing ETYS
exons |B, 3, and 4 are hybridized on the der(6) and
on the normal |2p, whereas those of the 184C4
probe (green) conmining ETV6 exons 3-5 are found
on the der(6), the der{12}, and the normal 2p.

to a Kinase-inactivating mutation in the ATP-binding
site lysine residue (Lys262) of FRK was introduced
into ETV6/FRK ¢DNA, A mutated fragment gener-
ared by PCR using the mutagenic primer FRK-
KZ262R-BemHI and the primer TEL-EwRI-FLAG
was spliced together with a C-terminal parial frag-
ment of FRK inte pMEI185-neo. A FLAG-tagged
full-length FRK/ETV6 cDNA was constructed into
the pME18S-neo vector by assembling parrial frag-
ments from ETV¢ and FRK and a fragment spanning
the FRK/ETVG junciion generated by RT-PCR using
primers FRK451F and TEL723R. All the constructs
were sequenced to confirm the fidelity of the
sequence and conservation of the reading frame at
the site of fusion.

Cell Lines, Transfection, and Cell Transformation
Studies

For transient expression studies, 4 x 10" HeLa
cells were seeded in each 60-mm dish and trans-
fected with expression plasmid or plasmids 24 hr
later by a lipofection method using Effectine™

Transfection Reagent (Qiagen, Hilden, Germany).
Cells were incubated for 48 hr and harvested for
analysis, NIH3T3 cells were rransfected with
expression plasmids, also using Effectine™!, and
selected in 400 pg/ml of G418 for Z weeks. Ba/lF3
clones stably expressing ETV6/FRK or other pro-
teins were obtained by electroporation of each
expression plasmid into Ba/F3 cells as previously
described (Carroll et al., 1996) and subsequent iso-
lation of individual G418-resistant subclones by
limiting dilution. Expression of the transfected
genes was evaluated by immunoblotting as previ-
ously described (Maki et al., 1999) using anti-
FLAG-M2 monoclonal antibody (Sigma-Aldrich,
St. Louis, MO). The soft-agar colony assay was
performed as previously described (Kurokawa
et al., 1996). After 21 days, all macroscopic colonies
larger than 0.25 mm in diameter were counted. For
growth curves, 2 x 107 G418-resistant Ba/F3 cells
were washed 3 times wich PBS and plated in 1L-3-
free medium on day 0, and viable cells were
counted each day by trypan blue exclusion.
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TABLE |. Primers Used For 3-RACE and (RT)-PCR Amplifications

Name Sequence

R2N6 5'=CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGC(N) 6-3
T4FI 5 -CATATTCTGAAGCAGAGGAAA-T/

R2N6RI 5'-CCAGTGAGCAGAGTGACG-3'

T4F2 5'-ACACAGCCGGAGGTCATACT-3"

R2N&R2 5'-GAGGACTCGAGCTCAAGC-3

FRKI198R 5'-CTTCCCATACTTCGCAAAC -3/

FRK451F 5'-AGCAACATCTGTCAGAGGLT~3'

TEL723R 5'~GTAGGACTCCTGGTGGTTGTT-3'

FRK808F 5'-ATCGGAAGATCAGATGCAGAG-3'

EcoRI-FLAG-FRK 5'-GCGAATTCGTTGTGATGGGGGACTACAAGGACGAC

FRK-Notl-2058R
TEL-Clal-F
TEL-EcoRI-FLAG

FRK-K262R-BomH!

GATGACAAGTCCGGGAGCAACATCTGTCAGAGGLCT- 3
5-ATTGCGGCCGCACTGATTGTGCAGTTGGTTGA- 3
5-CTTTCGCTATCGATCTCCTCA-3'

5 -GCGAATTCGTTGTGATGGGGGACTACARGGACGAC
GATGACAAGTCCGGGTCTGAGACTCCTGCTCAGTG- 3
5'-TTGGATCCATTGAACCTGGTTTTAATGTTCTCACTG- ¥

Thermal cycling profile was: 94°C for 2 min, followed by 35 eycles of 94°C for 1 min, 60°C for | min and 72°C for 2 min, with a firal extension at 72°C

for 10 min,

Immunoprecipitation, Immunacblotting, and
Immune Complex Kinase Assay

Lysates were prepared by washing cells (1 x 10°—
1 x 107) with phosphate-buffered saline and then
adding lysis buffer [10 mM Tris-HCI {pH 7.4), 150
mM NaCl, 1.0% NP-40, 1 mM EDTA, and 1 mM
Na3V04] containing 5 mM phenylmethyl-sulfo-
nylfluoride and 1 pg/ml of aprotinin. After 10 min
on ice, the samples were centrifuged at 12,000 g to
remove insoluble particles. For immunoprecipita-
tion, 1 mg of total cell lysate was incubated
with ant-FLAG-M2 antibody for 1 hr at 4°C,
after which 50 pl of Protein G-Sepharose beads
(Amersham Biosciences, Uppsala, Sweden) was
added. After rotating for 1 hr at 4°C, immunopreci-
pitates were washed 3 times and boiled in loading
buffer for 5 min. Protein samples were separated
on 6.5%-15% gradient SDS-polyacrylamide gels
and transferred onto PVDFE membranes {Millipore,
Bedford, MA). Immunoblotting was performed as
previously described -(Maki et al, 1999) using
cither anti-FLAG-MZ antibody or antiphosphotyr-
osine monoclonal antibody 4G10 (Upstate Bio-
technology Incorporated, Lake Placid, NY) as a
primary antibody.

For the immune complex kinase assay, immuno-
precipitates were washed 3 times and suspended
in kinase buffer [40 mM HEPES (pH 7.4), 10 mM
MgCl;, 5 mM MnCl,]. For determination of kinase
activity, 2.5 pg of either histone H2B or histone H4
(Roche Diagnostics K. K., Tokyo, Japan) was
added to each reaction. Kinase reactions were initi-

ated by the addition of 10 pCi of [y-*?P] ATP

3,000 Ci/mmol; Amersham Biosciences Corp.,
Piscataway, NJ) and incubated at 30°C for 15 min.
Reactions were stopped by the addition of loading
buffer and analyzed by SDS-PAGE and exposure
to a film.

Luciferase Assay

For the luciferase assay, 4 x 10* HeLa cells were
transfected with 1 pg of the reporter plasmid
(EBS)3tkLuc (Waga et al,, 2003), a kind gift of
Di. Kinuko Mitani, along with the indicated
amounts of the expression wvectors. The total
amount of DINA in weight was adjusted to be
equal by adding pME18S-neo plasmid. Luciferase
activiries were determined as described previously
(Maki et al., 1999). All transfection experiments
were performed in duplicate at least 3 times.

RESULTS

Identification of the Breakpoint on
Chromosome 12

We performed FISH experiments using several
probes from the E7V6 locus, on 12p13 (Fig. 1A),
The signals from the cosmids containing exons 14
{179A6, S0F4, and 2G8) were found on the der(6)
(FFig. 1B), whereas the signals from the cosmid
containing exons 3-5 (184C4) were split to the
der(6) and the der(12) (Fig, 1B), suggesting that
the breakpoint on 12p13 was localized o ETVs
exons 4-5. The signals on the normal 12p were
always observed with all the indicated cosmid
probes of the ETV6 locus, suggesting that the non-
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Figure 2. Identification of ETVS/FRK and FRK/
ETV6 fusion transcripts. {A) Schematic representa-
tion of wild-type ETVS, FRK, and the fusion tran-
seripts. The breakpoints are indicated by verticat
arrows. Horizontal arrows indicate the posidons of
RT.PCR primers (described in the Materials and
Methods section). (B) Detection of ETVA/FRIC as
well as FRKJETVS fusion transcripts by RT-PCR in
the patient’s leukemic sample. {C) Expression of
ETVé and FRK in the patient’s leukemic sample by
RT-PCR.

translocated allele of ETV6 was grossly intact with
no large deletions.

Identification of the Fusion Partner of ETVé

To identify the unknown fusion partner of
ETV6, 3-RACE-PCR was performed. After two
rounds of PCR, ¥-RACE-PCR products were suc-
cessfully obmained. Sequencing analysis of the
PCR products showed that exon 4 of ETV6 was
fused to exon 3 of FRK on 6921, creating an K TV6/
FRK fusion gene, The FRK gene encodes a SRC-
like nonreceptor tyrosine kinase, consisting of the
N-terminal SH3 and SH2 domains, the C-terminal
kinase domain, and a short regulatory il (Fig.
2A), The ETV6/FRK fusion gene produced 2 chi-
meric protein in which the entire pointed (PNT)

ETV6

FRK

oligomerization domain (also called helix-loop-
helix domain) of ETV6 and the kinase domain of
FRK were fused in-frame (Ifig. 2A).

Detection of the ETV6/FRK and FRK/ETVS
Fusion Transcripts

RT-PCR analysis was performed to confirm the
fusion rtranscripts of the ETVS and FRK genes.
Both reciprocal fusion transeripts, ETV6/FRK and
FRK/ETV6, were specifically amplified from the
leukemic sample but not from control bone mar-
row {Fig. 2B). Expression of wild-type ETV6 and
FRK also was detected in the leukemic sample
{Fig. 2C}. There were no mutations in the entire
coding sequences of ETV6, FRK, ETV6/FRK, and
FRK{ETVE (data not shown).
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Constitutive Activation of the ETV&6/FRK
Tyrosine Kinase

Because the ETV6/FRK fusion protein retained
the kinase domain but lacked the SH3 domain and
most of the SH2 domain, we examined its kinase
activity. First, we compared the autophosphoryla-
tion status of ETV6/FRK and wild-type FRK,
Either the ETVH/FRK fusion protein, wild-type
FRK, or wild-type ETV6 FLAG-tagged at
the N-terminus was introduced inte HeLa
cells, immunoprecipitated with an anti-FLAG-M2
monoclonal antibody, and then analyzed by the
kinase assay or immunoblotting with an antiphos-
photyrosine antibody 4G10 (Fig, 3A, top and mid-
dle). To compare expression levels, the same
amounts of immunoprecipitate were also subjecred
to anti-FLAG blot (Fig. 3A, bottom). A high level
of tyrosine phosphorylation occurred only in the
ETV6/IFRK protein (Fig. 3A, top and middle). A
basal level of autophosphorylation also was detect-
able in the wild-type FRK (IFig. 3A, top), a finding
in agreement with the previous data {Cance et al,,

Figure 3. The ETV&/FRK tyrosine kinase is con-
stitutively activated in Hela cells. (A) Lysates of
Hela cells transfected with the indicated expres-
sion vectors were immunoprecipitated with an anti-
FLAG-M2 menoclonal antibody and then analyzed
by immune complex kinase assay (top} or immuno-
blotting with an antiphosphotyrosine antibody
4G10 (middle). The total amount of each protein
was also assessed by immunoblotting with anti-
FLAG-M2 antibody (bottom). Arrowheads show
the proteins expressed or phosphorylated at an
expected size. (B} Results of kinase assay performed
with histones H2B (top) and H4 (middle}.

{substrate)
<& histone H2B

% histone H4

1994). However, the level of autophosphorylation
was significantly lower than that of ETV6/FRK
(Fig. 3A, rop and middle). Next, we compared the
ability of ETV6/FRK and wild-type FRK to phos-
phorylate exogenous substrates. When histone
H2ZB or H4 was added co the kinase reaction, they
were found to be phosphorylated to a greater
extent in ETV6/FRK-expressing cells than in
FRK-expressing cells (Fig, 3B), suggesting chat
the ETV6/FRK protein had elevated tyrosine kin-
ase activity.

Cell Transformation by ETVY6/FRK in a
Kinase-Dependent Manner

To assay the transforming activittes of ETV6/
FRK, we swably expressed the c[DNA-encoding
ETV6/FRK or other proteins into the fibroblast
cell line NIH3T3. We established 3 NIH3T3
clones expressing ETV6O/FRK, 2 clones express-
ing FREK/ETV6, 2 clones expressing FRK, 2
clones expressing E'TV6, and 2 clones expressing
ETV6/FRK(K262R) (Fig, 4A), the kinase-inactive
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Figure 4. ETV6/FRK transforms NIH3T3 cells and Ba/F3 cells in a
kinase-dependent manner. (A} Schematic represenmaton of the kin-
ase-inactive ETV6/FRK{K562R) mumnt with a lysine-to-arginine muta-
tion at the ATP binding site. (B) Soft-agar assay demonstrating
macroscopic colony formation in ETV6/FRK-expressing NIH3T3 cells.
{€) 2 x 10" Ba/F3 cells stably transfected with the indicated expres-
sion vectors were washed free of IL-3 and plated on day 0 in growth

mutant of ETV6/FRK, confirmed by immunoblot-
ting analysis (data not shown). The soft-agar assay
was performed on each clone. Comparable results
were obtained for the clones expressing the same
proteins, and the representative data are pre-
sented. Only the NIH3T3 cells expressing intact
ETV6/FRK were able to produce macroscopic
colonies, whereas the NIH3IT3 cells transfected
with the empty vector or cells expressing the Kin-
ase-inactive mutant ETVHFRK(K26ZR), the
reciprocal FRK/ETV6 fusion protein, wild-rtype
FRK, or wild-type ETV6 failed 1o grow colonies
(Fig. 4B, Table 2). These results suggest that
ETV6/FRK but not FRK/ETV6 contributes to
necplastic transformation in a kinase-dependent
manner,

Next, we also examined the ability of ETV6/
FRK rto transform the murine hematopoictic cell
line Ba/F3, which is strictly dependent on 1L-3 for
survival and proliferation. Following stable trans-
duction by electroporation, we obtained 6 Ba/l'3
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medium without IL-3. Viable cells were counted each day. Data of
the representative clone(s) for each protein are presented. (D) Cell
lysates of the indicated Ba/F3 clones were immunoprecipitated with
an anti-FLAG-M2 antibody and then subjected to kinase assay (top)
and immunoblotting with and-FLAG-M2 antibody (bottom). Arrow-
heads show the proteins expressed at an expected size.

clones expressing ETV6/FRK, 2 clones expressing
FRK, 2 clones expressing ETV6, and 3 clones
expressing ETV&/FRK(K262R), confirmed by
immunoblotting analysis (data not shown). To
assay the ability to confer independent prolifera-
tion of 1L.-3, each Ba/F3 clone was switched to
growth medium without IL-3. Cemparable results
were obtained for the clones expressing the same
proteins, and the representative data are presented.
The Ba/FF3 clones expressing ETV6/FRK showed
sustained proliferation in the absence of IL-3
{Fig. 4C). In contrast, Ba/F3 cells transfected with
the empty vector or cells expressing kinase-inac-
tive mutant ETV6/FRK(K262R), wild-type FRK,
and wild-type ETV6 were all unable 1o proliferate
in the absence of IL-3 (Fig. 4C). Although the
ETV6/IFRK proteins expressed in the stable clones
were constitutively autophosphorylated, the
ETV6/FRK(K262R) mutants were not (Fig. 4D).
These observations indicate that ETV6/FRK is a
dominant oncoprotein and that constitutive activa-
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TABLE 2, Transformation of NIH3T3 Cells By ETV&/FRK

Transfected DNA Ne. of colonies®

pME185-neo {vector) 0
pME185-neo-ETVé '
pME|8S-neo-FRK
pME|85-nec-ETV6/FRK
pME|8S-nec-ETVS/FRK(K262R)
pME|85-nes-FRIVETVE

comoo

NIH3T3 cells were transfected with the indicated constructs, and sta-
ble transfectants were selected in G418. Cells were plated in soft agar.
Macroscopic colonies were counted at day 21.

*Average of four experiments.

tion of the ETV6/FRK tyrosine kinase is necessary
for ETV6/FRR-induced transformation,

Inhibition of ETV&-Mediated Transcription
Repression by ETV6/FRK

Because ETV6 is an ETS transcription factor
that acts as a transcriptional repressor (Lopez
et al.,, 1999), we also investigated the transcrip-
tional regulatory property of ETV6/FRK and its
ability to modulate the funcrion of wild-type
ETV6. We transfected a previously described
(EBS)3tkLuc reporter, in which the luciferase
gene is placed under the control of an ETS
responsive promoter (Waga et al, 2003), along
with either wild-type ETV6, ETV6/FRK, or
FREK/ETV6 into HeLa cells and evaluated lucifer-
asc activity, The results showed, in agreement
with the previous finding (Waga et al,, 2003), that
there was decreased luciferase activiey after
cotransfection of (EBS)3tkLuc with the wild-type
ETV6 expression plasmid (Fig. 5A). In contrast,
no repression was observed when ETV6/FRK or
FRK/ETV6 was expressed with the (EBS)3tkLuc
reporter (Fig. 5A).

Because the oncoprotein ETV6H/FRK lacks the
ETS DNA binding site but still retains the PNT
cligomerization domain, it is possible that it might
affect ETV6-mediated transcriptional repression
by heterodimerizing with ETV6, Notably, coex-
pression of ETVE6/FRK abolished the transcrip-
tional repression by ETV6 in a dose-dependent
manner (Fig, 5B), suggesting that ETV6/FRK has
a dominant-negative effect on ETVé6-mediated
transcriptional repression. In contrast, coexpression
of the reciprocal FRK/ETVé protein did not
affect ETVé-mediated transcriptional repression
{Fig. 5B). In control experiments, dose-dependent
expression of the ETV6, ETV6/FRK, or FRK/
ETV6 protein was confirmed by immunoblotting
analysis (data not shown).

DISCUSSION

The t(6;12)(q21;p13) is a rare but recurrent
reciprocal chromosome translocation in human
leukemia (Hayashi et al,, 1990; Katz et al., 1991;
Raimondi et al., 1997). In this article, we report
our finding that it generated novel fusion genes
ETV6/FRK and FRK/ETV6 in a case of AML, FRK
belongs to a family of SRC kinases, as at the amino
acid level, it has the highest homology, 50%, with
FYN (Cance et al, 1994; Lee et al, 1994).
Although several tyrosine kinase (TK) genes have
been identified as fusion partners of E7V6 (Golub
et al., 1994; Papadopoulous et al., 1995; Lacronique
et al., 1997; Peeters et al., 1997; Cazzaniga et al,,
1999; Eguchi et al,, 1999; lijima et al,, 2000; Kuno
et al., 2001), this is the first report of a SRC-family
tyrosine kinase gene being fused with ETV6
and structurally altered in human cancers. In the
resultant ETV/FRK fusion protein, the entire
PNT oligomerization domain of ETV6 and the
kinase domain of FRK are fused in frame. We
demonstrated that this ETV6/FRK fusion protein
constitutively underwent autophosphorylation on
its tyrosine residues. ETV6/FRK had clevated kin-
ase activity compared to that in wild-type FRK,
ETV6/FRK showed transforming activities in two
cell lines, Ba/F3 and NIH3T3, indicating rthat
ETV6/FRK is a dominant transforming oncopro-
tein, The kinase-inactive mutant ETVH/
FRK(K262R) transformed neither of these two cell
lines, indicating that the kinase activity of ETVE/
FRK was essential for cransformation. The recipro-
cal fusion protein FREK/ETVS6, whose mRNA also
was transcribed in the patient sample, did not have
transforming activity. These data strongly suggest
that the elevated kinase activity of the ETV6/FRK
fusion protein directly contributes to the patho-
genesis of leukemia with a t(6;12Kq21;p15).

Although activated variants of the SRC family -
kinases show transforming activitics (Parker et al,,
1984; Cartwright et al., 1987), the SRC and its fam-
ily of genes rarely have been reported as being
mutated or structurally altered in primary human
tumors. Irby et al. (1999) reported that 12% of
advanced human colon cancers in the Untted
States had a truncating mutation at codon 531 of
the SRC gene and that the mutation elevated kin-
ase activity and promoted the potential for malig-
nancy. However, three subsequent large-scale
studies on advanced colorectal cancers in Japanese,
northern European, Chinese, and Italian patients
failed to detect the mutation (Daigo et al., 1999,
Wang et al.,, 2000; Laghi et al,, 2001), making the
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Figure 5. ETV&/FRK is a dominant-negative reg- = o5 L ] L
ulator of ETVé-mediated transcriptional repression g
in Hela cells. (A} Hela cells were transfected with | '5
ng of (EBS)3tkLuc reporter plasmid along with | pg > oa H L1 L
of the indicated expression vector. Bars show rela- =
tive luciferase actvities to the level when a control ®
plasmid pME1BS-neo was cotransfected with the - 0z M -
corresponding reporter plasmid, and they present
average results of duplicate experiments. (B) Hela
cells were transfected with { pg of (EBS)3tkLuc 0 whld, s all, N N A, " )
reporter plasmid along with 1 pg of pME-185-neo-
FLAG-ETV6 expression vector together with indi- vector 2 1 0% 005 090050 O 000 485 0.90 0.50 O
cated amounts of pMEI 85-neo-FLAG-ETV6/FRK or ETVe O 1 1 1 1 1 1 1t 1 % 1
pME|85-nec-FLAG-FRK/ETV6 expression vector. ETVE/FRK 0 © 001 005 010050 4 O © ©O ©0 @

The resules are presented as relative luciferase
activities.

importance of this mutation controversial. In hem-
atopoietic malignancies, two human T-cell acute
lymphoblastic leukemia cell lines have been
shown to have rearrangement of LCK, a SRC-
family kinase gene (Tycko et al., 1991; Wright
ct al,, 1994), In these two cell lines, TISB-2 and
SUP-T12, the upstream promoter of the LOK gene
was juxtaposed to the TCRB locus without any
accompanying large strucrural abnormality of the
LCK protein. LOCK mRNA was elevared in the two
cell lines (Tycko et al,, 1991), and the HSB-2 cell
line was later shown to carry several activating
point mutations in the LCK gene (Wright et al.,
1994}, indicating that overexpression and/or activa-
tion of the LCK kinase would lead to cell transfor-
mation. On the other hand, the involvement of
SRC family members in primary leukemia has not
been reported previously, In this study, we showed

FRKETYS 0 0 0 o 0 o

0 001005 010050 1 [ug)

that the structural abnormality of an SRC-like
kinase pene, FRK, through translocation with
ETV6 can directly contribute to leukemogenesis
through activation of the alered tyrosine kinase.
In addition to the analysis of the current case with
a t(6;12), we also performed a mutation analysis of
the FRK gene in 20 hematopoicetic cell lines but
failed to detect activating mutations or structural
abnormalities (data not shown). Thus, it is cur-
rently unclear whether FRK could be activated
through other mechanisms such as activating
mutations or translocations with other partner
gene(s), although more intensive analyses may be
required.

Two mechanisms could contribute to the con-
stitutive activation of the ETVG/FRK kinase. First,
in the ETV6/FRK fusion protein, the SH3 and
SH2 domains of FRK are lost or disrupted, respec-
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