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Recombination Activator Function of the Human EVL Protein
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FIGURE 1. Analyses of the EVL and RAD51B knockdown cells. A, the EVL,
RADS 1B, and CDK2 proteins in the siRNA-treated MCF7 celis. The top, middle,
and bottom panels indicate the expression levels of the EVL, RAD51B, and
CDK2 proteins, respectively. The proteins were detected by Western blotting.
Lanes 1 and 2, control experiments without siRNA and with a control siRNA,
respectively. Lanes 3 and 4, experiments with EVL siRNA and RADS51B siRNA,
respectively. B, RAD51 foci formation. The MCF7 cells were treated with y-ray
irradiation (8 grays). The cells without treatrment, with a control siRNA treat-
ment, with an EVL siRNA treatment, or with a RAD51B siRNA treatment are
presented. C, graphic representation of the RAD51 foci formation after y-ray
irradiation (8 grays). The cells containing more than 10 RADS1 foci were
scored as positive and were plotted. The averages of three independent
experiments are plotted with 5.D. values. D, graphic representation of the
RADS51 foci formation after MMC treatment. The cells containing more than
10RADS51 foci were scored as positive and were plotted. Theaverages of three
independent experiments are plotted with $.D. values. £, sensitivity to MMC,
Open squares, closed circles, and open circles, experiments with a control
siRNA, EVL siRNA, and RAD51B siRNA, respectively. The averages of three
independent experiments are plotted with 5.D. values,

0 0t

The cells containing more than ten RADS51 foci after ionizing
radiation treatment were scored as positive, because many cells
containing fewer than 10 RADS51 foci were observed, even in
the absence of DNA damage. The EVL knockdown MCF?7 cells
exhibited a clear reduction in RAD51 foci formation (Fig. 1, B
and C, and supplemental Fig. 1). Consistent with previous stud-
ies (39, 44), the RAD51B knockdown MCF7 cells exhibited a
comparable reduction in RAD51 foci formation on the DSB
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FIGURE 2. Purification of the human EVL protein. A, schematic representa-
tion of the purification steps for the Evl protein. B, proteins from each purifi-
cation step were analyzed by 12% SDS-PAGE with Coomassie Brilliant Blue
staining. Lane 1, molecular mass markers; Janes 2 and 3, whole cell lysates
before and after induction with isopropyl-1-thio-B-p-galactopyranoside
(IPTG), respectively. Lanes 4-8, samples from the peak Ni?*-NTA-agarose
(invitrogen) fraction, the peak hydroxyapatite (Bio-Rad) fraction, the fraction
after the removal of the hexahistidine tag, the peak Superdex 200 fraction (GE
Healthcare), and the peak Mono$ fraction (GE Healthcare), respectively.

sites after ionizing radiation (Fig. 1, B and C). Reduced RAD51
foci formation was also observed in the EVL knockdown cells
after treatment with an interstrand cross-linking agent, MMC
(Fig. 1D). These results suggested that, like the RAD51B pro-
tein, the EVL protein functions in RAD51 assembly on DSB
sites in the HRR pathway.

On the other hand, the EVL knockdown cells did not exhibit
significant increase in sensitivity to MMC (Fig. 1E). The weak
MMC sensitivity in the EVL knockdown cells, as compared
with that in the RAD51B knockdown cells, may be explained by
the presence of EVL paralogs, such as the MENA and VASP
proteins, which may complement the functions of the EVL
protein.

Interaction of the EVL Protein with the RADS1 and RAD51B
Proteins—The human EVL protein was purified as a recombi-
nant protein by a five-step procedure (Fig. 24). In this proce-
dure, the His, tag was uncoupled with thrombin protease from
the EVL portion, which then migrated slightly faster than the
Hisg-tagged EVL protein upon SDS-polyacrylamide gel electro-
phoresis (Fig. 2B, lane 6).

We then tested whether the EVL protein bindstothe RAD51
protein, because the EVL knockdown cells exhibited a reduc-
tion in RAD51 foci formation (Fig: 1, B and C). To do so, we
prepared Affi-Gel 10 beads chemically conjugated with the EVL
protein and performed pulldown assays with HeLa cell extracts.
As shown in Fig. 34 (lane 2), the endogenous RADS51 protein in
the HeLa cell extract was detected in the EVL-bound fraction
over the background level. Like the RAD51 protein, the endog-
enous RAD51B protein in the Hela cell extract was also
detected in the EVL-bound fraction (Fig. 38, lane 2). These
results suggested that the EVL protein binds to the RAD51 and
RADS51B proteins.

To verify the EVL binding to the RAD51 and RAD51B pro-
teins, we performed SPR analyses. The RAD51 protein inter-
acted with the EVL-conjugated sensor chip (Fig. 3C). The
RADS51B protein also significantly interacted with the EVL pro-
tein (Fig. 3D). In contrast, the DMC1 protein, which shares
about 50% amino acid identity with the RADS51 protein, exhib-
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FIGURE 3. The EVL protein binds to the RAD51 and RAD51B proteins.
A and B, pulldown assay. Affi-Gel 10 beads chemically conjugated with the
EVL protein were incubated with a HeLa whole cell extract. Proteins bound to
the EVL beads were separated by SDS-PAGE and were analyzed by Western
blotting. A, the endogenous RADS51 protein was probed with an anti-RADS1
polyclonal antibody. Lanes 1 and 2, experiments with the control Affi-Gel 10
beads and the EVL beads, respectively, in the presence of the Hela cell lysate.
Lane 3, a control experiment with the EVL beads in the absence of the Hela
cell lysate. The input Hela cell lysate (10 pg of protein) and the purified
RADS51 (2 ng) protein were appliedin lanes 4 and 5, respectively. B, the endog-
enous RAD518 protein was probed with an anti-RAD5 18 polyclonal antibody.
Lanes 1 and 2, expetiments with the control Affi-Gel 10 beads and the EVL
beads, respectively, in the presence of the Hel.a cell lysate. Lane 3, a control
experiment with the EVL beads in the absence of the Hela cell lysate: The
input Hela cell lysate (10 1g) and the purified RAD518 protein (2 ng) were
applied in lanes 4 and 5, respectively. C, surface plasmon resonance analyses
of the EVL-RAD5T and EVL-DMC1 interactions. Sensorgrams for RAD51 and
DMC1 binding to the immobilized EVL protein are presented. The RAD51 and
DMC1 concentrations were 1 um. D, surface plasmon resonance analysis of
the EVL-RADS5 1B interaction. Sensorgrams for RAD51B and BSA binding tothe
immobilized EVL protein are presented. The RAD51B and BSA concentrations
were 1 um. £ and F, the Ni**-NTA-agarose pulldown assay with the Hisg
tagged EVL and RADS1 (£} or RADS51B (F) proteins. Lane 1, molecular mass
markers (200, 116, 79, 42, and 30 kDa). Lanes 2 and 3, RADS1 (E) or RAD51B (F)
and the His,-tagged EVL proteins. Lanes 4-7 and lanes 8-11, experiments in
the presence and absence of the Hiss-tagged EVL, respectively. The concen-
tration of the His;-tagged EVL protein was 0.45 um. The RAD51 or RAD51B
concentrations were 0.5 um (fanes 4 and 8), 1 um (lanes 5and 9), 1.5 pm (lanes
6 and 10), and 2 pm (lanes 7 and 11).

ited little binding to the EVL protein (Fig. 3C). These resulis
indicated that the EVL protein specifically binds to the RAD51
and RADS51B proteins.

We finally confirmed the EVL binding to the RAD51 and
RAD51B proteins by the Ni** -NTA-agarose pulldown assay. In
this assay, the His,-tagged EVL protein was used as the bait
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FIGURE 4. DNA binding activities of the EVL protein, $X174 ssDNA (20 p)
and/or X174 1inear dsDNA (20 um) were each incubated with the EVL protein
at 37 °C for 15 min. The samples were then separated by 0.8% agarose gel
electrophoresis in TAE buffer and were visualized by ethidium bromide stain-
ing. A, ssDNA binding. Lane 1, a negative control experiment without the EVL
protein, The EVL concentrations were 0.1 um {lane 2), 0.2 um (lane 3), 04 um
(fane 4), and 0.8 um {lane 5). B, dsDNA binding. Lane 1, a negative control
experiment without the EVL protein. The EVL concentrations were 0.1 M
(lane 2), 0.2 i (lane 3), 0.4 pm (lane 4), and 0.8 um (lane 5). C, competitive
binding to ssDNA and dsDNA. Lane 1, a negative control experiment without
the EVL protein, The EVL concentrations were 0.1 um {lane 2), 0.2 u#m (lane 3),
0.4 um (fane 4), 0.8 pm (lane 5), and 1.2 um (lane 6).

protein, since the EVL protein covalently conjugated to the
Affi-gel beads did not enter the polyacrylamide gel. Consis-
tently, the purified RAD51 and RAD51B proteins bound to the
His,-tagged EVL protein were captured by the Ni**-NTA
beads in a concentration-dependent manner (Fig. 3, Eand F).In
the presence of excess amounts of the RAD51 and RAD51B
proteins, the EVL:RAD51 and EVL:RAD51B ratios detected in
the gel were 2.4:1and 1.4:1, respectively (Fig. 3, Cand D, lane 7).
Therefore, we conclude that the EVL protein directly interacts
with the RAD51 and RADS51B proteins.

The EVL Protein Stimulates RADS1-mediated Homologous
Pairing—As shown in Fig. 4, A and B, the EVL protein bound to
both ssDNA and dsDNA. A competitive DNA-binding assay
revealed that the EVL protein preferentially bound to ssDNA
rather than dsDNA (Fig. 4C). To study the EVL activity in the
recombination reaction, we tested whether the EVL protein
affects the RAD51-mediated homologous pairing. To do so, we
performed the D-loop formation assay (Fig. 54). The superheli-
cal dsDNA used in this assay was prepared by a method without
alkali treatment to avoid denaturation of the double helix ofthe
dsDNA (15). As shown in Fig. 5, B (lanes 2—4) and C, the EVL
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FIGURE 5. The EVL protein stimuiates the RAD51-mediated homologous
pairing. A, a schematic representation of the D-loop formation assay. Aster-
isks indicate the 3*P-labeled end of the 50-mer ssDNA. B, the D-loop formation
assay. The reactions were conducted without the RAD51 protein (lanes 1-4)
or with the RAD51 protein (0.1 um) (lanes 5- 8} in the presence of increasing
amounts of the EVL protein. The EVL concentrations were 0 um (lanes 1 and 5),
0.1 um{lanes 2 and 6), 0.5 um (fanes 3and 7), and 1 um{fanes 4and 8). C, graphic
representation of the experiments shown in B. Closed and open circles, exper-
iments with and without the RAD5 1 protein, respectively. D, a schematic rep-
resentation of the homologous pairing assay with oligonucleotides. The
asterisks indicate the 3*P-labeled end of the 32-mer DNA strand. £, the
homologous pairing assay. The. reactions were conducted without
the RADS1 protein {{anes 1-4) or with the RAD5 1 protein (1 um) {{anes 5- 8)
in the presence of increasing amounts of the EVL protein. The EVL concen-
trations were O um {(lanes T and 5), 0.5 um (lanes 2 and 6), 1 um (fanes 3 and
7), and 2 um (lanes 4 and 8).

protein alone did not promote D-loop formation. However,
intriguingly, the amount of D-loops formed by the RAD51 pro-
tein synergistically increased, in an EVL concentration-
dependent manner (Fig. 5, B (lanes 5-8) and C). Therefore, the
EVL protein may have an activator function in homologous
pairing by the RAD51 protein.

To confirm this EVL-mediated activation of homologous
pairing, we performed the homologous pairing assay with short
oligonucleotides (Fig. 5D). In this assay, a 63-mer ssDNA and a
homologous 32-mer dsDNA were used as substrates. In the
reaction, the 3*P-labeled 32-mer strand, which contains a
sequence identical to that of the 63-mer ssDNA, is displaced
from the dsDNA, as a consequence of the homologous pairing
and subsequent strand exchange reactions by RAD51. As
shown in Fig. 5E (lanes 5-8), the EVL protein enhanced the
RAD51-mediated homologous pairing between the 63-mer
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ssDNA and the homologous 32-mer dsDNA. The displaced
32p.labeled 32-mer product was not detected when the RAD51
protein was omitted from the reaction mixture (Fig. 5£, lanes
2-4), suggesting that the EVL protein alone did not promote
homologous pairing. These results obtained from two inde-
pendent homologous pairing assays are perfectly consistent;
therefore, we conclude that the EVL protein stimulates the
RAD51-mediated homologous pairing ix vitro.

The EVL Protein Stimulates RADSI1-mediated Strand
Exchange—After homologous pairing, the RAD51 protein pro-
motes a long tract of strand exchange, probably for the fine
matching of homologous sequences. We next tested whether
the EVL protein affects the RAD51-mediated strand exchange
with long DNA substrates. In this assay, $X174 phage circular
ssDNA (5,386 bases) and linearized $X174 dsDNA (5,386 base
pairs) were used as DNA substrates (Fig. 64). RPA is required
for the efficient promotion of the strand exchange reaction by
the RAD51 protein, but this RPA-dependent stimulation of
strand exchange was not significant when the ssDNA was pre-
incubated with RPA before the RAD51-ssDNA binding. This
suppressive effect of RPA is considered to be overcome by the
RAD51-binding proteins (11).

We then conducted the strand exchange reaction under the
suppressive conditions with RPA. Interestingly, the EVL pro-
tein clearly enhanced the RAD51-mediated strand exchange, in
a concentration-dependent manner (Fig. 6, B and C). No prod-
ucts were observed when the reactions were conducted without
the RADS51 protein (Fig. 6B, lane 7), suggesting that the EVL
protein itself did not possess the strand exchange activity. A
time course experiment also revealed signiticant enhancement
of the RAD51-mediated strand exchange by the EVL protein
(Fig. 6D). Therefore, the EVL protein may be a novel stimula-
tion factor for RAD51-mediated strand exchange as well as
homologous pairing.

We next tested the effects of the reaction orders on strand
exchange. As shown in Fig: 6F (lanes 2 and 3), the EVL-medi-
ated stimulation of strand exchange was clearly observed when
all three proteins, RAD51, RPA, and EVL, were mixed before
the addition of ssDNA. Similarly, substantial enhancement was
observed when the RAD51 protein was incubated with ssDNA
followed by the addition of the RPA and EVL proteins (Fig. 6£,
lanes 4 and 5). A small but clear increase in the products was
detected when the RADS51 protein, RPA, and ssDNA were
mixed before the addition of the EVL protein (Fig. 6E, lanes 6
and 7). Preincubation of the RAD51 and EVL proteins with
ssDNA before the addition of RPA also enhanced the strand
exchange (Fig. 6, lanes 8 and 9). Therefore, the EVL protein
actually stimulates the RAD51-mediated strand exchange in
various reaction orders, although the stimulation efficiencies
significantly depend on the reaction order.

It should be noted that the partial ssDNA annealing products
(indicated by asterisks in Fig. 6) generated by the RAD51 pro-
tein were detected under the reaction conditions used in the
present study (30 °C). This RAD51-dependent ssDNA anneal-
ing product was resolved by heating and was not signiticantly
formed when the reactions were performed at 37 °C (supple-
mental Fig. 2).
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FIGURE 6. The EVL protein stimulates the RAD51-mediated strand
exchange. A, a schematic representation of the strand exchange reaction.
The two reaction products, joint molecule and nicked circular DNAs, are
denoted as jm and nc, respectively. B, the RAD51 protein (1 um) and RPA (1
M) were incubated with the indicated amounts of the EVL proteinat 30 "Cfor
10 min. After this incubation, X174 circular ssDNA (20 um) was added to the
reaction mixture, which wasincubated at 30 °Cfor 10 min. The reactions were
then initiated by the addition of $X174 linear dsDNA (20 pm) and were con-
tinued at 30 °C for 60 min. The deproteinized products were separated by 1%
agarose gel electrophoresis and were visualized by SYBR Gold {Invitrogen)
staining. The asterisk indicates the self-annealing products of the ssDNA. The
EVL concentrations were 0 um (lanes 1 and 2), 0.25 pm (lane 3), 0.5 um (lane 4),
1 um{lane 5), and 2 um{lanes 6 and 7). Lane 7, a control experiment without the
RADS51 protein, C, graphic representation of the experiments shownin B. The
band intensities of the joint molecule DNA products were quantified, and
the average values of three independent experiments are shownwith the S.D.
values. D, time course experiment. The RADS1 protein (1 um) and RPA (1 um)
were incubated with the EVL protein (1 um) at 30 °C for 10 min. After this
incubation, $X 174 circular ssDNA (20 um) was added to the reaction mixture,
which was further incubated at 30 °C for 10 min. The reactions were then
initiated by the addition of $X174 linear dsDNA (20 pv) and were continued
for the indicated times. The deproteinized products were separated by 1%
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FIGURE 7. The EVL protein further stimulates the RAD51-mediated strand
exchange in the presence of the RAD51B protein. A, the RAD51 protein (1
1am) and RPA (1 um) were incubated with the EVL protein (0.5 um) and/or the
RAD518B protein (0.5 um) at 30°C for 10 min. After this incubation, $X174
circular ssDNA (20 um) was added to the reaction mixture, which was further
incubated at 30 °C for 10 min, The reactions were then initiated by the addi-
tion of $X174 linear dsDNA (20 um) and were continued for 60 min. The
deproteinized products were separated by 1% agarose gel electrophoresis
and were visualized by SYBR Gold staining. The asterisk indicates the self-
annealing products of the ssDNA. The EVL concentrations were O um (lanes 1,
2,and 5) and 0.5 um {/anes 3 and 4). The RAD5 1B protein concentrations were
0 um (lanes 1--3) and 0.5 pm {lanes 4 and 5). B, graphic representation of the
experiments shown in A, The band intensities of the joint molecule DNA prod-
ucts (jm) were quantified, and the average values of three independent
experiments are shown with the S.D. values.

The RADS1B Protein Enhances RADSI1-mediated Strand
Exchange with the EVL Protein—We next tested whether the
RADS51B protein affects RAD51-mediated strand exchange in
the presence of the EVL protein, because the RAD51B protein
interacts with the EVL protein (Fig. 3, B and D). The RAD51B
protein was added to the reaction mixture in the presence or
absenice ofthe EVL protein. We found that the RAD51B protein
stimulated RAD51-mediated strand exchange in the presence
of the EVL protein (Fig. 7, A ({ane 4) and B). In contrast, the
RAD51B-dependent stimulation was not observed in the
absence of the EVL protein (Fig. 7, A (lane 5) and B). Therefore,
the RAD51B protein enhances the RAD51-mediated recombi-
nation reaction only in the presence of the EVL protein.

The EVL Protein Promotes Annealing between ssDNA
Molecules—e found that the EVL protein possesses robust
ssDNA annealing activity. In this assay, complementary ssDNA
49-miers were used as the substrates. As shown in Fig. 8, A-D,
the EVL protein alone promoted annealing between comple-
mentary strands. In contrast, the RAD51B protein alone did not
exhibit annealing activity (Fig. 8, £ (lanes 2—4) and #). Interest-
ingly, the EVL-mediated annealing was significantly enhanced
by the RAD51B protein (Fig. 8, £ (lanes 5-8) and F). These
resultsindicated that the EVL protein may be a novel factor that

agarose gel electrophoresis and were visualized by SYBR Gold staining. £, the
strand exchange assay with various reaction orders. The RAD51 protein (1
um), RPA (1 um), the EVL protein (1 pm), and ssDNA were incubated in the
indicated reaction orders at 30 °C for 10 min. The reactions werethen initiated
by the addition of $X174 linear dsDNA (20 um) and were continued at 30 °C
for 60 min. The deproteinized products were separated by 1% agarose ge!
electrophoresis and were visualized by SYBR Gold staining. The asterisk indi-
cates the self-annealing products of the ssDNA.
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FIGURE 8. ssDNA annealing activity of the EVL protein. A, protein titration, The EVL protein was first com-
plexed with 2 um ssDNA, followed by the addition of a complementary ssDNA. The reactions were conducted
at 30 °C for 8 min. Lane 1, a controf experiment without protein; lanes 6-9, experiments with the EVL protein.
The EVL concentrations were 0 uM {lane 1),0.1 um (lane 6),0.2 um(lane 7}, 0.5 um (lane 8), and 1 um(lane 9). Lanes
2-5, negative control experiments with ovalbumin; the amounts of protein were the same as those of the EVL
protein, in terms of weight, B, graphical representation of the experiments shown in A, The band intensities of
the annealing products were quantified, and the average values of three independent experiments are shown
with the S.D. values. Closed circles and open circles, experiments with the EVL protein and with ovalbumin,
respectively. G, time course. Lanes 1-5, negative control experiments without the EVL protein. Lanes 6-10,
experiments withthe EVL protein (0.5 ). Reaction times were O min {(fanes 1 and 6), 1 min (lanes 2 and 7), 2 min
(lanes 3 and 8), 4 min (lanes 4 and 9), and 8 min (lanes 5 and 10). D, graphical representation of the experiments
shown in C. The band intensities of the annealing products were quantified, and the average values of three
independent experiments are shown with the 5.D. values. Closed circles and open circles, experiments with and
without the EVL protein, respectively. E, effect of the RAD518 protein. The EVL protein was preincubated with
orwithoutthe RAD51B protein, followed by an incubation with 2 s ssDNA, Thereactions were initiated by the
addition of a complementary ssDNA and were conducted at 30 °C for 8 min. Lanes 1-4, experiments without
the EVL protein; lanes 5- 8, experiments with the EVL protein, The RAD51B concentrations were 0 um (lanes 1
and 5), 0.25 um{lanes 2 and 6), 0.5 M (lanes 3 and 7), and 1 um (fanes 4 and 8). F, graphical representation of the
experiments shown in £. The band intensities of the annealing products, relative to the experiment in the
absence of the RAD5 1B protein, were quantified, and the average values of three independent experiments are

robust ssDNA annealing activity
(56~59). These functional similari-
ties between the EVL and RAD52
proteins imply that they may have
overlapping functions in cells.

In the present study, we found
that MMC sensitivity in the EVL
knockdown cells was not as remark-
able as the MMC sensitivity of the
RAD51B knockdown cells. This fact
implies that a factor(s) that comple-
ments the EVL function may exist.
The RAD52 protein, which shares
significant biochemical similarity
with the EVL protein, may be a fac-
tor. In addition, two more paralogs
of the EVL protein, MENA and
VASP, exist in humans (48) and may
also contribute to the functional
redundancy of the EVL protein.

The RADS52 knock-out chicken
DT40 cells reportedly did not
exhibit defects in DSB repair (60).
The cells with the double knock-out
of the RAD52 and XRCC2 proteins
were significantly defective in the
HRR pathway (61), indicating that
the RAD52 protein has an overlap-
ping function with the XRCC2 pro-
tein. The XRCC2 protein forms the

shown with the S.D. values,

functions in the HRR pathway and that the RAD51B protein
stimulates the EVL-mediated recombination reactions.

DISCUSSION

The human EVL protein is a member of the Ena/Vasp
family, which reportedly functions in cytoplasmic actin
dynamics (48). In the present study, we discovered an unex-
pected function of the EVL protein in the HRR pathway.
Specifically, we found that the EVL protein (i) directly binds
to the RADS51 and RAD51B proteins, (ii) functions in DSB
repair, probably in the RAD51 assembly step on DSB sites,
(iii) stimulates RAD51-mediated homologous pairing and
strand exchange, and (iv) preferentially binds to ssDNA and
promotes ssDNA annealing. We also found that (v) the
RAD51B protein enhances the EVL-dependent strand
exchange stimulation and ssDNA annealing reactions. These
EVL activities discovered in the present study strongly sug-
gest that the EVL protein is a novel activator for the RAD51-
mediated homologous recombination reaction.

The biochemical properties of the EVL protein presented
here are surprisingly similar to those of the RAD52 protein,
which is a prominent RADS51 activator in eukaryotes. The
RADS52 protein directly binds to the RADS1 protein (13-15)
and stimulates RAD51-mediated homologous pairing (18) and
strand exchange (53-55). The RAD52 protein itself possesses

14334 JOURNAL OF BIOLOGICAL CHEMISTRY

BCDX2 complex, which is com-
posed of the RAD51B, RAD51C,
RADS51D, and XRCC2 proteins
(62, 63), and like the EVL and RAD52 proteins, the BCDX2
complex possesses robust ssDNA annealing activity (64).
Therefore, redundant annealing activities may be required in
the HRR pathway in higher eukaryotes. The RAD52-medi-
ated annealing is suggested to be important in the second
end capture step, just after homologous pairing and strand
exchange (65). Therefore, the EVL protein may also function
in the second end capture step, in addition to the RAD51
assembly and homologous pairing/strand exchange steps. It
is intriguing to study the functional interactions between
these ssDNA annealing proteins, such as RAD52, BCDX2,
and EVL-RADS51B.

We found that the EVL protein was highly expressed in
MCEF7 cells. However, we noticed that EVL expression was
very low in other cells, such as RPE, HT 1080, T47D, HepG2,
and HCT116 (data not shown). The rat EVL homologue is
reportedly expressed in brain, lung, spleen, thymus, and tes-
tis but not in liver, muscle, and prostate (66). Given that the
EVL proteinisanovelrecombinationactivatorfortheRAD51-
dependent HRR pathway, it may not constitutively function
like the RAD51 and RAD51B proteins. The EVL protein may
be required for repairing specific DNA lesions in certain
tissues or cells, and it may cause tumor malignancy due to
inappropriate recombination activation by its overexpres-
sion in certain types of tumor cells. The MCF7 cell line,
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which robustly expresses the EVL protein, was derived from
a breast cancer tumor. Intriguingly, the abnormal expression
of the EVL mRNA was also found in another breast cancer
tumor (49). Given that EVL overexpression is a source for the
malignancy of tumor cells, such as breast cancer, the EVL
protein may be a potential target of anti-cancer treatments.
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Edaravone has been reported to have a radioprotective effect at high concentrations. We
now report that a lower dose of edaravone enhanced X-ray-induced apoptosis of some cell
lines harboring p53 wild-type status, such as MOLT-4, Nalm-6, and HepG2. The knock-
down: of p53 using siRNA in MOLT-4 cells abolished the radiosensitizing effect of

edaravone. Enhanced phosphorylations of p53 at Ser 15 and Ser 20 and up-regulation of

Keywords:
Edaravone
Radiosensitizer
Apoptosis

p53

PUMA, a p53 target protein, were observed after X-irradiation in the presence of edaravone.
We conclude that the low dose of edaravone sensitized cells to X-irradiation by promoting
the p53-dependent apoptotic signaling pathway.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Edaravone (MCI-186; 3-methyl-1-phenyl-2-pyrazolin-
5-one) is a drug widely used clinically for the treatment of
acute cerebral infarction {1] and is known to scavenge free
radicals as an electron donor {2]. We previously reported
that in the human T-cell leukemia cell line, MOLT-4, 3 mg/
ml of edaravone suppressed X-ray-induced apoptosis. by
inhibiting both reactive oxygen species (ROS) and p53 [3].
The MOLT-4 cell line is highly sensitive to X-rays and
undergoes p53- and caspase-dependent apoptosis, showing
nuclear condensation and DNA fragmentation {4]. p53 is a
well-studied transcription factor associated with the deter-
mination of the cells to undergo apoptosis or other fates

+ Corresponding author.
E-mail address: nakagawa-rad@umin.ac.jp (K. Nakagawa).

0304-3835/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.canlet.2009.12.020

after DNA damage. After DNA damage, p53 stability is in-
creased by phosphorylation, and the accumulated p53 in-
duces the transcription of its target genes [5], including
the p53-upregulated modulator of apoptosis (PUMA).
PUMA is a BH3-only protein belonging to the Bcl-2 family
that regulates apoptosis and plays a key functional role in
the process of p53-mediated apoptosis [6-9]. Overexpress-
ing'a dominant-negative form of p53 in MOLT-4 cells re-
sults in resistance to radiation-induced apoptosis {10].
Various compounds have been reported to be effective
as radiosensitizers, such as wortmannin. Wortmannin is
an extensively studied inhibitor of the phosphatidylinosi-
tol 3-kinase family, ataxia telangiectasia mutated (ATM)
and DNA-dependent protein kinase (DNA-PK). Wortman-
nin has also been reported to enhance X-ray-induced apop-
tosis through the inhibition of DNA repair [11,12]. Tomita
et al. {13} also demonstrated that wortmannin enhances
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X-ray-induced apoptosis possibly through the JNK/SAPK
pathway in MOLT-4 cells.

Because the clinical concentration of edaravone in hu-
man blood is estimated to be approximately 1000-fold
lower than that used in the previous study {14}, we sought
to determine the effect of lower concentrations of edarav-
one on X-ray-induced apoptosis. The presumption was that
lower concentrations of edaravone would show a milder
radioprotective effect. However, contrary to our expecta-
tions, we found that even a lower dose of edaravone en-
hanced the X-ray-induced apoptosis through the p53
pathway.

2. Materials and methods
2.1, Cell culture

Human T-cell leukemia MOLT-4 cells, MOLT-4 stable
transfectants overexpressing short hairpin (sh)-type p53
small interfering RNA (siRNA) (p53 knock-down MOLT-4),
human pre-B-cell leukemia Nalm-6 cells, and human hepa-
tocellular carcinoma (HepG2) cells were cultured in Dul-
becco’s Modified Eagle Medium (Sigma) containing 5%
fetal bovine serum (Hyclone) and antibiotics (100 units/
ml of penicillin/streptomycin), and incubated at 37 °Cin a
humidified atmosphere of 5% CO, and 95% air. To generate
p53 knock-down MOLT4 cells, MOLT-4 cells were transfec-
ted by electroporation (Gene Pulsar II, Bio-Rad; 0.25 kV, 950
microfarads) with the Apall-linearized vectors (GeneSup-
pressor System, p53 siRNA plasmid and the negative con-
trol shRNA plasmid, IMGENEX), and selected on 0.16% soft
agar culture containing 0.8 mg/ml G418 for 3 weeks.

2.2. Chemicals

Edaravone was kindly provided by the Mitsubishi Tana-
be Pharma Corporation (Tokyo, Japan). Edaravone
(52.5 mg) was dissolved in 192.5 ul of 2M NaOH and
1.05 mi of DDW, and then adjusted to pH 8.8 with 2M
HCL. Finally, physiological saline was added to adjust the fi-
nal concentration of edaravone to 30 mg/ml. Edaravone
was added to the cells 5 min before X-irradiation.

2.3. X-irradiation

X-irradiation was performed with an X-ray generator
(Pantak HF 350, Shimadzu) at 200 kVp and 20 mA, with a
filter of 0.5 mm Cu and 1 mm Al, and at a dose rate of
1.35-1.40 Gy/min.

2.4. Dye exclusion tests

One hundred microliters of cell suspension (approxi-
mately 5 x 10° cells/ml) was mixed with 25 pl of 1% eryth-
rosin B in PBS. The numbers of stained (dead) cells and
unstained (live) cells were counted and the viability (%)
was calculated as follows:

Viability(%)
= (number of unstained cells/total cell number) x 100

2.5. Annexin V binding assay

The extent of apoptosis was determined by Annexin
V-FITC and propidium iodine (P) staining, using the MEB-
CYTO Apoptosis Kit (MBL). Flow cytometric analysis was
carried out with an EPICS flow cytometer (XL System I,
Beckman Coulter), using a single laser emitting excitation
light at 488 nm. In the FITC/P] diparametric plot, cells in
quadrant four (upper FITC/ lower PI) were considered to
be in the early stage of apoptosis. More than 5000 cells
were subjected to the analysis.

2.6. Quantification of intracellular ROS

The amount of intracellular ROS production was mea-
sured by chloromethyl-2’, 7'-dichlorodihydro-fluorescein
diacetate (CM-H,-DCFDA, Molecular Probes). MOLT-4 cells
were incubated in the dark with approximately 5 pg/ml of
probe CM-H,-DCFDA for an hour, and the fluorescence
intensity was analyzed by an EPICS flow cytometer (XL
System I, Beckman Coulter) using a laser excitation and
emission wavelength of 492-495nm and 517-527 nm,
respectively.

2.7. Western blotting

Cells were lysed in a SDS sample buffer (1% SDS, 3% p-
mercaptoethanol, 5% glycerol, 62.5 mM Tris-HC|, pH 6.8).
Proteins were separated by 10% or 15% SDS-PAGE and
were transferred onto polyvinylidene difluoride mem-
branes (Immobilon, Millipore). After blocking for 30 min
in 5% skim milk in TBS (20 mM Tris~-HCl, pH 7.5, 150 mM
NaCl) supplemented with 0.05% Tween-20 (TBS-T), the
membranes were incubated overnight at 4 °C in TBS-T con-
taining 5% skim milk and primary antibodies. The primary
antibodies were anti-p53 (clone DO-1, Santa Cruz Biotech-
nology), anti-phospho p53 at Ser 15 (Calbiochem), Ser 6,
Ser 9, Ser 20, and Ser 392 (cell signaling), anti-cleaved cas-
pase-3 (cell signaling), anti-caspase-7 {(MBL), anti-PUMA
(Calbiochem), and anti-B-actin (Sigma, AC-15). After rins-
ing three times with TBS-T, the membranes were incu-
bated for 2 h at room temperature in TBS-T containing 5%
skim milk and secondary antibodies conjugated with
horseradish peroxidase (DAKO). The membranes were then
washed three times with TBS-T, once with TBS, and devel-
oped using an ECL-plus kit (GE Healthcare). The signals
were obtained by exposure to X-ray films (Hyperfilm MP,
GE Healthcare).

2.8. Statistical analysis

All experiments were repeated at least three times. The
results are expressed as the mean tstandard deviation (SD)
of the mean. All laboratory data were evaluated according
to standard statistical methods, using commercially avail-
able computer programs such as Microsoft Excel 2000. Sta-
tistical differences were determined using the Student’s t-
test. In all tests, P values less than 0.05 were considered
statistically significant.
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3. Results

3.1. Edaravone significantly enhances X-ray-induced cefl death at low
concentrations

First, the cytotoxicity of edaravone was determined by using the dye
exclusion test [3]. Cell viability was examined in cultures treated with
0.15,0.75, 1.5, 3, and 6 mg/ml edaravone, With concentrations of edarav-
one up to 3 mg/mi, the cell viabilities were more than 60%, which was
considered acceptable (Fig. 1A). On the other hand, when treated with
6 mg/m! edaravone, cell viability was less than 30% and this was consid-
ered overly cytotoxic (Fig. 1A). These results are consistent with the pre-
vious report [3].

To determine the effect of edaravone on X-ray-induced cell death,
MOLT-4 cells were treated with various concentrations of edaravone,
and then subjected to 2 Gy X-irradiation 5 min later. Cell viabilities were
determined 20 h after the treatment. When MOLT-4 cells were X-irradi-
ated without edaravone, the cell viability was 36.2 +63% (Fig. 1A).
When MOLT-4 cells were X-irradiated in the presence of edaravone at
concentrations of 0.15, 0.75, and 1.5 mg/ml, the cell viabilities were
9.7 £2.1%, 5.7 + 3.5%, and 7.2 + 6.3%, respectively (Fig. 1A). These results
were significantly lower than that in the absence of edaravone (P < 0.05).
The enhancement of X-ray-induced cell death was observed in a time-
and dose-dependent manner (P <0.05) (Fig. 1B and C). These results
indicate that low doses of edaravone enhanced X-ray-induced cell death.
Considering the cytotoxicity of edaravone (Fig. 1A), the combined effect
of these concentrations of edaravone and X-irradiation on MOLT-4 cell
viability was considered supra-additive. On the other hand, when
MOLT-4 cells were X-irradiated in combination with 2.7 or 3 mg/mi of
edaravone, the cell viability increased significantly (P<0,05) (Fig. 1A),
which was compatible with the previous report [3}. Because 0.75 mg/
mi of edaravone appeared to enhance X-ray-induced MOLT-4 cell death
most effectively, this dose was used for all subsequent experiments in
this study.

Although not as remarkable as noted in MOLT-4 cells, the radiosensi-
tizing effect of edaravone was also observed in human pre-B-cell leuke-
mia Nalm-6 and hepatocellular carcinoma HepG2 cells (P<0.05)
(Fig. 2A and B). Thus, the radiosensitizing effect of a low dose of edarav-
one is not limited to MOLT-4 cells, but is abserved in cells with p53 wild-
type status.
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To determine whether DMSO (dimethylsuifoxide), another free radi-
cal scavenger, has a similar radiosensitizing effect in low doses, a dye
exclusion test was performed on MOLT-4 cells treated with 0.2% or 1%
DMSO, and then subjected to X-irradiation. The viability of the cells trea-
ted with 1% DMSO before X-irradiation was significantly greater than that
of the cells treated only with X-irradiation (P < 0.05), indicating that 1%
DMSO had a radioprotective effect. On the other hand, the viability of
the cells treated with 0.2% DMSO before X-irradiation was almost the
same as that of the cells treated only with X-irradiation (Fig. 2C). These
results indicate that low doses of free radical scavengers do not always
show the radiosensitizing effect.

3.2. Low dose of edaravone (0.75 mgfml} enhances X-ray-induced MOLT-4
cell death by promoting apoptosis

To determine whether the radiosensitizing effect of edaravone is
mediated by apoptosis, the effect of edaravone on the induction of apop-
tosis was examined by using flow cytometric studies with Annexin V-Pi
staining. When MOLT-4 cells were treated with either edaravone or
2 Gy X-ray, the percentages of Annexin V+/PI- cells in the early stage
of apoptosis were 2.04 +0.21% and 12.43 + 1.96%, respectively (Fig. 3A
and C). When MOLT-4 cells were subjected to 2 Gy X-irradiation in addi-
tion to edaravone, the result was 39.57 + 4.48% (Fig. 3B and (). This indi-
cated that adding 0.75 mg/ml edaravone significantly increased the
frequency of X-ray-induced apoptosis (P <0.05), and that the combined
effect of edaravone and X-irradiation was supra-additive. The next inves-
tigation was on the effect of edaravone on the activation of caspase-3 and
-7, which are known as apoptotic effectors and play crucial roles in the
execution of apoptosis {15}, Treatment with X-irradiation combined with
edaravone resulted in an earlier induction of the active forms of caspase-3
and -7. With X-irradiation alone however, the same results were not ob-
tained until 8 h after the treatment (Fig. 3D). These data indicate that the
radiosensitizing effect of a low dose of edaravone is due to the enhance-
ment of apoptosis.

3.3. Effects of edaravone on the production of intraceliular ROS

CM-H2-DCFDA, a fluorescence-based probe recently developed to de-
tect the intracellular production of ROS, was used in a flow cytometry sys-
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Fig. 1. Low concentrations of edaravone enhanced X-ray-induced cell death in MOLT-4 cells. (A) Cytotocixity of edaravone and effects of various
concentrations of edaravone on 2 Gy X-ray-induced cell death are shown. Cell viabilities were determined 20 h after treatment with the indicated
concentrations of edaravone with or without X-irradiation. P < 0.05, meaning significantly lower than that of the X-irradiated cells in the absence of
edaravone. P < 0.05, meaning significantly higher than that of the X-irradiated cells in the absence of edaravone. (B) The time-course cell viability after
treatment with 2 Gy X-irradiation and/or 0.75 mg/mi edaravone. °P < 0.05, meaning that the viability of the X-irradiated cells in the absence of edaravone is
significantly higher than that of the X-irradiated cells in the presence of 0.75 mg/ml edaravone. (C) X-ray-dose response of cell death in the absence or
presence of 0.75 mg/ml edaravone, ‘P < 0.05.
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Fig. 2. Low concentrations of edaravone also enhanced X-ray-induced cell death in Nalm-6 {A) and HepG2 (B) cells. In Nalm-6 and HepG2 cells, cell
viabilities were determined by dye exclusion test with erythrosine B 20 h after the treatment with 0.75 mg/ml edaravone andfor 2 Gy X-irradiation.
‘P< 0.05. (C) Another free radical scavenger, DMSO, did not show the radiosensitizing effect at a low dose. Cell viability of MOLT-4 was determined 20 h
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Fig. 3. A low dose of edaravone enhanced X-ray-induced apoptosis. (A-C) Apoptosis was quantified by Annexin V-PI staining. Cells were harvested 8 h after
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The percentage of the Annexin V+/Pl— cells is indicated. P < 0.05. (D) Cells were X-irradiated in the absence or presence of 0.75 mg/ml edaravone (E), then
harvested at the indicated times. Western blot analysis was performed using anti-cleaved caspase-3 and anti-caspase-7. B-Actin as a loading control is
shown.
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tem to study the effect of edaravone on the X-ray-induced production of
intracellular ROS [16]. CM-H,-DCFDA is passively diffused into and
trapped within the cells, and is deacetylated by intracellular esterases.
It is subsequently oxidized to a fluorescent product in the presence of
intracellular ROS. The oxidation of CM-H,-DCFDA can be monitored as a
convenient determinant of the level of intracellular oxidative stress. X-
irradiation at 20 Gy induced an approximately 11-fold increase in basal
CM-H,-DCFDA fluorescence, which was significantly suppressed by add-
ing 0.75 mg/ml edaravone 5 min before X-irradiation (P < 0.05) (Fig. 4A).
Moreover, the suppressive effect was even greater when 3 mg/ml edarav-
one was added (P < 0.05). This result indicates that the radiosensitizing
effect of edaravone is not mediated by promoting ROS generation.

3.4. p53 is involved in the radiosensitizing effect of a low dose (0.75 mg/ml)
of edaravone

To determine whether p53 is involved in the radiosensitizing effect of
edaravone, we used one of two stable p53 knock-down transformants,
which were generated using a vector that overexpressed p53 siRNA
[17]. A clone was used which showed a better suppression of p53. It
was reconfirmed that this clone showed significantly lower levels of
p53 expression than the wild-type MOLT-4 cells even after X-irradiation
with or without edaravone (Fig. 4B). This clone was X-irradiated at 2 Gy
with or without edaravone and the cells were subjected to the dye exclu-
sion test. Differences of cell viabilities at 20 h after X-irradiation for the
cells untreated or treated with edaravone were not significant, ie.,
88:63 +2,02% and 86.13 £ 4.75%, respectively (Fig. 4C). The suppression
of p53 by siRNA abolished the radiosensitizing effect of edaravane. There-
fore, these results suggest that the p53 pathway is involved in the radio-
sensitizing effect of edaravone. Next, the effects of edaravone were
analyzed on the accumulation or phosphorylation of p53 by Western blot
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analysis with total or phaspho-specific antibodies. The results showed
that edaravone enhanced the phosphorylation of p53 at Ser 15 and Ser
20 (Fig. 4D). Since phosphorylation of p53 at Ser 15 and 20 has been re-
ported to play an important role in apoptosis induced by DNA damage
[18], our results suggest that edaravone specifically stimulates DNA dam-
age-induced apoptosis signaling. On the other hand, the accumulation of
p53 and its phosphorylation at Ser 6, Ser 9, and Ser 392 induced by X-irra-
diation did not increase significantly in the presence of edaravone
(Fig. 4D).

Since edaravone enhances DNA damage-induced apoptosis, we next
investigated the expression of p53 target genes, especially an apoptosis-
related protein PUMA, which is a pro-apoptotic Bcl-2 family protein
and induced by DNA damage [8,19]. The expression of PUMA was appar-
ent 4 h after 2 Gy X-irradiation, and it increased significantly when a jow
dose of edaravone was added before X-irradiation (Fig. 4E). On the other
hand, the expression of PUMA induced by X-irradiation was suppressed in
the presence of 3 mg/mi edaravone (Fig. 4E), which is compatible with its
radioprotective effect shown previously for that dose [3]. The expression
of PUMA in the p53 knock-down transformants was not as apparent as
that in wild-type MOLT-4 cells after X-irradiation in the presence or ab-
sence of edaravone (Fig. 4B). The results indicate that the low dose of eda-
ravone enhanced the expression of the p53 target gene PUMA, and
suggest that the enhanced expression contributed to the promotion of
apoptosis.

4. Discussion
We found that a low dose of edaravone enhanced X-ray-

induced cell death (Fig. 1A-C). This radiosensitizing effect
was observed in multiple p53 wild-type cell lines (Figs.
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Fig. 4. p53 is involved in the radiosensitizing effect of fow dose of edaravone. (A) Intracellular ROS determined by the CM-H,-DCFDA flow cytometry
system. The amount of intracellular ROS after treatment (20 Gy X-irradiation with or without 0.75 or 3 mg/m! edaravone) is shown. Edaravone was added
5 min before X-irradiation. The ROS production of each sample was quantified as described in Materials and methods. Data shown are means # SD from at
least three independent experiments. ‘P < 0.05. (B) MOLT-4 cells and its stable transformants (p53 knock-down {(KD) MOLT-4 cells) were X-irradiated with
or without 0.75 mg/ml edaravone, then subjected to Western blot analysis with p53 or PUMA antibody. B-Actin is used as a loading control. (C) MOLT-4 and
p53 knock-down MOLT-4 cells were X-irradiated with 0.75 mg/ml edaravone, and harvested for the indicated times. (D) Effects of the low dose of edaravone
(E) on X-ray-induced accumulation or phosphorylations of p53 at Ser 6, Ser 9, Ser 15, Ser 20; or Ser 392. B-Actin was used as a loading control. (E) Effects of
edaravene on X-ray-induced induction of p53 targets, PUMA. MOLT-4 cells were X-irradiated in the absence or presence of the indicated concentrations of
edaravone, and harvested at the indicated times. B-Actin was used as a loading control,
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1A-C, 2A and B), but not in p53 knock-down MOLT-4
(Fig. 4C). The radiosensitization was mainly caused by
enhancing apoptosis (Fig. 3A-D), although ROS was par-
tially suppressed (Fig. 4A), indicating that the radiosensi-
tizing effect was not due to enhancement of ROS
generation. We next investigated whether DNA damage
signaling pathways were ™ up-regulated, especially the
p53-dependent pathway. Although p53 accumulation did
not change after X-irradiation in the absence or presence
of edaravone, the phosphorylation of p53 at Ser 15 and
Ser 20 was enhanced by adding edaravone before X-irradi-
ation (Fig. 4D). Moreover, up-regulation of the p53 target
gene, PUMA, was observed with the addition of a low dose
of edaravone (Fig. 4E).

PUMA has been reported to play a causal role in p53-
dependent apoptosis. Villunger et al. [8] demonstrated that
DNA damage-induced apoptosis decreased in PUMA-dis-
rupted mouse fibroblasts and loss of PUMA protected lym-
phocytes from cell death, The expression of PUMA, which
is induced by p53. might contribute to the radiosensitizing
effect of edaravone. Our results suggest that the enhance-
ment of phosphorylations of p53 aiter the expression pat-
tern of the p53 target genes, causing the promotion of
apoptosis.

A question which remains to be answered is why a low
dose of edaravone enhances X-ray-induced apoptosis even
though it partially eliminates the intracellular ROS gener-
ated by X-irradiation (Fig. 4A). In the previous study, a
higher dose (3 mg/ml) of edaravone completely eliminated
intracellular ROS generated by X-irradiation, causing the
suppression of p53 accumulation and phosphorylation at
Ser15 [3]. In the present study, p53 phosphorylation at
Ser 15 and Ser 20 were enharnced in the presence of eda-
ravone after X-irradiation. The phosphorylation of p53 at
Ser 15 or Ser 20 has been shown to be mediated by the
ATM, leading to p53 activation [20]. A low dose of edarav-
one might effect on the activity of ATM or the related pro-
tein kinases, resulting in the enhanced phosphorylation of
p53, at least at Ser 15-and:Ser 20.

We conclude that a low dose of edaravene (0.75 mg/ml)
used in this study enhanced X-ray-induced apoptosis by
modifying p53 transcriptional activity. The results of the
current study may have important clinical implications
for radiation therapy.
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Vascular Endothelial Growth Factor C Stimulates Progression
of Human Gastric Cancer via Both Autocrine

and Paracrine Mechanisms
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f Abstraéi :

The process of cancer metastasis is sequential and selective and
consists of a series of interlinked independent steps {1). To
produce a metastatic lesion, tumor cells must complete all of the
steps, which include angiogenesis, motility, invasion, survival in
the circulation, adhesion, extravasation, and proliferation (2, 3).
Several sets of growth factors and their cognate receptors have
been reported to be important in the regulation of metastasis.
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For example, cancer cells attach to the vascular endothelium via
adhesion molecules, invade the tissue via motility factors, grow
in the tissue with the help of growth factors, and establish their
blood supply by the participation of angiogenic factors. Thus,
disruption of a growth factor/receptor axis.is a current strategy
for the development of anticancer drugs (4).

The vascular endothelial growth factor (VEGF) family includes
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental
growth factor (PIGF; refs. 5, 6). The importance of VEGF and
VEGEF receptor (VEGFR) expression in tumor angiogenesis and
lymphangiogenesis is supported by several lines of evidence.
VEGF-A is one of the most potent stimulators of angiogenesis
identified thus far, affecting endothelial cell proliferation and
motility: and vascular permeability (7). VEGF-A exerts its
angiogenic functions through activation of the tyrosine kinase
receptors VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR), which are
expressed primarily by vascular endothelial cells (8). However,
VEGEFRSs are also expressed by a wide variety of cancer cell lines.
VEGF-A and VEGFR-1/2 are coexpressed in a number of cancers,
including cancers of the breast (9), prostate {10), colon (11}, and
pancreas (12, 13), suggesting that VEGF-A may directly influence
tumor cell growth via an autocrine mechanism.

VEGF-C induces lymphangiogenesis by activating VEGFR-3,
which is expressed by lymphatic endothelial cells (14). We
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Translational Relevance

Many studies in experimental models.of cancer have
shown that the vascular endotheixai growth factor
{VEGF)-C/VEGF receptor-3 (VEGFR-3) signaling system.
is-a key regulator of tumor lymphangicgenesis Inthe pres-:
ent study, we showed that tumor cells express not anly
VEGF-C but-also VEGFR-3 in:-human gastric carcinoma.
n vitro and in vivo experiments showed VEGF-C acts as a
growth factér for ca(cinoma celts in addition to acting as a

"!he cixmc o

reported previously that expression of VEGF-C correlates with
lymph node metastasis in several malignancies, including
esophageal (15), gastric (16), and colorectal (17) carcinomas.
VEGFR-3 has also been detected on malignant cells, including
lung adenocarcinoma (18), head and neck carcinomas (19),
prostate carcinoma (20), and leukemia cells (21). These
observations suggest that VEGF-C may directly affect cancer
cells. Su et al. (18) reported that the VEGF-C/VEGFR-3 axis
plays an important role in promoting invasion and metastasis
of human lung adenocarcinoma cells. However, unlike the
well-characterized axes of VEGF-A and VEGFR-1/2, the biolo-
gical significance of the activation of the VEGF-C/VEGFR-3 axis
in epithelial tumor cells is not well understood. The expression
status and significance of VEGFR-3 on gastric carcinoma cells
remain unclear. In the present study, to characterize the VEGF-C/
VEGFR-3 axis in gastric carcinoma, we examined the expression
and function of VEGFR-3 on gastric carcinoma cell lines and
tissue specimens.

Patients and tumor specimens. Thirty-six patients who underwent
surgical resection for gastric carcinoma without preoperative treatment
at Hiroshima University Hospital, Hiroshima, Japan, were enrolled in
this study. The patient group comprised 32 men and 4 women; median
age was 66 y. Informed consent was obtained from all patients for
participation in the study. Paraffin-embedded archival specimens from
the patients were examined by immunohistochemistry. Pathology
reports and clinical histories were reviewed for accurate staging at the
time of surgery. Criteria for staging and histologic classification were
those proposed by the Japanese Research Society for Gastric Cancer
(22). All patients had invasive gastric carcinoma in which the tumor
invasion was beyond the submucosa (21 patients stage II; 15 patients
stage IIT).

Cell cultures. Four cell lines established from human gastric
carcinomas were maintained in RPMI 1640 (Nissui Co.) with 10%
fetal bovine serum (FBS; MA BioProducts). The TMK-1 cell line
(a poorly differentiated adenocarcinoma) was provided by Dr. E.
Tahara of Hiroshima University. The KKLS cell line (an undifferentiated
carcinoma) was provided by Dr. Y. Takahashi of Chiba University,
Chiba, Japan. The other two cell lines (MKN-1, from an adenosqua-
mous carcinoma, and MKN-28, from a well-differentiated adenocardi-
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noma) were obtained from the Health Science Research Resources
Bank, Osaka, Japan.

Cell proliferation assays. In vitro growth was measured with a Cell
Proliferation Biotrak ELISA System, version 2 (Amersham Biosciences),
according to the manufacturer's instructions to determine whether
recombinant human VEGF-C (rhVEGF-C; R&D Systems) would
stimulate proliferation of KKLS cells. Cells were seeded in a 96-well
plate at a density of 1 x 10 cells per well and incubated overnight in
200 pL culture medium containing 10% FBS. After incubation for 24 h,
cells were cultured in serum-free culture medium containing 10 pmol/L
bromodeoxyuridine with or without thVEGF-C for 24 h, and cell
proliferation was measured in a plate reader (Microplate Manager 5.2.1;
Bio-Rad) at 450 nm.

Microarray analysis.  KKLS cells were culured in RPMI 1640 without
FBS for 6 h and then cultured with or without thVEGF-C {20 ng/mL) for
8 h. These cells were collected and stored at -80°C until use. Microarray
analysis was done with the Human Cancer CHIP (version 4, Takara
Shuzo), which contains 637 human cancer - related genes (listed on the
home page of Takara Shuzo®) spotted on glass plates. A fluorescent
probe synthesized by reverse transcription of 1 pg of the above mRNA
with 50 U AMV reverse transcriptase (Takara Shuzo) was added to each
reaction mixture. Cy3- and Cy5-labeled probes were prepared from
mRNAs isolated from control cells and rhVEGF-C-treated cells,
respectively; both were mixed in the reaction buffer [6x SSC, 0.2%
SDS, 5% Denhardt's solution, 0.8 mg/mL poly(dA), and 1 mg/mL yeast
tRNA]. The mixture was hybridized to the ¢cDNA CHIP at 65°C
overnight. The CHIP was washed twice with 2 x SSC/0.2% SDS solution
at 55°C for 30 min and then with the same solution at 65°C for 5 min.
Finally, the CHIP was washed with 0.05x SSC at room temperature for
10 min. Signals on the hybridized CHIP were visualized and quantified
with' the Scan-Array 5000 (GSI Lomonids) and normalized to the
averaged signals of housekeeping genes. Genes were excluded from
further investigation when the intensities of both Cy3 and Cy5 were
below 1,000 fluorescence units: Those with Cy3/Cy5 signal ratios >2.0
were regarded as up-regulated.

Semiquantitative and quantitative reverse transcription-PCR. Total
RNA was extracted from gastric carcinoma cell lines with an RNeasy
Kit (Qiagen) according to the manufacturer’s instructions. cDNA was
synthesized from 1 pg total RNA with a first-sttand ¢cDNA synthesis
kit (Amersham Biosciences). After reverse transcription of RNA into
cDNA, quantitative reverse transcription-PCR (RT-PCR) was done with
a LightCycler-FastStart DNA Master SYBR-Green | Kit (Roche), and
semiquantitative RT-PCR was done with an AmpliTaq Gold Kit (Roche)
according to the manufacturer’s recommendations. Quantitative RT-
PCR was used to monitor gene expression and was done with a
LightCycler system and LightCycler Data Analysis Software ver. 3.5
(Roche) in accordance with standard procedures. PCR reactions were
carried out in triplicates. To correct for differences in both RNA quality
and quantity between samples, the data were normalized to those of
f-actin, Primers for PCR were designed with specific primer analysis
software (Primer Designer, Scientific and Educational Software), and
the specificity of the sequences was confirmed by FASTA (EMBL
Database). Primer sequences, annealing temperatures (Ta), and PCR
cycles were as follows: VEGF-C forward, GAGGAGCAGTTACGGTCTGT
and VEGF-C reverse, GTAGCTCGTGCTGGTGITCA (VEGF-C PCR
product, 371 bp; Ta, 59°C; 28 cycles); VEGFR-3 forward, GGTTCCT-
CCAGGATGAAGAC and VEGFR-3 reverse, CAAGCAGTAACGC-
CAGTGTC (VEGFR-3 PCR product, 505 bp; Ta, 62°C; 28 cycles);
AMFR forward, ACTCTCCTGTCCCTGGACCT and FLT-4 reverse,
TCATTGTTGACAGCCAGCTC (AMFR PCR product, 218 bp; Ta, 59°C;
35 cycles); AMF forward, CGCCCAACCAACTCTATTGT and AMF
reverse, GGTAGAAGCGTCGTGAGAGG (AMF PCR product, 213 bp;
Ta, 59°C; 40 cycles); PIGF forward, ATGTTCAGCCCATCCTGTGT and

5 http://bio.takara.co.jp/catalog/DNAChip.Down-load.htm
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PIGF reverse, CITCATCTTCTCCCGCAGAG (PIGF PCR product, 201 bp;
Ta, 59°C; 40 cycles); GAPDH forward, ATCATCCCTGCCTCTACTGG
and GAPDH reverse, CCCTCCGACGCCTGCITCAC {GAPDH PCR
product, 188 bp; Ta, 55°C; 28 cydles); and B-actin forward, GGACTTC-
GAGCAAGAGATGG and B-actin reverse, AGCACTGTGTTGGCGTACAG
(B-actin PCR product, 234 bp; Ta, 55°C;35 cycles). After amplification,
PCR products were tesolved on 5% nondenaturing polyacrylamide
gels in Tris-borate-EDTA buffer. RT-PCR in the absence of reverse
ranscriptase showed no specific bands.

Immunohistochemical staining. Immunohistochemistry for VEGF-C,
VEGFR-3, Lyvel, and Ki-67 was done on formalin-fixed, paraffin-
embedded tissues cut into serial 4-um sections. After deparaffinization
and rehydration, tissue sections for staining of VEGF-C and VEGFR-3
were pretreated by microwave twice for 5 min in Dako REAL Target
Retrieval Solution (Dako). Immunohistochemical staining of CD31
was done on fresh-frozen specimens cut into §-uym sections, mounted
on positively charged slides and stored at -80°C. Frozen tissue sections
were fixed in cold acetone for 10 min. VEGF-C was detected with a goat
antihuman polyclonal antibody (1:200; R&D Systems), and VEGFR-3
was detected with a goat antthuman polyclonal antibody (1:50; R&D
Systems). Lyvel was detected with the rat antimouse monoclonal
antibody (1:20; R&D Systems), and Ki-67 was detected with the mouse
antthuman polyclonal antibody (MIB-1; 1:25, Dako). CD31 was
detected with the rat antimouse polydonal antibody (1:200; Pharmin-
gen). The primary antibodies were applied to the slides and incubated
overnight in humidified boxes at 4°C. After incubation for 1 h at room
ternperature with peroxidase-conjugated corresponding secondary anti-
bodies, a positive reaction was detected by exposure for 5 to 10 min to
stable 3,3-diaminobenzidine. Slides were counterstained with hema-
toxylin for visualization of the nucleus.

Gene transfection and cloning of transfected cell lines. A full-length
VEGF-C ¢DNA (a 1.9-kbp EcoRI-EcoRlI fragment} was inserted into the
EcoRI-EcoRI site of pBR322 (Invitrogen). The resultant plasmid was
digested with Xhol-BamHI and cloned into the Xhol-BamHLI site of the
pEGFP-N1 expression vector (BD Biosciences) to yield the VEGF-C
expression vector. Expression of VEGF-C ¢DNA was under the control
of the cytomegalovirus promoter. The KKLS cell line was transfected
with either the VEGF-C expression vector or the pEGFP-N1 vector alone
with Lipofectin (Life Technologies) according to the manufacturer's
instructions. After transfection, cells were grown in selective medium
(10% FBS-RPMI 1640 containing 800 pg/mL G418). The selective
medium was changed every 3 d. G418-resistant clones {KKLS/VEGF-C
and KKLS/EGFP) were selected and then expanded for additional
studies. G418 was from Sigma.

ELISA for VEGF-C protein. For generation of conditioned media,
tumor cells were plated at 1.0 x 10°/mL per 10-cm dish (Becton
Dickinson Labware), and the supernatants were collected after 48 h,
centrifuged to remove floating cells, and stored at -80°C. We used the
Quantikine Hurman VEGF-C Immunoassay {(R&D Systems) according to
the manufacturer’s instructions to measure VEGF-C levels.

Western blot analysis. Expression of VEGF-C, VEGFR-3, and cydin
D1 was evaluated by Western blot analysis. The phosphorylation status
of VEGFR-3 or Akt was also evaluated by Western blot analysis. To
evaluate VEGFR-3 or Akt phosphorylation of KKLS cells stimulated with
VEGF-C, cells were seeded in 10-cm dishes (1.5 x 10 cells per dish) in
growth medium and allowed to attach overnight before the growth
medium was replaced with serum-free medium for an additional 24-h
incubation. The cells were then stimulated with or without VEGF-C
(20 ng/mL) for 5 or:10 min‘at 37°C.-To evaluate VEGFR-3 or Akt
phosphorylation in KKLS cells transfected with expression vector, cells

Fig. 1, Expression of VEGFR-3 and VEGF-C in human gastiic carcinoma tissues. Immunoreactivity of VEGFR-3 was detected on tumor cells in 17 of 36 (47.2%) gastric
carcinoma specimens. 4, staining of VEGFR-3 on lymphatic vessels (red arrowhead). 8 homogeneous staining of VEGFR-3 (black arrow) was observed in 7 of 17 specimens.
Normat mucosa did not show VEGFR-3 staining (black arrowhead). C, in 10 of 17 specimens, VEGFR-3 expression was heterogeneous. Immunoreactivity for VEGFR-3 was
more intense at the deepest invasive site (bfack arrow)} than at the central portion or superficial part. O, VEGF-C immunoreactivity was detected on tumor cells.
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were seeded in 10-cm dishes (1.5 x 10° cells per dish) in growth
medium and allowed to attach overnight before the growth medium
was replaced by serum-free medium for an additional 24-h incubaton.
After three washes with cold PBS containing 1 mmol/L sodium
orthovanadate, cells were lysed. Protein samples of the cell lysates
(total protein 20 pg) or 1 pL of culture medium were separated by SDS-
PAGE and transferred to nitrocellulose tansfer membranes (Whatman
GmbH). After being blocked with 1% or 3% skim milk in TBS, the
membranes were incubated with primary antibodies, namely, poly-
clonal goat antihuman VEGF-C antibody, polyclonal goat antihuman
VEGFR-3 antibody, polydonal mouse antihuman cyclin D1 (Dako},
polyclonal rabbit antihuman phopho-VEGFR-3 antibody (Calbio-
chem), polyclonal rabbit antibody to phospho-Akt (phosphorylated
at Ser473, Cell Signaling Technology), or p-actin (Sigma), and were
diluted in TBS at 4°C ovemnight. The membranes were then washed in
TBS-T (0.1% Tween 20 in TBS) and incubated with the secondary
antibodies specific for each primary antibody at room temperature for
1 h. To confirm equivalent protein loading, membranes were stripped
and reprobed with anti-Akt antibody (Cell Signaling Technology). The
immune complexes were visualized with enhanced chemiluminescence
with an ECL Plus Kit (Amersham Life Science).
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Fig. 2. Expression of VEGF-C and VEGFR-3 in gastric carcinoma cell fines. A,
VEGF-C and VEGFR-3 expression by gastric cell lines was examined by RT-PCR.
B, culture supernatants were assayed for VEGF-C by ELISA. C, VEGFR-3 protein
expression was analyzed by Western blotting.
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Immunofluorescence staining for pVEGFR-3. To confirm the activa-
tion of VEGFR-3 by VEGF-C, KKLS cells were cultured in RPMI 1640
without FBS for 24 h and then stimulated with or without thVEGF-C
(20 ng/mlL) for 10 min. Tumor cells were stained with pVEGFR-2, 3
(1:1,000; Calbiochem).

Animal models. Male athymic BALB/c nude mice were obtained
from Charles River Japan. The mice were maintained under specific
pathogen-free conditions and used at 5 wk of age. This study was
carried out after permission was granted by the Committee on Animal
Experimentation of Hiroshima University.

Orthotopic (gastric mucosa) xenograft model. For implantation,
subconfluent KKLS/VEGF-C and KKLS/EGFP cells were harvested by
brief treatment with 0.25% trypsin and 0.02% ethylenediamine tetra-
acetic acid, and resuspended to a final concentration of 2.0 x 107 cells/
ml Hanks" solution. Using a 30-gauge needle attached to a 1-mL
syringe, cells (1.0 x 10/0.05 mL) were implanted into the gastric walls
of nude mice under observation with a zoom stereomicroscope. After
4 wk, the mice were sacrificed, and the tumors were resected for study.
The tumors were fixed in 10% buffered formalin or formalin-free IHC
Zinc Fixative (Pharmingen) for immunohistochemistry.

Quantitation of lymphatic vessel density, microvessel density, and Ki-G7
labeling index. Lymphatic vessel density and microvessel density were
determined from counts of Lyvel-positive vessels and CD31-positive
vessels, respectively. Vessel counts were assessed by light microscopy in
immunohistochemistry-stained areas of the intratumoral and peritu-
moral regions containing the highest numbers of capillaries and small
venules (23). Highly vascularized areas were first identified by scanning
tumor sections at low power (x40 and x100). The vessel count was
determined for six such areas at X400 (%40 objective and x 10 ocular),
and the mean of the six counts was calculated. A vessel lumen was not
necessary for a structure 1o be defined as a blood microvessel (23). In
slides immunolabeled for Lyvel, only vessels with typical morphology
(including a lumen) were counted as lymphatic vessels because of
occasional weak antibody cross-reactivity with fibroblasts (24). The
Ki-67 labeling index was determined by light microscopy at the site of
the greatest number of Ki-67 - positive cells. The sites were identified by
scanning tumor sections at low power (x40). For the Ki-67 labeling
index, the number of positive cells among ~ 1,000 tumor cells was
calculated as a percentage. Staining of cells was evaluated by two
independent observers (M.K: and Y.K.} blinded to the patient’s status.

Statistical analysis. - Results are expressed as mean + SE. Fischer’s
exact test or x° test was used for the analysis of categorical data.
Wilcoxon/Kruskal-Wallis analysis was used for comparison of contin-
uous variables. A 'Pvalue of <0.05 was considered statistically
significant.

Immunolocalization of VEGFR-3 in human gastric carcinoma
tissues. We analyzed 36 human gastric cancer specimens with
a polyclonal “antibody. specific. for human VEGFR-3. We
detected: VEGFR-3-specific immunoreactivity on lymphatic
endothelial* cells (Fig. . 1A). In" 17 of 36 (47.2%) gastric
carcinoma specimens, VEGFR-3-specific immunoreactivity was
detected on tumor cells (Fig. 1B and C). Immunoreactivity for
VEGFR-3 was more intense at the site of deepest invasion than
at the central portion or superficial part of the tumor (Fig. 1C).
In 12 of 36 (33.3%) gastric carcinomas, tumor cells expressed
both: VEGF-C and VEGFR-3 (Fig. 1C and D). VEGFR-3
immunoreactivity was not detected in normal gastric epithelial
cells (Fig. 1B).

Expression of VEGF-C and VEGFR-3 in gastric carcinoma cell
lines. We next analyzed VEGF-C and VEGFR-3 expression in
gastric carcinoma cell lines. Gastric carcinoma cell lines
constitutively expressed VEGF-C mRNA at various levels. Two
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Fig. 3. Effect of VEGF-C on KKLS celis. A, VEGF-C-dependent phosphorylation of VEGFR-3. KKLS cells were cultured in medium without FBS for- 24 h and then stimulated
with or without rhVEGF-C (20 ng/mL) for 10 min. Tumor cells were stained with pVEGFR:2, 3 (red). B. VEGF-C increases Ser473 phosphorylation of Akt in KKLS cells.
KKLS cells were maintained in serum-free medium for 24 h and then treated with 20 ng/mL VEGF-C for the indicated times. Equal amounts of protein (20 pg/lane) were
then subjected to Western biot analysis with phospho-specific Akt antibody. Reprobing of the biot with anti-Akt antibody confirmed the equivalent loading of lanes.

KKLS (C) orTMK-1 (D) cells were incubated with rhVEGF-C (2, 20, or 100 ng/mL) for 24 h, and cell proliferation was measured with a cell proliferation ELISA system.
Asterisks denote a statistically significant difference compared with control values. * P ¢ 0.05; bars, SE.

of the four gastric carcinoma cell lines (KKLS.and MKN-1)
expressed VEGFR-3 mRNA. Of these two cell lines, the KKLS
cell line overexpressed VEGFR-3 mRNA (Fig. 2A). Expression of
VEGF-C and VEGFR-3 by gastric carcinoma cells was confirmed
at the protein level. Culture supernatants were assayed. for
VEGF-C by ELISA (Fig. 2B). VEGFR-3 protein expression was
analyzed by Western blotting (Fig. 2C). KKLS cells expressed
high levels of VEGFR-3 protein, but the amount of VEGF-C
protein was below the limit of detection, which was not
consistent with the level of mRNA. For this reason (high
endogenous VEGFR-3 and low endogenous VEGF-C in KKLS
cells), we used KKLS cells for further studies.

VEGEF-C stimulates proliferation of KKLS cells. To investigate
the possibility of autocrine tumor cell growth stimulation by
VEGF-C, we treated KKLS cells with thVEGF-C and analyzed
phosphorylation of VEGFR-3, Akt, and mitogen-activated
protein kinase in KKLS cells and the effect on cell prolifera-
tion. VEGF-C treatment induced phosphorylation of VEGFR-3
and Akt in KKLS cells (Fig. 3A and B) and increased cell pro-
liferation of KKLS cells in a dose-dependent manner (Fig. 3C).
Phosphorylation of mitogen-activated protein kinase was not
detected (data not shown). In contrast, VEGF-C had no effect
on cell proliferation of TMK-1 cells (VEGFR-3 negative cell line;
Fig. 3D).

VEGF-C up-regulates expression of genes associated with
disease progression in KKLS cells. To study the downstream
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effector genes of VEGF-C/VEGFR-3 signaling, we did microarray
analysis using the Human Cancer CHIP (Takara Shuzo).
Expression of various mRNAs in untreated KKLS cells was
compared with expression in KKLS cells treated with thVEGF-C
for 8 hours. Under the highly stringent conditions we used, 52
genes were classified as genes showing significantly increased
expression in response to VEGF-C. Among these genes, we
confirmed the increased expression of cyclin D, PIGE, and
autocrine motility factor receptor (AMFR) by quantitative RT-
PCR or Western blotting. Treatment with VEGF-C increased
expression of AMFR mRNA in a dose-dependent and time-
dependent manner (Fig. 4A). We also investigated expression of
the mRNA encoding AMF, the ligand of AMFR. Treatment with
VEGF-C also increased expression of AMF mRNA (Fig. 4B).
Levels of PIGF mRNA were similarly increased in VEGF-C-
treated KKLS cells (Fig. 4C). In addition, VEGF-C increased
expression of cyclin D1 protein in a dose-dependent manner
(Fig. 4D).

Transfection of the VEGF-C gene into KKLS cells. To stimu-
late autocrine VEGF-C/VEGFR-3 signaling, a VEGF-C expression
vector was transfected into KKLS cells. After transfection with
the VEGF-C expression vector or the control vector (pEGFP-N1),
we selected a stable clone (KKLS/VEGF-C) that overexpressed
VEGF-C and a control clone {KKLS/EGFP) for subsequent assays.
Overexpression of VEGF-C mRNA and VEGF-C protein was con-
fimmed by quantitative RT-PCR (Fig. 5A) and Western blotting,
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respectively (Fig. 5B). Phosphorylation of Akt in KKLS/VEGF-C
cells was also confirmed by Western blotting (Fig. 5B).

In vitro and in vivo proliferation of VEGF-C-transfected
gastric carcinoma cells. Under culture conditions of 0.5% FBS,
cell proliferation was stimulated by transfection with VEGF-C ex-
pression vector (Fig. 5C). To investigate the role of the VEGF-C/
VEGFR-3 axis in an animal model, we implanted KKLS/VEGF-C
and control cells into the gastric walls of nude mice. At the end of
the 4-week experimental period, in vivo growth of KKLS/VEGF-C
cells was significantly greater than that of control cells (Fig. 5D).

We next used immunohistochemistry for Lyvel, CD31, and
Ki-67 to investigate lymphatic: vessel “density, microvessel
density, and Ki-67 labeling index. Greater lymphangiogenesis
(Fig. 6A) and angiogenesis (Fig. 6B) were observed in mice
implanted with VEGF-C-transfected KKLS cells than in those
implanted with control KKLS cells. Statistical analysis showed
that the number of Ki-67 - positive cells, as well as lymphatic
vessel density and microvessel density, was significantly higher
in the KKLS/VEGF-C tumors than in the control tumors (P <
0.01; Fig. 6C).

Discussion

Until recently, studies of VEGF family members have
focused primarily on their functions as paracrine stimulators
of angiogenesis or lymphangiogenesis. Promotion of tumor
metastasis by VEGF-C is reported to be due to the induction of
tumor lymphangiogenesis via effects of activated VEGFR-3 on
lymphatic endothelial cells (25). Association of VEGF-C with
tumor lymphangiogenesis and with: lymph node metastasis
has been observed in many human carcinomas, including
thyroid, prostate, esophageal, gastric¢, colorectal, and lung
cancers (15, 16, 26, 27). Furthermore, several studies have
shown that overexpression of VEGF-C induces lymphangio-
genesis and promotes tumor metastasis in mouse tumor
models (28, 29).

After the discovery of VEGFRs on malignant cells, it was
reported that VEGF-A can act as an autocrine growth factor for
various types of cancer cells (13, 30, 31). Unlike the well-
characterized VEGF-A/VEGFR-2 axis, there may be many
undefined functions and molecular mechanisms involved in
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D, orthotapic (gastric mucosa) xenograft model. Tumor weights at 4 wk after implantation of a VEGF-C overexpressing clone (KKLS/VEGF-C) or cells transfected with

the corresponding vector contral (KKLS/EGFP). = P (0.05; bars, SE.

tumor progression mediated by the VEGF-C/VEGFR-3 axis.
Results regarding the expression of VEGFR-3 on tumor cells
are controversial. Some studies did not detect expression of
VEGFR-3 on tumor cells (32~ 34), whereas other studies found
expression of VEGFR-3 on tumor cells (18-21, 35-37). These
contradictory findings suggest that expression of VEGFR-3 on
cancer cells may differ between malignancies or cell lines.
Expression of VEGF-C and VEGFR-3 correlates significantly
with poor prognosis of specific types of cancer (18, 19, 21,
37-41). Marchio et al. {40) reported that tyrosine phosphory-
lation of VEGFR-3 is increased in Kaposi sarcoma cells treated
with recombinant VEGF-C protein, and they found that acti-
vation of the VEGF-C/VEGFR-3 axis in Kaposi sarcoma cells
is involved in the regulation of cellular functions, such as
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proliferation and migration. The VEGF-C/VEGFR-3 axis has
also been found to play a role in the growth of malignant
mesothelioma cells (41) and leukemic cells {21). It has become
clear that the VEGF-C/VEGFR-3 axis plays an important role in
promoting invasion and metastasis of human lung adenocar-
cinoma cells (18). It has also been reported, however, that
inhibition of VEGFR-3 signaling by the-soluble fusion protein
VEGFR-3-immunoglobulin did not change the growth of lung
cancer cells (42). These findings indicate that the effects and
interactions of the VEGF-C/VEGFR-3 system in cancer biology
are complex and may differ between malignancies. Previously,
we reported that VEGF-C immunoreactivity is associated not
only with lymphatic invasion and lymph node metastases but
also with greater depth of tumor invasion in gastric cancer (16).
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