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Figure 2. MS/MS spectrum of fucosylated biantennary N-linked oligosaccharide (peak M1} detected in the insoluble fraction from CHO-IIl.
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Figure 3. Total ion chromatograms of GCC-LC/MS of borohydride-reduced N-linked oligosaccharides released from the soluble fractions of
CHO {A) and CHO-Ill {B} in positive ion mode. Pump A: 5 mm ammonium acetate, pH 8.5, containing 2% ACN. Pump B: 5mm ammonium
acetate, pH 8.5, containing 80% ACN. The borohydride-reduced oligosaccharides were eluted at a flow rate of 2 ul/min with a gradient of
10-45% of pump B in 90 min.
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3.3 Identification of protein bearing bisected
oligosaccharides

To identify proteins with altered glycans by the expression of
GnT-III, we performed 2-DE followed by lectin blotting
using PHA-E4 lectin, which recognizes bisecting GlcNAc in
complex-type oligosaccharides. Although some bisected gly-
coproteins (70-120kDa) could be visualized by 2-D lectin
blotting, their expressions were too low to be detected on 2-
DE gel. Lectin affinity chromatography, which is generally
used for the concentration of glycoproteins, cannot be used
for the insoluble fraction due to the presence of detergent in
the solvent medium. Therefore, we first performed 1-D SDS-
PAGE followed by lectin blotting, and then proteins in the
range of 70-120kDa were extracted from the gel (Fig. 4). 2-
DE followed by lectin blotting was then performed, and
interesting spots were successfully detected on 2-DE gel.
Figure 5A and B shows the 2-DE gel images and the 2-D lec-
tin blot of extracted proteins, respectively. The remarkable
train spots (120 Da) of glycoprotein were picked up and in-
gel digested with trypsin..The digest was subjected to LC/
MS/MS, and the integrin o3 precursor was identified as the
GnT-111 target protein.

4 Discussion

The development of a simple and rapid method to explore
glycan structural alteration in a complex mixture is required
to elucidate the mechanisms of diseases involving glycan
alteration. In this study, we demonstrated that GCC-LC/MS,
which is used for glycosylation analysis in glycoproteins, is

(1) (2)
kDa ;

150— . .
: A
75 (A)

Figure 4. (1) 1-D SDS-PAGE and (2) lectin blot images of the CHO-
\if insoluble fraction. Proteins were separated on a 12.5% SDS-
PAGE gel and stained with SYPRO Orange.
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Figure 5. Enlarged partial {(A) 2-DE and (B) lectin blot images
from band A in Fig. 4.

applicable for the exploration of changes in glycosylation be-
tween samples. Using GCC-LC/MS, high mannose, hybrid,
and complex types as well as neutral and acidic oligo-
saccharides could be separated and characterized by a single
analysis. GCC-LC/MS clearly shows differences in glycosyla-
tion between soluble and insoluble fractions. High mannose-
type oligosaccharides were detected as major components in
the soluble fraction. The soluble fraction contains endo-
plasmic reticulum and Golgi apparatus, where N-linked oli-
gosaccharides are constructed. The predominance of high-
mannose-type oligosaccharides in the soluble fraction may
be the cause of immature oligosaccharides in the process of
biosynthesis. In contrast, complex and hybrid types with or
without sialic acids were detected in the insoluble fraction,
suggesting that membrane proteins carry mature oligo-
saccharides.

In addition, GCC-LC/MS revealed differences in glyco-
sylation between control cells and aberrant model cells.
Biantennary forms bearing extra GlcNAc were obviously
increased in cells transfected with the GnT-III gene, indicat-
ing that our methodology allows us to explore changes in the
glycosyltransferase expression followed by glycan alteration.
Although MS is frequently used for the analysis of glycosy-
lation, identification of oligosaccharide isomers by MS alone

www.proteomics-journal.com
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still remains challenges. Positional isomers could be differ-
entiated by multiple-stage tandem mass spectrometry (MS™);
however, MS" itself failed to identify oligosaccharides if the
sample contained positional isomers. The use of GCC-LC/
MS enables us to differentiate the structural isomers and
perform differential analysis in glycosylation between nor-
mal and aberrant cells.

GnT-I1I is reported to involve the suppression of tumor
cell metastasis and is assumed to be a marker of cancerous
alteration in hepatic carcinomia [21, 22]. To identify the pro-
tein in which glycosylation was modified by GnT-1II expres-
sion, we carried out 2-DE followed by lectin blotting, and
Integrin o3 was identified as a target protein of GnT-III.
Integrin o3, a type [ membrane protein, is known to be a
receptor of adhesion molecules, such as laminin 5 and 10/11
[23-25]. Our finding, in which integrin a3 is a target mole-
cule of GnT-III, might be a clue to clarify the suppression
mechanism of metastasis by GnT-IIL

5 Concluding remarks

We propose a strategy for glycomic/glycoproteomic analysis
using GCC-LC/MS in Fig. 6. First, GCC-LC/MS is used for
oligosaccharide profiling to identify disease-related oligo-
saccharides. Based on the carbohydrate structure, appropri-
ate lectins or antibodies could be selected for western blot-
ting. Proteins carrying disease-related oligosaccharides
could then be identified by 2-D lectin blotting followed by
MS/MS analysis. Using several groups, 2-D lectin blotting
has been proposed for the characterization of glycoproteins
on gel [26, 27]. The use of mass spectrometric oligosacchar-
ide profiling, which can directly characterize glycan struc-
tures, is worthwhile to obtain structural information about
disease-related carbohydrate and is helpful in the sub-
sequent choice of appropriate lectins and antibodies. Our
method is expected to be a powerful tool for glycomic/gly-
coproteomic analysis.

sample sample

Search for the disease-related N
glycosylation i

\/\[\/\—JL Oligosaccharide profiling
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Figure 6. Strategy for glycomics/glycoproteomics using GCC-LC/
MS, 2-DE and 2-D Western blotting using lectin or antibody.
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Thrombomodulin (TM) is a thrombin receptor on the surface of endothelial cells that
converts thrombin from a procoagulant to an anticoagulant. Thrombin promotes
invasion by various tumor cells, and positive or negative correlations are found
between the expression of TM and tumorigenesis in some patients. In this study, we
used an invasion assay to investigate the effect of TM on the invasive activity of a
mouse mammary tumor cell line, MMT cells, and the effects of TM were compared
with those of thrombin as a positive control. In the presence of 1% fetal calf serum
(FCS), TM significantly stimulated MMT cell invasion in a dose-dependent manner,
resulting in an approximately 3-fold increase at 1-10 pg/ml over the untreated con-
trol. Thrombin also caused a similar degree of stimulation at 50 ng/ml. Since
thrombin activity was detected in the components of the assay system, an invasion
assay was also performed in a thrombin-activity-depleted assay system constructed
to eliminate the effect of thrombin activity; TM (10 pg/ml) plus thrombin (1 pg/ml)
stimulated invasion by approximately 3.5-fold in this assay system. Hirudin, a specific
thrombin inhibitor, inhibited stimulation by TM as well as by thrombin in both the
presence and absence of 1% FCS. Investigations of the effects of TM on proliferation,
adhesion and chemotaxis to clarify the mechanism of stimulation by TM revealed that
TM does not affect proliferation or adhesion in the presence of 1% FCS, but stimulates
chemotaxis by approximately 2.3-fold. Similar results were obtained in experiments
using thrombin. TM (10 pg/ml) plus thrombin (1 pg/ml), on the other hand, stimulated
chemotaxis by approximately 2.3-fold in the thrombin-activity-depleted assay system.
Binding studies using ['®I]-thrombin revealed that the cells have specific saturable
binding sites for thrombin. These results show that TM stimulates the invasive activ-
ity of MMT cells, probably by acting as a cofactor for the thrombin-stimulated inva-
sion of the cells via its receptor and lowering the effective concentration of thrombin.
The findings also indicate that the stimulation of invasive activity in the presence of
1% FCS and in the thrombin-activity-depleted assay system may mainly be mediated
by the stimulation of chemotaxis.

Key words: invasion, thrombin, thrombomodulin.

Abbreviations: TM, thrombomodulin; MEM, modified Eagle’s medium; CS, calf serum; FCS, fetal calf serum,
MMP, matrix metalloprotease; ECM, extracellular matrix; Boc-Asp(Obzl)-pro-Arg-MCA, Boc-B-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide; PBS, phosphate-buffered saline.

Thrombomodulin (TM) is a thrombin receptor on the sur-
face of endothelial cells (1) that was first discovered as a
cofactor for the thrombin-catalyzed activation of the anti-
coagulant protein C (2). Biologically active soluble forms
of TM, which probably represent the products of limited
proteolytic cleavage of cell-surface TM, were later
detected in human plasma (3), suggesting a possible role
of the soluble forms in vivo. TM also positively or nega-
tively regulates various functions of thrombin as
described below. TM stimulates the inactivation of pro-
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urokinase-type plasminogen activator (4), the activation
of TAF I (5), and the activation of progelatinase A (6). TM
inhibits the activation of platelets (7), the activation of
factor X (8) and human endothelial cells (9), the stimula-
tion of fibrin formation (8), and the proliferation of arte-
rial smooth muscle cells (10) and human umbilical vein
endothelial cells (11).

On the other hand, there are several direct and indi-
rect lines of evidence indicating that thrombin stimulates
invasion and/or metastasis by tumor cells (12-18), and it
has recently been reported that the expression of TM is
increased or decreased in some carcinomas. The expres-
sion of TM increases in squamous carcinomas of the lung
(19), colorectal carcinomas (20), and some transitional

© 2005 The Japanese Biochemical Society.
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carcinomas (21-22), and its expression level is negatively
correlated with the malignancy of carcinoma of the
esophagus (23), hepatocellular carcinoma (24), and ovar-
ian tumors (25). There i1s also evidence of increased
serum levels of TM in some tumors, including pancreatic
cancer (26), digestive tract carcinoma (27), and glioblast-
oma (28). Based on this evidence, it is likely that TM
plays some role in the regulation of tumor metastasis.

In this study, we investigated the effects of TM on the
invasive activity of a mouse mammary tumor cell line,
MMT, by an in vitro invasion assay, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29-30). We also com-
pared the effects of TM with those of thrombin as a posi-
tive control.

MATERIALS AND METHODS

Materials—TM was a kind gift of Asahi Kasei Pharma,
Japan. The TM was prepared as described by Gomi ef al.
(31). Plasmids containing the ¢cDNA encoding TM (resi-
dues 1-498) were transfected into COS-1 cells, and the
recombinant TM was purified from serum-free COS-1-
cell-conditioned medium. The purified TM yielded a
single band at 90 kDa in SDS-PAGE under reducing
conditions. The recombinant TM was confirmed to be
thrombin-free by a protein C activating assay developed
in our laboratory (32). Thrombin (1,140 units/mg protein)
was a kind gift of Mochida Pharmaceutical Co., Ltd.,
Japan. Hirudin was purchased from Wako (Osaka,
Japan). A fluorogenic substrate, Boc-p-benzyl-Asp-Pro-
Arg-4-methyl-coumaryl-7-amide (Boc-Asp(Obzl)-pro-Arg-
MCA), was purchased from Peptide Institute, Inc. (Osaka,
Japan).

Cell Culture—MMT mouse mammary tumor cells were
obtained from the Japanese Health Science Research
Resource Bank and cultured in modified Eagle’s medium
(MEM) supplemented with 10% calf serum (CS) on 60-
mm diameter culture dishes, 4 x 10° cells per dish. After
7 d, the subconfluent MMT cells were detached from the
culture dishes with 0.25% trypsin/EDTA, treated with
MEM containing 10% CS, and collected by centrifuga-
tion. The cells were then washed with MEM and used in
experiments. In some experiments, the thrombin activity
associated with cells was depleted as described below,
and the resultant cells were used for various experiments
in which MEM containing 0.1% BSA was used as the
basal medium. We refer to this assay system as the
thrombin-activity-depleted assay system below. To deplete
thrombin activity, the cell suspension (1.5 x 105 cells in 10
ml of MEM) was incubated in a non-adherent form on
100-mm diameter non-treated culture dishes pre-coated
with BSA (10 mg/ml) for 2 h in a humidified chamber at
37°C under 5% CO,, and then washed with MEM.

In Vitro Invasion Assay—In vitro invasion by MMT
cells was measured in a Matrigel invasion chamber (Col-
laborative Biomedical Products, Bedford, MA, USA). The
chamber (upper compartment) was placed in a 24-well
culture plate (lower compartment), and the cell suspen-
sion (1.6 x 105 cells in 500 pl) and the basal medium (750
ul) containing various factors were added to the upper
and lower compartments, respectively. MEM containing
1% fetal calf serum (FCS) or 0.1% BSA was used as the

S. Niimi et al.

basal medium. Matrigel invasion chambers were pre-
coated with fibronectin as described below before use in
the thrombin-activity-depleted assay system. Human
plasma fibronectin solution (IWAKI, Japan) was diluted
to a final concentration of 5 pg/ml with phosphate-buff-
ered saline (PBS), and a 300 pl aliquot was added to the
chamber and a 750 pl aliquot to the 24-well culture plate.
The chamber and 24-well plate were allowed to stand at
37°C for 2 h and were then washed with PBS. After incu-
bating the cells for 18 h, the filters were fixed with meth-
anol and stained with hematoxylin and eosin. The cells
on the upper surface of the filters were removed by wip-
ing with cotton swabs, and the number of cells that had
migrated to the lower surface of the filters was counted
under a microscope.

Measurement of Thrombin Activity—Thrombin activity
in FCS, CS, and on cells was measured by the method of
Kawabata et al. (33). A 10 pl volume of 10% FCS or CS
was mixed with 90 pl of reaction buffer containing 50 mM
Tris-HC], pH 8.0, 100 mM NaCl, and 10 mM CaCl,, with
or without hirudin (0.5 unit/ml). Packed cells (1 x 108
cells) were suspended in 100 pl of reaction buffer with or
without hirudin (0.5 unit/ml). After adding 1 pl of 10 mM
substrate, Boc-Asp(Obzl)-pro-Arg-MCA solution to the
cell suspension, the mixture was incubated for 20 min at
37°C, and the reaction was stopped by adding 600 pl of
0.6 M acetic acid. The fluorescence of the aminomethyl-
coumarine released was measured with a fluorospectro-
photometer at an excitation wavelength of 380 nm and an
emission of 460 nm. A blank solution was prepared by
adding 1 pl of substrate solution to the reaction buffer
mixed with 600 pl of 0.6 M acetic acid. Thrombin activity
was calculated using 1, 2.5, 5 and 10 ng/ml thrombin
solutions as standards and subtracting the fluorescence
obtained in the presence of hirudin from that in the
absence of hirudin. A linear dose-response curve was
obtained between 0.5-5 ng/ml of thrombin, and its activ-
ity was inhibited by more than 98% by hirudin (0.5 unit/
ml). The fluorescence of each sample was within the lin-
ear range.

Proliferation Assay—The cell suspension (1 x 105 cells
in 4 ml) was seeded on 60-mm diameter culture dishes
and incubated with each factor for 18 h. MEM containing
1% FCS was used as the basal medium. The cells were
then detached from the culture dishes with 0.25%
trypsin/EDTA, treated with MEM containing 10% CS,
collected by centrifugation, and counted with a hemocy-
tometer.

Adhesion Assay—Adhesion assays were performed by
a modification of the method of Deryugina et al. (34). A
300 pl aliquot of fibronectin (5 pg/ml), prepared as
described above, was added to each well of 24-well plates
(IWAKI, Japan). The plates were allowed to stand over-
night at 4°C, washed with PBS, blocked with 1% BSA in
PBS for 1 h at 37°C, and finally washed in PBS. MMT
cells (55 x 10¢ cells) were exposed to each factor in 2 ml of
MEM containing 1% FCS for 30 min at 37°C. After wash-
ing with 2 ml of MEM, the cell suspensions (1 x 105 cells
in 0.38 ml of MEM) were seeded on each well. After incu-
bation for 30 min at 37°C, non-adherent cells were
removed by washing with PBS, and the adherent cells
were fixed and stained with 0.2% crystal violet in 10%
ethanol for 10 min. After three washes with 2 ml of PBS,

J. Biochem.



TM Enhances the Invasiveness of MMT Cells
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Fig. 1. Dose dependency of the effect of TM on invasiveness.
MEM containing 1% FCS was used as the basal medium. The con-
centrations of TM indicated are the concentrations in the lower
compartment. The data shown are means + SD of the data obtained
in duplicate wells in three experiments (**p < 0.01 vs. control). The
deviation in each experiment was less than 10%.
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Fig. 2. Dose dependency of the effect of thrombin on inva-
siveness. MEM containing 1% FCS was used as the basal medium.
The concentrations of thrombin indicated are the concentrations in
the lower compartment. The data shown are means + SD of data
obtained in duplicate wells in three experiments (**p < 0.01 vs. con-
trol). The deviation in each experiment was less than 10%.

the dye was extracted in an end-over-end mixer with 600
ul of 50% ethanol in 50 mM sodium phosphate (pH 4.5)
for 10 min, and absorbance was measured at 540 nm. The
correlation between absorbance and cell number was con-
firmed in a preliminary experiment.

Chemotaxis Assay—Chemotaxis .assays were per-

formed with control inserts (Collaborative Biomedical

Products, Bedford, MA, USA) in a similar manner to the
invasion assay described above. The control inserts were
not coated with Matrigel. MEM containing 1% FCS was
used as the basal medium. The control inserts were
pre-coated with fibronectin (5 pg/ml) as described for the
pre-coating of the Matrigel invasion chamber in the
thrombin-activity-depleted assay system.

Iodination of Thrombin and Determination of Bind-
ing—Thrombin was iodinated to a specific activity of 19.1
x 107 cpm/ug by the chloramine T method as described
previously (35-36). After precoating 24-well plates with
fibronectin (5 pg/ml) as described above, the cell suspen-
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Fig. 3. Effect of TM and thrombin on invasiveness in the
thrombin-activity-depleted assay system. Cells on which
thrombin activity was depleted were used in the experiment. MEM
containing 0.1% BSA was used as the basal medium. The data
shown are means + SD of data obtained in duplicate wells in three
experiments (**p < 0.01 vs. control). The deviation in each experi-
ment was less than 10%.

sions (1.22 x 10° cells in 0.45 ml of MEM) were seeded
into each well and incubated in a humidified chamber at
37°C under 5% CO, for 2 h. The cells were then washed
with 0.4 ml of MEM containing 15 mM Hepes (pH 7.2)
and 0.1% BSA and incubated for 1.5 h at 37°C in the
same buffer with various concentrations of [1%]]-thrombin
in the presence or absence of a 100-fold excess amount of
unlabeled thrombin. After washing the cells four times
with the same ice-cold buffer, the cells were solubilized
with 0.4 ml of 1 N NaOH for 1 h at 37°C. Specific binding
was calculated as the difference between total binding
and nonspecific binding.

RESULTS

Effect of TM on Invasiveness—Figure 1 shows the
effects of TM on the invasive activity of MMT cells in the
presence of 1% FCS. TM significantly stimulated inva-
sive activity in a dose-dependent manner, resulting in an
approximately 3-fold stimulation at 1-10 pg/ml. Figure 2
shows the effects of thrombin used as a positive control.
Thrombin also stimulated invasive activity in a dose-
dependent manner.

On the basis of these findings, we investigated the pos-
sibility that the stimulation of invasion by TM might be
dependent on thrombin that may have been introduced
into the assay system as described below. First, thrombin
activity in the assay system was measured. The thrombin
concentrations in freshly prepared 10% FCS and CS
measured by the thrombin activity assay were 200 pg/ml
and 2.8 ng/ml, respectively. The amount of thrombin on
the cells measured in a similar manner was 35 pg/106
cells. Based on these values, the thrombin concentrations
in the assay system with or without 1% FCS were esti-
mated to be 24.48 and 4.48 pg/ml, respectively. Second,
the action of TM was examined in the thrombin-activity-
depleted assay system described in “MATERIALS AND
METHODS,” and depletion of thrombin activity in the
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Fig. 4. Effect of hirudin on the stimu-
lation of invasion by TM. (A) MEM

containing 1% FCS was used as the basal
medium. The indicated concentration of
each factor is that in the lower compart-
ment. The data shown are means + SD of
data obtained in duplicate wells in three
experiments (*p < 0.05 vs. control; *¥p <
0.01 vs. control) (B) MEM containing
0.1% BSA was used as the basal medium.
The data shown are means + SD of data
obtained in duplicate wells in three
experiments (**p < 0.01 vs. control). The
deviation in each experiment was less
than 10%.
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assay system was confirmed by the absence of any detect-
able thrombin activity on the cells. Figure 3 shows the
effects of thrombin (1 pg/ml) and TM (10 pg/ml) on the
invasive activity of cells in the thrombin-activity-
depleted assay system. While neither thrombin or TM
had any effect on invasion, TM plus thrombin stimulated
invasion by approximately 3-fold.

Effect of Hirudin on the Stimulation of Invasion by
TM—The action of TM was also examined in the pres-
ence of the specific thrombin inhibitor hirudin to inves-
tigate the possibility described above. Fig. 4, A and B,
shows the effects of hirudin on the invasion-stimulating
activity of TM in the presence and absence of 1% FCS. We
used a 1 unit/ml concentration of hirudin in this experi-
ment, because 50 ng/ml thrombin corresponds to 0.057
unit/ml, and so 1 unit/ml hirudin seemed adequate to
inhibit this concentration of thrombin. As expected,
hirudin (1 unit/ml) not only inhibited the stimulation by
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Fig. 5. Effect of TM on proliferation. MEM containing 1% FCS
was used as the basal medium. The data shown are means + SD of
data obtained in duplicate dishes in three experiments. The devia-
tion in each experiment was less than 10%.

thrombin to control levels, but the stimulation by TM as
well.

Effect of TM on Proliferation—Since tumor cell inva-
sion consists of a series of events, including adhesion to
the extracellular matrix (ECM) and chemotaxis, we
investigated the effects of TM on these two events to clar-
ify the molecular mechanism of the stimulation of inva-
sive activity by TM. Before investigating the effect of TM
on these processes, we investigated its effects on cell pro-
liferation to confirm that the stimulation of invasive
activity by TM is not an artifact of the enhancement of
cell proliferation.

Figure 5 shows the effects of TM on MMT cell prolifer-
ation in the presence of 1% FCS. The numbers of cells in
the presence of TM or thrombin did not differ from the
numbers in the control cultures.

Effect of TM on Adhesion to Fibronectin—Figure 6 shows
the effects of TM on adhesion to fibronectin, a basal lam-
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Fig. 6. Effect of TM on adhesion to fibronectin. MEM contain-
ing 1% FCS was used as the basal medium. The data shown are
means + SD of data obtained in duplicate wells in three experi-
ments. The deviation in each experiment was less than 10%.
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Fig. 7. Effect of TM on chemotaxis. (A)
MEM containing 1% FCS was used as

the basal medium. The data shown are
means + SD of data obtained in duplicate
1 wells in three experiments (**p < 0.01 vs.
controi). (B) Cells on which thrombin
activity was depleted were used in the
experiment. MEM containing 0.1% BSA
was used as the basal medium. The data
shown are means + SD of data obtained
in duplicate wells in three experiments
(**p < 0.01 vs. control). The deviation in
each experiment was less than 10%.
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ina component. Neither TM nor thrombin affected adhe-
sion to fibronectin.

Effect of TM on Chemotaxis—Figure 7 (A and B),
shows the effects of TM on chemotaxis by MMT cells in
the presence of 1% FCS and in the thrombin-activity-
depleted assay system, respectively. Both TM (10 pg/ml)
and thrombin (50 ng/ml) significantly stimulated chemo-
taxis by MMT cells by approximately 1.9-2.3-fold in the
former system, but neither TM (10 pg/ml) nor thrombin
(1 pg/ml) affected chemotaxis in the latter system; TM
plus thrombin, on the other hand, stimulated chemotaxis
by approximately 2-fold.

Binding of Thrombin—Figure 8 shows the binding
curves for specific [125]]-thrombin binding sites on cells in
the presence and absence of TM (10 pg/ml). These bind-
ing curves show the specific [*%]]-thrombin binding to be
saturable at approximately 40 ng/ml, and that TM has no
effect on the specific binding of [125]]-thrombin. A similar
binding experiment was performed in the [125]]-thrombin
concentration range of 1-10 pg/ml, but no specific bind-
ing was detected independent of the presence or absence
of TM, probably because the absolute amount of radioac-
tivity used was too low to be detected as specific binding.

DISCUSSION

In the present study, we show that, at its maximum effec-
tive dose, TM stimulates the invasive activity of MMT
cells in vitro by approximately 3-fold. As far as we know,
this is the first time that TM has been shown to stimulate
the invasive activity of tumor cells in vitro. Similarly,
exogenous thrombin causes maximal stimulation of inva-
sion at 50 ng/ml, which is a concentration more than
1,000-fold higher than the maximum effective dose of TM.

Since TM acts as a cofactor for the thrombin-catalyzed
activation of protein C and increases the rate of the reac-
tion by >1,000-fold (8), the stimulation by TM may have
been due to TM interacting with thrombin, which had
been introduced into the assay system, and acting as a
cofactor for thrombin-stimulated invasion of MMT cells,
thus lowering the effective concentration of thrombin.
This possibility seems to be supported by the detection of
thrombin activity in the assay systems, the requirement
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for thrombin for stimulation by TM in the thrombin-
activity-depleted assay system, and the inhibition of
stimulation by hirudin. It is noteworthy that the
thrombin concentration required for stimulation by TM
in the thrombin-activity-depleted assay system is more
than 20,000-fold less than the concentration required for
thrombin to stimulate invasion. On the other hand, the
control level was not inhibited by hirudin in the presence
of 1% FCS, probably due to the lower thrombin concen-
tration in the assay system compared with the effective
concentration of exogenous thrombin.

There have been two studies examining the effect of
TM on the invasive activity of tumor cells. Matsushita
et al. showed that a subcloned human esophageal
squamous cell carcinoma line with low TM expression is
more invasive than a high TM-expressing clone (37). In
their study, the action of TM does not seem to be due to
an acceleration of its thrombin cofactor activity, because
the difference between the cell lines with low and high
TM expression with respect to their cofactor activity for
protein C activation by thrombin was less than 13% and
significantly lower than their TM levels and invasive
activities. Hosaka et al. showed that TM (10-100 ng/ml)
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Fig. 8. Binding of ['®]I]-thrombin. Specific binding of [1%5]]-
thrombin to cells in the absence (solid circles) and presence of TM
(10 pg/ml) (open circles) was measured. The data shown are repre-
sentative specific binding curves for ['#]]-thrombin binding sites
and are means + SD of data obtained in triplicate wells.
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inhibits the invasive activity of mouse melanoma cells in
vitro (38), and TM has also been found to decrease the
proliferation of tumor cell lines subcloned from patients
with malignant melanomas (39). None of these inhibitory
effects were inhibited by hirudin.

In contrast to these studies, the present study shows
that TM enhances the invasive activity of MMT cells and
indicates that the action of TM is entirely dependent on
thrombin as described above. Therefore, the mode and
mechanism of action of TM in MMT cells seems to be dif-
ferent from its mode and mechanism of action in the
squamous cell carcinoma line and melanoma cells.

It is useful to speculate on the role of TM in tumorigen-
esis based on the findings of our study, because tumor cell
invasion through the basement membrane is a critical
step in the process of metastasis (29-30). Several studies
have shown that TM levels in serum increase in patients
with certain tumors (26—-28), as described in the Intro-
duction. Thus, the results of this study suggest that the
soluble form of TM may play a positive role in the malig-
nancy of some kinds of tumors, probably by enhancing
the metastatic potential of thrombin. On the other hand,
TM on the cell surface may act as a negative regulator to
thrombin, because thrombin is degraded as the thrombin-
TM complex by its internalization after binding to TM on
the cell surface (40). This possibility may be supported by
the findings that the expression level of TM is negatively
correlated with the malignancy of some carcinomas (23—
25), as described in the Introduction.

Tumor cell invasion is a complex process that involves
adhesion to ECM, degradation of ECM, and chemotaxis
(41). Chemotaxis is the essential step in invasion as
reviewed by Wells (42). The results of the present study
show that both TM and thrombin stimulate chemotaxis
in the presence of 1% FCS, and that TM plus thrombin
stimulate chemotaxis in the thrombin-activity-depleted
assay system. Both of these findings are consistent with
previous reports that thrombin stimulates chemotaxis
(17, 18), and the presence of specific binding sites for
thrombin on cells indicates that these actions are medi-
ated by thrombin receptors.

However, other actions of thrombin may also be in-
volved in the stimulation of tumor cell invasion, because
the enhancement of chemotaxis alone is insufficient to
account for the increase in tumor cell invasion. One such
other possible action of thrombin is the stimulation of the
matrix metalloprotease (MMP)-mediated degradation of
a variety of ECM proteins, including collagens type IV, V,
VII, and X, fibronectin, laminin (43—47), elastin (48—49),
proteoglycans (49-51), and entactin (52). Several reports
have indicated that thrombin increases the active forms
of MMP-2 and MMP-9 (563-59), and plays important roles
in the enhancement of tumor cell invasion and metasta-
sis (34, 60-68). There are also reports that thrombin
stimulates the release of MMP-2 (69), the expression of
MMP-1 and MMP-3 (70), and the expression of MMP-9
mRNA (71). Another possible action is the stimulation of
MMP-independent degradation of ECM. This possibility
appears to be supported by the finding that thrombin
stimulates the expression of urokinase-type plasminogen
activator, a factor involved in the degradation of ECM
protein (72), and stimulates the heparinase-mediated
release of heparan sulfate from ECM (73).

S. Niimi et al.

In conclusion, the results of this study show that TM
stimulates the invasive activity of MMT cells, probably
by acting as a cofactor for the thrombin-stimulated inva-
sion of cells mediated by thrombin receptors, and by low-
ering the effective concentration of thrombin. Further,
the results indicate that the stimulation is mainly caused
by an enhancement of chemotaxis.

This study was supported, in part, by a Grant-in-Aid for
research on health sciences focusing on drug innovation from
the Japan Health Sciences Foundation.
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Annexin A3 is a member of the lipocortin/annexin family, which binds to phospholipids and membranes in a
Ca’*-dependent manner. Although annexin A3 has various functions in vitro, its cellular significance is com-
pletely unknown. Annexin A3 is not found in rat liver in vivo, In the present study, we investigated the expression
of annexin A3 in primary cultured parenchymal rat hepatocytes. Annexin A3 protein was detected in 48-h, but
not 2.5-h, cultured hepatocytes using Western blot analysis. The annexin A3 level further increased after an ad-
ditional 24 hh of culture. Annexin A3 mRNA was not detected in 2.5-h cultured hepatocytes but was detected 22 h
after the start of culture by RT-PCR analysis, reaching a maximum value after 48 h of culture. To define the role
of Annexin A3 in DNA synthesis, RNA interference was used to reduce annexin III gene expression in hepato-
cytes. The transfection of small interfering RNAs targeting annexin A3 in the hepatocytes reduced the corre-
sponding mRNA and protein expression by approximately 80% and more than 90%, respectively, at 24 h after
transfection. In the annexin A3 small interfering RNAs-transfected cells, DNA synthesis, as assessed by
[*H]thymidine incorporation, decreased by approximately 70% not enly in the control cultures, but also in the
hepatocyte growth factor- or epidermal growth factor-treated cells. These findings show that annexin A3 is ex-
pressed in primary cultured parenchymal rat hepatocytes and that the suppression of annexin A3 expression
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using RNA interference inhibits DNA synthesis.

Key words
growth factor (EGF)

Annexin (Anx) A3 is also called “lipocortin 3” or “placen-
tal anticoagulant protein 3” (PAP-III)V and is a member of
the lipocortin/annexin family, which binds to phospholipids
and membranes in a Ca**-dependent manner.”™ AnxA3 has
been shown to have anticoagulant and anti-phospholipase A,
properties in vitro®) and to promote the Ca®*-dependent ag-
gregation of isolated specific granules from human neu-
trophils.® Although the physiological functions of other an-
nexins have been recently clarified in knock-out and trans-
genic models,”'¥ the functions of AnxA3 are completely
unknown.'?

Recently, we found that AnxA3 protein and its mRNA are
not expressed in isolated parenchymal rat hepatocytes.!s!?
Consistent with these findings, AnxA3 protein and its mRNA
are not detectable by Western blot analysis and Northern blot
analysis in rat liver.'® 2" However, there have been no re-
ports on the behavior of AnxA3 in primary cultured
parenchymal rat hepatocytes. In the present study, we investi-
gated the expression and function of AnxA3 in cultured
parenchymal rat hepatocytes.

MATERIALS AND METHODS

Materials Recombinant human hepatocyte growth fac-
tor (HGF) was purchased from R&D systems (Minneapolis,
MN, US.A)). Mouse epidermal growth factor (EGF) was
purchased from Wako (Osaka, Japan). [*H]thymidine
(79.9 Ci/mmol) was purchased from PerkinElmer (Boston,
MA, U.S.A)). Rabbit anti-human ANXA3 antibody serum

* To whom correspondence should be addressed. e-mail: niimi@nihs.go.jp

annexin A3; RNAi; DNA synthesis; primary cultured hepatocyte; hepatocyte growth factor (HGF); epidermal

was a generous gift from Dr. F Russo-Marie and Dr. C.
Raguenness-Nicol.

Cell Isolation and Monolayer Cultures Parenchymal
hepatocytes were isolated from adult male Wistar rats,
weighing 180—200 g, by in situ perfusion of the liver with
collagenase.?? All animal care and procedure protocols were
approved by the institutional care committee. The cells were
then suspended at a density of 2.5X10° cells/ml in Williams
E medium (WE) containing 5% fetal bovine serum and 1 nM
insulin and cultured at a density of 0.5X10° cells/cm? in a
6 cm dish and a 48-well microplate precoated with collagen
type-1 AC in a humidified chamber at 37 °C in 5% CO, and
30% O, in air. Cells plated in the 6-cm dish and 48-well mi-
croplate were used to prepare total cellular extracts or total
RNA and to measure DNA synthesis, respectively. After
2.5h of culture, the medium was replaced with a serum- and
hormone-free medium containing aprotinin (1 pg/ml).

Western Blot Analysis Cell lysates were prepared using
a modification of a previously described method.?® The cells
were washed with phosphate-buffered saline (PBS) followed
by buffer A (50mmMm Tris—HCI [pH 7.5}, 150 mm NaCl, and
10 mm EDTA). The cells were then harvested after the addi-
tion of 20 ul of buffer A. The cells were suspended, shaken
for 15min at room temperature, and sonicated five times for
15s each time while in an ice bath after the addition of 1/5
[v/v] of SXbuffer A containing 2.5% Triton X-100 and 1/100
[v/v] of a protease inhibitor cocktail (SIGMA). After cen-
trifugation at 100000X g, the cytosolic fraction (about 25 ug)
was subjected to sodium dodecy! sulfate-polyacrylamide gel

© 2005 Pharmaceutical Society of Japan
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electrophoresis on a 10% gel and electroblotted to a PVDF
membrane (GVHP; Millipore). After blocking the membrane
with 5% skimmed milk, a Western blot analysis was per-
formed using rabbit anti-human AnxA3 antibody serum at a
dilution of 1 : 18000; detection was performed using the ECL
detection system (Amersham Bioscience).

Reverse Transcription Polymerase Chain Reaction
Analysis Total RNA was exctracted from the cells using
Trizol reagent (Invitrogen) according to the manufacturer’s
protocols. Approximately 3 ug of RNA per sample was re-
verse-transcribed using the THERMOSCRIPT™ RT-PCR
System (Invitrogen) and oligo(dT),, in a final volume of
40 pl, according to the manufacturer’s protocols. Subse-
quently, 1 ul of cDNA was polymerase chain reaction (PCR)-
amplified using the THERMOSCRIPT™ RT-PCR System
(Invitrogen) in a final volume of 20 ul per reaction, according
to the manufacturer’s protocols, for 14—23 cycles of denatu-
ration for 30 s at 94 °C, annealing for 30 s at 60 °C, and poly-
merization for 1 min at 72 °C using Anx Alll or glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) cDNA specific
primers under linear conditions. The PCR products were sep-
arated on a 2% agarose gel, stained with SYBR Green I, and
visualized and analyzed with a Fluorolmager 595 (Amer-
sham Bioscience). A computer assisted-analyzer was used to
quantitatively analyze the signals, and the signals were nor-
malized to the signal of a house keeping gene, the gene cod-
ing GAPDH. The sequences of the AnxA3 primers were
as follows: 5'-CAAATTCACCGAGATCCTGT-3' and 5'-
TGCTGGAGTGCTGTACGAAA-3'. The sequences of the
GAPDH primers were as follows: 5'-ACCACAGTCCAT-
GCCATCAC-3’ and 5'-TCCACCACCTGTTGCTGTA-3'*¥
The PCR product specificity was confirmed by DNA se-
quence analysis using an ABI Prism 377 DNA Sequencer
(Applied Biosystems, Foster City, CA, U.S.A.).

Preparation and Transfection of Small Interfering
RNAs Targeting AnxA3 Small interfering RNAs (siR-
NAs) targeting rat AnxA3 were designed according to
the guidelines of the “Dharmacon siDESIGN Center”
(www.dharmacon.com) and obtained from Dharmacon Re-
search (Lafayette) in annealed and lyophilized forms. The
target sequences were localized at positions, 493 and 690 bps
downstream of the start codon. The sequences of each
siRNA pair were as follows: AnxA3 siRNA 1, 5'-GAG ACG
AAA GCCUGA AAG UdTdT-3' and ACU UUC AGG CUU
UCG UCU cdTdI-3'; ANXA3 siRNA 2, 5'-GGA GAA
UUA UCU GGG CAU UdTdT-3' and AAU GCC CAG AUA
AUUCUC ¢dTdT-3; and control siRNA, 5'-ACU CUA UCU
GCA CGC UGA CUU-3' and 5'-P G UCA GCG UGC AGA
UAG AGU UU-3’. No homology between any relevant mam-
malian gene and the control siRNA was observed. These siR-
NAs were dissolved in an RNase-free solution provided by
Dharmacon Research at a concentration of 20 um. After 20h
of cell culture, the medium was replaced with WE containing
aprotinin (1 gg/ml) immediately prior to transfection. Trans-
fection with siRNA was performed using SiFector (B-
bridge), according to the user guidelines. Sixty microliters of
both AnxA3 siRNA 1 and 2 were diluted with OPTI-MEM
(Invitrogen) to a final volume of 400 ul. Sixty-four micro-
liters of SiFector was also diluted in OPTI-MEM to a final
volume of 400 ul, then suspended and incubated at room
temperature for 5min. Next, the diluted siRNA was com-
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bined with SiFector, and the mixture was incubated at room
temperature to allow the siRNA-SiFector complex to form.
Eight hundred microliters of the siRNA-SiFector complex
was added to the cultures (6-cm dish). For the 48-well plates,
the siRNA-SiFector complex was prepared as described
above except that the volume of each solution per well was
scaled down to 1/16.

Measurement of [*Hjthymidine Incorporation After
20 h of culture, the medium was replaced with hormone-free
medium containing aprotinin (1 gg/ml) and 0.1% bovine
serum albumin (BSA), and EGF (2 ng/ml) or HGF (20 ng/ml)
was added. After 1h, 50 ul of siRNA-SiFector complex, pre-
pared as described above, was added to the wells. After an-
other 24 h, [*H]thymidine (0.626 uCi) and thymidine (676.6
ng) were added, and 10 pg/ml of aphidicolin was added to
some wells at the same time. The cells were then cultured for
another 24 h. [*Hl]thymidine incorporation was measured as
described previously.?® The difference between the radioac-
tivity in the hot-trichloroacetic acid soluble fraction with
and without aphidicolin was calculated as dpm/mg protein.
Cell protein was measured using a previously described
method,*® with BSA used as a standard.

RESULTS

Expression of AnxA3 during Culture At first, we in-
vestigated the expression of AnxA3 in primary cultured
parenchymal rat hepatocytes. AnxA3 protein was not de-
tected by Western blot analysis 2.5 and 24 h after the start of
culture but was detected after 48 h of culture (Fig. 1A). The
level after 72 h of culture was approximately 1.6-fold higher
than that after 48 h of culture (Fig. 1B). AnxA3 mRNA was
not detected by reverse transcription (RT)-PCR in cultured
hepatocytes after 2.5h of culture but was significantly de-
tected after 22 h of culture (Fig. 2A), reaching a maximum
value after 48 h of culture (Fig. 2B). These results indicate
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Fig. 1. Expression of AnxA3 Protein during Culture

(A) The data shown are representative of the Western blot analysis results. Cells
lysates were prepared from the cells at the indicated times and used for the Western blot
analysis. (B) The intensity of each band was quantified, and the results are shown rela-
tive to the value of cells cultured for 72 h. The data are expressed as the mean£S.D, of
3 experiments. *p<(0.01, compared with the value of cells cultured for 72h. N.D,, not
detected.
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Fig. 2. Increase in AnxA3 mRNA Level during Culture

(A) The data shown are representative of the RT-PCR analysis results. Total RNA
was prepaved from the cells at the indicated times and used for the RI-PCR analysis.
(B) The intensity of each band was quantified, and the results are shown relative to the
value of cells cultured for 48 h. The data are expressed as the meanxS.D. of 3 experi-
ments. p<<0.01, compared with the value of cells cultured for 48 h. N.D, not detected.
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Fig. 3. Suppression of Increase in AnxA3 mRNA Level during Culture
with RNAi

(A) The data shown are representative of the RT-PCR analysis results. Total RNA
was prepared from the cells 1d after siRNA transfection and used for the RFPCR
analysis. (B) The intensity of each band was quantified, and the results are shown rela-
tive to the value of cells transfected with contro} siRNA. The data are expressed as the
mean+S8.D. of 3 experiments. *p<0.01, compared with the value of cells transfected
with control siRNA.

that the expression of AnxA3 is regulated by its mRNA
level.

Suppression of AnxA3 Expression Using RNA Interfer-
ence Next, we attempted to suppress AnxA3 expression by
RNA interference (RNAI) to examine the role of ANXA3 in
the cultured hepatocytes. AnxA3 mRNA expression was
markedly reduced by treatment with AnxA3 siRNAs, com-
pared with the expression after treatment with control
siRNA, 1d after the transfection (Fig. 3A), with an inhibition
of approximately 80% (Fig. 3B). Furthermore, the AnxA3
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Fig. 4. Suppression of AnxA3 Protein Expression during Culture with
RNAI

(A) The data shown are representative of the Western blot analysis results. Cells
lysates were prepared from the cells 1 d after siRNA transfection and used for the West-
ern blot analysis. (B) The intensity of each band was quantified, and the results are
shown relative to the value of cells transfected with control siRNA. The data are ex-
pressed as the mean=8.D. of 3 experiments. *p<<0.01, compared with the value of cells
transfected with control siRNA.

protein level was also reduced by the treatment with AnxA3
siRNAs compared with the level after treatment with control
siRNA (Fig. 4A), with an inhibition of more than 95% (Fig.
4B). On the other hand, the control siRNA had almost no ef-
fect on AnxA3 protein and mRNA levels compared with
those treated with SiFector alone (data not shown). Neither
the control nor AnxA3 siRNAs caused any cytotoxic effects,
as observed microscopically or by the quantification of the
total amount of protein in each sample (data not shown).
These results indicate that AnxA3 siRNAs efficiently and
specifically, inhibit the expression of AnxA3 in primary cul-
tured parenchymal rat hepatocytes.

Inhibition of DNA Synthesis by Suppression of AnxA3
Expression Using RNAi Finally, we examined the role of
AnxA3 in DNA synthesis by suppressing AnxA3 expression
using RNAi. EGF (2 ng/ml) and HGF (20 ng/ml) stimulated
DNA synthesis by approximately 7-fold and 9-fold, respec-
tively in hepatocytes treated with control siRNA (Fig. 5). The
stimulations were inhibited to approximately 70% by treat-
ment with AnxA3 siRNAs. Similar results were also ob-
tained in the control cells, whereas the control siRNA had al-
most no effect on DNA synthesis, compared with the effect
in cells treated with SiFector alone (data not shown).

DISCUSSION

In the present study, we showed for the first time that
AnxA3 is expressed in cultured parenchymal rat hepatocytes
and that the inhibition of AnxA3 expression by RNAI re-
sulted in a significant inhibition of DNA synthesis, suggest-
ing that the expression of AnxA3 is necessary for DNA syn-
thesis in primary cultured parenchymal rat hepatocytes.

Hepatocytes placed under culture conditions, are known to
acquire a growth potential characterized by the enhancement
of DNA synthesis, which is caused by several growth
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Fig. 5. Inhibition of DNA Synthesis by RNAi

The results are shown relative to the value of control cultured cells transfected with
control sSiRNA. The data are expressed as the mean=S.D. of duplicate wells in 3 experi-
ments. *p<<0.01, compared with the value of control cultured cells transfected with
control siRNA. ##p<<0.01, compared with the value of cells cultured in the presence of
HGF and transfected with control siRNA. *+xp<0.01, compared with the value of cells
cultured in the presence of EGF and transfected with control siRNA. The meanxS.D.
of [*H]thymidine incorporation in the control cultured cells transfectcd with control
siRNA was 9.72% 10*+0.68 X 10* dpm/mg protein.

factors.”*®) Qur present findings suggest that the expression
of AnxA3 is partly necessary for hepatocytes to acquire a
growth potential under culture conditions. In fact, the en-
hanced expression of AnxA3 has been observed in hepato-
cellular carcinoma cell lines.”® In addition, we discovered
that the enhanced expression of Anx3 was observed in the
proliferative hepatocytes after carbon tetrachloride-induced
rat liver damage (unpublished observations).

As for other annexins, several findings concerning the re-
lation of AnxAl to hepatocyte growth has been reported as
described below. The suppression of AnxAl expression
using antisense technology inhibited proliferation in a mouse
hepatocyte cell line*” AnxAl increased in the proliferative
hepatocytes after carbon tetrachloride-induced rat liver dam-
age or a partial hepatectomy and in hepatocellullar carci-
noma tissue.3!3?

Although the mechanism of action of AnxA3 on DNA
synthesis is presently uncertain, the target of AnxA3 may be
a common signal transduction pathway, and not necessarily a
constitutive or growth factor-mediated one, because the sup-
pression of AnxA3 expression using RNAI not only inhibited
the control of DNA synthesis, but also EGF- or HGF-stimu-
lated DNA synthesis, almost to a similar level. In this re-
spect, the findings described below may be relevant to specu-
lations on the mechanism of action of AnxA3 on DNA
synthesis. The growth factor-mediated enhancement of
hepatocyte growth consists of several signal transduction
pathways.*® The activation of cytosolic phospholipase A,
(cPLA,) by MAP kinase liberates arachidonic acid from
phospholipids and is followed by the generation of
prostaglandins, mediators of DNA synthesis, via cyclooxyge-~
nase. Interestingly, the suppression of AnxAl expression
using antisense technology inhibited cPLA, activity in a
mouse hepatocyte cell line.’® This report suggests that
cPLA, must be phosphorylated by AnxAl to become active.
Additional evidence suggests that AnxAl (275—346 aa), the
region responsible for phospholipid binding is necessary for
the interaction between AnxAl and cPLA,.>* Further study
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is required to clarify the mechanism of action of AnxA3,
including the possibility that AnxA3 positively modulates
cPLA, activity, as in the case of AnxAl.
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Abstract. Fluorescence resonance energy transfer (FRET) with green fluorescent protein
(GFP) variants has become widely used for biochemical research. In order to expand the choice
of fluorescent range in FRET analysis, we designed various color versions of the FRET-based
probes for caspase activity, in which the substrate sequence of the caspase was sandwiched by
donor and acceptor fluorescent proteins, and studied the potential of these color versions as
fluorescent indicators. Six color versions were constructed by a combination of cyan fluorescent
protein (CFP), GFP, yellow fluorescent protein (YFP), and DsRed. Real-time monitoring in
single cells revealed that all probes could detect caspase activation during tumor necrosis factor
(TNF)-a-induced cell death as a fluorescent change. GFP-DsRed and YFP-DsRed were as
sensitive as CFP-YFP, and CFP-DsRed also showed a large fluorescent change. By using two
probes, CFP-DsRed and YFP-DsRed, we carried out simultaneous multi-FRET analysis and
revealed that the initiator- and effector-caspases were activated almost simultaneously in TNF-
a-induced cell death. These findings may give experimental bases for the development of novel
techniques to analyze multi-events simultaneously in single cells by using FRET probes in

combination.
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Introduction

Many probes for various physiological reactions have
been developed with green fluorescent protein (GFP)
variants by using a similar strategy as that used with
cameleon, the Ca?*-sensing fusion protein developed by
Miyawaki et al. (1 -9). The cameleon consists of cyan
fluorescent protein (CFP), calmodulin, M13 peptide, and
yellow fluorescent protein (YFP). This fusion protein
senses Ca** as the change of fluorescence resonance
energy transfer (FRET) efficiency between CFP and
YFP. Calmodulin binds M13 in the presence of Ca*,
which causes conformational change in cameleon,
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resulting in a change in the distance between and relative
orientation of CFP and YFP. This change alters the
FRET efficiency from CFP to YFP; therefore, Ca® can
be monitored as the fluorescent change (1).

CFP and YFP are the most frequently used pair for
analysis by FRET. This pair is suitable for FRET
analysis because the spectral overlap between the emis-
sion of the donor protein (CFP) and the excitation of the
acceptor protein (YFP) is sufficient for energy transfer,
and their ranges of fluorescence are far apart enough to
be separated by measuring devices such as fluorescent
microscopy (10). However, there are limitations for the
CFP-YFP pair. It is impossible, for example, to use the
CFP-YFP FRET probe for simultaneous measurement
with other probes that are made of GFP variants or have
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fluorescein structure. If more choice of FRET probes is
available from wider fluorescence ranges, it would aliow
us to analyze multi-events simultaneously occurring in
living cells.

In this paper, we developed caspase-sensors of
various colors by using cyan, green, yellow, and red
fluorescent proteins and assessed their ability to detect
the caspase activation in living single cells. Based on the
findings obtained, we tried to perform multi-event FRET
analysis and clarify the temporal relationships between
biochemical reactions during cell death.

Materials and Methods

Plasmid construction

Plasmid encoding CY-sensor, YFP-peptide-CFP, was
generated as previously reported (11). The sequence
encoding 11 amino acids at the C-terminus of YFP was
eliminated in this construct. The C-terminal truncated
forms of the CFP (or GFP) gene were generated by PCR
with primers containing the Nhel site or BspEI site and
pECFP-C1 (or pEGFP-C1; Clontech, Palo Alto, CA,
USA) as a template, and the restricted fragment was
inserted into the Nhel/BspEl sites of the CY-sensor to
generate a plasmid carrying truncated CFP (or GFP) at
the N-terminus. DsRed was generated from pDsRed2-
C1 (Clontech) by PCR, at the Agel/Notl sites, and the
restricted fragment was inserted into the Agel/Notl sites
of the CY-sensor to generate a plasmid carrying DsRed2
at the C-terminus. CG-, CR-, GR-, and YR-sensors
were generated with a combination of these elements.
The Agel/BsrGl fragment from pEGFP-C1 was inserted
into the Agel/BsrGl sites of the CY-sensor to generate
the GY-sensor. All cloned sequences were verified by
sequencing.

Cell culture and transfection

HeLa cells were cultured in DMEM (Sigma-Aldrich,
St. Louis, MO, USA) supplemented with 100 units/ml
of penicillin G, 100 ug/ml of streptomycin, and 10%
fetal calf serum (Invitrogen Corp., Carlsbad, CA, USA).
Plasmid encoding the sensor protein was transfected
into HeLa cells using Effectene Transfection Reagent
(Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. After 12 — 24 h incubation with the
transfection reagent, the cells were washed with PBS
and cultivated on dishes suitable for assay in medium
containing 500 zg/ml of G418 for an additional 1 -3
days until the assay was performed.

Western blotting
Cells cultured in a plastic dish were washed with
PBS and lysed with 1 x SDS loading buffer. The samples

dissolved in 1 x SDS loading buffer were incubated at
95°C for 2 min, and then they were loaded onto SDS-
polyacrylamide gels (10%). Proteins were separated at
20 mA and then blotted to PVDF membranes in Tris-
glycine transfer buffer at 100 V for 2 h. The membrane
was incubated with block ace (Dainippon Pharma-
ceutical, Osaka) for 1h, anti-GFP peptide antibody
(Clontech, diluted with 0.1 x block ace to 1:1,000) for
2h, and anti-rabbit IgG horseradish peroxidase-conju-
gated secondary antibody (Chemicon International Inc.,
Temecula, CA, USA; diluted with 0.1 x block ace to
1:10,000) for 1 h. The membrane was washed with
TBS-T 3 times for 5 min after the incubation with the
antibody. All of these incubations were performed at
room temperature. The membrane was developed with
the ECL chemiluminescence detection reagent (Amer-
sham Biosciences, Piscataway, NJ, USA).

Measurement of fluorescent spectra of the sensors in
Hel.a cells

Spectral imaging was performed with LSM510META
(Carl Zeiss, Jena, Germany) (12). Cells expressing one
of the sensors were observed by excitation light at
458 nm (Ar laser), emitted fluorescence was separated
by a grating, and the separated fluorescence were
detected by 24 photomultiplier tubes (PMT) that were
set to detect fluorescence at 468 — 714 nm. Each PMT
detected fluorescence in the 10.7-nm wavelength range.
So, the fluorescent spectrum at 468 —714 nm was
obtained with 10.7-nm resolution. Cell death was
induced by incubation with tumor necrosis factor (TNF)-
a (100 ng/ml) and cycloheximide (CHX, 10 zg/ml) for
6 h. Fluorescent spectra of living and dead cells were
obtained from the whole cell region of normal-shaped
and spherical cells, respectively.

Real-time imaging with FRET sensors

Transfected cells were cultured on a cover glass (25-
mm diameter, 0.15 — 0.18-mm thickness) for 1 — 3 days.
Cells were treated with TNF-a/CHX and then incubated
under the usual culture condition for 1-2h before
analysis. Analyses were carried out by confocal laser-
scanning fluorescent microscopy using a Carl Zeiss
LSMSI10 system. During the observation, the media
were buffered with 10 mM hepes buffer (pH 7.4), and
the cells were maintained at 35-37°C. DIC images
and grayscale images for fluorescence channels were
obtained every 2min unless otherwise described.
Excitation lights for the FRET probe (458 nm for the
CG-, CY-, GY-, and CR-sensors; 488 nm for the GR-
and YR-sensors) were provided by an Ar laser with a
458 or 488 dichroic mirror. Images of the FRET probe
were obtained separately for both donor and acceptor
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Table 1. Measurement conditions for real-time analysis by LSM510

Emission (nm)*

Sensor Excitation

emission filter

Fusion protein® beam

(nen)” splitter donor acceptor
cG GFP-peptide-CFP 458 515 467.5-497.5 515545
CY YFP-peptide-CFP 458 515 467.5-497.5 515~545
GY YFP-peptide-GFP 458 515 475525 515-545
CR CFP-peptide-DsRed 458 515 467.5-497.5 560—-615
GR GFP-peptide-DsRed 488 545 505-530 560-615
YR YFP-peptide-DsRed 488 545 505530 560~615

*N-terminal CFP, GFP, and YFP were in a truncated form in which 11 amino acids at the C-terminus were eliminated,
and His;o was present at the C-terminus of CG, CY, and GY. "Excitation light was obtained by Ar laser and a 458
or 488 dichroic mirror. “Emitted fluorescence was separated by a 515 or 545 dichroic mirror, and the fluorescence
of the donor and that of the acceptor were obtained through band pass emission filters.

fluorescence using a dichroic mirror and band-pass
emission filters as shown in Table 1. Images were
processed and quantified using MetaFluor software as
follows: The average pixel intensity of the fluorescence
of the whole cell region was determined for each
channel. The ratio value was calculated as the average
pixel value of the fluorescent ratio, (fluorescent intensity
for the acceptor channel) / (fluorescent intensity for the
donor channel), in the whole cell region. As cells
changed their morphology during the observation, the
whole cell region was determined separately in each
image.

Results

Construction and characterization of FRET probes

We developed plasmids expressing caspase sensors
as shown in Fig. 1a. A 12-amino-acid peptide derived
from poly(ADP-ribose)polymerase (PARP) that is a well-
known substrate of effector caspases was sandwiched by
two different fluorescent proteins (an example of CFP-
YFP is shown in Fig. 1a). The peptide sequence contains
a caspase recognition site in the middle, and this fusion
protein was cleaved mainly by caspase-3 (11). CFP-
GFP, CFP-YFP, GFP-YFP, CFP-DsRed, GFP-DsRed,
and YFP-DsRed were used as the donor-acceptor pairs.
We named these fusion proteins CG-, CY-, GY-, CR-,
GR-, and YR-sensor, respectively (Table1). These
fusion proteins show FRET in their intact form, whereas
in the presence of active caspase, the peptide sequence is
cleaved, CFP and YFP are far apart, and the fusion
proteins do not show FRET any longer. The fluorescent
ratio of acceptor/donor reflects the amount of FRET,
so we used the reduction of this value as an index of
caspase activation.

HeLa cells expressing one of these fusion proteins
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Fig. 1. Small peptide sandwiched by two different fluorescent
proteins can be a caspase-sensor. a: Fusion protein that consists of a
PARP-derived 12-amino-acid peptide sandwiched by CFP and YFP
exhibits FRET in its intact form. In the presence of active caspases,
the peptide is cleaved, and the fusion protein does not exhibit FRET.
Caspase activation can be detected by measuring the fluorescence of
CFP and YFP. b: Six caspase-sensors expressed in HeLa cells were
cleaved by cell death stimuli. HeLa cells expressing one of the
sensors were incubated in the presence or absence of TNF-a/CHX
for 6 h. The arrow and arrowhead indicate the full length and cleaved
fragments of the sensors.
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were treated with TNF-a/CHX. After 6-h exposure, the
sensor proteins in cells were extracted and analyzed by
western blotting. All 6 fusion proteins were detected in
their intact forms in non-treated Hela cells (arrow in
Fig. 1b), and small fragments were detected in cells
treated with TNF-a/CHX (arrowhead in Fig. 1b),
indicating that the fusion proteins were cleaved by cell
death stimuli, as expected. The antibody used in this
analysis reacts with CFP, GFP, and YFP, but not with
DsRed. Therefore, CG-, CY-, and GY-sensor showed
two cleaved fragments corresponding to the N- and C-
terminal C/G/YFP, whereas CR-, GR-, and YR-sensor
showed only one cleaved fragment corresponding to the
N-terminal C/G/YFP.

Figure 2 shows the fluorescent spectra of the probes in
living or dead cells. Comparing the fluorescence of
living and dead celis, all sensors showed an increase
of donor fluorescence and/or a reduction of acceptor
fluorescence in response to cell death stimuli. This
change results in a reduction of fluorescent ratio of
acceptor/donor that is an index of FRET. These sensors
were designed to show a reduction of FRET with
caspase activation, so these results suggest that all 6
fusion proteins work as expected and can detect caspase
activation as fluorescent change in living cells.

For simultaneous application of two or more fluores-
cent probes, minimum spectral overlap between probes
is one of the important conditions. The spectra in Fig. 2
give us a clue to determine a suitable combination of
probes for multi-probe analysis. CG-, CY-, or GY-
sensor has the least fluorescence in the red-fluorescence

region (>600 nm), so it is possible to use this fluorescent
region for another dye. We can use a red-fluorescent dye
that has fluorescence in this region together with CG-,
CY-, or GY-sensor simultaneously. On the other hand,
YR-sensor has the least fluorescence in the blue-cyan
region (<500 nm), so blue-cyan-fluorescent dye is
applicable with this probe for the purpose of simulta-
neous fluorescence imaging. The color variations of
FRET probe may be useful for multi-probe analysis.

Real-time detection of caspase activation in living cells

Next, we applied the sensor proteins to real-time
measurement. HeLa cells expressing one of the sensor
proteins were analyzed with a time resolution of 2 min
by laser-scanning confocal fluorescent microscopy.
Figure3 shows typical images (a) and fluorescent
changes (b) during cell death. Hela cells expressing
GR-sensor were treated with TNF-a/CHX. An increase
of donor protein fluorescence (GFP), a reduction of
acceptor protein fluorescence (DsRed), and a reduction
of the fluorescent ratio of acceptor/donor (DsRed/GFP)
were observed in each cell at a different time. Caspases
began to work at the point when the fluorescent ratio
began to decrease.

All sensors showed similar changes, meaning that all
sensors were useful for real-time detection of the
caspase activation in a living cell, although the apparent
sensitivity was different between sensors. In order to
compare the sensitivity of these sensors to detect the
caspase activation, the amount of the fluorescent change
was calculated. We defined the start point and the end
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Fig. 2. Fluorescent spectra of the caspase-sensors in HeLa cells. HeLa cells expressing each sensor were treated with
TNF-a/CHX for 6 h. The spectra of living cells (solid line) and dead cells (dotted line) were obtained from normal-shaped
and spherical cells, respectively. Each spectrum was normalized to the peak that showed maximal intensity. The asterisks and
bars on horizontal axes represent the excitation wavelength and detection range for the emitted fluorescence, respectively, used
in real-time imaging analysis. Each spectrum is the average of data from 13 — 26 cells.




