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Fig. 3. Insulin Secretion From Pseudoislets
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A: Morphology of psendoislets. Ductal cells were incubated with activin A and BTC for 7 days and pseudoislets were formed
as described in Methods, B: Pseudoislets were incubated in KRB buffer containing 50 uM tolbutamide and 16.7 mM glucese
for 60 min and insulin released was measured. Values are the mean 2 S. E. for four experiments.

Preparation of pseudoislets

We prepared pseudoislets using differentiated cells.
Differentiated cells were cultured for 36 to 48 hrin a
gelatin-coated dish. Fig. 3A shows the morphology of
the pseudoislets. The diameter of pseudoislets was
160+ 35 pm and the protein content was 1.01 & 0.08
pg/pseudoislet (n=175). Fig. 3B shows the insulin
secretory response of the pseudoislets. As depicted,
insulin secretory response in the pseudoislets was
much improved compared to that of the cells cultured
in monolayer. Thus, a high concentration of glucose
induced more than a three-fold increase in insulin
secretion.

Transplantation of pseudoislets

We then transplanted pseudoislets into the portal
vein of the STZ-treated nude mice, introducing 50
pseudoislets per mouse. The changes in the plasma
glucose concentration are shown in Fig. 4. In STZ-
treated mice, the plasma glucose concentration was
above 400 mg/dl. Indeed, transplantation of pseudois-
lets into the portal vein drastically reduced the plasma
glucose concentration with the levels of plasma glu-
cose remaining at about 200 mg/dl for at least two
weeks.

Plasma Glucose {mg/dl)

#A_JVLJ,,& 4 !

Bat
B \r\ A —i—

b=

Time (day)

Fig. 4. Changes in the Plasma Glucose Concentration After
Transplantation of Pseudoislets
Fifty pseudoislets (@) or saline (Q) were injected into
the portal vein via the cecal vein of the STZ-treated
nude mice. Plasma glucose concentration was measured,
Values are the meanx S.E. for five experiments.
*: p<0.05 vs control. ’

Discussion

In the present study, we attempted to induce differ-
entiation of ductal cells and convert them into insulin-
secreting cells. Differentiation was achieved by the
treatment with two differentiation factors, activin A
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and BTC. A combination of these two factors was
previously shown to convert amylase-secreting AR42J
cells into insulin-producing cells [9] and intraislet
precurser cells to B cells [2]. The majority of the dif-
ferentiated cells expressed insulin, although some of
them expressed somatostatin; interestingly, no cells
expressed glucagon. Hence, a combination of these
two factors may selectively induce differentiation to
the P cell lineage. Differentiated cells possessed a
regulatory secretion pathway since they were able to
secrete insulin in response to a depolarizing concentra-
tion of potassium. They also responded to tolbuta-
mide, an inhibitor of the K, channel. The latter
observation suggests that differentiated cells also ex-
press the K qp channel. More importantly, differenti-
ated cells responded to a high concentration of glucose
although the magnitude of the response was not great.
Differentiated cells therefore express the machinery
necessary for glucose-responsive insulin secretion in-
cluding GLUT2, glucokinase, the K, channel and
the voltage-dependent calcium channel. The insulin
secretory response to glucose was much improved
when differentiated cells formed pseudoislets. Thus,
insulin response to high glucose concentration .in-
creased more than three-fold. The exact reason for the
tmproved response is not clear, but cell adhesion and
subsequent formation of gap junction may be among
the causes. Islet [ cells express E-cadherin [11] and,
when adhered to each other, cells were electrically
connected via gap junction. Presumably, p cells in
pseudoislets do not simply form a cell cluster but also
synchronize in terms of electrical activity as islet cells
do {12]. In any case, the formation of pseudoislets is
quite effective to obtain B cells with reasonably good
secretory response. The formation of pseudeislets is
also advantageous for transplantation into the portal
vein. Although the exact location of the transplanted
pseudoislets in the liver is not known, they certainly
are located in the upstream of hepatocytes, a major tar-
get of the insulin action. As reported recently [13], the
liver has an envivonment supporting the differentiation
and survival of pancreatic P cells, and in this sense
transplantation into the portal vein is perhaps better

than transplantation of islets in the peripheral tissue
such as subcutaneous tissue.

In the present study, we established a method for
transplantation of f§ cells obtained from precursor cells
in the pancreatic duct. However, some issues remain
to be resolved. First of all, a larger number of P cells
in vitro need to be obtained for transplantation. We
obtained approximately 50 pseudoislets using ductal
cells obtained from three neonatal rats. If we could
stimulate the proliferation of ductal cefls more exten-
sively or increase the number of insulin-producing
cells during differentiation, more pseudoislets for trans-
plantation could be used. In this regard, a different
class of growth or differentiation factor is desirable.
Also, better conditions for cultivation should be estab-
lished. Secondly, although we could convert ductal
cells to insulin-secreting P cells and obtained pseudo-
islets using the latter cells, maturation of the cells
was still not high enough. The methed for induction
of differentiation needs to be improved. Again, a
better differentiation factor would be effective to ob-
tain more differentiated B cells. Also, culture condi-
tions including extracellular matrix may be important.
Thirdly, optimization of the conditions for transplanta-
tion is necessary. In particular, we really do not know
yet how many pseudoislets are necessary to maintain
normoglycemia for a long period. In human islet
transplantation, the number of islets transplanted is a
critical factor and a large number of islets provides a
better outcome [5]. In this regard, the examination of
the effect of transplantation using a greater number of
pseudoislets is vital. Further studies are necessary to
resolve these issues.
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Abstract Basic fibroblast growth factor (bFGF) was inserted in
the middle of human ribonuclease 1 (RNasel) sequence at an
RNase inhibitor (RI)-binding site (Gly89) by a new gene fasion
technique, insertional-fusion. The resultant insertional-fasion
protein (CL-RFN89) was active both as bFGF and as RNase,
Furthermore, it acquired an additional ability of evading RI
through steric blockade of RI-binding caused by fused bFGF
domain. As a result, CL-RFN89 showed stronger growth
inhibition on B16/BL6 melanoma cells than an RI-sensitive
tandent fusion protein. Thus, the insertional-fusion technique
increases accessible positions for gene fusion on RNase, resulting
in construction of a potent cytotoxic RNase.

© 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved,

Keywords: Ribonuclease; Basic fibroblast growth factor;
Insertional-fusion protein; Targeting; Protein engineering

1. Introduction

Several kinds of hybrid proteins have been constructed to
produce bifunctional proteins and utilized as tools such as
detectors for biological molecules. Generally, those hybnd
proteins have been built by end-to-end fusion (tandem-fusion)
of two genes of component proteins. The alternative is to insert
the second protein (the insert protein) into the middle of the
sequence of the host protein in-frame [1,2]. This new mode of
gene fusion (insertional-fusion) iz expected to give an addi-
tional configuration between two component domains and to
make it possible to create the hybrid protein with the ideal 3D
structure for new functions. However, the insertional-fusion
has not been popular because it is apparently more limited and
requires precise information on the parental protein structures.
Therefore, insertional-fusion has first been achieved by ran-
dom screening to find accessible site for insert sequences [3].

* Corresponding author. Fax: +81-86-251-8265/8216.
E-mail address: tadahrk@biotech.okayama-u.acjp (H. Tada),

Abbreviations: bFGF, basic fibroblast growth factor; CL-RNasel, 4-
118 cross-linked RNasel mutant; RFNs, insertional-fusion proteins
between hRNase! and bFGF; CL-RFNs, insertional-fusion proteins
between CL-RNasel and bFGF; RI, ribonuclease inhibitor

Recently, it has been suggested that the tolerance of protein
structures to very large protein insertions is more general than
previously thought [4], and some insertional-fusion proteins
have been designed based on the 3D structures of component
proteins and successfully obtained in active structures, How-
ever, the resultant proteins were less stable than the parental
proteins (reviewed in [2]).

We used this insertional-fusion technique for enpineering
human RNasel to be cytotoxic. RNasel itself is not cytotoxic
as a majority of RNase superfamily. The major reasons con-
sidered for it are (1) the neutralization of their ribonucleolytic
activity by RNase inhibitor (RI) expressed ubiquitously in the
cytosol [5], and (2) insufficient binding to the target cells.
Therefore, engineered variants of RNasel, which could effi-
ciently reach the cytosol of the target cells [6,7] andfor to
maintain their activity there by evading the action of RI [8],
were reported to acquire cytotoxicity. Previously, we con-
structed cytotoxic RNase by fusing human basic fibroblast
growth factor (bFGF) to the C-terminus of RNasel [9]. The
resultant tandem-fusion protein (RNF) could inhibit the
growth of malignant cells with high levels of cell surface FGF
receptor. However, its activity was still weak (ICs; value was
more than 1 pM) probably because it could not evade inacti-
vation by RI. )

In this study, bFGF was inserted into RNasel at the exact
RI-binding site that is in the middle of RNase sequence. The
resultant insertional-fusion protein had both abilities of effi-
cient binding to target cells and evading RI by masking the RI
interaction site with the targeting protein of bFGF. Further-
more, an additional intramolecular disulfide-bridge was in-
troduced in the insertional-fusion protein to increase its
conformational stability that was supggested as another im-
portant determinant of RNasc-mediated cytotexicity [10,11].
These insertional-fusion proteins were evaluated for activities
of both RNase and bFGF, for stability against protease di-
gestion, and for growth inhibition on malignant cells.

2. Materials and methods

2.1 Materials

Recombinant human RNasel, 4-118 cross-linked RNase 1 (CL-
RNase 1) and human bFGF (147 amine acid form) were purified from
Escherichia coli as described previously [9,12].

0014-5793/$22.00 ® 2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.2. Construction of insertional-fusion proteins

A cDNA encoding bFGF (19-146) (N-terminal 18 residue-truncated
form of bFGF) was amplified by polymerase chain reaction using
primers  (5'-TTTCCGCGGGCAGCGACCCCAAGCGGCTGTAC-
3 and S-ATTCCGCGGAGCTTTCAGCAGACATTGG-3) and
pBO126 [9] as a template. On the other hand, a SaclI site was intro-
duced at the position of Prol9 or Gly89 of RNase?! ¢DNA into an
RNasel expression vector of pBO26 [13] by site-directed mutagenesis.
The resultant plasmids were cleaved with Sacll and ligated in-frame
with the Sacll fragment of bFGF (19-146) to construct the expression
vectors for insertional-fusion proteins with bFGF insertion at Prol9
(RFN19) or at Gly89 (RFN8%) of RNasel, respectively. Similarly, the
expression vectors for fusion proteins with bFGF (19-146) insertion at
Prol9 (CL-RFNI19) or at Gly89 (CL-RFN89) of CL-RNasel were
constructed using an expression vector for CL-RNasel, pBO383 [12],
instead of pBO26. The expression vector for an insertional-fusion
protein with bFGF (21-144) insertion at Gly89 of CL-RNasel (CL-
RFN89-2) was also constructed by insertion of the bFGF (21-144)
fragment amplified with primers (5-ATACCGCGGCCAAGCG-
GCTGTAC-3 and 5-AGCCCGCGGCAGACATTGGAAG-3"). The
schematic structures of these RFNs and CL-RFNs are depicted in
Fig. 1A.

2.3. Expression, refolding and purification of insertional-fusion proteins

All of the insertional-fusion and tandem-fusion proteins were ex-
pressed as inclusion bodies in E. coli, and then solubilized, refolded,
and purified by the same procedure as described previously [13,14].
The purified proteins were concentrated by ultrafiltration with Ultra-
free-4 centrifugal filter (Biomax-5K NMWL, Millipore, USA). Protein
concentrations were determined by UV spectroscopy as described [15].

2.4. Assays for RNase activity

Ribonucleolytic activity of the insertional-fusion proteins on yeast
transfer RNA was measured as described previously [16]. To evaluate
the affinity of RI for each protein, their RNase activity was measured
in the presence and absence of 130 units/ml of recombinant human

A -1 1129)1, 146
BNF: 2222772777777 ]
CL-BNF: () i
11919 148 (20) {128)
19: 224 | SLITLLTTI LTS
CL-RNF19: (€] ©
{-1) (89)18 146(90) (128)
RNF89: PP27rerr7r2 7 A VS
CL.ANF39: (§) i)
[5)] (69 21 144 (80 (128)
CL-RNF88.2: PPrrrrr7zeeesd] P27
B

Fig. 1. The schematic structures of insertional-fusion proteins between
bFGF and RNasel, (A) The bFGF (white bar) was inserted in host
RNasel (striped bar) by gene fusion. Black bars indicate linker se-
quences derived from restriction sites for insertion. The positions of
additional disulfide cross-link and introduced cystein residues are
shown. (B) Model of CL-RFN89. The structure derived from RNasel
(PDB No. |UFS, unpublished data) is dark gray and that from bFGF
{PDB No. 2FGF[27)) is light gray. This figure was produced using the
RasMac molecular graphics program, version 2.6 [28]. The amino acid
residue numbers derived from RNasel sequence are indicated in pa-
renthesis and those from bFGF are underlined, Extra methionine
residues at ~1 positions of these proteins derived from the initiation
codons were all confirmed by N-terminal amino acid sequence analy-
sis, and indicated as (-1),
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placental RI (Wako, Japan) {1 unit of RI is that amount required to
inhibit 50% the activity of 5 ng of RNase A) and ! mM DTT,

2.5. Mitogenic activity toward serum-starved murine fibroblasts

Mouse Balb/c 3T3 A3l cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Nissui, Japan) containing 10% feta] bovine
serum (FBS). The cells were plated onto 96-well plates (1.5 x 10* cells/
well) and cultured for 12h. The medium was then replaced with
DMEM containing 0.5% FBS {100 pl) and the cells were incubated for
1 day to starve the cells. Then, 100 | of samples was added to the
wells. After 2 days of cultivation, the cell growth was measured with 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliwn bromide (MTT)} as
described previously [17].

2.6, Assays jor growth inhibitory effect
Cytotoxicity on mouse metastatic melanoma BI16/BL6 cells was
evaluated as described previously [9].

2.7. Tryptic digestion

Digestion of each protein was carried out under the physiological -
conditions with trypsin (12]. Five pg of proteins dissolved in 15 pl of 75
mM Tris-HC, pH 8.0, was incubated with indicated concentrations of
TPCK-trypsin at 37 °C for 30 min. The reactions were stopped by
addition of a sample buffer and analyzed by SDS-PAGE on 15%
polyacrylamide gel under reducing conditions.

3. Results and discussion

3.1. Design of insertional-fusion proteins between RNasel and
bFGF

Previous studies on native cytotoxic RNases as well as
engineered cytotoxic RNases have shown that the mechanism
of RNase-mediated cytotoxicity consists of two steps: binding
to the target cells to reach cytosol and catalytic cleavage of
cellular RNA. If a targeting protein can be fused at the exact
site of RI-binding on the RNasel molecule, the resultant
fusion protein is expected to show cytotoxicity through both
abilities of efficient cell binding and efficient ribonucleolytic
activity in the cytosol in which RI is ubiquitously expressed.
However, it is impossible to construct such a structure by the
conventional tandem-fusion technique, because both termini
of RNase are apart from the RI-binding sites. Previously,
Suzuki et al. conjugated a targeting protein (transferrin) with
RNasel at the RI-binding site via a thioether bond [18] with
an aim similar to ours and successfully obtained a cytotoxic
RNase. In this study, we used insertional-fusion technique to
place a targeting protein at the RI-binding site. On the design
of insertional-fusion proteins, we selected bFGF as a far-
geting protein for insertion, since the N- and C-termini of
“beta-trefoil core region (residues 19-146)” of bFGF are near
each other (5.3 A between Cus of Aspl9 and Lys145) as
shown in Fig. IB. This fragment has been shown to be suf-
ficient for its biological activities [19]. On the other hand, an
RI-binding site of Gly89 [20] was selected as the insertion site
on RNasel. Prol9 irrelevant to RI-binding was also selected
as another insertion site for control. Taken together, we
constructed two insertional-fusion proteins of RFN89 and
RFNI19, respectively (Fig. 1A). Furthermore, we constructed
two additional insertional-fusion proteins named CL-RFN89
and CL-RFN19 using a stabilized mutant of RNasel (CL-
RNasel) as a host, to obtain more stable insertional-fusion
proteins. In CL-RNasel, two cystein residues introduced at
positions 4 and 118 of RNasel form an additional intramo-
lecular disulfide cross-link to stabilize its structure [12]. Fur-
thermore, CL-RFN89-2 was constructed by inserting bFGF
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(21-144) sequence at Gly89 of CL-RNasel to shorten linker
sequences.

3.2. Activities of RNase domain and bFGF domain of
insertional-fusion proteins

When these insertional-fusion proteins were expressed di-
rectly in E. coli, they were produced as inclusion bodies. After
refolding, the yields of all the insertional-fusion proteins pu-
rified from 1 liter-culture were about the same, from 5 to 10
mg. As shown in Table 1, all of these insertional-fusion pro-
teins were ribonucleolytically active (30% or more of wild-type
RNasel). The results indicate that their RNase domains were
properly folded as the parental RNasel, nevertheless their
primary sequences are divided and intervened by long bFGF
sequence,

To access their actual activity under cytosolic conditions,
RNase activity was measured in the presence of RI (Fig. 2).
RNase activity of RFN19, CL-RFN19, and RNF was com-
pletely inhibited by RI as RNasel was. In contrast, RFNg9,
CL-RFN89, and CL-RFN89-2 retairied their activity by 85%
'or more even in the presence of 200-fold molar excess amount
of RI. From these results, the values of inhibitor constant (X;)
of RFN89, CL-RFN§9 and CL-RFN89-2 to RI were esti-
mated to be approximately 100-200 nM (Table 1), which were
10*-fold higher than that of wild-type RNasel (K; =20 pM
[21]). Thus, the insertional-fusion proteins with bFGF inser-
tion at the RI-binding site of RNasel acquired the ability of
evading RI.

Mitogenic activity of these insertional-fusicns was accessed
to ¢valuate the activity of bFGF domain (Table 1). All the
insertional-fusion proteins showed strong mitogenic activity as
much as the tandem RNF. Thus, the bFGF domain is also
properly folded in the middle of RNasel sequence to bind cell-
surface FGF-receptors.

3.3. Stability of insertional-fusion proteins against tryptic
digestion

The conformational stability of RNases was suggested as
another important factor for their cytotoxic aetivity [10,11].
However, in general, “insertional-fusion proteins” have been
shown to be less stable than the parental proteins [4]. In the
case of another insertional-fusion protein between SH3 do-
main and protein L, the free energy for unfolding of SH3 was

Table 1
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Fig. 2. Enzymatic activity of the insertional-fusion proteins in the
presence of RI. Inhibition of ribonucleolytic activity of the insertional-
fusion proteins by RI was assayed with tRNA as a substrate, Re-
maining activity (%o} is indicated as relative activity in the presence of
RI (2 molar ratio of enzyme to inhibitor of 1;200-300) to that in the
absence of RI. The values were means & 5.D. of three experiments.

reported to be reduced by 1.2 keal/mol [22]. We therefore
evaluated the stability of the insertional-fusion proteins by
tryptic digestion. As shown in Fig. 3, the insertional-fusion
proteins were digested faster than the tandem-RNF and pa-
rental RNasel, indicating that their structures are considerably
destabilized. RFN89 was less stable than RFN19 in spite of
same length and sequence of the insert, suggesting that some
significant destabilization such as conformational strain might
be associated with RFN89. Thus, although RFN89 was ob-
tained as active form, it was considered to be too unstable to
resist proteolytic digestion systems in the target cells. CL-
RFNs, in which an additional intramolecular disulfide-bridge
was introduced to stabilize their structure, were more stable
than the respective RFNg, although they were still less stable
than the tandem-RNF. As another attempt, both of the spacer
sequences between host and insert domains were shortened by
two residues in CL-RFN89-2 (Fig. 1A), however, obvious
additional stabilization or destabilization was not observed in
the tryptic digestion assay (data not shown). Similar results
were obtained by using proteinase K instead of trypsin, sug-
gesting that the increased protease-sensitivity was not sequence
specific but resulted from the decreased conformational sta-
bility of these fusion proteins because protease digestion of
small globular proteins generally occurs from the unfolded

Characteristic properties of the insertional-fusion proteins between RNasel and bFGF

Proteins RNase activity Inhibitor constant Mitogenic activity Growth inhibition

&)y Xi (aM)b EDs (pPM)° ICso (uM)°
RNF B4.81+3.5 2108 1861165 1.6+08
RFN19 5024132 47414 95168 1.5+1.1
RFNEg9 68.21+9.1 1.3+03 260+15.3 0.8740.30
CL-RFNI19 76.0+74 118198 87154 >3
CL-RFN389 36.8+4.6 110+ 51 67130 0.32+0.14
CL-RFN§9-2 33.1+15 193 +£34 55140 0.23+0.17
HRNasel 100 <1 n.d.* n.d®
CL-RNase 389418 18+£038 pd* nd®
bFGF - - 118 185 >3

*Ribonucleolytic activity was measured at 37 °C by using yeast transfer RNA as a substrate and expressed as relative activity (%) to that of RNase],
b [nhibitor constant to RI was calculated from the data shown in Fig. 2, as described previously {16].
“Mouse fibroblast Balb/c 3T3 A31 cells were cultured with various proteins under low-serum (0.5%) conditions, After 3 days, the cell growth was

measured by the MTT assay.

4Mouse B16/BLS melanoma cells were cultured with various proteins for 3 days. The growth of the cells was measured by the MTT assay.

“Not detected.
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Fig. 3. SDS-PAGE analysis of digestion of the imsertional-fusion
proteins with trypsin under physiological conditions. The insertional-
fusion proteins were incubated in the presence of various concentra-
tions of trypsin at pH 8.0 and 37 °C for 30 min, and then subjected to
SDS-PAGE. The concentrations of trypsin were 0 pg/ml (lage 1), 0.5
pg/mi (lane2), 1.0 pg/ml {lane 3), 2.1ug/m! (lane 4), and 4.2 pg/ml (lane
5), respectively, Panels A, hRNasel; B, RNF; C, RFN19; D, CL-
RFNI19; E, RFN89; F, CL-RFN89, respectively. Bars on the right
show the positions of some molecular protein size markers.

state in the unfolding equilibrium as described previously
[23,24). The results from the N-terminal sequence analysis of
the partially digested fragments of the RFINs indicated that the
host domain was much less stable than the insert domain and
thus the digestion occurred preferentially in the host domain
(data not shown). This suggested that the host domain (RN-
ase) was preferentially destabilized in the RFNs. Although the
insert domain was also destabilized to be digested faster than
bFGF itself, the effect to the host domain is considered more
significant than the insert domain. Considering the unstable
nature of RFN89, RNasel is thought fo have only enough
conformational stability (5.7 kcal/meol [12]) to tolerate inser-
tional-fusion. On the other hand, when an intramolecular di-
sulfide-bridge was introduced in RNase1, the conformational
stability of the resultant mutant of CL-RNasel increased by
approximately 2 kcal/fmol [12]. These observations suggest that
introduction of additional intramolecular disulfide bridges
would be a general and effective strategy against destabiliza-
tion associated with insertional-fusion.

3.4. Growth inhibition by insertional-fusion proteins

All of the insertional-fusion proteins except CL-RFNI9
inhibited the growth of B16/BL6 melanoma cells similar to
the tandem-fusion protein RNF (Table 1). As expected, the
activity of the insertional-fusion proteins with higher stability
and Rl-evading ability (CL-RFN89 and CL-RFN89-2) was
5- and 7-fold stronger than that of RNF, respectively. In
contrast, RI-sensitive CL-RFN19 showed little growth in-
hibitory effect, although it was more stable and more ribo-
nucleolytically active in the absence of RI than Rl-resistant
ones,

In this study, we measured four factors possibly involved in
the growth inhibitory effect of the fusion proteins between
RNasel and bFGF: RNase activity itself derived from RNase
domain, that in the presence of RI, the mitogenic activity
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derived from bFGF domain, and the stability against prote-
ases. Among them, the RNase activity in the presence of RI as
a result of the Rl-evading ability was indicated as the most
important factor for the growth inhibition. The facts that the
difference in the inhibitor constant (K;) values among the fu-
sion proteins (more than 100 nM for Rl-evading CL-RFN8&9s
and less than 5 nM for other RI-sensitive fusion proteins) was
remarkable and the value was relatively close to their IC50
values might be the reasons for the effectiveness (Table 1). In
addition, the structural stability was also suggested to affect
the growth inhibitory activity since the increase in growth in-
hibitory activity of the least stable RFN89 was only slight,
although it showed highest RNase activity in the presence of
RI. These results suggested that the effect of enhanced RNase
activity in the presence of RI was almost completely cancelled
by the rapid decrease of the actual concentration of active
RFNE89 in the cells caused by the rapid degradation of unstable
RFN89. In contrast, intrinsic RNase activity is considered to
have little effect on the present growth inhibition, because the

- enhancement of Rl-evading was more prominent than the
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decrease in RNase activity of the fusion proteins (Table 1 and
Fig. 2). As for the targeting ability derived from bFGF, the
lower EDS0 values in the mitogenic activity of the fusion -
proteins suggested their higher affinity to high affinity tyrosine-
kinase receptors for bFGF but their similar elution profile on
heparin-column HPLC (data not shown) suggested that their
affinity to low-affinity receptors would be equivalent to that of
bFGF. However, this targeting ability also had little effect on
the growth inhibition. The EDs, values of mitogenic activity
(from 0.005 to 0.03 nM) as well as reported affinity of bFGF to
their cell surface receptors (X3 of 0.2 nM for high-affinity re-
ceptors and 9 nM for low-affinity receptors [25]) were ex-
tremely lower than the ICsp values of their growth inhibition
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Fig. 4. Growth inhibitory effects of the insertional fusion proteins on
mouse melanoma B16/BL6 cells, BI6/BL6 cells (5 x 107 cells/well) were
cultured for 3 days with RNF {open triangle), RFN19 (open circle),
RFN89 (open square), CL-RFNI2 (solid circle), CL-RFN89 (solid
triangle), and CL-RFN89-2 (solid square), respectively. Cell growth of
each well was monitored by MTT assay, Each point and vertical line
show the mean value and the S.D. of triplicates, respectively.
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(more than 200 nM), suggesting that all of the fusion proteins
already had sufficient affinity for their receptors (see Fig. 4).

Considering CL-RFN89 as an anti-cancer cytotoxin, use of
growth factors such as bFGF as a targeting carrier may be
controversial, because it might be possible that their mifogenic
effect could cancel their growth inhibitory effect or cause the
proliferation of the target cancer andfor the normal cells in
vivo. Although little mitogenic effect was observed on Balb/c
3T3 cells as well as B16/BL6 melanoma cells in the normal
culture containing 10% serum (data not shown), this possibility
of CL-RFN89 should be checked by using the individual target
cancer cells as well as normal tissues before therapeutic ap-
plication. This problem will be solved by using antagonistic
bFGF mutants that possess decreased mitogenicity with little
change in affinity for cell surface receptors [26]. Since CL-
RFNS9 also inhibits the proliferation of other FGFR-positive
cells such as human vein endothelial cells, the possibility of its
therapeutic application to neovascular diseases is now under
investigation,
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Activin A and Betacellulin

Effect on Regeneration of Pancreatic (3-Cells in Neonatal

Streptozotocin-Treated Rats

Lei Li,' Zhaohong Yi,' Masaharu Seno,? and Itaru Kojima'

Activin A and betacellulin (BTC) are thought to regu-
late differentiation of pancreatic f3-cells during devel-
opment and regeneration of B-cells in adults. In the
present study, we used neonatal rats treated with strep-
tozotocin (8TZ) to investigate the effects of activin A
and BTC on regeneration of pancreatic f-cells. One-day-
old Sprague-Dawley rats were injected with STZ (85
pg/g) and then administered for 7 days with activin A
and/or BTC. Treatment with activin A and BTC signifi-
cantly reduced the plasma glucose concentration and
the plasma glucose response to intraperitoneal glucose
loading. The pancreatic insulin content and 3-cell mass
in rats treated with activin A and BTC were significantly
increased compared with the control group on day 8 and
at 2 months. Treatment with activin A and BTC signifi-
cantly increased the DNA synthesis in preexisting
B-cells, ductal cells, and §-cells, The number of islet
cell-like clusters (ICCs) and islets was significantly
increased by treatment with activin A and BTC. In
addition, the number of insulin/somatostatin-positive
cells and pancreatic duedenal homeobox-1/somatosta-
tin-positive cells was significantly increased. These re-
sults indicate that, in neonatal STZ-treated rats, a
combination of activin A and BTC promoted regenera-
tion of pancreatic B-cells and improved glucose metab-
olism in adults. Diabetes 53:608-615, 2004

iabetes is characterized by absolute or relalive
deficiency of insulin secretion from pancreatic
 B-cells, and the B-cell mass is critical in the
pathophysiology of diabetes (1,2). Although
pancreatic stem cells have not been fully characterized
(3), there are several lines of evidence showing that
pancreatic stem cells exist in adults and diferentiate into
B-cells (f-cell neogenesis) in response to an increased
demand for insulin (4-7). In pathological conditions, how-
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ever, f-cell neogenesis is not sufficient to compensate for
the needs for insulin. Therefore, investigation of the
factors promoting -cell nheogenesis has raised great inter-
est in the past few years (8).

Betacellulin (BTC) belongs to the epidermal growth
factor family and is isolated from conditioned medium of
insulinoma cells (9). The expression of BTC is predomi-
nantly found in the pancreas and the intestine. Specifically,
immunoreactive BTC is found in endocrine precursor cells
of the fetal pancreas and in insulin-secreting cells of
patients with nesidioblastosis (10), Regarding its action,
BTC converts amylase-secreting pancreatic AR42J cells
into insulin-producing cells (11) and also has a mitogehic
effect in human undifferentiated pancreatic epithelial cells
(12). These results suggest that BTC plays an important
role in regulating growth and/or differentiation of endo-
crine precursor cells of the pancreas..In this regard, we
and others (13-15) have shown that BTC tmproves glucose
metabolism by promoting f3-cell regeneration in diabetic
animals. Hence, BTC is a potentially intriguing growth
factor in treating diabetes.

Activin A, a member of the transforming growth factor-38
(TGF-B) superfamily, regulates growth and differentiation
of many types of cells (16) and also regulates pancreatic
development and endocrine determination (17,18). In
vitro, activin A converts AR42J cells into pancreatic
polypeptide-producing endocrine cells (11). This is
achieved by inducing the expression of neurogenin 3 (19),
a critical transcription factor in regulating differentiation
of endocrine cells (20,21). Activin A also induces differen-
tiation of human fetal pancreatic endocrine cells (12).
Recently, we showed that the expression of activin A was
upregulated in the pancreatic duct during pancreatic re-
generation (22). Thus, it is possible that activin A regulates
neogenesis of f-cells in vivo.

Treatment of neonatal rats with streptozotocin (STZ)
provides a useful model for investigating p-cell regenera-
tion (23-26). [t has been reported that B-cell regeneration
occurs through both increasing the replication of preex-
isting B-cells and neogenesis from the precursor cells
located in or by the pancreatic duct. Because of the limited
-cell regeneration in this model, however, adult rats
exhibit decreased B-cell mass and develop type 2 diabetes
(27-28). In the present study, using neonatal STZ-treated
rats, we investigated the effect of administration of activin
A and BTC on f-cell regeneration. The results show that
treatment with activin A and BTC during the neonatal
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pericd improves the glucose metabolism in adults by
promoting B-cell regeneration.

RESEARCH DESIGN AND METIODS

Pregnant Sprague-Dawley rats (17 days of pregnaticy) were obtained from
Japan SLC, Inc. (Shizuoka, Japan}. The pregnant rats were caged individually
with free access to standard diet and water and were checked at (900 and

- 1700 daily for delivery of pups. One-day-old neonates received a single
intrapesritoneal injection of 85 p.g/g body wt of streptozotocin (STZ) (Wako,
Japan) freshly dissolved in 0.05 mmol cityate buffer (pH 4.5). The number of
newboius per litter was kept between § and 13. The pups were left with their
mothers until 4 weeks old. All neonates were tested 1 day after the STZ
treatment (day 1) for blood glucose using Accn-Chels Active (Roche Diagnos-
tics, Heiderberg, Gennany). The anitnals were included in the study only if
their blood glucose concentration was between 200 and 350 mg/dl on day 1.
Animals whose blood ghicose was »350 mg/dl on day 1 developed severe
diabetes, and the blood glucose concentrations in these animals were >600
mg/dl on day 2 or 3. The motality rate of these rats was >50% during the frst
weelk afler the 8TZ injection.

Five experimental gvoups were studied: the nomal group, STZ group
(STZ-injected rats treated with contyol buffer), STZ/A group (STZ-injected rats
treated with activin &), STZ/B group (STZrats treated with BTC), and
STZ/A+B group (STZ-infected rats treated with activin A and BTC). One day
after the STZ injection, the blood glucose concentration was measured and the
anfinals from varlous ltters were randorndy placed in five groups. Then, 200
ng/g body wt of recombinant human BTC in PBS (pH 7.4) and 100 ng/g body
wt of recobinant human activin A in 10 tamol] acetic anhydride containing
0.1% BSA (pH 5.5) (11) or control buffer were subcutaneously injected once a
day from day 1 to day 7 according to the experimental groups.

The casual blood glucose concentration and the body weight were mea-
sured daily between 1400 and 1600 for the first week and then once a week for
up to 8§ weeks, The plasma insulin concentration was measured on day 8 and
week 8 using an insulin assay kit (Morinaga, Yokohama, Japan) with rat
insulin as standard. Blood samples were obtained by decapitation on day 8
and from tail vein on week 8. Six weeks after the STZ treatiuent, an
intraperitoneal glucose tolerance test (IPGTT) (2 g/kg body wt} was done aftey
14 h of fasting, Blood samples from snipped tails were collected in heparinized
hematocrit tubes at different time points and assayed for blood glucose, and
the remsinder was stored at —20°C for insulin assay. At 8 weeks of age, rats
were killed by decapitation. The experimental protocol was approved by the
Anjmal Care Committee of Gunma University.

Tissue processing. On day 4 and day 8, the animals were injected intrapeni-
toneally with 1 ml of bromodeoxyuridine (BrdU) labeling reagent per 100 g
body wt (cell proliferation kit; Amersham Phammacia Biotech, Little Chadfont,
UK) and decapitated after 3 h. The pancreas was excised, weighed, and
divided into two parts. One poition from the gplenie segment was fived in 4%
paraformaldehyde/PBS ovemight at 4°C and processed for paraffin embed-
ding. Four series from each patiereas was cut at intervals of 100 pm in neonate
and 300 gm in adults for immunostaining and histomoiphometry. Half
pancreas from the other portion was homogenized in cold acid-ethanol,
heated for 5 min in 70°C water bath, centtifuged, and the supematant was
stored at —20°C uantil insulin assay.

Sources of antibodies. Sources of the primary antibodies and the dilutions
were as follows: guinea pig anti-porcine insulin, 1;1,000 (a generous gift fiom
Dr. T. Matozald of Gunma University); rabbit anti-hwenan somatostatin, 1:.500
(Dako, Caipinteria, CA); rabbit anti-pancreatic duodenal homeobox-1
(PDX-1) 1:3,000 (14); monoclonal mouse anti-BrdU, 1:100 (Amersham, UK);
rabbit anti-bovine keratin for wide-spectrum screening (CEwss), 1:1,000
{Dako); and rabbit anti-glucose transporter 3 (GLUT2), 1:50 (Biogenesis Ltd,
Poole, UK.

Sowrces of the second antibodies and the dilutions were as follows: goat
Alexa Fluor 568 conjugated anti-guinea pig IgG, 1:1,000; goat Alexa Fluor 488
conjugated anti-guinea pig IgG, 1:500; goat Alexa Fluor 568 conjugated
antimouse IgG, 1:1,000; goat Alexa Fluor 483 conjugated anti-mouse IgG,
1:600; goat Alexa Fluor 563 conjugated anti-rabbit IgG, 1:1,000; and goat Alexa
Fluor 488 conjugated anti-rabbit 1gG, 1:500 (Molecular Probes, Eugene, OR).
Immunohistochemistry, The sections weve deparaffinized and rehydrated,
incubated in a microwave oven for BrdU-staiving, and digested with protein K
(Dako) for CK-staining, washed with PBS, and blocked with DAKO protein
block solution. The sections were incubated for 1 h at yoom temperature with
amixture of primary antibody, washed with PBS, and incubated for 43 inin at
roatn temperature with a mixture of the second antibody. The comterstaining
was done with 4'6-diamidio-2-phenylindol-HCl (DAPI) (Boehringer Mann-
heint, Marmheimn, Germany). Finally, the sections were mounted with Per-
maFluor Aqueous Mounting Medium (IMMUNON Themo, Shandon, PA).
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Double staining of PDX-1 and somatostatin was performed as described
previously (15).

Measurement of the B-cell mass and size, Quantitative evaluation of the
B-cell avea was perfonned on insulin-stained sections using hnage analysis
software (National Institutes of Health image) by means of an AX70 Epifiuo-
rescence mmicroscope (Olympus, Tokyo, Japan) equipped with a PXL 1400
cooled-charge-coupled device camera system (Photometrics, Tucson, AZ)
operated with IP Lab Spectium software (Signal Analysis, Vierma, VA). At
least 40 random flelds {magnification X20{) from ohe section (three sections
from different series per block) were measured for the area of insulin-positive
cells and these flelds. The ratio of the B-cell area was calculated by dividing
the area of all insulin-positive cells in one block by the total aea of these
fields. The B-cell mass was caleulated by multiplying the pancreas weight by
the ratio of the p-cell avea,

The B-cell size was detennined on an insulin-stained section by evaluating
the inean cross-sectional area of the individual g-cell. The area of the B-cell in
islet was measuved as described above, and the nuntber of §-cell nuclei in the
tslet was counted. Ten islets per animal were measured. The mean cross-
sectional area of the individual p-cell was calculated by dividing the total
B-cell avea in the 10 islets by the nunber of B-cell maclei in these islets,
Measurement of replication of -, &, and ductal cells. BrdU/insulin-
positive cells were analyzed on BrdU/finsulin double-stained sections as a
marker of veplication of preexisting 3-cells. The results were expressed as the
percentage of BrdU-positive -cells. The replication of §-cells was analyzed by
BrdU and somatostalin double-staining. The results were expressed as the
percentage of BrdU-positive &-cells, At least F0D B- and §-cells were counted
per animal, and four animals per group were examined, BrdU/CE-positive
cells and CK-positive cells were counted on the BrdU/CEwss double-stained
sections. At least 1,000 ductal cells per animal (four animals per group) were
analyzed. The results were expressed as the percentage of BydU-positive
ductal cells.

B-Cell neogenesis and the numnber of islets. To assess the B-cell neogen-
esis, we quantifled the muuber of islet cell-like clusters (ICCs) (less then fve
cells across), The number of ICCs and islets was counted in the section
stained with anti-insulin antibody, and the area in these sections was
nieasured. The data were shown as the number of ICCs or islets per
miicrotaeter squared of the pancreatic arvea. At least thyee different sections
were analyzed per animal {four animals per group).

B-Cell apoptosis. Apoptotic cells were detected by a tertinal deoxynucleo-
didy] transferase (TUNEL) method using an apoptosis in situ detection ldt
(Wako Jun-yaku, Tokyo, Japan) (20).

Statistical analysis, Results were expressed as means * SE. For compai-
sons between two groups, the wnpaived ! test was used. For multiple
comparisons, ohe-way ANOVA was used, A P value «<0.05 was considered
statistically significant.

RESULTS

Characteristics of neonatal STZ-treated rats. After
STZ treatment, heonatal rats exhibited diabetes. Their
blood glucose levels were >250 mg/dl 1 day after the STZ
treatinent (day 1) and peaked on day 2 with a peak value
>360 mg/dl. Thereafter, the blood glucose concentration
gradually decreased (Fig. 14). After 6 weeks of age, the
blood glucose concentration was slightly but significantly
elevated in STZ-treated rats (at 6 weeks of age: normal rat
133.2 = 3.2 [» = 6] versus STZ rats 152.4 = 3.5 [» = 11];
P < 0.005). The mortality rate caused by STZ in this study
was not different from that in noymal rats (data not
shown).

The plasma insulin concentration at 8 weeks of age and
the pancreatic insulin content and the g-cell mass on day
8 and 8 weeks of age in STZ-treated rats were severely
reduced compared with those of normal rats (P < 0.001)
(Tables 1 and 2). However, the 3-cell size, body weight,
and pancreatic weight of the STZ-treated rats were nhot
different from those of nonmal rats (Tables 1 and 2).

The IPGTT performed at 6 weeks of age showed that
STZ-treated rats developed diabetes. The peak value of the
plasma glucose concentration in STZ-treated rats was
>350 mg/dl and remained high at 60 min (Fig. 1B). The
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plasma insulin levels in 8TZ-treated rats were markedly
decreased at 30 min compared with those in normal rats
(Fig. 1B8).

The replication of B-cells and ductal cells was deter-
mined by insulitvBrdU double immunostaining and CK/
BrdU double immunostaining. In STZ-treated rats, the
number of insulin/BrdU double-positive cells (STZ-treated

6). *F < 0.05 vs. STZ group,

6.6 £ 0.35% vs. normal 4.4 % 0.16% [n = 4]; P < 0.002) and
CK/BrdU double-positive cells (STZ-treated 6.4 *= 0.3%
[n = 4] vs. normal 4.1 *= 0.2% [n = 4]; P < 0.001) was
significantly increased compared with that of normal rats
on day 4.

The islets in STZ-treated rats were smaller than those in
normal rats (Fig. 2). In STZ-treated rats, large islets that

TABLE 1
Characteristics of noymal, STZ, STZ/A, STZ/B, and STZ/A+B rats on day 8
Normal STZ STZ/A STZ/B STZ/A+B

Body weight (g) 149 = 0.6 (10) 13.7 £ 0.8(16) 146 £ 0.7 (13) 14.8 = 0.6 (14) 13.9 = 0.7 (15)
Pancreas weight (g) 365180 334+ 18(5) 41+1.0(9 39.2 +05(5) 44.8 x 1.8 (4)
Plasma glucose (mg/dl) 1141 + 26 (6) 153.3 = 28.4 (16) 123 £ 5.8(13) 1188 + 6.7 (14) 112.6 * 5.6 (15)
Plasma insulin (ng/ml) 0.386 = 0.008 (4) 0.342 = 0.014 (5) 0380 £ 0.041 (4) 0.360 £ 0.026 (5) 0435 = 0.049 (4)
Insulin content

pg/pancreas 246 +22(4) 3.46 £ 045 (5) 4456 *02(4) 448 + 047 (5) 6.06 £ 0.28 (4)*

JLE * pancreas 690.2 = 44.1 (4) 883+ 14.3(5 1138 +26(4) 138.0 = 14.4 (5)t 136.4 = 74 (4)t
B-Cell mass

mg/pancreas 0.92 = 0.06 (4) 023004 (4) 0.256 = 0.016(4) 0344 £ 0.034 (Nt  0.408 = 0.046 (H)f

mg/g * pancreas 250 % 1.25 () 589 = 0.91 (9 6.24 £ 026 (4) 8.80 + 1.06 (4)t 9.14 * 1.06 (Ot
B-Cell size (pm®) 923x48(0) 97.1 £ 634 935 42 (4) 964 £ 38(4) 95.6 + 5.4 (4)

Data are means * SE (#). Neonatal rats were treated with STZ and then activin A and/or BTC were administered for 7 days. Various
parameters were nieaswed on day 8. Animals were in the nonfasiing state, *P < 0.05; 1P < 0,01 vs, STZ group.
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TABLE 2

Characteristics of normal, STZ, STZ/A, STZ/B, and STZ/A+B rats are 2 months

Normal STZ

STZ/A STZ/B STZ/A+B

Body weight (g) 2252 + 12.5 (11)
Pancreas weight (g)

Plasma glucose (mg/dl)
Plasma insulin (ngAnl)

Insulin content

236.8 = 11.6 (6)

0.869 + 0.024 (6)

135.6 * 4.4 (6)
2.40 * 0.43 (6)

1635 = 4.0 (1)
0.94 + 0.14 ()

Kg/pancreas 103.3 = 7.5 (6) 412 18(11D

W.g/g - pancreas 118.8 + 8.1 (6) 46.9 + 2.8(11)
3-Cell mass

mg/pancreas 8.11 *+ (.81 (4) 287031 (4)

9.67 = 0.86 (4)
192.6 = 4.6 (4)

337031 (4)
202.2 £ 5.6 (4)

mg/¢ - pancreas
B-Cell size (pn?)

0.856 + 0,022 (11)

228.9 % 11.7 (11)
0.914 + 0.038 (11)

236.0 £ 9.7 (9)
0.898 * 0.027 (9)

238.4 = 15.1 (9)
0.923 * 0.043 (9)

154 = 4.8 (9) 1511 * 4.1 (9) 148.5 = 34 (11)*
L10=018(7) 1138 0.25(7) 1.02 = 0.14 (8)

45.8 = 3.7 (9) 51.6 + 4.0 (9)* 64.8 * 21 (A}t
51.1 = 4.1 (9) 56.1 + 44 (9 60.0 = 35 (11)t

355 * 0.36 (4)
3,85+ 0.28 (4)
199.6 + 3.5 (4)

453 * 041 (4)*
4.87 % 0.29 (4)*
195.3 £ 2.7 (4)

5.89 + 0.35 (4)t
5.93 = 0.33 (4)*
197.7 + 38 (1)

Data are means = SE (n). Neonatal rats were treated with STZ and then activin A and/or BTC were administered for 7 days. Various
parametelr's were measui'ed 2 months later, Animals were in the nonfasting state. *P « 0.05; 1P < 0.01 vs. STZ group.

are usually observed in normal rats were absent. Insulin
immunoreactivity was weak in B-cells of the islets of the
STZ-treated rats. No difference in GLUTZ2-staining of
B-cells was observed between normal and STZ-treated rats
(Fig. 2).

Effect of BTC and activin A on bleood glucose and
IPGTT. Treatment with a combination of activin A and
BTC significantly decreased the blood glucose in neonatal
STZrats at the early time points (Fig. 14). The effect of
activin A and BTC was persistent until adult age (Table 2).
The body weight, pancreatic weight, p-cell size, and
plasma insulin concentration were not changed by either
of the treatments (Tables 1 and 2).

A glucose tolerance test was performed at 6 weeks of
age to assess the long-term effect of activin A and BTC.
Cornpared with the STZ groups, the blood glucose in the
STZ/A+B group was significantly lower after 30, 60, and
120 min, although the plasma insulin concentration was
not significantly increased compared with those in the STZ
gronp (Fig. 1B). There was no significant difference in
glucose tolerance between the STZ/A or STZ/B group and
STZ group,

Effect of BTC and activin A on the insulin content
and the fi-cell mass. Treatment with activin A and BTC
improved the glucose metabolism and IPGTT. We then
examined the pancreatic insulin content and the p-cell
mass in the experimental groups on day 8 and at 2 months
of age. The results are shown in Tables 1 and 2. The
pancreatic insulin content in the STZ/A+B group in-
creased 70% at 8 days of age and >30% at 2 months of age
compared with that in the STZ group (P < 0.01) (Tables 1
and 2), Similarly, the p-cell mass also significantly in-
creased 77% on day 8 and 69% at 2 months of age in the
STZ/A+B group (P < 0.05). The treatment with activin A
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and BTC did not change the p-cell size (Table 2). The
pancreatic insulin content and the B-cell mass in STZ/B
group were also significantly increased (P < 0.05). On the
other hand, the pancreatic insulin content and the B-cell
mass in the STZ/A group was not significantly changed
compared with that of the STZ group.

Effect of BTC and activin A on the regeneration of
p-cells. The above results showed that treatment with
activin A and BTC increased the B-cell mass without
affecting the B-cell size. These factors thus increased the
number of p-cells. The (3-cell number is determined by a
balance between the generation of 3-cells and B-cell death,
When we assessed apoptosis by TUNEL method, the
frequency of apoptetic B-cells was very low (data not
shown). We therefore investigated the effect of BTC and
activin A on the regeneration of B-cells in STZ-tveated
neonatal rats.

There are at least three pathways for B-cell regenera-
tion: replication of preexisting p-cells, neogenesis from the
precursers located in the duct, and transdifferentiation of
non-f-cells in islets. In the STZ-treated group, replications
of B-cells were significantly higher than those in normal
rats. The treatment with A+B or BTC alone significantly
increased the replication of p-cells (Fig. 3). Though it is
difficult to estimate the neogenesis of B-cells from ductal
cells, treatment with activin A and BTC or BTC alone
significantly increased the proliferation of ductal cells and
the number of ICCs compared with STZ group rats (Fig. 4),
The number of islets in STZ/A+B and STZ/B significantly
increased, although there was no difference between STZ
and normal rats (Fig. 4D),

It was shown that g-cell regeneration occurred in adult
STZ-treated mice through transdifferentiation of §-cells to
B-cells (6,30). We then examined whether regeneration

FIG. 2. Morphology of typical islets in normal and STZ.
treated rats. Pancreatic sections obtained from neonatal
STZ-treated (STZ) and nontreated (N) rats at 2 months of
age were stained with anti-insulin (red) and anti-GLUT2
antibodies (green). Nuclei were stained with DAPL (blue)
(original magnification X200},
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through this route occurred in STZ-treated neonatal rats.
We investigated the changes in §-cells in STZ-treated
neonatal rats. Replication of 8-cells was significantly in-
creased compared with that of normal rats on day 4
(8TZ-reated 4.4 * 0.4% vs. normal 2.8 + 0.3% [n = 4]; P <
0.02). Treatment with activin A and BTC or BTC alonhe
further promoted the replication of §-cells (Fig. £68). In
addition, the number of PDX-1/somatostatin double-posi-
tive cells was markedly increased in STZ-treated neonatal
rats (STZ-treated 35.2 * 3.2% vs. nomal 26,9 * 2,1% [n =
4]; P < 0.05). Treatment with activin A and BTC or BTC
alone further increased the number of PDX-1/somatostatin
double-positive cells compared with STZ group rats
(Fig. GB). In STZ-treated rats, insulin/somatostatin double-
positive cells were observed (Fig. 6D). The number
of insulin/somatostatin double-positive cells was signifi-
cantly increased in rats treated with activin A and BTC

(Fig. 6E).

DISCUSSION

Newborn rats treated with STZ at birth have been widely
used to study the regeneration of pancreatic B-cells (23—

FIG. 3. Effects of activin A and BTC on
the replication of insulin-positive cells in
STZ-treated neonatal rats. A: Double im-
munostaining for insulin (green) and
BrdU (red) in STZ/A+B rats on day 4
(original magmification x400). The ar-
rows show cells positive for insulin and
BrdU. B: Effects of activin A and BTC on
day 4, The numbers of BrdU/insulin-pos-
{tive cells and insulin pesitive-cells were
measured, The results were expressed as
the percent of BrdU-positive p-cell, Val-
ues are the mean & SE (n = 4). C; Effect
of uetivin A and BTG on day 8. Values are
the means £ SE (n = 4). *P < 0.05; **P <
0.01 vs, the STZ group.

26). In the present study, we used this model to investigate
the effect of activin A and BTC on regeneration of panere-
atic p-cells. We injected activin A subeutaneously at a
daily dose of 100 ng/g for 7 days. This dose of activin A was
shown to promote bone formation in rats (31). At this
dose, activin A slightly decreased the plasma glucose
concentration on days 6 and 7, but the effect was minimal,
Higher doses may have been more effective but we could
not examine the possibility because of the limited amount
of activin A available, Nevertheless, activin A significantly
enhanced the effect of BTC on both glucose metabolisin
and B-cell regeneration. For example, activin A augmented
the BTG effect on the insulin content on day 8 and week 8.
Also, a combination of activin A and BTC but not BTC
alone increased the number of BrdU-positive ductal cells
at day 4 and the number of insulin/somatostatin double-
positive cells. As in AR42] cells (11), activin A and BTC
thus acted coordinately and induced regeneration of
B-cells. As in the case with glucagon-like peptide-1 and its
long-acting agonist exendin (26), a combination of activin
A and BTC is effective in improving diabetes in neonatal
STZ-treated rats.

-
o

BrdU-positive Ductal Cells (%)
o

&“@ ey & éo"e

a *

b - FIG. 4. Effects of activin A and BTC on
replication of ductal cells and the nwm-
ber of ICCs and islets, A: Double iinmu-
nostaining for CK (green) and BrdU
(red) in STZ/A+B rats on day 4 (origl-
nal magnification x400). Nuclei were
stained by DAPI. Arrows show the cells
positive for CK and BrdU. B: Effect of
activin A and BTC on replication of
ductal cells on day 4 (a) and day 8 (b).

. The numbers of BrdUfinsulin-pesitive
cells and CK-positive cells were
counted. The results were expressed as
the percent of BrdU-positive duct cells.
Values are the means + SE(n = 4).*P <
0.05 vs, the STZ group. C: Effect of
activin A and BTC on the number of

C D
3 !
8. =
i :
i
2

ICCs. a: Effect of activin A and BTC on
the number of ICCs on day 4. b: Effect of
activin A and BTC on the nmunber of
ICCs on day 8. Data were shown as the
number of ICCa per micrometer
squared of the pancreatic area. Values
are the means = SE (n = 4). *P < 0.05;
“xp < 0,01 vs. the STZ group, D: The
number of islets was counted in the
section stalned with ingulin in 2-month-
old rats. Data were expressed as the
number of fslets per micremeter
squared of the pancreatic area, Values
are the means + SE (n = 4}, *P < 0.05
v&. the STZ group,
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In this study, we observed that treatment with activin A
and BTC was effective in improving glucose metabolism in
newborn rats treated with STZ. Although we could not
quantify the route by which these factors promoted 3-cell
regeneration, the treatment increased the p-cell mass and
the insulin content (Tables 1 and 2). As shown in Fig. 3,
treatment with activin A and BTC promoted replication of
preexisting #-cells. In addition, replication of ductal cells
and the number of ICCs were ihcreased by treatiment with
activin A and BTC (Fig. 4). Consistent with these data, the
number of islets in the STZ/A+B group was increased.
Collectively, treatment with activin A and BTC also pro-
nioted neogenesis from precursor cells located in the
pancreatic duct. These data are in accordance with the
previous report on the effect of BTC on -cell regeneration
(13-15).

There was no significant increase in the number of ICCs
on days 4 and 8 in rats treated with STZ compared with
that of normal rats (Fig. 4C). In agreement with this
finding, the number of islets in 2-month-old rats treated

C

FIG. 5. Effects of activin A and BTC
on replication of d-cells, A: Double
immunostaining for somatostatin
(green) and BrdU (red) in STZ/A+B
rats on day 4 (original magnification
x400). Nuclel were stained with
4 DAPI (blue). B: Effect of activin A
and BTC on the replication of §-cells
on day 4. BrdU/somatostatin-posi-
tive cells and somatostatin-positve
cells were counted on day 4. The
results were shown as the percent of
BrdU-positive 8-cells. C: Effect of ac-
tivin A and BTC on the replication of
b-cell on Jday 8. Values are the
means + SE (n = 4). *P < 0.05 vs.
the STZ group.

with 5TZ was the same as that in normal rats of the same
age (Fig. AD). A similar result was previously reported by
other research groups (28,32). These results suggest that
neogenesis from the precursor cells located in or by the
pancreatic duct in this model may not be accelerated
compared with that in normal rats. Based on the data on
the p-cell size and p-cell replication on days 4 and 8, we
estimated the increase in the f-cell mass from day 4 to day
8 using the previously described method for evaluating the
parameter of f-cell growth (32,33). In normal rats, we
found that the predicted increase in 8-cell mass through
B-cell replication was 64%, which is slightly higher than the
increase in the measured 3-cell mass (52%) during this
period. Of course, the neogenesis from the duct precursor
may also contribute to the in crease in the pB-cell mass.
There is a digcrepancy between the measured B-cell mass
and predicted -cell mass. In fact, B-cell apoptosis may
participate in the remodeling of the endocrine pancreas in
neonatal rats (38), although the frequency of apoptosis
B-cell was low in the present study, In STZ-treated neona-

.|C

FIG. 6, Effect of activin A and BTC on
the number of PDX-1-positive §-cells
und insulin/somnatostatin double-posi-
tive cells. A; Double immunostaining
for somatostatin (red) and PDX-1
(brown) in STZ/A+B rats on day 4.
Nuclel were stained with hematoxylin
(blue). PDX-1/somatostatin  double-
positive cells were indicated by the
arrow, B: Effect of activin A and BTC
on the number of PDX-1-positive
fi-cells on day 4. PDX-1/somatostatin-
positive cells and somatostatin-posi-
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tive cells were counted. The data were
shown as the percent of PDX-1-posi-
tive B-cells. C: Effect of activin A and
BTC on the number of PDX-1-positive
&-cells on day B. Values are the
means x SE (n = 4). *P < 0.05 vs, the
S8TZ group. D: Double-staining for in-
sulin (red) and sotnatoststin (green)
In STZ/A+B rats on day 4. Nuclei were
stained with DAPI (blue). The arrow
shows a cell expressing both ingalin
and somatostatin, E: Changes in the
number of insulin/somatostatin dou-
ble-positive cells were counted. Val-
ues are the means = SE (n = 4), *P <
0.05 vs. the STZ group,
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tal rats, the increase in the measured p-cell mass was
259%, while the increase in the predicted B-cell mass
through R-cell replication was 98%. Therefore, replication
of preexisting B-cells cannot explain the drastic increase
in the B-cell mass during the early time point in STZ-
treated neonatal rats. Another possible pathway is thought
to exist to increase the B-cell mass in this regeneration
model. Recently, studies have shown that B-cell regenera-
tion has an alternate route, namely differentiation of
precursor cells located in islets (6,30). Also, islet neogen-
esis from intraislet precursor cells of the diabetic pancreas
has been reported (34). It is therefore necessary to inves-
tigate whether B-cell neogenesis from the precursor cells
located in the islets occurs in neonatal STZ-treated rats. In
STZtreated neonatal rats, temporal increases in the repli-
cation of 3-cells (day 4: 4.4 = 0.4%, day 8 2.6 = 0.15% [» =
4]) and the number of PDX-1/somatostatin cells (day 4:
35.2 * 1.6%, day 8: 28.7 = 1.7% [n = 4]) were observed, and
many somatostatinfinsulin double-positive cells that rarely
exist in normal rats appeared on day 4 (Fig. 6). PDX-1/
somatostatin cells and insulin/somatostatin cells are pre-
sumptive p-cell precursors in STZ-treated mice and
pancreatic development (6,30,35). Cotisequently, neogen-
esis from the precursor cells located in the islets at least
partly contributed to the increase in the B-cell mass in
this model. As shown in Figs. 5 and 6, administration
of activin A and BTC significantly increased the number
of BrdU/somatostatin-, PDX-1/somatostatin-, and insulin/
somatostatin-positive cells. It is therefore likely that BTC
and activin A promoted B-cell neogenesis from precursor
cells located in the islets.

The treatment with activin A and BTC significantly
increased the B-cell mass and the insulin content and
decreased the plasma glucose concentration. Also, the
plasma glucose response after glucose loading was signif-
icantly improved. However, rapid insulin response to
glucoge loading was still absent. The reason for the
improved glucose response in the absence of rapid insulin
secretion is not totally clear. One possible reason is that
small increases in insulin secretion, albeit delayed, may be
beneficial for whole-body glucose metabolism and thus
improve glucose tolerance. Although the insulin content
and the B-cell mass was increased by activin A and BTC,
the insulin response was delayed. Similar results were
previously reported by other research groups as well
(26,28,36). The reason that the insulin-secreting ability of
regenerating B-cell is low in response to glucose loading is
still not totally clear. One possible reason is that the g-cell
mass was not restored because at least 756% of the normal
p-cell mass is needed for maintaining noimal glucose
homeostasis (37). Another possible reason is that, in
STZ-treated rats, there were no large islets that usually
exist in normal rats (Fig. 2). It is possible that large islets
may play an important role in insulin release in response
to glucose loading, The treatment with activin A and BTC
partly increased the size of islets, but the largest islets in
STZ/A+B adult rats could not be comparable to that of
normal rats of the same age. It is also possible that the
glucose-sensing mechanism is impaired in regenerating
B-cells (28). This is partly due to glucotoxicity during
neonatal period,

In summary, in STZ-treated neonatal rats, treatment

614

with activin A and BTC coordinately promoted regenera-
tion of B-cells, increased the B-cell mass and insulin
content, and persistently improved glucose metabolism in
adult age. The B-cell neogenesis from the precursor cells
located in the islets may play an important role during the
early phase of pancreatic regeneration in neonatal rats
treated with STZ.
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ORIGINAL ARTICLE

The Influence of Platelets on the Promotion of Invasion by
Tumor Cells and Inhibition by Antiplatelet Agents

Keiichi Suzuki, MD, Koichi Aiura, MD, Masakazu Ueda, MD, and Masaki Kitajima, MD

Objective: Using a chemoinvasion assay, we show that platelets
promote invasiveness of 5 pancreatic adenocarcinoma cell lines.

Methods: Gelatin zymography and Western blot analysis were per-
formed to detect metalloproteinase-2 (MMP-9) secreted from tumor
cells in the presence or absence of platelets. The effects of antiplatelet
agents on the invasiveness of tumor cells and the secretion level of
MMP-9 were evaluated. .

Results: The number of traversed tumor cells significantly increased
when incubated with platelets corpared without platelets in all cell
lines. The MMP-9 band was detected in all tumeor cell lines, and the
intensity was obviously greater in conditions of incubation with plate-
lets than without. In the expetiment of antiplatelet agents effects, it
was confirmed that invasiveness of tumor cells significantly de-
creased following incubation with cilostazol depending on the con-
centration in spite of the presence of platelets. The level of MMP-9
also significantly decreased in the ELISA analysis.

Conclusions: These data mean platelets activate invasiveness of tu-
mor cells because of enhanced MMP-9 secretion, Furthermore, anti-
platelet drugs may inhibit invasiveness of tumor cells due to de-
creased MMP-9 secretion, and this inhibition may lead to the suppres-
sion of tumor ce!l invasion. We propose that antiplatelet agents are
applicable in clinical treatment to inhibit metastasis of malignant tu-
mor cells.

Key Words: metastasis, matrix metalloproteinase-9, pancreatic can-
“cer, chemoinvasion, zymography

(Pancreas 2004;29:132-140)

Pancreatic cancer is the fourth leading cause of cancer death
in the United States, with a mortality rate that virtually
equals its incidence rate.! Despite recent advances in imaging
techniques, many pancreatic cancers are still at an advanced
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stage at the time of diagnosis. Even after radical resection, the
overall median survival time of patients with pancreatic adeno-
carcinoma is only 18 to 20 months, and their overall 5-year
survival rate is approximately 10%.% Although many research-
ers have applied various strategies to overcome these prob-
lems, no satisfactory results have been obtained.

The interaction between tumor cells and platelets has
been attracting attention. This comvelation between platelets
and tumor cells has also been studied in clinical research. [t has
been recently reported that the prognosis was poor in patients
with cancers of the lung and uterine cervix in whom the pre-
operative platelet count increased.’~® Therefore, we investi-
gated the correlation between platelets and cancer cells in pan-
creatic adenocarcinoma.

The importance of the interaction between, platelets and
tumor cells was first recognized by Gasic et al,® and thus far
various investigations have been performed to examine this
interaction. Numerous studies have shown that tumor cells in
vitro can induce platelet aggregation, and this ability to aggre-
gate platelets correlated with their ability to cause metastasis in
vivo.”™?

Platelets were activated and aggregated by ADP pro-
duced by tumor cells themselves or released by platelets in
contact with tumor cells.'® Activated platelets secrete adherent
proteins, such as fibrinogen, fibronectin, factors V and VIII,
and thrombospondin, and strengthen the adherence between
tumor cells and platelets or tumor cells and endothelial cells. A
marphologic study was performed in which aggregated plate-
lets contacted tumor cells directly and surrounded them.'!
Platelet activation by tumor cells is thought to protect tumor
cells from immune surveillance, to' enhance tumor cell adhe-
sion to the vascular endothelium, the first step of extravasation,
and to provide permeability that would facilitate extravasation
and development of tumor metastasis.'>!? It has been reported
that the distant metastasis rate is high in tumor cells that
strongly aggregate platelets, while the metastasis rate is low in
tumor cells that weakly aggregate platelets, suggesting that the
platelet aggregation activity of tumor cells is correlated with
the metastasis rate.'* The distant metastasis rate of tumor cells
has been reported to decrease in a laboratory animal model for
thrombocytopenia.'* Moreover, it has been reported that the
metastasis rate decreased following administration of prosta-
cyclin (PGI,), which inhibits platelets.'® The above-men-

Pancreas » Volume 29, Number 2, August 2004



Pancreas = Volume 29, Number 2, August 2004‘

influence of Platelets on Invasiveness of Tumor Cells

tioned findings suggest that platelets may play an important
role in promotion of tumor cell invasion. .

Since the initial documentation by Liotta and Stetler-
Stevenson,'” a number of reports have focused on and demon-
strated the relationship between the extracelfular matrix
(ECM) and tumor cell invasion and metastasis, The ECM,
which is comprised of various types of collagens, fibronectin,
elastin, and proteoglycan, is degraded by proteinases such as
matrix metalloproteinases (MMPs).'*!¥ MMPs are secreted
from cancer cells and/or adjacent stromal cells in a latent form
and then converted into an active form.2**! Therefore, it is
recognized that MMPs play an important role in tumor inva-
sion and metastasis. It has been reported that the active form of
MMP-2 was detected in samples of pancreatic carcinoma.?
Recently, it has also been reported that platelets greatly stimu-
lated the secretion of MMP-9 by human mammary tumor cells,
leading to an increased invasiveness ofthese cells in an in vitro
invasion mode{ 2*24

As described above, many investigations have been per-
formed using various approaches to evaluate the interaction
between platelets and tumor cells. However, the precise
mechanism of this interaction was and still is unclear, and the
effect of antiplatelet agents on this promotion of tumor cell
invasiveness has not been investigated in detail.

Therefore, in this study, we investigated whether the
presence of platelets can promote the invasiveness of tumor
cells and whether platelets can increase the secretion level of
MMP-9 from tumor cells in human pancreatic cancer celt
lines. Moreover, we evaluated the effect of antiplatelet agents
on the levels of invasiveness and on the secretion of MMP-9
from tumor cells by inhibiting platelets to assess the utility of
this approach in clinical treatment.

MATERIALS AND METHODS

Reagents

ADP was purchased from MC Medical (Tokye, Japan).
RPMI-1640 medium, bovine serum albumin (BSA), prosta-
glandin E; (PGE)), hirudin, thrombin, prostacyclin (PGIL,),
and eicosapentaenoic acid (EPA) were from Sigma Chemical
Co. (St. Louis, MO). R-PE-conjugated mouse antihuman
monoclonal antibody against CD62P was from Pharmingen
International {San Diego, CA). BioCoat Cell Culture Inserts,
Falcon companien Plates, Matrigel Basement Membrane Ma-
trix, and human fibronectin were from Becton Dickinson
Labware (Bedford, MA). The Diff-Quick stain kit was from
[MEB Inc. (Chicago, [L). The gelatin zymography electropho-
resis kit was from Yagai Ltd. (Yamagata, Japan). Multigel was
from Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan) for
SDS-PAGE. Antihuman MMP-9 and purified IgG were from
Tomiyama Pure Chemical [ndustries, Ltd. (Tokyo, Japan). Hy-
bond ECL Nitrocellulose membrane, ECL Western blotting
system, antimouse IgG antibody, purified human MMP-9,

b
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streptavidin/horseradish peroxidase conjugate, and the Biotrak
MMP-9 human ELISA system were obtained from Amersham
Pharmacia Biotech (Piscataway, NJ). The antiplatelet agent
Cilostazol was kindly provided by Otsula Pharmaceutical Co.,
Ltd. (Tokyo, Japan). Other reagents were of chemical grade.

Cell Lines _

Five human cell lines of adenocarcinoma of the pancreas
were prepared, SW.1990, SU 86.86., Capan-2, BxPC-3, and
AsPC-1. All of these cell lines were purchased from American
Type Culture Collection {Manassas, VA). These cell lines
were cultured in RPMI 1640 containing 10% FBS. They wete
maintained under an atmosphere of 5% CO, at 37°C.

Platelet Preparation

In all these examinations, venous blood was collected
from the same healthy volunteer. Platelets were isolated in the
preseace of 0.1 vol of anticoagulant citric acid (0.04 mol/L
citric acid, 0.075 mol/L trisodium citrate, 0. 14 mol/L glucose,
pH 4.5) as described by Aiura et al.?® Plasma-rich platelets
(PRP) were prepared by centrifugation at 200g for 15 minutes
at room temperature. Washed platelets were prepared by add-
ing 10% anticoagulant citric acid and 2 pL. of 50 pg/mL PGE,
to PRP and were centrifuged at 700g for 6 minutes at room
temperature. Platelet pellets after removing supernatant were
collected and washed by the addition of 9 mL of Tris-NaCl
glucose buffer (0,15 mol/L NaCl, 0.05 mol/L Tris HCI, 5
mmol/L glucose), | mb of citric acid, and 8 uL of 50 pg/mL
PGE,. The twice-washed platelets were finally suspended in
TC medium (RPMI 1640, 0.1% BSA, 10 mmol/L CaCl,. 5
mmol/L MgCl,, 100 U/mL penicillin-streptomycin), and the
concentration was adjusted. ' ,
Platelet Activation

Platelets were activated by 10 minutes of incubation at
37°C with 0.15 U/mL of thrombin and then neutralized by the
addition of 2 U/mL hirudin.

Flow cytometric analysis was performed to confirm ac-
tivation of the platelets by detecting P-selectin expressed on
the platelet membranes.

Activated platelets and inactivated platelets were resus-
pended in phosphate-buffered saling (PBS) with 1% BSA and
concentrated to 1 x 10%mL. Platelets were mixed with an
equal volume of EDTA (final concentration 0.1%) and fixed
for 30 minutes with 7.5% paraformaldehyde. After fixation,
platelets were washed with PBS contained 2% BSA for | hour
at room temperature. A PE-labeled mouse antihtuman mono-
clonal antibody against CD62P was used in the flow cytomet-
ric analysis, Washed platelets were incubated with the PE-
labeled antibody to CDS2P for 20 minutes in the dark at room
temperature. These samples were analyzed on a flow cytome-
ter (JASCO Corporation, Tokyo, Japan) with an argon laser
generating 488 nm, 10 mW. Inactivated platelets incubated
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with the PE-labeled antibody to CD62P served as negative
controls. The fluorescence intensity channel was set as 99.6%—
99.9% of ceils were within the negative area.

Chemoinvasion Assay

A chemoinvasion assay was performed to evaluate
platelet-related promotion of invasiveness of tumor cells. The
5 tumor cell lines described above were prepared and adjusted
to a concentration of 1,25 x 10° cells/mL. Activated and inac-
tivated platelets were prepared to a final concentration 1.0 x
10%/mL. Fibronectin was used as the chemoattractant. Three
conditions of incubation media were compared for tumor cells
only, tumor cells incubated with inactivated platelets, and tu-
mor cell incubated with activated platelets,

A Matrigel basement membrane matrix was diluted with
PBS and concentrated to 100 pg/mL, Diluted Matrigel was in-
fused in BioCoat Cell Culture Inserts and incubated for 3 hours
at 37°C and then desiccated overnight under a cell culture hood
and at room temperature.

At the time of use, coated culture inserts with Matrigel
were rehydrated for 2 hours with TC medium at room tempera-
ture; 7506 pL of 50 pg/mL fibronectin was placed in each well
of Falcon companion plates (under chambers) as the chemoat-
tractant source.

After discarding the superfluous TC medium, 400 pL of
tumor cell solution (final concentration 5.0 x 10%mL) was
placed in the culture insert (upper chamber). One hundred mi-
croliters of TC medium (negative control), inactivated plate-
lets, and activated platelets were added to the upper chamber.

After incubation for 24 hours at 37°C in 5% CO, atmo-
sphete, cells that had invaded the lower surface of the filters
were fixed and stained with a Diff-Quick stain kit. The cells
wete counted per microscopic field (x200). Five fields were
counted in each of 3 different experiments.

Gelatin Zymography

A gelatin zymography electrophoresis kit was used for
this analysis. The 5 pancreatic tumor cell lines were used. The
samples were compared between 3 different solution condi-
tions: tumor cells only, tumor cells with inactivated platelets,
and tumor cells with activated platelets. The samples were in-
cubated without or with inactivated platelets or with activated
platelets for 24 hours at 37°C. Each 10 pL of samples was
homogenized in 10 pL of sample buffer. Individual samples
{10 uL} were electrophoresedat 10 mA for 20 minutes and then
20 mA for 80 minutes. The lower gels were washed twice for
30 minutes in 2.5% Triton X-100 to remove SDS, incubated
for 24 hours in 50 mmol/L Tris-HC! buffer, pH 8.0, containing
0.5 mmol/L CaCl, at 37°C. Then gels were stained with 1% of
Coomassie brilliant biue R-250 containing (3% methanol and
5% acetic acid for 30 minutes and destained with the same
solution without Coomassie brilliant blue. Clear zones of gela-
tin lysis against a biue background stain after destaining indi-

134 136

cated the presence of an enzyme. The densities of the observed
bands were analyzed using NIH image 1.62 software (National
[nstitutes of Health, Bethesda, MD). The 92-kd intensity ratio
was calculated as the MMP-9 activity.

Western Blot Analysis

BxPC-3 was chosen as the mandated cell line for analy-
sis because the invasiveness was most accelerated in the pres-
ence of platelets under the chemeinvasion assay, The samples
were compared between the 3 different conditions described
above. Conditioned samples were electrophoresed on multigel
for 120 minutes at 40 mA and electrophoretically transferred to
a nitrocellulose membrane for 120 minutes at. 100 V. Blots
were preblocked overnight in blocking solution (PBS, 0.1%
Tween 20 containing 5% dried nonfat milk), After blocking,
the blots were washed twice in PBS-T (PBS containing 0.1%
Tween 20) for 5 minutes. The blots were incubated for | hour
with the first antibody (antihuman MMP-9, purified IgG) di-
luted 1:100 with PBS-T. After two washings, they were incu-
bated for | hour with the second antibody (antimouse [gG an-
tibody) diluted 1:5000 with PBS-T, containing streptavi-
din/horseradish peroxidase conjugate. Bands were visualized
by a chemiluminescence reaction using the ECL Western blot-
ting system.

The Effects of Antiplatelet Agents -

Three antiplatelet agents, PGl,, EPA, and cilostazol
were used in this study. The chemoinvasion assay was per-
formed in the same manner as above using BXPC-3 to evaluate
the antiplatelet effect, but among the following § different con-
centrations of media based on different concentrations of an-
tiplatelet agents: 0, 1.25,2.5, 5.0, and 10.0 pmoVl/L in PG [, and
EPA and 0, 1.0, 2.5, 5.0, and 10.0 pg/mL in cilostazol.

Furthermore, we performed an ELISA assay for the
quantitative determination of MMP-9 from tumor cells with or
without platelets using BxPC-3 and cilostazol as antiplatelet
agents because cilostazol inhibited the invasiveness oF BxPC-3
in spite of the presence of platelets. The effect of cilostazol was
compared for 5 different concentrations: 0, [.0, 2.5, 5.0, and
10.0 pg/mL. Zero standard, each standacd, and samples were
pipetted into wells. After incubating for 1 hour at 25°C, the
plate was washed 4 times with 0.01 mol/L phosphate buffer,
pH 7.0, containing 0.05% Tween 20. Anti-MMP-9 horserad-
ish peroxidase in 0.01 mol/L PBS (containing 1% BSA, 10
mmol/L EDTA, and 100 mmol/L sodium chloride) was added
to all wells. After incubation for 2 hours at 25°C, the plate was
washed 4 times, TMB substrate (3.3",5,5"-tetramethylbenzi-
dine) in dimethylformamide was added to alf wells, and the
plate was incubated for 20 minutes at room temperature on a
plate shaker. The optical density of each well was measured.

Statistical Analysis
The results were expressed as mean + SE of the indicated
number of experiments. The data were analyzed by the Student
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¢ test for paired samples, Statistical significance was set at P <
0.05.

RESULTS

Confirmation of activated Platelets

The number of CD62P-positive platelets in thrombin-
activated platelets was studied by flow cytometry. The ratio of
CD62P-positive platelets was compared between inactivated
platelets (negative control) and thrombin-activated platelets
(Fig. ). The percentage of CD62P positive cells was 2.4% in
inactivated platelets. In vitro activation with thrombin resulted
in 76.4% CD62P-positive platelets. It was obvious that the
number of CD62P-positive platelets in thrombin-activated
platelets was greater than in inactivated platelets. Moreover, it
was ascertained that inactivated platelets were not stimulated
while platelets were washed.

Chemoinvasion Assay

An example of the chemoinvasion assay using the hu-
man pancreatic adenocarcinoma cell line SW.1990 is shown in
Figure 2, comparing tumor cells only, incubation with inacti-
vated platelets, and activated platelets. The number of tumor
cells infiltrating to the lower side of the filter obviously in-
creased in the presence of platelets.

All tumor cell lines showed that their capacity to traverse
the matrigel was greatly increased when incubated with plate-
lets. When incubated without platelets, the range of counted
tumor cells was 2.8-8.8 cells/view. Under the condition of in-
cubation with inactive platelets, the range of counted tumor
cells was 10.3-50.4 cells/view and under incubation with ac-
tivated platelets, they were [8.6-122.1 cells/view (Fig. 3). Es-
pecially in SW.1990 and BxPC-3, the number of cells greatly
increased when incubated with inactivated platelets or with ac-
tivated platelets (for SW.1990: without platelets, with inactive
platelets, and with activated platelets were, respectively, 3.3,
26.9, and 58.2 cells/view; for BxPC-3: the respective values
were 2.9, 50.3, and 122.1 cells/view). There were significant
differences for both cell lines between the 3 different condi-
tions of medium (P < 0.01).
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Gelatin Zymography

The 5 pancreatic adenocarcinoma cell lines were used.
The typical zymographic patterns of BxPC-3 are shown in Fig-
ure 4. In this figure, white broad bands of gelatin lysis were
detected on 92 kd against a blue background. These bands
meant the presence of the latent form of MMP-9 (pro-MMP-
9). When tumor cells were incubated with platelets for 24
hours (either inactivated platelets or activated platelets), the
intensity of the MMP-9 lysis band greatly increased compared
with tumor cell with and without platelets (tumor cells only).

The zymographic profiles of gels were transilluminated,
scanned, and then analyzed with NIH 1.62 image analysis soft-
ware. MMP-9 activity was measured as the integrated area un-
der the peak bands of the densitometric curve, and the 92-kd
intensity ratio was calculated as the MMP-9 activity ratio. Un-
der platelet-free conditions, the 92-kd intensity ratios were
4-61. On the other hand, under conditions of incubation with
inactivated and activated platelets, the ratios were 77-313 and
100-322, respectively. In all cell lines, the intensity ratios of
MMP-9 obviously increased when tumor cells were incubated
with platelets, compared with without platelets (Fig. 5). More-
over, the intensities of MMP-9 bands of samples incubated
with activated platelets were greater than samples incubated
with inactivated platelets in all cell lines.

Western Blot Analysis

Western blot analysis was performed to confirm whether
the bands detected in the gelatin zymography were actually
MMP-9. The results of the Western blot analysis for MMP-9 in
BxPC-3 are shown in Figure 6, in which bands of the latent
form of MMP-9 can be detected (92 kd). The band on the lane
of the sample incubated with activated platelets is obviously
greater than the sample with inactivated platelets. Further-
more, the band of inactivated platelets was increased com-
pared with the sample without platelets.

Effects of Antiplatelet Agents

To evaluate the effect of antiplatelet agents on platelet-
related promotion of BxPC-3 invasiveness by platelets, the
chemoinvasion assay was performed again under incubation
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FIGURE 1. Flow cytometric analysis
of inactivated platelets and throm-
bin-activated platelets. The percent-
age of CD62P-positive cells was
2.4% in inactivated platelets (A). In
activated platelets with thrombin,
the percentage of CD62P-positive
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cells was 76.4%, It was ascertained
that activated platelets were stimu-
lated by thrombin and that inacti-
vated platelets were not stimulated
while the platelets were washed.
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