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colonies were separated from dishes by using Cell Dis-
sociation Solution (Sigma-Aldrich), and colonies (2 X
10%) were replated on collagen-coated dishes. Cells
were cultured in the induction medium (Supporting
Table 2) for 14 days. Cloning rings were used to iso-
late total RNA of each colony. At least two separate
experiments were petformed, and more than five colo-
nies were investigated.

GeneChip Analysiss, RNA Isolation, and Real-
Time Polymerase Chain Reaction. Details are shown
in the Supplementary Methods.

Immunostaining. For detecting CD44™" colonies,
cells were fixed with cold absolute ethanol at 10 days
after plating, and immunocytochemistry (ICC) for
CD44 was carried out. Details of staining were pre-
viously reported.'” The numbers of CD44" colonies
at days 5 and 10 were counted, and positivity was
calculated. Three separate experiments were per-
formed. To measure the labeling index (LI), 40 pM
of 5-bromo-2’-deoxyuridine (BrdU) were added to
the medium 24 hours before fixation. In double ICC
for CD44 and BrdU, a combination of the avidin-bi-
otin peroxidase complex method (Vectastain ABC
Elite Kit; Vector Laboratories Inc., Burlingame, CA)
and the alkaline phosphatase method was used. For
fluorescent immunohistochemistry, sliced liver sam-
ples were frozen using isopentane/liquid nitrogen,
and materials were kept at  80°C until use. All Abs
used for immunostaining are listed in Supporting Ta-
ble 1. Sections were embedded with 90% glycerol
including 0.01% p-phenylenediamine and 4,6-diami-
dino-2-phenylindole. A confocal laser microscope
(Olympus, Tokyo, Japan) was used for observation,
and findings were analyzed using DP Manager
(Olympus).

Treatment With Fluovescein Diacetate. As previ-
ously reported,”® fluorescein diacetate (FD; Sigma-
Aldrich) was dissolved in dimethyl sulfoxide, and the
solution was diluted with the culture medium. Then,
0.25% FD was added to the medium, and the dish
was rinsed three times with warm PBS. Fluorescent
images were immediately photographed using a phase-
contrast microscope equipped with a fluorescence de-
vice (Olympus).

Enzyme Histochemisty for DPPIV, To identify do-
nor cells, enzyme histochemistry for DPPIV was car-
ried out. DPPIV enzyme activity was detected as previ-
ously described.’”® DPPIV' foci in livers were
photographed using a microscope equipped with a
CCD camera, and the area of each focus was measured
using Image] software  (http://rsb.info.nih.gov/ij/
index.html).
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Fig. 1. Gene expression of sorted GalN-D2-Thyi™ cells, D3-Thyt™
cells, D3- Thyl™/CD44™ cells, and D4-CD44* cells. The gene-expres-
sion pattern of sorted cells was analyzed using GeneChip (Affymetrix,
inc., Santa Clara, CA). MHs isolated from a healthy adult rat liver were
used as a control. A heatmap for genes that are classified into (A)
stem cell and HPC markers and (B) hepatic markers. Relative expres-
sion of genes is shown in log, scale. Increases in mRNA level are rep-
resented as shades of red and decreases as shades of blue.

Statistical Analysis. All data were analyzed using
Turkey-Kramer’s multiple comparison test. Level of
statistical significance was P < 0.05. Experimental
results are expressed as the geometric mean * standard
deviation.

Results

Characterization of Isolated Cells From Livers
Treated by GalN. As previously reported,> Thyl™
cells differentiated into hepatocytes through a CD44™"
intermediate state, as shown with clonally cultured
Thyl™ cells and cell transplantation. This transition
likely happened in the GalN-treated rat liver as well.
GeneChip data (Affymetrix, Inc., Santa Clara, CA)
indicated that the immature hepatocyte markers, DIk*!
and AFP were up-regulated in Thyl"CD44" and
Thyl CD44™ cells, whereas markers related to hepatic
differentiation were gradually up-regulated during the
transition from Thyl-D2 to CD44-D4 cells (Fig. 1).
The results also suggested that most D2-Thyl™ cells
were not committed to the hepatic lineage. This is
consistent with our previous finding that Thyl™ cells
isolated from GalN-D2 could form a few epithelial
cell colonies in the standard medium for SH induc-
tion, whereas those from GalN-D3 certainly formed
colonies consisting of CD44™ cells. Therefore, we
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Table 1. Effects of Growth Factors and Cytokines on the
Formation of Epithelial Cell Colonies

Numbers of Cells/Colony

Growth Factors Numbers of Colenies/Well

Control 4] 0
EGF 45 *+ 3.8 414 = 1.8
bFGF 03 £ 0.6 13.0 = 0.0
HGF 1.0 = 1.7 246 = 11.7
LIF 0 0
INF o 0 0

IFN v 0 0
osm 0 0
PDGF BB 0 0
SCF 0 0
L6 0 0
TGF 1 0 0
TGF B2 0 0

Abbreviations: LIF, leukemia inhibitory factor; OSM, oncostatin M; PDGF BB,
plate let derived growth factor BB; SCF, stem cell factor.

considered the possibilicy that Thyl™ cells became the
heparocyte lineage between D2 and D3. To specify the
factors that trigger hepatic commitment, we compared
expression patterns of genes related to receptors of
growth factors and cytokines and selected 12 candi-
dates (Table 1).
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Induction of Epithelial Cell Colonies by Growth
Factors. D2-Thyl™ cells were cultured in the medium
supplemented with each factor. To elucidate the forma-
tion of epithelial cell colonies, ICC for CD44 was con-
ducted 10 days after plating. Of the 12 candidates, only
epidermal growth factor (EGF), basic fibroblast growth
factor (bFGF), and hepatocyte growth factor (HGF)
could induce colonies (Fig. 2A; Table 1). CD44 expres-
sion of cells varied among the colonies, and some colo-
nies consisted of cells with low expression of CD44
(CD44  cells). Next, we examined whether bFGF and/
or HGF could enhance the formation and expansion of
colonies in the culture with EGF (Fig. 2B). Compared
to EGF only (control), the addition of bFGF or HGF
did not enhance the frequency of colony formation. In
the combination of EGF and bFGF or HGE the num-
ber of cells per colony increased to twice as many as in
the control (Fig. 2C). In addition, the combination of
the three factors also dose dependently increased the
number of cells per colony. These results suggested that
a certain number of Thy1™ cells possessed the ability to
differentiate into hepatic cells, and that the induction

was initiated by EGE, bFGE and/or HGE

Yz

colon
<

e

Fig. 2. Induction of CD44-positive cell colonies from sorted D2-Thyl™ cells by treatment with EGF, bFGE, and/or HGE Thyl™ cells (1 x 10°
viable celis/well) sorted from the GalN-D2 liver were plated on 12-well plates and cultured in medium supplemented with EGF (a), EGF-+bFGF
(b), EGF+HGF (c), and EGF-+bFGF+HGF (d) for 10 days. Dose dependency of colony formation was examined. To identify colonies, ICC for
CD44 was carried out. The number of CD44™ cell colonies per well (B) and that of cells per colony (C) were measured. Asterisks shown in (B)
and (C) indicate significance: P < 0.05, compared to EGF and 10 ng of EGF+bFGF--HGE
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Fig. 3. Effects of ECM on colony formation of Thyl™ cells were investigated. Thyl™ cells were isolated from GaIN-D2 rat livers and plated on
dishes coated with hyaluronic acid (HA), type | collagen (I-coll), type IV collagen (IV-coll), fibronectin (FN), and laminin (LN). Noncoated dishes
were used as controls. Cells were cultured in medium with EGFE To identify the colony, ICC for CD44 was carried out. The number of CD44™ cell
colonies per dish (A) and that of cells per colony (B) were measured. Asterisk shows significance: P < 0.05, control versus HA.

Induction of Epithelial Cell Colonies by Extracel-
lular Matrix. Because CD44 is one of the receptors
of hyaluronic acid (HA)***® and because SHs can
selectively ~proliferate on HA,'® we investigated
whether extracellular matrix (ECM) affected the fre-
quency of emergence and phenotype of colonies
derived from D2-Thyl™ cells. Sorted D2-Thy1™ cells
were cultured on dishes coated with type I collagen, fi-
bronectin, laminin, and HA, and ICC for CD44 was
performed 10 days after plating. When cells were cul-
tured in the medium supplemented with EGE fre-
quency of colony formation was significantly higher
for cells on HA-coated dishes than for the control
(Fig. 3A), but no difference was observed in the num-
ber of cells per colony among the dishes with each
ECM (Fig. 3B).

Growth Ability and CD44 Expression of Cells
Sorted From GalN-D3. Thyl"CD44 (Thyl),
Thyl*CD44", and Thyl CD44" (CD44)
sorted from a GalN-D3 liver were cultured in the me-
dium with EGF for 10 days. Double ICC for CD44
and BrdU was carried out (Fig. 4A-C). The frequency
of colony formation was more than four times higher
for CD44 cells than for both Thyl and Thyl"CD44™
cells (Fig. 4D), and the average number of cells per
colony was significantly larger for CD44 cells than for
Thyl and Thyl"CD44™" cells (Fig. 4F). The percen-
tages of BrdU" cells were approximately 70% and
80% in colonies derived from Thyl and CD44 cells,
respectively  (Fig. 4A-C, F). Growth ability of
Thyl*CD44" cells was also intermediate between
those of Thyl and CD44 cells.

cells
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Intensity and the localization of CD44 varied
among cells forming colonies. In spite of the origin of
sorted cells, CD44 protein was usually expressed in
cell membranes between cells (Fig. 4C). Some colonies
consisted of cells with CD44 protein localized in both
the cell membrane and cytoplasm (Fig. 4A, B). The
latter type of colony was often observed in the culture
of Thyl cells. CD44 positivity of Thyl™ cells in a col-
ony was approximately 65% at day 5 and increased to
approximately 80% at day 10 (Fig. 4G).

Next, to examine whether acquisition of CD44
expression in Thyl™ cells was also correlated to growth
ability of cells in vivo, cell transplantation was carried
out. D2-Thyl™ D3-Thyl "CD44 ° D3-
Thyl*CD44" D3-Thyl CD44™ and D4-CD44"
cells (5 x 10° cells/rat) isolated from GalN-treated liv-
ers were intrasplenically transplanted into RET/PH-
treated rats. One month after transplantation, the
number of cells in foci derived: from D4-CD44 was
much larger than in those from Thyl-expressing cells
(Fig. 4H, I). The growth rate of engrafted cells
increased in correlation with the expression of CD44
and time after GalN treatment. In addition, no types
of donor-derived (Y chromosome™) cells, other than
hepatocytes, could be found in recipient livers (Sup-
porting Fig. 1).

Gene Expression of Hepatic Markers of Epithelial
Cell Colonies Derived From D3-Thyl Cells. To elu-
cidate the characteristics of cells in colonies derived
from D3-Thyl cells, quantitative polymerase chain
reaction (QPCR) of cells was performed for each col-
ony, which was separated from the culture dish using a
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Fig. 4. Growth and CD44 positivity of epithelial cell colonies were examined in cultured cells. Thyl™ (A), Thy1¥/CD44™ (B), and CD44™ cells
(C) were isolated from GalN-D3 rat livers. Then, viable cells per dish (1 x 10%) were plated on noncoated 35-mm culture dishes and cultured
in the medium with EGF for 10 days. BrdU (40 umol/L) was added to the medium 24 hours before fixation. At 5 and 10 days after plating,
cells were fixed and double ICC for CD44 and BrdU was performed. CD44 and BrdU were stained violet and brown, respectively. Nuclei were
counterstained with hematoxylin. The number of CD44" colony per dish (D), cells per colony (E), BrdU™ cells per colony (F), and CD44 positivity
of the colony derived from D2-Thyl™ cells (G) were measured at 5 (white bar) and 10 days (gray bar) after plating. CD44™ cell colonies were
defined as colonies in which more than 90% of cells were stained with CD44. Asterisks show significant differences: P < 0.05. (D) Thy1"CD44 "~
and Thyl*CD44" versus Thy1“CD44" at days 5 and 10, (E) Thy1*CD44™ and Thy1*CD44" versus Thyl™CD44™ at day 5, and Thyl*CD44~
versus Thyl "CD44% at day 10, (F) Thyl*CD44"versus Thy1~CD447™. Transplantation of isolated cells from GalN-treated livers into RET/PH-
treated livers (H). Sorted GalN-D2-Thy1™ (5 x 10° cells) (a), D3-Thyl*/CD44™ (b), D3-Thy1"/CD44™ (c), D3-Thyl "/CD44™ (d), or D4-CDA4™
cells (e) were intrasplenically transplanted into Ret/PH-treated rats. Thirty days after transplantation, livers were perfused with PBS, then sliced to
make frozen sections. Tissues were enzymatically stained with DPPIV. DPPIV-pasitive cells are stained red. Nuclei are counterstained with hema-
toxylin (blue). The number of cells per focus was measured (l). Astetisks indicate significant differences: P < 0.05.
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Fig. 5. Gene expression of the cells in each colony was measured by qPCR. Thy1™ cells sorted from GalN-D3 livers were cultured in the medium
with EGF for 10 days. Each colony was separated from the dishes by using a cloning ring. Phase-contrast photos of all colonies were taken, then
RNA of cells in the colonies was separated. gPCR was performed for each colony. Morphology (A and C) and gene expression (B and D) of repre-
sentative colonies of CD44" (A and B) and CD44"&" (C and D) are shown. Cells were fixed at day 10, and double ICC for CD44/Thy1 (E, a-d)
and CK-19/Alb (E, e-) was performed. Although many cells in Thyl-derived colonies coexpressed CD44 and Thyl, some large celis (arrowheads)
exhibited no expression of either protein (E, a-d). There were some colonies consisting of a mixture of Ab™ and CK-19" cells (E, e-h), but most
cells expressed Alb and only a few cells expressed CK-19 (E, i-l). Data for other colonies are shown in Supporting Fig. 2.

cloning ring. Phase-contrast photos were taken of every
colony, and qPCR was performed. Gene-expression
patterns of the colonies were roughly divided into two
groups by the level of CD44 expression. Results for a
representative colony in each group are shown in Fig.
5 (results for other colonies are shown in Supporting
Fig. 2). Although intensity of gene expression varied
among colonies, all colonies expressed CD44 messen-

ger RNA (mRNA). Compared to cells in CD44%"

100

colonies, those in CD44"5" colonies showed not only
relatively high expression of albumin and hepatocyte
nuclear factor (HNF)-4x, but also suppression of CK-
19 expression. Although coexpression of CD44 and
Thyl was observed in many Thyl-derived colonies,
some large cells (arrowheads) exhibited no expression
of either protein (Fig. SE, a—d). There were colonies
consisting of a mixture of albumin (Alb)" and CK-
197 cells (Fig. 5E, e-h), though most cells expressed
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Alb and only a few cells exhibited CK-19 (Fig. 5E, i—
). To induce maturation of cells in Thyl-derived colo-
nies, cells were treated with Matrigel. The treatment
dramatically decreased Thyl expression and increased
levels of both HNF-4¢ and Alb (Supporting Fig. 3A).
In addition, a marked increase of Alb secretion was
also observed in cells with Matrigel (Supporting Fig.
3B). However, ncither CD44 nor CK-19 expression
was changed by the treatment.

Induction of Maturation in Cultured Cells. Next,
we examined whether the newly generated hepatocytes
could reconstruct hepatic organoids with highly differ-
entiated functions. To enhance the organoid formation
of colonies, colonies derived from D3-Thyl, CD44,
and SHs from a healthy liver were replated on colla-
gen-coated dishes to increase their density. In contrast
to the Matrigel treatment, this procedure resulted in
natural organoid formation, which consisted of piled-
up cells with BCs. The expression of CCAAT/
enhancer-binding protein (C/EBP)- was ICC exam-
ined, and expression of genes related to hepatic differ-
entiated functions was investigated by qPCR. In addi-
tion, to certify the function of the newly formed BCs,
FD was added to the culture medium and the ability
to secrete fluorescence into BCs was examined.

In spite of their origins, some cells in colonies
became large and piled up with time after replating.
Morphologically, BCs and cyst-like structures were
observed in colonies, similar to those in colonies
formed by SHs derived from healthy rac liver.!>'?2°
However, ICC for C/EBP-« revealed that the numbers
of positive nuclei in Thyl- and CD44-derived colonies
were smaller than in SH-derived colonies (Figs. 6A,
B). Results of qPCR for each colony derived from
Thyl, CD44, and SHs revealed that gene expression
of cytochrome P450 1A2 (CYP1A2), tryprophan 2,3-
dioxygenase (TDO), and carbamoylphosphate synthe-
tase [ (CPS-I), which are regarded as indicators for dif-
ferentiated hepatic functions, was significantly higher
in SH than CD44 or Thyl (Fig. 6C). However,
expression of tyrosine aminotransferase (TAT) was not
different among cells.

In a SH-derived colony, fluorescence was secreted
into BCs and accumulated in cysts (Fig. 7, e,f). The
networks of BCs were well developed, corresponding
to the regions of piled-up cells. On the other hand, in
the colonies derived from both Thyl (Fig. 7A, ab)
and CD44 cells (Figs. 7A, ¢,d), part of the region con-
sisting of piled-up cells had a green, patch-like appear-
ance. This phenomenon indicated the retention of flu-
orescence in the cytoplasm. In addition, to
quantitatively compare structural differentiation among

101

ICHINOHE ET AL. 1199

cells, the total length of BCs was measured in each
colony. Total length of BCs was significantly larger in
the SH-derived colony than in the Thyl- and CD44-
derived colonies (Fig. 7B). These results suggested that
newly generated hepatocytes derived from Thyl and
CD44 were not as mature as those from SHs.

Discussion

Hepatocytic  Differentiation of Thyl-Positive
Cells. Thyl was first identified as a marker of oval
cells by Petersen et al.** and then widely used in
experiments with HPCs. Recently, a question was
raised about the validity of Thyl as a marker for oval
cells.”>2® It was reported that Thyl was not a marker
of oval cells, but of hepatic myofibroblasts and/or stel-
late cells. Although the issue regarding whether Thyl
is a marker for hepatic stem/progenitors is open to
debate, we recently found that some Thyl™ cells iso-
lated from GalN-treated livers differentiated into
CD44™ hepatocytes through Thyl"CD44" cells."
These results suggested that the population of Thyl™
cells was heterogencous, and that it contained putative
hepatic stem cells possessing the ability to differentiate
into hepatocytes. Interestingly, colony formation was
clearly observed in the culture of cells from GalN-D3,
whereas it was rarely observed in Thyl™ cells isolated
from GalN-D2, suggesting that Thyl™ cells became
the hepatic lineage between D2 and D3. In the present
experiment, we demonstrated that EGE fibroblast
growth factor (FGF), and HGF might trigger the com-
mitment to the hepatic lineage of Thyl"*" cells, some
of which possess capability as putative stem cells. It
has been reported that transforming growth factor
(TGF)-2, HGF, and FGF play important roles in
stem/progenitor  cell-mediated
Indeed, the growth factors are transcriptionally up-
regulated during the period of active proliferation and
differentiation of progenitor cells in rat liver” ™’ and
appear to drive the early proliferation of the progenitor
cell compartmexlt.27’30 Interestingly, it has been
reported that stellate cells, which proliferate concomi-
tantly and in close contact with progenitor cells,”
appear to be the main source of TGF-», HGE and
acidic FGE, whereas the corresponding cognate recep-
tors are strongly expressed in progenitor cells, suggest-
ing that the regulation of progenitor cell proliferation
and differentiation by growth factors occurs primarily
in a paracrine manner.””> On the other hand, it is well
known that priming factors are necessary for the emer-
gence and proliferation of HPCs.> A correlation
between the severity of liver disease and the magnitude

liver  regeneration.
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Fig. 6. To enhance organoid formation of the colonies, colonies derived from GalN-D3 Thyl cells (A, a-d), CD44 cells (A, e-h), and a healthy
liver (A, i-l) were replated on new collagen-coated dishes at 10 days after plating to increase the density of the colonies. Cells were cultured for
more than 14 days after replating. This procedure resulted in natural organoid formation, which consisted of piled-up (matured) cells. The expres-
sion of C/EBP-a (A,b,fj) and CD44 (Ac,g,k) was ICC observed and the percentage of C/EBP-* cells per colony was measured (B). The gene
expression of CYP1A2, TDO, CPS-l, and TAT in Thyl, CD44 cells, and SHs derived from a healthy liver was analyzed by real-time PCR (C). The
scale is shown as a value relative to that of MH. Asterisks indicate a significant difference: P < 0.05, SH versus Thyl or CD44.

of the response of hepatic progenitor cells has been
reported and inflammatory cytokines, such as tumor
necrosis factor alpha (TNF-a), interleukin (IL)-6, and
interferon-gamma (INF-y), were suggested to play cen-
tral roles as priming factors in rodents.>*™® However,
in the present experiment, TNF-«, IL-6, and INF-y
could not induce the epithelial differentiation of
Thyl™ cells or enhance their expansion. This might be
because D2-Thy1™ cells have already been primed by
the inflammation induced by GalN.

Expression of CD44 in Thyl-Derived Cells. In
this experiment, we demonstrated that the growth and
degree of hepatocytic differentiation of Thyl™ cells
were correlated with the expression of CD44. The
results of GeneChip analysis demonstrated that the
expression of genes related to hepatocytic differentiation,
which were absent in GalN-D2-Thy! cells, progressively
increased in the order D3-Thyl, D3-Thyl"CD44™
and D4-CD44 cells. Although results of gPCR showed

that the degree of expression of the genes of interest
was different among epithelial colonies derived from
D3-Thyl cells, the cells in the CD44M8"  colonies
showed high expression of Alb and HNF-4a, compared
to cells in CD44'% colonies. In fact, CD44 expression
in Thyl™ cells increased with time in culture.
Acquisition of CD44 expression in Thyl™ cells was
also correlated with growth ability of cells. Growth of
cells in CD44™ cell-derived colonies was clearly faster
than that of cells in colonies derived from Thyl-
expressing cells. High growth activity of CD44™ cells
was also shown in the cell transplantation experiment.
One month after transplantation, the number of cells
in the foci derived from D4-CD44 was much larger
than in those from Thyl-expressing cells. In general,
the growth speed of cells shows an inverse correlation
with degree of cell differentiation, and less-differenti-
ated cells can proliferate much faster than differentiated
cells. However, in the present experiment, although
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Fig. 7. To demonstrate the function of the newly formed BCs in hepatic organoids, FD was added to the culture medium and the ability to secrete
fluorescence into BCs was examined. A part of the region consisting of piled-up cells in the colonies derived from both Thyl (A, a,b) and CD44 celis
(A, c,d) shows a green, patch-like appearance. Fluorescence was secreted into BCs and accumulated in the cysts in an SH-derived colony. To compare
the development of BCs, the total length of BCs was measured in each colony (B). Total length of BCs was significantly larger in the SH-derived colony
than in the Thyl- and CD44-derived colonies. Asterisk indicates a significant difference: P < 0.05, SH versus Thyl and CD44.

CD44™" cells were more differentiated than Thyl™ cells,
growth speed of CD44™ cells was higher than that of
CD44  cells (data not shown). At present, we cannot
explain these findings, and further experiments will be
required to clarify the regulatory mechanism of CD44
expression.

Restricted Maturation of HPCs. We previously
reported that SHs derived from the healthy liver could
spontancously differentiate into hepatocytes that showed
typical features of MHs and reconstructed three-dimen-
sional (3D) structures by interacting with hepatic non-
parenchymal cells.'" Tn 3D structures, a complicated
network of BCs is formed, and, when FD is added, flu-
orescence is secreted to BCs and expands all over the
colony.“’20 In the present experiment, despite their ori-
gins, cells could become large and pile up to form 3D
structures that were morphologically similar to the he-
patic organoids previously reported.""'> However, fluo-
rescence was mostly retained in the cytoplasm of cells
derived from both Thyl™ and CD44" cells. Cytoplas-
mic retention of fluorescence indicates that cellular po-
larity is not well established, so that BCs cannot be well
reconstructed. The short length of BCs also showed the
incomplete maturation of both Thyl- and CD44-
derived cells. Furthermore, compared to the organoids
derived from SHs, CD44 expression remained and the
ratio of C/EBP-o" cells was lower in organoids derived

from both Thyl™ and CD44™ cells. The lower expres-
sion of CYPIA2, TDO, and CPS-I genes in organoids
from Thyl and CD44 than in those from SHs also
indicated the immaturity of stem/progenitor cell-derived
hepatocytes. These results demonstrated that the newly
generated hepatocytes derived from Thyl™ and CD44*
cells might not have acquired the same highly differenti-
ated functions as MHs. On the other hand, we previ-
ously reported that, compared to MHs, the repopula-
tion efficiency of the liver by transplanted Thyl™ cells
was very low, and that most Thyl-derived fogi disap-
peared within 2 months after transplantation.'® Similar
resules were shown for the transplancation of CD44™
cells. Those results indicate that HPCs may not be able
to survive for a long time. Detailed histological analysis
at 2 weeks after transplantation revealed that the per-
centage of C/EBP-o™ cells in the early CD44-derived
foci was lower than that in MH-derived foci. In addi-
tion, the size and shape of the cells and the distribution
of the DPPIV" membrane were more irregular in
Thyl- and CD44-derived foci than in MH-derived
foci, which meant that BCs were not connected among
cells, and that sinusoids were indistinct.'® These cell-
transplantation resules may reflect the 7 vitro data
shown in the present experiments. Shafritz et al.® sum-
marized previous transplantation experiments using
HPCs, and found that cells showed very low efficiency
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of engraftment and repopulation, regardless of the con-
dition of the recipient liver. Thus, hepatocytes induced
from embryonic stem cells and other stem/progenitor
cells have not yet matured to the stage at which they
can efficiently repopulate the liver of an adult. In other
words, to use HPCs in regenerative medicine, the state
of differentiation of the cells used for cell transplanta-
tion may be very important, and a procedure for assess-
ment of the maturation should be immediately

developed.
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Zoledronic Acid But Not Somatostatin Analogs Exerts
Anti-Tumor Effects in a Model of Murine Prostatic
Neuroendocrine Carcinoma of the Development of

Castration-Resistant Prostate Cancer
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BACKGROUND. Since neuroendocrine (NE) cells play an important role in the develop-
ment of castration-resistant prostate cancer (CRPC), target therapy to NE cells should be
considered for treating CRPC. We investigated the effects zoledronic acid (ZOL) and two
somatostatin analogs (octreotide: SMS, and pasireotide: SOM) on an NE allograft (NE-10)
and its cell line (NE-CS), which were established from the prostate of the LPB-Tag 12T-10
transgenic mouse.

METHODS. We examined the in vivo effects of ZOL, SMS and SOM as single agents and
their combinations on subcutaneously inoculated NE-10 allografts and the in vitro effects on
NE-CS cells. Apoptosis and cell cycle activity were assessed by immunohistochemistry using
TdT-mediated dUTP-biotin nick-end labeling (TUNEL) and a Ki-67 antibody, respectively.
RESULTS. In vivo growth of NE-10 tumors treated with ZOL, ZOL plus SMS, or ZOL plus
SOM was significantly inhibited compared to the control as a consequence of induction of
apoptosis and cell cycle arrest. ZOL induced time- and dose-dependent inhibition of in vitro
proliferation of NE-CS cells, but the somatostatin analogs (SMS and SOM) did not. ZOL
also inhibited migration of NE-CS cells. These effects were caused by inhibition of Erk1/2
phosphorylation via impairment of prenylation of Ras.

CONCLUSIONS. ZOL, but not SMS or SOM, induced apoptosis and inhibition of prolifera-
tion and migration through impaired prenylation of Ras in NE carcinoma models. Our find-
ings support the possibility that ZOL could be used in the early phase for controlling
NE cells, which may trigger progression to CRPC. Prostate 73: 500 511, 2013.

© 2012 Wiley Periodicals, Inc.

KEYWORDS:  zoledronic acid; somatostatin analog; neuroendocrine carcinoma; prostate
cancer; anti-tumor effect
INTRODUCTION

Prostate cancer is the most common non-
cutaneus malignancy in men in developed countries
[1]. Its incidence has been gradually increasing even
in non-Caucasian men. As the growth of cancer cells
is androgen-dependent, androgen deprivation thera-
py including surgical or chemical castration has been
the mainstay of treatment for advanced prostate can-
cer. The response to this treatment lasts for a median
of 36—48 months [2]. However, in most cases, the dis-
ease progresses despite the castration level of serum

© 2012 Wiley Periodicals, Inc.

testosterone, and results in castration-resistant pros-
tate cancer (CRPC). The prognosis of CRPC is poor
and a concrete treatment strategy has not yet been
established.
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The exact mechanisms behind progression to castra-
tion resistance remain poorly understood. However,
recent studies suggest that neuroendocrine (NE) cells,
as well as pathways involving or bypassing the an-
drogen receptor (AR), may play an important role in
the development of castration resistance [3]. NE cells
are present in both the normal and neoplastic pros-
tate. They regulate surrounding prostate cells
by secreting growth-modulating neuropeptides such
as chromogranin A, serotonin and parathyroid hor-
mone-related protein (PTHrP) [4]. Increases in the NE
phenotype and secretory products are thought to be
closely associated with progression and castration
resistance in prostate cancer [5,6]. Previously, we
developed an NE allograft (NE-10) and its cell line
(NE-CS) from the prostate of the LPB-Tag 12T-10
transgenic mouse [7-9]. We demonstrated that secre-
tions from NE cells induced androgen-independent
growth of human prostate cancer cell line LNCaP
and promoted pulmonary metastasis [10]. Therefore,
it is crucial to seek a new drug or drug combinations
targeting these prostatic NE carcinoma models
(NE-10 and NE-CS).

Zoledronic acid (ZOL) is a nitrogen-containing
bisphosphonate that inhibits bone resorption of osteo-
clasts through the inhibition of farnesyl-pyrophos-
phate synthetase in the mevalonate pathway. This
agent has been demonstrated to have beneficial effects
in patients with bone metastases of prostate cancer,
reducing bone pain and skeletal-related events [11].
ZOL was also shown to have direct anti-tumor activi-
ty in several cancer cell lines. It is suggested that
ZOL inhibits proliferation and induces apoptosis
by impairment of prenylation of Ras and other small
GTP-binding proteins (G proteins) [12].

Somatostatin is a peptide hormone that regulates
secretion of various exocrine and endocrine glands
via specific somatostatin receptors (SSTR). Five differ-
ent subtypes (SSTR1-5), which are coupled to G pro-
teins, have been identified [13]. Since a majority of NE
tumors predominantly express SSTR2, somatostatin
analogs having high affinity for SSTR2a such as
octreotide (SMS) are considered to be drugs for NE
tumors [14,15]. Since several studies have reported
that SSTR1 and SSTR5 are expressed in addition to
SSTR2 in prostate cancer tissue [15,16], new somato-
statin analogs such as pasireotide (SOM) that
have high affinity for SSTR5 in addition to SSTR2 [17],
may be useful as new drugs for prostatic NE
carcinoma.

In the present study, we investigated whether the
growth of NE carcinoma models (NE-10, NE-CS)
could be influenced by ZOL and/or somatostatin
analogs (SMS and SOM), having potential anti-tumor
activities.
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MATERIALS AND METHODS

Cell Lines and Lell Culture

NE-CS is a murine prostate neuroendocrine cancer
cell line established in our institute [9]. It was derived
from an NE-10 tumor [8]. Passage numbers between
12, and 16 were used in the study. The NE-CS cells
were maintained in the culture medium described be-
low in 5% CO, in a humidified incubator. The medi-
um consisted of RPMI-1640 (Gibco BRL, Breda, The
Netherlands) that was supplemented with MEM non-
essential amino acid (10 ml/L, Gibco BRL), MEM
sodium pyruvate, penicillin—streptomycin (10 ml/L,
Gibco BRL), 10% fetal bovine serum (FBS, ICN Bio-
medicals, Costa Mesa, CA), and 7.5% NaHCOs.

ReverseTranscription Polymerase Chain Reaction
(RT-PCR) Analysis

To investigate expression of SSTR in NE-10, RT-
PCR analysis was performed. Tumor tissues in allog-
rafts of NE-10 were homogenized. Total RNA was
extracted using an RINeasy kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. A total
of 2 pg of total RNA was reverse transcribed in a
thermal cycles (Perkin-Elmer, Norwalk, CT) using
SuperScript III (Invitrogen, Carlsbad, CA) and oligo
(dT) 12-18 primers according to the manufacturer’s
instructions for 1 hr at 50°C in a 40 pl reaction mix-
ture. Resulting cDNA (1 ul) was amplified with Taq
polymerize and one set of oligonucleotide primers.
Samples were denatured for 5 min at 94°C, and then
amplified for 35 cycles at 94°C for 30 sec, 57°C for
30 sec, and 72°C for 1 min. Aliquots (9 pl) from each
PCR sample were then analyzed by agarose-gel elec-
trophoresis. Forward and reverse primer sequences
were as follows: SSTR2a (5-CAGCTGTACCATCAA-
CTGGC, 5-ATTTGTCCTGCTTACTGTCG), SSTR2b
(5-TGATCAATGTAGCTGTGTGG, 5-CAAAGAACA-
TTCTGGAAGC), SSTR5 (5-TGCCTGATGGTCATGA-
GTGT, 5-GGAAACTCTGGCGGAAGTTA), GAPDH
(5'-TACAGCAACAGGGTGGTGGA, 5-ACCACAGT-
CCATGCCATCAQ).

Growth of NE-10 Allografts InVivo

To examine the in vivo effects of ZOL, SMS and
SOM as single agents and their combinatorial effects
on prostatic NE carcinoma, we used NE-10 allografts.
Six-week-old male BALB/c nude mice were castrated
using the scrotal approach. After one week, 50 mg tis-
sue fragments of the NE-10 allograft were inoculated
subcutaneously (s.c.) into the flanks of mice. Two
weeks after transplantation, NE-10 tumors grew to a
volume of more than 100 mm®. The mice were then
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randomized into six treatment groups (13 mice in
each group): ZOL, SMS, SOM, ZOL plus SMS, ZOL
plus SOM, and control. The groups were treated for
6 weeks with ZOL (1 pg/mouse, three times per
week, s.c.), SMS (2 pg/mouse, once per day, s.c.),
SOM (2 pg/mouse, twice per day, s.c.), ZOL plus
SMS (1 ng/mouse, three times per week, s.c. plus
2 ng/mouse, once per day, s.c.), ZOL plus SOM
(1 pg/mouse, three times per week, s.c. plus 2 ug/
mouse, twice per day, s.c.), or saline (an equal volume
of solvent/day, s.c.). These substances were dissolv-
ed in 100 pl saline. ZOL, SMS, and SOM were
kindly provided by Novartis Pharma AG (Basel,
Switzerland). These agents were soluble in saline. The
body weights of mice were measured each week. The
effects of treatments on tumor growth were deter-
mined by measuring tumor volume (0.523 x long
diameter® x short diameter). After 6 weeks of treat-
ment, the mice were killed and the tumor and liver
were removed. Liver weight was measured, and the
numbers of metastatic nodules on the liver surface
were macroscopically counted. The tissues were fixed
in 10% formalin and embedded in paraffin. The 5 pm
thick paraffin-embedded material was routinely proc-
essed for hematoxylin and eosin staining.

The Animal Experiment Committee of Sapporo
Medical University approved the in vivo experiments.
Animal care and housing followed the guidelines of
the Animal Experiment Committee.

Cell Cycle and Apoptosis Analysis of
Tissue Sections

Immunohistochemical staining was done with
formalin-fixed paraffin-embedded tissue sections of
NE-10 tumors. The 5 pm thick sections were deparaf-
finized in xylene and rehydrated in graded alcohol.
Antigen retrieval was done by boiling sections for
20 min in a microwave oven in preheated 0.01 mol/L
sodium citrate buffer (pH 6.0). Endogenous peroxi-
dase activity was blocked by 3% hydrogen peroxide
in ethanol for 10 min. After blocking with 1% non-fat
dry milk in phosphate-buffered saline (PBS) (pH 7.4),
the sections were reacted with a rabbit polyclonal
anti-Ki-67 antibody (Abcam plc., Cambridge, UK) at
20 pg/ml or preimmune sera for 1 hr, followed by
incubation with biotinylated goat anti-rabbit IgG
(Nichirei, Tokyo, Japan) for 30 min. Subsequently,
the sections were stained with streptavidin-biotin
complex (Nichirei), followed by incubation with 3,3-
diaminobenzidine and counterstaining with hematox-
ylin. The same tissues were immunostained by TdT-
mediated dUTP-biotin nick-end labeling (TUNEL) (In
situ Apoptosis Detection Kit, Takara Bio, Inc., Otsu,
Japan). The Ki-67 labeling index (KI) and apoptotic
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index (Al) were determined as the ratios of immuno-
histochemically positive cells per 1,000 NE cells by
using a fluorescence microscope (model BZ-9000;
Keyence, Osaka, Japan).

Proliferation Assays

NE-CS cells (1 x 104) were suspended with 100 pl
of culture medium in a 96-well plate for 24 hr, and
then treated with the indicated concentrations (from
0.1 to 100 pmol/L) of ZOL, SMS and SOM for 24, 48,
or 72 hr. For combination, the same concentrations of
ZOL and SMS or SOM were used; for example,
1 pmol/L of ZOL to 1 pmol/L of SMS. In addition,
they were treated with the indicated concentrations
(from 0.1 to 100 pmol/L) of ZOL plus 1, 5, and
20 pmol/L of farnesyl-pyrophosphate ammonium
salt (FOH) (Sigma-Aldrich, St. Louis, MO) for 48 hr.
FOH is an isoprenoid to be involved in prenylation of
several G proteins including Ras in the intracellular
mevalonate pathway. Cell proliferation was assessed
using a WST-8 (modified tetrazolium salt) cell prolif-
eration kit (Cell Counting Kit-8, Dojin, Japan).
Changes in absorbance at 450 nm were measured
with a microplate reader. The growth inhibition was
determined as the concentration inducing 50% inhibi-
tion (IC50). For analysis of the synergism between
ZOL and somatostatin analogs (SMS and SOM), the
combination indices (CI) were calculated by the isobo-
logram equation method [18,19], and CI values of <1,
1, and >1 were considered to indicate synergistic,

. additive, and antagonistic effects, respectively 12.

Cell Cycle and Apoptosis Assays

NE-CS cells (3 x 104) were suspended with 100 pl
of culture medium in a 96-well plate for 24 hr, and
then treated with various concentrations of ZOL
(from 10 to 100 wmol/L) for 48 hr. Then the cells
were fixed with 4% paraformaldehyde, permeabilized
with 0.1% Triton X-100, and labeled with the TUNEL
technique (In situ Cell Death Detection Kit TMR red,
Roche Diagnostics, Mannheim, Germany) and the pri-
mary anti-Ki-67 antibody at a 1/200 dilution (Abcam
plc, Cambridge, UK). The Ki-67 antibody was
detected with an Alexa Fluor 488 donkey anti-rabbit
antibody, and nuclei were stained with 4,6-diami-
dino-2-phenylindole (DAPI) (Invitrogen, Carlsbad,
CA). As in the in vivo study, the KI and the Al were
measured by fluorescence immunohistochemistry
using a fluorescence microscope (model BZ-9000;
Keyence, Osaka, Japan).

Migration Assays

Cell migration analyses were performed as de-
scribed previously (10). In a trans-well culture
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chamber (Coster Science, Cambridge, MA), a poly-
vinylpyrrolidone-free polycarbonate filter with an
8.0 wm pore size was precoated with 5 ug of fibronec-
tin (Biomedical Technologies, Stoughton, MA) on
the lower surface. Two different experiments were
performed. In experiment 1, NE-CS cells (1 x 10°)
were placed in the upper chamber with 100 pl of cul-
ture medium with or without ZOL (10, 100 wmol/L).
In the lower chamber, 600 pl of culture medium was
added. In experiment 2, NE-CS cells (1 x 10°) were
placed in the upper chamber with 100 pl of culture
medium adding 20 pmol/L of FOH with or without
ZOL (10, 100 pmol/L). In the lower chamber, 600 w1
of culture medium was added. The cells that migrated
across the pores at 2, 4, 6, and 8 hr were counted under
a microscope after hematoxylin and eosin staining.
The experiments were carried out in triplicate. Data
are shown as number of cells 1 mm ? of membrane.

Pull Down and Western Blot Assays

NE-CS cells (1 x 10°) were suspended with 2 ml
of culture medium in a 6-well plate for 24 hr, and
then treated with ZOL (10, 100 pmol/L) or ZOL (10,
100 pmol/L) + 20 pmol/L. FOH for 48 hr. Sub-
sequent to the treatment, cells were washed three
times with ice-cold PBS and solubilized in lysis buffer
[RIPA Dbuffer, 100 mmol/L PMSF, 500 mmol/L
NazVOy, 1 mol/L NaF, 2 mol/L Sigma 104 phospha-
tase substrate, Protease Inhibitor Mini Cocktail]. The
total protein content of the cell lysates was determin-
ed by the BCA Protein Assay (Pierce, Rockford, IL).

Activated Ras was detected by pull-down assay.
The GTP-bound form of Ras in the cell lysates was
affinity-purified using the Rafl-Ras-binding domain
(RBD)-GST complexed with glutathione beads follow-
ing the manufacturer’s instructions (Active Ras Pull
Down and Detection Kit, Thermo Fisher Science, Wal-
tham, MA). Complexes were analyzed by SDS-PAGE
and immunobloting with a Ras-specific antibody.

The cells lysates obtained were boiled in SDS sam-
ple buffer containing 0.5 mol/L 2-mercaptoethanol.
Samples were separated by SDS-PAGE, transferred to
polyvinylidene difluoride (PVDF) membranes and
immunoblotted with rabbit monoclonal anti-Erk1/2
and anti-phospho-Erk1/2 antibodies (Cell Signaling
Technology Inc., MA), and a mouse monoclonal anti-
B-actin antibody (Sigma—Aldrich). Separated proteins
were visualized using horseradish peroxidase with
enhancement by chemiluminescence (GE Healthcare
Bio-Sciences Corp., NJ).

Statistical Analysis

We used the computer program StatView 5.0 for
Windows (SAS Institute, Cary, NC). Student’s t-test
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was applied to compare results between two different
groups. Repeated-measures ANOVA was used when
comparing the in vivo tumor volume, and the in vitro
cell migration in an individual group. One-way
ANOVA was used when comparing the in vivo apo-
ptosis, cell cycle progression, and liver metastases
in an individual group. Statistical significance was
assigned at P < 0.05.

RESULTS
Expression of SSTR2a and SSTR5 in NE-10 Allografts

Since effects of somatostatin analogs are mediated
by expression of SSTR, we examined expression of
the somatostatin receptor subtypes SSTR2 and SSTR5,
to which SMS and SOM preferentially bind, respec-
tively. Gene expression of SSTR2a and SSTR5 was ob-
served in NE-10 allografts, but that of SSTR2b was not
(Fig. 1).

Effects of ZOL, SMS and SOM as Single Agents
and in Combination on Subcutaneously
Inoculated NE-10 Allografts

Growth of NE-10 tumors in mice treated with ZOL,
ZOL plus SMS, and ZOL plus SOM was significantly
slowed compared to the saline control (P = 0.003,
P < 0.001, and P = 0.001, respectively) (Fig. 2A). All
treatments were well tolerated with maintenance of
body weight (data not shown). We examined whether
anti-tumor effects of each treatment were induced by
apoptosis or cell cycle arrest by using TUNEL and
Ki67 staining, respectively (Fig. 2B;). The Al was sig-
nificantly increased in tumors of mice treated with
ZOL, ZOL plus SMS, or ZOL plus SOM compared to
the control (means: 9.2, 11.6, and 12.7, respectively,
vs. 2.4) (Fig. 2B,). The KI was significantly decreased
in tumors of mice treated with ZOL, ZOL plus SMS,
or ZOL plus SOM compared to the control (means:
5.3, 8.3, and 4.2, respectively, vs. 15.9) (Fig. 2B;). The

28 2b 5

SSTR

GAPDH

Fig. . Expression of SSTR2a, SSTR2b, and SSTR5 in NE 10
allograft by RT PCR. Gene expression of SSTR2a, and SSTR5 was
observedinthe NE 10allograft, but that of SSTR2b was not.
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Fig. 2. Effects of ZOL, SMS, and SOM as single agents and in combination on subcutaneous inoculated NE 10 allografts. Six week old
male BALB/c nude mice were castrated. After one week, 50 mg tissue fragments from the NE 10 allograft model were subcutaneously inocu
lated into the backs of mice. For 2 weeks, NE 10 tumors were allowed to grow to approximately more than 100 mm? before randomization
into six treatment groups: control, ZOL, SMS, SOM, ZOL plus SMS, and ZOL plus SOM (n = 13/group). NE 10 allografts in each group
were treated for 6 weeks. A: Growth of NE 10 tumors in mice treated with ZOL, ZOL plus SMS, and ZOL plus SOM was significantly slowed
compared to the saline control (P = 0.003,P < 0.00}, and P = 0.00l, respectively). Data are means; bars & SE; *, significantly different from
control group (P < 0.05; repeated measures ANOVA). B: Effects of ZOL, SMS and SOM as single agents and in combination on apoptosis and
cell cycle progression. Immunohistochemical staining was done by usingTUNEL and Ki6é7 staining (B,). Apoptoic effects were measured by the
number of TUNEL positive cells per 1,000 cells, apoptoic index (Al). The Al was significantly increased in tumors from mice treated with
ZOL, ZOL plus SMS, or ZOL plus SOM compared to the control (means: 92,11.6, and 12.7, respectively, vs. 2.4) (B,). Cell cycle progression was
measured by the number of Kié7 positive cells per 1,000 cells (KI: Ki 67 labeling index). The Ki was significantly decreased in tumors from mice
treated with ZOL, ZOL plus SMS, or ZOL plus SOM compared to the control (means: 5.3, 8.3, and 4.2, respectively, vs. 159) (B3). Data
are means; bars & SD; *, significantly different from control group (P < 0.05; one way ANOVA). C: Effects of ZOL, SMS and SOM as single
agents and in combination on liver metastases. The weights of livers having metastatic nodules in ZOL, ZOL plus SMS, or ZOL plus SOM
were significantly lower than for the control (Cy). The numbers of metastatic nodules in these groups were not significantly different from the
control (C,). Data are means; bars + SD. ¥, Significantly different from control group (P < 0.05; 0ne way ANOVA).

weights of livers having metastatic nodules in ZOL, Effects of ZOL, SMS and SOM as Single Agents andin

ZOL plus SMS, or ZOL plus SOM were significantly Combination on Growth of NE-CS Celis InVitro
lower than for the control (Fig. 2C,), but the numbers

of metastatic nodules in these groups were not signifi- We investigated the inhibitory effects of ZOL, SMS,
cantly different from the control (Fig. 2C,). and SOM, alone and in combination on proliferation
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of NE-CS cells. Cell viability was measured by
the WST-8 assay when NE-CS cells were treated with
various concentrations of ZOL, SMS and SOM (0.1-
100 pmol/L) in the treatment groups for 24, 48 or
72 hr. For combinations, the same concentrations of
ZOL and SMS or SOM were used. The IC50 for ZOL
at 72 hr was 15.7 pmol/L, whereas those for ZOL
plus SMS, and ZOL plus SOM were 14.1, and
13.5 pmol/L, respectively (Fig. 3A). The combination
of ZOL and somatostatin analogs did not demonstrate
synergistic effects (CI: 0.57-1.00). ZOL induced time-

and dose-dependent proliferative inhibition of NE-CS
cells (Fig. 3B). These effects of ZOL were reversed by
20 pmol/L of FOH (Fig. 3C).

ZOL Inhibits Cell Cycle Activity and Induces
Apoptosis of NE-CS Cells

TUNEL-positive cells, indicated in red, increased
with increased concentrations of ZOL. On the other
hand, Ki-67-positive cells, colored green, decreased
(Fig. 4A). We also analyzed the Al and KI with ZOL
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Fig. 3. Effectsof ZOL, SMS and SOM as single agents and in combination on growth of NE CS cells. Cell viability was measured by WST 8
assay when NE CS cells were treated with various concentrations of ZOL, SMS and SOM (0.1-100 pmol/L) for 24,48 or 72 hr. For combination,
the same concentrations of ZOL and SMS or SOM were used. Cell viability was also measured when NE CS cells were treated for 48 hr with
the indicated concentrations (from 0. to 100 wmol/L) of ZOL plus I, 5, and 20 pmol/L of farnesyl pyrophosphate ammonium salt (FOH)
{n = 5/group). A: Cell viability of NE CS cells at 72 hr in each treatment group. The IC50 of ZOL at 72 hr for NE CS cells was 15.7 pmol/L for
ZOL, whereasit was 4.1 pmol/L for ZOL plus SMS, and 13.5 pmol/L for ZOL plus SOM.The combination of ZOL and somatostatin analogs did
not create synergistic effects. B: Cell viability of NE CS cellsin time and dose dependent manners. ZOL induced time and dose dependent
proliferative inhibition of NE CS cells. C: Cell viability of NE CS cells at 48 hr in ZOL plus FOH. ZOL induced inhibition was reversed by
20 pmol/L of FOH.
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concentrations of 0, 10, 50, and 100 pmol/L. The Al
was significantly increased in ZOL 50, and 100 pmol/
L compared to the control (means: 55.7 and 136.5, re-
spectively, vs. 13.8) (Fig. 4B). The KI was significantly
decreased in ZOL 10, 50, and 100 pmol/L compared
to the control (means: 37.6, 22.8, and 1.3, respectively,
vs. 68.7) (Fig. 4C).

ZOL Inhibits Migration of NE-CS Cells

In addition to effects of ZOL on cell cycle activity
and apoptosis, we examined whether ZOL inhibited
migration of NE-CS cells, using a Boyden chamber as-
say. NE-CS cells, with or without ZOL concentrations
of 10, and 100 pmol/L, that migrated across the pores
at 2, 4, 6 and 8 hr were counted. The numbers of cells
migrating 1 mm ? of membrane were significantly
decreased in ZOL 10, and 100 wmol/L (Fig. 5A).
When culture medium adding 20 pmol/L of FOH

A control ZoL

was incubated in upper chamber, the ZOL-induced
inhibition was not appeared (Fig. 5B).

ZOL Utilizes the Ras/MAPK Pathway
via the Mevalonate Pathway
in NE-CS Cells

Since ZOL inhibits farnesyl-pyrophosphate synthe-
tase in the mevalonate pathway and impairs prenyla-
tion of Ras, we evaluated the effects of ZOL on
Ras activity. We used FOH, which potentially induces
farnesylation of Ras. As evaluated by pull-down
assay, 10, and 100 pmol/L inhibited Ras activation
in NE-CS cells, and then the ZOL-induced inhibition
was reversed by FOH (Fig. 6). We examined the
effects of ZOL on Erk-1/2, which are the terminal pro-
teins of the Ras/MAPK pathway. ZOL inhibited
Erk1/2 phosphorylation as evaluated by Western blot
assay.
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Fig. 4. Effects of ZOL onapoptosisand cell activity of NE CS cells. A: TUNEL and anti Ki67 immunofluorescence were used for NE CS cells
treated with ZOL concentrations of 0, 10, 50, and 100 pmol/L (n = 5/group). DAPI was used to visualize cell nuclei. TUNEL positive cells, col

oredred, increased with increased concentrations of ZOL.On the other hand, Ki 67 positive cells, colored green, decreased. B: The numbers
of TUNEL positive cells per 1,000 cells apoptoic index (Al) were significantly increased in ZOL 50, and 100 p.mol/L compared to the control
(means: 55.7, and 136.5, respectively, vs. 13.8). Data are means; bars & SD; ¥, significantly different from control group (P < 0.00l; Student’s
t test). C: The numbers of Kié7 positive cells per 1,000 cells (KI: Ki 67 labeling index) were significantly decreasedin ZOL 10, 50,and 100 pmol/L
compared to the control (means: 376, 22.8, and 1.3, respectively, vs. 68.7). Data are means; bars & SD; ¥, significantly different from control

group (P < 0.00l; Student’st test).
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Fig. 5.

Effects of ZOL on migration of NE CS cells. Migration assay was performed by using a Boyden chamber (n = 3/group). A:In experi

ment |, NE CS cells (I x 10°) were placed in the upper chamber with 100 i of culture medium with or without ZOL (10, 100 w.mol/L). In the
lower chamber, 600 .l of culture medium was added. The numbers of cells migrating per | mm™2 of membrane were significantly decreased
in ZOL 10, and 100 wmol/L. Data are means; bars + SD; ¥, significantly different from the control (P < 0.00l; repeated measures ANOVA).
B: In experiment 2, culture medium adding 20 pwmol/L of farnesyl pyrophosphate ammonium salt (FOH) was incubated in the upper chamber.
The numbers of cells migrating | mm ™2 of membrane were not significantly decreased in ZOL 10, and 100 wmol/L. Data are means; bars == SD.
*, Significantly different from the control (P < 0.001; repeated measures ANOVA).

DISCUSSION

Inappropriate NE regulation in the prostate might
facilitate carcinogenesis, proliferation and other tissue
changes such as loss of basal cells, angiogenesis, and
piling up of prostatic luminal epithelium and inva-
sion, which are characteristic of prostatic carcinoma

ZOL (umol/L)

Control 10 100
FOH 20 pmol/L - - + - +
Activated Ras
phospho-Erk
Erk
Pactin

Fig. 6. Effects of ZOL on Ras/MAPK pathway of NE CS cells.
We used farnesyl pyrophosphate ammonium salt (FOH), which po

tentially induces farnesylation of Ras. Ras activity was evaluated by
pull down assay, and Erk activity by Western blot assay. As evaluat

ed by pull down assay, 10, and 100 pmol/L ZOL inhibited Ras activa

tion in NE CS cells, and then the ZOL induced inhibition was
reversed by FOH. ZOL inhibited Erkl/2 phosphorylation in NE CS
cells as evaluated by Western blot assay.
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[20]. In addition, we previously demonstrated that
secretions from NE cells stimulated prostatic cancer
cells to achieve androgen-independent growth [21].
Androgen deprivation therapy induces an increased
number of NE cells in prostate cancer and the fre-
quency and density of NE cells are more pronounced
in CRPC [22]. Thus, the control of NE cells might be
important for establishing a treatment strategy for
CRPC.

Somatostatin analogs have been used clinically
used to treat NE tumors [23]. SMS and lanreotide,
which have high affinity to SSTR2a, have been dem-
onsirated to reduce excessive hormone production
and accompanying symptoms from carcinoid tumors
and pancreatic endocrine tumors such as glucago-
noma, VIPoma and gastrinoma [14]. The anticancer
effect may be the result of antiproliferative and apop-
toic actions through direct and indirect mechanisms.
The direct mechanism is mediated by SSTR on tumor
cells, and suppression of secretion of several growth
factors such as insulin-like growth factor-1 (IGF-1)
may also indirectly inhibit the tumor growth [24-26].
In this study, in spite of the expression of SSTR2a and
SSTR5 in our NE carcinoma models, we failed to find
significant antiproliferative effects of SMS or SOM
monotherapy in vitro or in vivo. In addition, the com-
bination therapy with ZOL did not create a synergis-
tic effect. Although, the exact reason is unclear, both
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Fig. 7. Schematic representation of the mevalonate pathway and proposed mechanism of anti tumor effects of zoledronic acid in prostatic

NE carcinoma.

SMS and SOM might be insufficient to control our NE
carcinoma models through autocrine, paracrine and
endocrine regulation via SSTRs.

Our results suggest that ZOL induces time- and
dose-dependent antiproliferative and apoptoic effects
in prostatic NE carcinoma. The observed anticancer
activity was exerted at ZOL IC50 levels of from 15.8 to
36.0 pmol/L. In addition, the drug reduced migration
by 8 hr in vitro even at the 10 pmol/L concentration,
and the time and dose did not seem to affect the via-
bility of cells. These effects were caused by disruption
of prenylation of Ras proteins as a result of farnesyl-
pyrophosphate synthetase inhibition, disrupting the
downstream MAPK/Erk signaling pathway (Fig. 7).
Farnesyl-pyrophosphate synthetase is a key enzyme
in the mevalonate pathway, which produces essential
lipid molecules such as cholesterol, farnesyl-pyro-
phosphate and geranylgeranyl-pyrophosphate [27].
Small G proteins need prenylation to link to the inner
surface of the cell membrane and function in signal
translation [28]. Prenylation of small G proteins
involves farnesylation, which provides a 15-carbon
isoprenoid moiety with Ras, and geranylgeranylation,
which provides a 20-carbon isoprenoid moiety with
Rap Rac or Rho [27,28]. Ras is the most thoroughly
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characterized member of the small G proteins in-
volved in key oncogenic cellular processes such as
proliferation, anti-apoptosis, migration, invasion and
adhesion (Fig. 7). Therefore, it is anticipated that ZOL
disturbing prenylation of Ras will induce multifacto-
rial anticancer effects in cancer cells.

Several studies had shown that ZOL induces apo-
ptosis via impaired prenylation of small G proteins in
various cancer cells, including prostate [12,29-31],
breast [32,33], myeloma [34], colon [35], and lung
cancer cell lines [36]. Caraglia et al. [12] reported the
effects of the combination of ZOL and farnesyl-trans-
ferase inhibitor R115777 on PC3 and DU145 prostate
cancer cell lines. These effects paralleled disruption of
Ras/MAPK/Erk and Akt survival pathways, which
consequently decreased phosphorylation of both
mitochondrial bcl-2 and bad proteins, and caspase ac-
tivation. These findings may support our results indi-
cating that ZOL induced apoptosis of NE cells.
Recents studies have shown that impaired geranyl-
geranylation on other small G proteins such as Rapl
[29,34] and RhoA [32] is also crucial for the associa-
tion with these apoptotic actions induced by ZOL.

We also demonstrated that ZOL induced cell cycle
arrest of the NE carcinoma cells. Both in vitro, and in
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vivo, ZOL reduced the numbers of Ki67-positive cells
during all active phases of the cell cycle (G1, S, G2,
and M). ZOL has been shown to reduce the expres-
sion of cyclin D1 and cyclin E in osteosarcoma cells,
resulting in a cell cycle block at G1, and S [37]. In ad-
dition, experiments using leukemia cells have shown
that ZOL can also reduce the expression of cyclin D3
and cyclin B, resulting in a cell cycle block at G2-M
[38]. These actions are suggested to occur in a p53-
independent manner followed by subsequent apopto-
sis. Our results indicated that ZOL inhibited the cell
cycle of NE cells.

Moreover, we demonstrated that ZOL inhibited
migration of NE-CS cells. It decreased the weights of
livers having metastatic nodules in castrated NE-10
allografts, which means to suppress liver metastases.
Likewise, Hiraga et al. [39] reported that 1 pmol/L
ZOL significantly inhibited cell invasion in a breast
cancer cell line (4T1/Luc), which consequently led to
suppression of liver and bone metastases. Similar
results were also observed in prostate cancer cell lines
LNCaP, PC3, and DU145 31. In addition, Coxon et al.
[40] reported an inhibitory effect of 1 wmol/L ZOL on
adhesion to mineralized matrix in PC3, and DU145
cells. Although the exact mechanisms underlying
these effects remain unclear, it is suggested that ZOL
could inhibit several matrix metalloproteinase or
adhesion molecules via impairment of prenylation
of small G proteins. It is noteworthy that ZOL also
inhibits essential steps for the spread of cancer cells.
In addition, recent reports have shown that ZOL indi-
rectly exerts anticancer effects via elevated function
of gamma delta T cells [41,42]. It is suggested that
accumulation of isopentenyl-pyrophosphate caused
by ZOL may be involved in activation of gamma delta
T cells [43].

There are some limitations in this study. The NE-10
allograft and the NE-CS cell line were derived from
the mouse prostate. The role of human NE cells in
human prostate cancer may be different from that
of mouse NE cells. In addition, the characteristics of
the established cell line, NE-CS, could be different
from those of the original NE-10 allograft because
cells suitable for survival in vitro were selected dur-
ing establishment of the cell line. However, there
are no ideal human lines for which both in vitro,
and in vivo NE carcinoma models are available.
In addition, the concentration of ZOL that induced
anticancer effects in our experiments was high in
comparison to the peak plasma levels (393 =+ 100 ng/
ml) usually achieved by intravenous infusion in
patients [44]. Anticancer effects of ZOL might be con-
sidered to be exerted basically in bone metastatic
lesions in which high concentrations of ZOL are
achieved.
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In patients with bone metastasis of prostate cancer,
ZOL is commonly used for relieving pain and pre-
venting skeletal-related events. This study revealed
effects of ZOL on NE cells, potential triggers of pros-
tate cancer leading to CRPC. Regulating the microen-
vironment between NE cells and prostate cancer cells
may result in benefits to patients who do not have
clinically detected bone metastasis. We believe that
our results support the clinical rationale for earlier
proactive use of ZOL, though further studies will be
needed to confirm this.

CONCLUSION

We examined the in vitro, and in vivo anti-tumor
effects of ZOL and somatostatin analogs (SMS and
SOM) on NE carcinoma models. Our results indicate
that ZOL, but not SMS or SOM, induces apoptosis
and inhibition of proliferation and migration through
impaired prenylation of Ras. Our findings support
the possibility that ZOL could be used in the early
phase for controlling NE cells which may trigger pro-
gression of prostate cancer to CRPC.
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