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In this work we examined the differentiation potential of
cholangiocytes in neonatal and adult mouse liver. We found that
neonatal, but not adult, epithelial cell adhesion molecule
(EpCAM)”™ cholangiocytes expressed hepatocytic transcription
factors and converted into hepatocytes in vitro that were
structurally and functionally similar to MHs. Interestingly,
neonatal cholangiocytes are still immature compared with adult
ones even though they have already established tubular structures
in vivo. Our results indicate that neonatal cholangiocytes possess
plasticity to convert into hepatocytes but lose this ability during
maturation of bile ducts. We further demonstrated that a
transcription factor implicated in epithelial maturation limited
lineage plasticity of cholangiocytes.

Results

Cholangiocytes proliferate and retain the cholangiocytic
phenotype on type | collagen gel

Because the number of cholangiocytes isolated from the liver is
limited and not enough to examine their differentiation potential,
we first established a primary culture in which cholangiocytes
keep the original characteristics and efficiently proliferate. To
isolate mature cholangiocytes from 6 week old (6W) mouse
liver, two step collagenase perfusion was performed and the
remaining tissue containing Glisson’s capsules was further
digested. EpCAM" cholangiocytes were enriched by magnetic
activated cell sorting (MACS; supplementary material Fig. S1).
They were plated on culture wells coated with type 1 collagen
(Col 1) or a thin layer of Matrigel (MG), or covered with Col |
gel or MG gel (Fig. 1A). On wells coated with Col 1, only a very
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small number of cells survived and proliferated. On MG coated or
MG gel wells, 2 or 3 days after plating, cells began to proliferate
slowly. On Col I gel, cells proliferated very efficiently. In all four
conditions, cells survived and proliferated after replating at day 7
of primary culture. Importantly, on Col T gel, as well as MG gel,
expression of EpCAM was retained on cholangiocytes but
disappeared when grown in wells coated with Col I (Fig. 1B;
supplementary material Fig. S2). During the culture on Col T gel,
cholangiocytes maintained expression of cholangiocyte markers
[osteopontin (OPN), SRY related HMG box transcription factor 9
(Sox9) and hepatocyte nuclear factor (Huf)1B], but did not express
the hepatocyte marker, Hnfda (Fig. 1C), and kept epithelial
characteristics, such as the ability to form cystic structures in 3D
culture; about 1% of cells formed cysts during 10 days in culture
ever after the fourth passage (Fig. 1D; supplementary material Fig,
S2). We further confirmed that, like mouse cholangiocytes, human
EpCAM" cholangiocytes proliferated and retained the expression
of EpCAM on Col I gel (supplementary material Fig. S3). In the
following experiments, we examined differentiation potential of
cholangiocytes after expansion in Col T gel culture.

Hepatocytic differentiation potential of adult
cholangiocytes

To examine the hepatocytic differentiation potential of
cholangiocytes, EpCAM” cells derived from 6 8W mouse
livers were cultured on Col I gel for 5 days and then replated
onto dishes coated with gelatin. To induce hepatocytic
differentiation, oncostatin M (OSM) was added to the culture
medium after the cells reached confluency. On day 9 in culture,
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Fig. 1. In vitro expansion of EpCAM"™ cholangiocytes on Col-I gel. (A) Proliferation of EpCAM™ cholangiocytes on Col-I and Matrigel®. Cholangiocytes
were cultured on Col-I-coated or MG-coated wells or on Col-T gel or MG. Every 7 days, they were replated onto dishes coated with the same extracellular matrix
as the primary culture. During primary culture, cholangiocytes proliferated on Col-I gel, MG gel and MG-coated dishes, though they proliferated most
efficiently on Col-I gel. Beyond secondary culture, cholangiocytes proliferated in all conditions. (B) Adult cholangiocytes retained the expression of EpCAM on
Col-T gel. EpCAM expression was examined by fluorescence-activated cell sorting (FACS). More than 90% of cells retained EpCAM expression on Col-I gel.
(C) Adult cholangiocytes retained the expression of marker genes on Col-I gel. Cultured cholangiocytes expressed the cholangiocyte markers EpCAM, Sox9,
HNF18, and OPN. EpCAM" cells isolated from 6W mouse liver were cultured on Col-I gel for 7 days, fixed in 4% PFA, and incubated with anti-Sox9,
anti-HINF10 and anti-OPN antibodies. Nuclei were counterstained with Hoechst 33258. (D) Adult cholangiocytes form cysts with the central lumen in three-
dimensional culture. At day 7, cultured cholangiocytes were dissociated from Col-I gel, replated on a layer of MG, and then overlaid with 5% MG. Cysts were
stained with anti-EpCAM (green), anti~OPN (red), and phalloidin (white). Nuclei were counterstained with Hoechst33258 (blue).
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cells were overlaid with 5% MG (Fig. 2A). Dense cytoplasm and
clear cell cell contacts were observed after sequential treatment
with OSM and MG (Fig. 2B). However, as shown in Fig. 2B, the
cells barely expressed hepatocyte markers including albumin,
carbamoylphosphate synthetase I (CPSI), phosphoenolpyruvate
carboxykinase (PEPCK), and tryptophan 2,3 dioxygenase
(Tdo2). Thus, hepatocytic characteristics could not be induced
in adult cholangiocytes.

Hepatocytic differentiation potential of neonatal
cholangiocytes

To investigate whether cholangiocytes have the potential to
differentiate into hepatocytes during the early stage of bile duct
formation, we applied the same culture conditions to neonatal
cholangiocytes isolated from |W liver. Similar to adult
cholangiocytes, neonatal cholangiocytes continued to express
cholangiocyte markers during culture on Coll gel
(supplementary material Fig. S4). As shown in Fig. 24,
neonatal cells cultured on gelatin proliferated and formed a
monolayer in which the cells were in close contact with each
other. After addition of OSM to the medium on day 5, the cells
altered their morphology, developing round nuclei and dense
cytoplasm. When the cells were overlaid with MG, cytoplasmic
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granularity increased. Furthermore, bile canaliculus (BC) like
structures were observed between the cells. During the sequential
treatment of OSM and MG, there was increased expression of
the genes for albumin, metabolic enzymes including glucose 6
phosphatase (G6Pase), PEPCK, tyrosine aminotransferase
(TAT), Tdo2, CPSI and cytochrome P450 proteins (Cyps)
(Fig. 2B). We also examined expression of cholangiocyte
matkers including cytokeratin (CK) 7, CK19 and EpCAM,
and found that CK7 and EpCAM were downregulated during
hepatocytic differentiation (Fig. 2B and supplementary material
Fig. S5). Immunocytochemical analysis showed that albumin and
CPSI proteins, which were not expressed in neonatal
cholangiocytes at the beginning of the culture period, were
expressed in the cytoplasm after inducing hepatocytic
differentiation (Fig. 2C3; Figs 4, 7, 8), whereas both proteins
were not induced in adult cholangiocytes (Fig. 2C1; Figs 2, 5, 6).
However, EpCAM was not downregulated in adult
cholangiocytes but was in neonatal ones during culture
(Fig. 2C9 12). To examine whether cells treated with MG
acquired differentiated functions, ammonium chloride was added
to the culture medium. The concentration of ammonium ions in
the medium gradually decreased with the time in the wells of
cultured neonatal cholangiocytes but not in those of adult cells

Fig. 2. Neonatal, but net adult, chelangiocytes differentiate
to functional hepatocytes. (A) Morphological changes of adult
and neonatal cholangiocytes during cualture. Adult
cholangiocytes show dense cytoplasm at day S in culture. Cell
cell contacts were clearly visible after overlaying with MG.
Neonatal cholangiocytes had round nuclei and dense cytoplasm
in the presence of OSM. Cell cell contacts were more evident
after overlaying with MG. After expansion on Col-I gel, adult
and neonatal cholangiocytes were used to induce hepatocytic
characteristics by sequentially treating them with OSM and MG.
Scale bars: 50 pm. (B) Neonatal cholangiocytes were induced to
express hepatocyte markers. Hepatocyte marker expression was
examined by PCR. Adult cholangiocytes weakly expressed
albumin but not other hepatocyte markers even in the presence of
OSM and MG. In contrast, hepatocyte markers such as CPSI,
G6Pase, PEPCK, TAT and Tdo2 were induced in neonatal
cholangiocytes during culture. Cypla2 and Cyp2d10 were also
expressed. Among cholangiocyte markers, CK7 and EpCAM
were slightly downreguiated in the presence of OSM and MG.
Experiments were repeated three times, independently, and the
representative data are shown. (C) Expression of hepatocyte
markers at the protein level. At 1 day after plating onto gelatin-
coated dishes, neonatal cholangiocytes did not express albumin
and CPSI. After inducing hepatocytic differentiation, albumin
(red) was expressed in many cells. Some cells expressed CPST
(red). In contrast, both proteins were not expressed in adult
cholangiocytes before and after treatment of OSM and MG. Scale
bars: 50 pm. (D) Hepatocytes derived from neonatal
cholangiocytes eliminated ammonium ions from the medium.
Ammonium chloride (2 mM) was added to neonatal
cholangiocytes treated with MG. Ammonium ions in the medium
were eliminated by hepatocytes derived from neonatal
cholangiocytes. Average values at each time point are shown
(£s.d.). (E) Hepatocytes derived from neonatal EpCAM cells
formed BC-like structures. After incubation in the presence of
MG, cells were further treated with 100 pM taurocholate, and
FDA was then added. Hepatocytes derived from neonatal
cholangiocytes metabolized FDA and fluorescein was secreted
into BC-like structures. Scale bar: 50 um.
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(Fig. 2D). Finally, to confirm whether BC like structures were
generated, we added fluorescein diacetate (FDA) to the culture
medium after augmenting formation of BC like structures in the
presence of taurocholate (Fu et al, 2011). We found that
metabolized fluorescein was excreted into BC like structures
(Fig. 2E). These data indicate that cholangiocytes possessed the
ability to convert into functional hepatocytes during the neonatal
period.

HNF4¢ and C/EBPg are induced in neonatal
cholangiocytes during culture

Transcription factors have been shown to determine and convert
the lineages of many types of cells. At the time when
hepatoblasts are committed to cholangiocytes, transcription
factors related to hepatocytic differentiation, including HNF4a
and CCAAT/enhancer binding protein o (C/EBPw), are
suppressed, whereas those related to  cholangiocytic
differentiation are upregulated (Tanimizu and Miyajima, 2004;
Yamasaki et al., 2006). Therefore, we tested the possibility that
the expression patterns of these transcription factors differ
between neonatal and mature cholangiocytes. We focused on
HNF4a and C/EBPq, because both of these are crucial for the
differentiation and/or maturation of hepatocytes (Parviz et al.,
2003; Mackey and Darlington, 2004). Using quantitative PCR,
we examined the expression of HNF4o and C/EBPx in neonatal
and mature cholangiocytes during culture for hepatocytic
diffcrentiation. We also examined the expression of FoxA/
(HNF3a), which has been shown to be a crucial factor conferring
hepatocytic characteristics on multipotent as well as somatic cells
(Sekiya et al., 2009; Sekiya and Suzuki, 2011). HNF4«a and C/
EBPa genes were clearly induced in neonatal but not in mature
cholangiocytes, whereas Fox4] was expressed in both cell types
(Fig. 3A). These results suggest that the efficient induction of
HNF4a and C/EBPu« is necessary for cholangiocytes to convert
into hepatocytes. Immunofluorescence analysis farther confirmed
that HNF4a and C/EBPa  were induced in neonatal
cholangiocytes but not in adult ones after inducing hepatocytic
differentiation (Fig. 3B).

Overexpression of C/EBPa and inhibition of the Notch
signaling pathway slightly increase hepatocyte gene
expression in mature cholangiocytes

To examine whether HNF4a and C/EBPo could induce
hepatocytic characteristics, we introduced their ¢cDNAs into
mature cholangiocytes using retroviral vectors. Cholangiocytes
induced with HNF4« or C/EBPa were sequentially treated with
OSM and MG. Both HNF4a and C/EBPu slightly increased
expression of albumin, whereas only C/EBPa upregulated CPST
(Fig. 3C).

Because the Notch signaling pathway has been implicated in
cholangiocyte differentiation of hepatoblasts and hepatocytes
(Tanimizu and Miyajima, 2004; Zong et al, 2009),
considered a possibility that constitutive activation of the
pathway might inhibit hepatocytic differentiation of adult
cholangiocytes. Therefore, we also examined whether inhibition
of the Notch pathway by adding 3,5 difluorophenylacetyl L
alanyl L 2 phenylglycine ¢ butyl ester (DAPT), a 7y secretase
inhibitor that potentially blocks the Notch signaling pathway
(Sastre et al., 2001), could induce the hepatocytic differentiation
of mature cholangiocytes. The DAPT treatment slightly
decreased expression of Hes/, one of major targets of the
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Fig. 3. Overexpression of C/EBPa slightly induces CPSI expression in
adult cholangiocytes. (A) Expression of HNF4a, C/EBPx and FoxAl in
cholangiocytes during culture. HNF4o and C/EBPo. were induced in neonatal
cholangiocytes but not in adult cholangiocytes. FoxAl was expressed in both
types of cells. Expression levels are presented relative to the expression levels
in MHs cultured for 1 day. Two-tailed Student’s #-tests were performed using
Microsoft Excel. (B) Protein expression of HNF4a and CPSI. HNF4o and C/
EBPa. proteins were induced in neonatal cholangiocytes after inducing
hepatocytic differentiation. Nuclei were counterstained with Hoechst 33258.
Scale bars: 50 um. (C) Expression of CPSI was induced by the
overexpression of C/EBPa, but not HNF4o. (D) Induction of hepatocyte
matkers by overexpression of C/EBPa in the presence of a y-secretase
inhibitor. Expression of albumin and CPST hepatocytic induced by C/EBPx.
was further upregulated in the presence of DAPT, a y-secretase inhibitor and a
potent inhibitor for the Notch signaling pathway. The data also show that
expression of Tdo2 and Cyp2d10 were slightly increased.

Notch pathway, whereas expression of albumin was significantly
increased in the presence of DAPT (supplementary material
Fig. S6).

Next, we examined whether overexpression of C/EBPa and
inhibition of the Notch pathway have an additive effect on
hepatocytic differentiation. As shown in Fig. 3D, albumin and
CPSI were induced to a greater extent by a combination of DAPT
and C/EBPa expression than by the treatment of either of them
alone. 7do2 and Cvp2dl0 were slightly induced by the
combination of DAPT with C/EBPa. Although the level of
expression of hepatocyte markers was much lower than in MHs,
C/EBPu expression affected the differentiation status of mature
cholangiocytes.
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Grainyhead-like 2 inhibits hepatocytic differentiation
Overexpression of C/EBPa only slightly promoted hepatocytic
differentiation. Therefore, we assumed that molecular machinery
strongly stabilizing the cholangiocyte lineage might exist in adult
cholangiocytes. As candidates of inhibitory factors, we examined
expression of cholangiocytic transcription factors including Sox9,
hairy enhance of slit 1 (Hesl), Heyl and grainyhead like 2
(Grhi2) that we identified as cholangiocyte specific transcription
factors (Senga et al.,, 2012). Their expression was higher in adult
cholangiocytes than in neonatal cells (Fig. 4A). Furthermore,
Grhl2 and Hes! were maintained at lower levels in neonatal cells
than in adult cells during culture (Fig. 4B). Interestingly, Grhl2
expression was further inhibited in neonatal culture after
inducing hepatocytic differentiation by sequential treatment
with OSM and MG. Downregulation of Grhl2 in neonatal
cholangiocytes and its continuous expression in adult cells during
the culture were further confirmed by immunofluorescence
analysis (supplementary material Fig. S7). Therefore, we
considered the possibility that constant expression of Grhl2 in
adult cholangiocytes might inhibit hepatocytic differentiation.
To test this hypothesis, we introduced Grhl2 into neonatal
cholangiocytes and induced hepatocytic differentiation, and
found that Grhi2 inhibited induction of hepatocyte markers
(Fig. 4C). We further confirmed that Grhl2 blocked expression of
albumin, CPSI, HNF4«, and C/EBPu proteins induced by OSM
and MG (Fig. 4D). Moreover, the downregulation of Grhl2 by
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short interfering RNAs (siRNAs) in adult cholangiocytes slightly
induced hepatocytic characteristics (supplementary material Fig.
S8). These results suggest that maintenance of Grhl2 at a high
level is a crucial factor fixing adult EpCAM" cells in the
cholangiocyte lineage.

Epithelial characteristics of neonatal and adult
cholangiocytes

Given that Grhl2 is implicated in maturation of cholangiocytes
(Senga et al., 2012), we considered the possibility that neonatal
and adult cholangiocytes might be different in terms of their
maturation status as epithelial cells, although bile duct structures
are formed in neonatal liver (Fig. 5A). To examine epithelial
characteristics of cholangiocytes, we cultured them to develop
monolayers, and first measured transepithelial resistance (TER).
In the culture condition used here, cholangiocytes formed
a monolayer during 2 days of incubation. During and after
the formation of the monolayers by neonatal and adult
cholangiocytes, values of TER increased and reached a plateau
(supplementary material Fig. S9). After 4 days of incubation, the
monolayer of adult cholangiocytes showed the higher TER value
than that of neonatal cells (Fig. 5B). We also examined the efflux
of 4 kDa fluoresceinisothiocyanato dextran (FITC dextran) and
found that FITC dextran passed through the monolayer derived
from neonatal cholangiocytes more readily than through that
of adult cells (Fig. 5C). These results indicated that neonatal

Fig. 4. Overexpression of Grhl2 inhibits hepatocyte conversion of
neenatal cholangiocytes. (A) Cholangiocyte transcription factors are
expressed more in neonatal cholangiocytes than in adult ones.
Neonatal and adult cholangiocytes were isolated from |W and 8W
livers, respectively, as EpCAM" cells by FACS. Expressions of
Grhl2, Hesl, Heyl and Sox9 were examined by quantitative PCR.
Neonatal and adult cholangiocytes were isolated from six and three
mice, respectively, as EpCAM " cells by FACS. Cell isolation was
repeated four times, independently. The expression levels are shown
relative to that of adult cholangiocytes. (B) The expression of
cholangiocyte transcription factors is changed during the culture of
cholangiocytes. Expression of Grhl2 was downregulated in neonatal
cholangiocytes during hepatocytic differentiation, whereas it was
maintained in adult cells during culture. Expression of Hesl in
neonatal cholangiocytes remained at a fower level compared with
adult cells. However, in contrast to Grhi2, Hesl was not further
downregulated during hepatocytic differentiation of neonatal
cholangiocytes. Culture was repeated three times, independently.
Error bars represent s.d. Two-tailed Student’s r-tests were performed
using Microsoft Excel. (C) Grhl2 inhibits hepatocytic differentiation
of neonatal cholangiocytes. Grhl2 was introduced to neonatal
cholangiocytes. Hepatocytic differentiation was induced by OSM and
MG. Grhi2 inhibited the induction of hepatocytes markers. Cultures
were repeated three times, independently. (D) Grhl2 inhibits
expression of albumin, CPSI, HNF4« and C/EBPx proteins. Neonatal
cholangiocytes introduced with the control vector or the vector
containing Grhl2 were treated with OSM and MG. Expression of
albumin, CPSI, HNF44 and C/EBPy was examined by
immunostaining (red). Myc-tagged Grhi2 was detected by anti-Myc
antibody (green). Scale bars: 50 pm.
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Fig. 5. Neonatal cholangiocytes are immature epithelial cells as
compared with adult cells. (A) Bile ducts are present in neonatal and adult
livers. EpCAM” cholangiocytes form bile ducts in neonatal (1W-old) and
adult livers. Tight junctions, recognized by ZO1 staining, are present around
the lumens of neonatal and adult bile ducts. Liver sections were incubated
with anti-EpCAM (green) and anti-ZO1 (red) antibodies. Nuclei were
counterstained by Hoechst 33258. Boxes in panels | and 5 are enlarged in
panels 2 4 and 6 8, respectively. Scale bars: 50 pm. (B) Neonatal
cholangiocytes have a lower TER value. Fifty thousand cholangiocytes were
plated onto Col-T gel in a 12-well plate. TER values at day 4 are shown in the
graph. Cultures were repeated three times, independently. Bars indicate s.e.m.
Two-tailed Student’s t-tests were performed. (C) Higher paracellular efflux of
4 kDa FD occurs through the monolayer of neonatal cholangiocytes. At day 4
of culture, paracellular efflux of 4 kDa FITC-dextran (FD) was examined for
the monolayers of neonatal and adult cholangiocytes. Bars indicate s.e.m.
Two-tailed Student’s f~tests were performed. (D) Neonatal cholangiocytes
form smaller cysts than adult cells in 3D culture. Neonatal and adult
cholangiocytes dissociated from Col-I gel were incubated in gel containing
5% Matrigel. Representative neonatal and adult cysts are shown in the left
panels. Scale bar: 50 pm. After incubation for 10 days, the diameter of the
fumen was measured. Cultures of neonatal and adult cholangiocytes were
repeated three and two times, respectively. Each culture was performed in
four wells. A dot plot is shown with bars indicating the means * s.e.m.

cholangiocytes formed relatively immature tight junctions (TJs)
compared with adult cells.

As we previously reported, maturation of TJs promotes
epithelial morphogenesis, which could be correlated with
enlargement of the apical lumen of cysts formed in three
dimensional culture of epithelial cells (Senga et al., 2012). After
10 days of three dimensional culture, about 1% of neonatal and
adult cholangiocytes formed cysts with a central lumen.
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However, the lumen size of neonatal cysts was significantly
(P<<0.0001) smaller than that of adult cysts, further suggesting
that neonatal cells form relatively immature TJs compared with
adult ones (Fig. 5D). These results indicate that neonatal
cholangiocytes are immature epithelial cells.

Discussion

In this study, we demonstrated that cholangiocytes possess the
ability to convert into hepatocytes in the neonatal period but this
capability is lost in the adult. Similarly, it has been demonstrated
that pancreatic duct cells have the potential to differentiate into
endocrine and exocrine cells in the neonatal period but their
differentiation potential becomes limited in the adult (Kopp et al.,
2011). Thus, tubular epithelial cells may generally lose lineage
plasticity during postnatal development.

Although, as we mentioned above, it has been shown that
neonatal pancreatic duct cells lose the capability to differentiate
to multiple types of cell during development, it is not known how
the plasticity of epithelial cells is limited. We unexpectedly found
that neonatal cholangiocytes are still developing epithelial
characteristics even after forming the tubular structure. It can
be assumed that production of bile by neonatal hepatocytes is less
than that by mature ones and, therefore, relatively immature TJs
in neonatal livers are sufficient to prevent the leakage of bile to
the parenchyma and/or to the blood vessels, including the portal
vein and the hepatic artery. This assumption seems to be
consistent with the fact that the accumulation of bile in the
neonatal gallbladder is much less than in the adult one
(supplementary material Fig. S10). Furthermore, we showed
that Grhl2 was expressed at a higher level in adult than in
neonatal cholangiocytes and could inhibit hepatocytic
differentiation. As we previously demonstrated, Grhi2
promotes formation of functional TJs by establishing a
molecular network among claudin 3, claudin 4 and Rab25
(Senga et al., 2012). Thus, our results suggest that the molecular
machinery that establishes the epithelial integrity limits the
differentiation potential of epithelial cells and thereby stabilizes
the lineage of the cells.

It was recently shown that transcription factors could covert
fibroblasts into pluripotent stem cells or other types of somatic
cells (Yamanaka and Blau, 2010; Yang, 2011). The combination of
Gatad4, HNFlo and FoxAl, or that of HNF4a plus FoxAl, A2 or
A3, was able to convert mouse skin fibroblasts to hepatocytes
{Huang et al, 2011; Sekiya and Suzuki, 2011). Because these
proteins are strongly expressed in MHs but not in cholangiocytes,
we considered the possibility that their expression status is a key to
determining the potential for hepatocytic differentiation. In
addition to these transcription factors, we focused on C/EBPq,
which is also important for the functions of MHs (Inoue et al.,
2004). During the course of hepatocytic ditferentiation, neonatal
cholangiocytes expressed FoxAl, HNF4oa and C/EBPo. Adult
cholangiocytes, however, expressed FoxAl but neither HNF4o nor
C/EBPa. To elucidate the difference in induction, we examined
epigenetic modification of the promoters of HNF4o and C/EBPa.
Compared with hepatocytes, methylation of CpG sequences
increased in cholangiocytes (supplementary material Fig. St1).
However, there was little difference between IW and 6W
cholangiocytes. Other epigenetic mechanisms or upstream
factors may regulate the expression of HNF4a and C/EBPa in
hepatic epithelial cells. Although C/EBPo expression was
effective in conferring hepatocytic characters on cholangiocytes,
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the level of induction was limited. This indicates that other factors
may block lineage conversion. The present study suggests that
Grhl2 is one such inhibitory factor.

Although Grhl2 did not affect expression of C/EBPa mRNA, it
did block induction of C/EBPa protein during hepatocytic
differentiation (supplementary material Fig. S12; Fig. 4),
suggesting that Grhl2 or its target inhibits translation of
C/EBPo. However, downregulation of Grhl2 alone did not
markedly induce expression of C/EBPu and hepatocytic
differentiation in adult cholangiocytes. This result indicates that
other molecules might be involved in regulating those processes.
Nevertheless, when upregulation of C/EBPu and downregulation
of Grhl2 simultaneously occurred in adult cholangiocytes,
hepatocytic markers were further upregulated and some cells
expressed albumin and CPSI proteins (supplementary material
Fig. S13). Moreover, we demonstrated that the inhibition of the
Notch pathway by DAPT was effective in inducing hepatocytic
characteristics in adult cholangiocytes, although DAPT treatment
only slightly upregulated Hesl. Given that the Notch pathway
could regulate the lineage of hepatic epithelial cells
independently of Hesl (Jeliazkova et al., 2013), other targets of
the pathway may be also involved in conferring hepatocytic
characteristics in adult cholangiocytes. Taken together our results
suggest that to induce hepatocytic differentiation in adult
cholangiocytes, we may need to not only promote expression
of hepatocytic transcription factors but also inhibit
cholangiocytic factors and the Notch pathway.

In summary, we demonstrate here that cholangiocytes alter
their lineage plasticity during epithelial maturation. We identified
a possible molecular network augmenting epithelial structures
and functions, which also contributes to stabilization of the
epithelial cell lineage by blocking conversion to other lineages.
Our results suggest that it is not easy to convert the mass of
mature cholangiocytes to hepatocytes; however, several groups
have reported that hepatocytes can be produced from pluripotent
stem cells or somatic cells (Si Tayeb et al., 2010; Huang et al,,
2011; Sekiya and Suzuki, 2011). Although induced hepatocytes
differentiate to functional hepatocytes in diseased mice, it is still
difficult to control the process of hepatocytic differentiation of
pluripotent and somatic cells and produce a mass of MHs in vitro.
Neonatal cholangiocytes have a remarkably strong ability to
convert into hepatocytes, so for pluripotent cells to achieve the
differentiation status of these cells would be an important step in
the differentiation process. We have successfully expanded
human cholangiocytes isolated from adult human liver tissue in
the same culture conditions as used for mouse cholangiocytes
(supplementary material Fig. S3). In addition, cholangiocytes
isolated from extrahepatic bile ducts and the gallbladder of adult
mice could proliferate efficiently in the same culture conditions
(data not shown). Therefore, if we could find a factor that reverts
mature cholangiocytes to the differentiation status of neonatal
ones, it may be possible to produce functional hepatocytes that
can be used as a source of cell therapy and for drug screening.

Materials and Methods

Extracellular matrix, growth factors and chemicals

Col-I (3 mg/ml) was purchased from Koken Co., Ltd (Tokyo, Japan). Growth
factor-reduced Matrigel® (MG), which contains extracellular matrix proteins
including type I'V collagen, laminin-111 and nidogen, was purchased from BD
Biosciences (Bedford, MA). Epidermal growth factor (EGF), hepatocyte
growth factor (HGF) and OSM were purchased from R&D Systerms
{Minneapolis, MN).
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Isolation and culture of cholangiocytes

One-week (IW)- and 6-week (6W)- old mice (C57BL6, Sankyo Lab Service,
Japan) were used to isolate neonartal and adult cholangiocytes, respectively. All the
animal experiments were approved by the Sapporo Medical University
Institutional Animal Care and Use Comumittee and were carried out under the
institutional guidelines for ethical animal use. A two-step collagenase perfusion
method was performed through the portal vein of adult mice or through the left
ventricle of neonatal mice to digest liver tissues. After the removal of parenchymal
cells, the residual material including bile ducts was further digested with Liberase
TM (Roche Applied Sciences, San Diego, CA) for neonatal tissues or with
collagenase/hyaluronidase solution for adult tissues. Enzymatic digestion was
terminated by adding ice-cold fresh medium containing 10% fetal bovine serum
(FBS).

The cell suspension was passed sequentially through a 100-pun mesh and a 70-
pm cell strainer (BD Biosciences). Nonspecific binding of antibodies was blocked
by an antibody against the Fcy receptor (anti-CD16/CD32 antibody; BD
Biosciences). Cells were incubated with biotin-conjugated anti-EpCAM antibody
(BioLegend, San Diego, CA) followed by streptavidin microbeads (Miltenyi
Biotec, Gladbach, Germany). EpCAM" cells were purified through a MACS
column (Miltenyi Biotec). Twenty thousand cells were placed in each well of a 12-
well plate. For culture on Col-I gel or MG, collagen type TAC (Koken) mixed with
10x reconstitution buffer containing 200 mM HEPES, 30 mM NaOH, 260 mM
NaHCO,, 10x Dulbecco’s modified Eagle’s medium (DMEM) and PBS or MG
was added to each well. To coat wells with collagen type IAC or MG, these agents
were diluted in 0.1 M CH;COOH and DMEM/F12 medium, respectively, and
500 pl of solution was added to each well. The cells were cultured in DMEM/F12
medium supplemented with 10% FBS, 10 ng/ml EGF and HGF, 5x107% M
dexamethasone (Dex; Sigma Chemical Co., St. Louis, MO) and 1x insulin-
transferrin-selenium (ITS; Gibco, Carlsbad, CA). After 5 7 days in culture, cells
were dissociated from the dishes and then used for subculture (supplementary
material Fig. S1).

Human liver tissue was obtained from a patient who underwent hepatic resection
at Sapporo Medical University Hospital, with informed consent and the approval
of the Sapporo Medical University Ethics Committees. The liver tissue was
digested by a method reported previously (Sasaki et al., 2008). Cholangiocytes
were isolated from the remaining tissue using the same protocol as that used for the
isolation of mouse cholangiocytes and then purified through an MACS column
with FITC-conjugated anti-human EpCAM (BiolLegend) and anti-FITC
microbeads (Miltenyi Biotec).

Induction of hepatocytic differentiation

After culture on Col-1 gel, cholangiocytes were dissociated from the gel and 5x10*
cells were cultured in each well of 24-well plates coated with gelatin. After the
cells became confluent, they were incubated with 20 ng/ml OSM, 1% DMSO,
1077 M Dex, and 1x ITS for 4 days and then overlaid with 5% MG for an
additional 4 days.

To examine the ability to eliminate ammonium ions from the culture medium,
NH4Cl was added to the culture medium at 2 mM. The concentration of
ammonium ions was measured every 2 hours by using the Ammonia Test Wako
(Wako Pure Chemical Industries, Osaka, Japan).

To enhance the formation of bile canaliculus (BC) structures in the colonies,
100 uM tauracholate {Tokyo Chemical Industry Co. Ltd, Tokyo, Japan) was added
to the medium for 1 day. The formation of BC-like structures was confirmed by
incubation with 10 pg/ml fluorescein diacetate (FDA; Sigma-Aldrich, St. Louis.
MO) for 30 minutes. The accumulation of metabolized fluorescein into BC-like
structures was examined.

Overexpression of transcription factors

cDNAs of C/EBPa, HNF 4o and Grhi2 were amplified by PCR and inserted
into retroviral vectors to generate pMXsNeo-C/EBPa, pMXsPuro-HNF4o and
pMXsNeo-Grhi2. Retrovirus was added to the culture 48 hours after starting the
culture on Col-I gel. For the control, pMXsNeo or pMXsPuro was introduced to
cholangiocytes. G418 (1 mg/ml) or puromycin (10 pg/ml) was added to the culture
24 hours after infection to select cells with pMXsNeo-C/EBPo or pMXsNeo-
Grhi2, and pMXsPuro-TINF4x, respectively. After incubation in the presence of
antibiotics for 24 hours, cells were incubated in medium without them for 2 or 3
days before replating onto gelatin-coated dishes.

PCR

Total RNA was isolated from purified EpCAM™ cells using an RNeasy Mini Kit
(Qiagen, Hilden, Germany). cDNA was synthesized using an Omniscript Reverse
Transcription Kit {Qiagen). Primers used for PCR are shown in supplementary
material Table S1.

Immunofiuorescence chemistry
Cholangiocytes induced to differentiate or colonies derived from EpCAM” cells
were fixed in PBS containing 4% paraformaldebyde (PFA) at 4°C for 15 minutes.
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After permeabilization with 0.2% Triton X-100 and blocking with Blockace (DS
Pharma, Biomedical Co. Ltd, Osaka, Japan), cells were incubated with primary
antibodies (supplementary material Table S2). Signals were visualized with Alexa-
Fluor-488, -555 or -633-conjugated secondary antibodies (Molecular Probes,
Carisbad, CA). Nuclei were counterstained with Hoechst 33258. Images were
acquired with a Nikon X-81 fluorescence microscope.

Measurement of TER and paracellular tracer flux

Fifty thousand cholangiocytes dissociated from the Col-I gel were replated on a
12 mm Transwell with a 0.4 Wm pore, polyester membrane coated with Col-T gel,
which was placed in a 12-well plate (Corning Inc., Corning, NY). TER was
measured directly in the culture medium using a Millicell-ERS epithelial Volt
Ohm meter (Millipore, Billerica, MA) during the culture. The TER values were
calculated by subtracting the background TER of blank filters, followed by
multiplying by the surface area of the filter (1.12 cm?). For the paracellular tracer
flux assay, 4 kDa FITC-dextran (Sigma-Aldrich) was added to the medium inside
the Transwell dish on day 4 at a concentration of | mg/ml. After incubation for
2 hours, an aliquot of medium was collected from the basal compartment. The
paracellular tracer flux was determined as the amount of FITC-dextran in the basal
medium, which was measured with an Infinite M1000 Pro multi-plate reader
(Tecan Group Ltd, Mannedorf, Switzerland).

Three-dimensional culture

Neonatal and adult cholangiocytes were cultured in gel containing Matrigel® as
previously reported (Tanimizu et al., 2007). Briefly, cholangiocytes were
dissociated from Col-I gel and 5,000 cells were replated on the mixture of
Matrigel® and type T collagen (1:1 v/v) in a well of an 8-well coverglass chamber
(Nunc, Roskilde, Denmark) covered with 5% Matrigel®. After 5 minutes of
incubation, cells were fixed and used for immunofluorescence analysis.
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Differentiation Capacity of Hepatic Stem/Progenitor
Cells Isolated From p-Galactosamine-Treated Rat Livers

Norihisa Ichinohe,' Naoki Tanimizu," Hidekazu Ooe,' Yukio Nakamura,"* Toru Mizuguchi,” Junko Kon,’
Koichi Hirata,® and Toshihiro Mitaka'

Oval cells and small hepatocytes (SHs) are known to be hepatic stem and progenitor cells.
Although oval cells are believed to differentiate into mature hepatocytes (MHs) through
SHs, the details of their differentiation process are not well understood. Furthermore, it is
not certain whether the induced cells possess fully mature functions as MHs. In the present
experiment, we used Thyl and CD44 to isolate oval and progenitor cells, respectively,
from p-galactosamine-treated rat livers. Epidermal growth factor, basic fibroblast growth
factor, or hepatocyte growth factor could trigger the hepatocytic differentiation of sorted
Thyl™ cells to form epithelial cell colonies, and the combination of the factors stimulated
the emergence and expansion of the colonies. Cells in the Thyl™"-derived colonies grew
more slowly than those in the CD44 " -derived ones in vitro and in vivo and the degree of
their hepatocytic differentiation increased with CD44 expression. Although the induced
hepatocytes derived from Thyl™ and CD44™ cells showed similar morphology to MHs
and formed organoids from the colonies similar to those from SHs, many hepatic differen-
tiated functions of the induced hepatocytes were less well performed than those of mature
SHs derived from the healthy liver. The gene expression of cytochrome P450 1A2, trypto-
phan 2,3-dioxygenase, and carbamoylphosphate synthetase I was lower in the induced
hepatocytes than in mature SHs. In addition, the protein expression of CCAAT/enhancer-
binding protein alpha and bile canalicular formation could not reach the levels of produc-
tion of mature SHs. Conclusion: The results suggest that, although Thyl™ and CD44*
cells are able to differentiate into hepatocytes, the degree of maturation of the induced
hepatocytes may not be equal to that of healthy resident hepatocytes. (HepatoLoGy 2012;
57:1192-1202)

he liver normally exhibits a very low level of
cell turnover, but when loss of mature hepato-
cytes (MHs) occurs, a rapid regenerative
response is elicited from all cell types in the liver to
restore the organ to its initial state. The loss may occur
as a result of toxic injury, viral infection, trauma, or
surgical resection. Because hepatocytes are the major
functional cells of the liver, large-scale hepatocytic loss

becomes a trigger for regeneration, and replication of
existing hepatocytes is generally the quickest, most effi-
cient way to compensate for the lost functions. How-
ever, when the replication of hepatocytes is delayed or
entirely inhibited, hepatic stem/progenitor cells (HPCs)
are activated.'® As HPCs, oval cells and small hepato-
cytes (SHs) are well known. Oval cells were first

reported to be cells that possessed an ovoid nucleus and

Abbreviations: Abs, antibodies; AFE alpha-fetoprotein; Alb, albumin; BC, bile canaliculus; bFGE basic fibroblast growth factor; BrdU, 5-bromo-2°-
deoxyuridine; BW, body weight; CPS-I, carbamoylphosphate synthetase I CK, cytokeratin; C/EBR CCAAT/enhancer-binding protein; CYP1A2, cytochrome P450
1A2; 3D, three-dimensional; DPPIV, dipepridylpeptidase IV: ECM, extracellular matrix; EGE epidermal growth factor; FD, fluovescent diacetate; FGE fibroblast
growth factor; GalN, p-galactosamine; HA, hyaturonic acid; HGE hepatocyre growth factor; HNE hepatocyte nuclear factor; HPCs, hepatic stemlprogenitor cells;
ICC, immunocytochemistry; INF-y, interferon-gamma; IR intraperitoneally; LI, labeling index; MH, mature hepatocyte: mRNA, messenger RNA; PBS, phosphate-
buffered saline; PH, partial hepateciomy; gPCR; quantitative polymerase chain seaction; RET, vetrorsine SH, smail hepatocyre; TAT tyrosine aminotransferase;
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scant cytoplasm.” The appearance of oval cells has been
reported in rat livers treated with hepatotoxins, such as
2-acetylaminofluorene (2-AAF), combined with partial
_hepatectomy (PH) and p-galactosamine (GalN)."”7 In
GalN-induced rat liver injury, it has been shown that
oval cells appear in the periportal area and differentiate
into MHs through basophilic small-sized ones.*” Oval
cells show a wide range of phenotypic heterogeneity,
and cytokeratins (CKs) 7 and 19, alpha-fetoprotein
(AFP), CD34, c-kit, and Thyl have been reported as
markers for them.">>~

On the other hand, SHs are a subpopulation of he-
patocytes, and cells isolated from healthy adult rats'®"!
and human livers'® can clonally proliferate to form col-
onies and differentiate into MHs iz vitro.' > Recently,
we identified CD44 as a specific marker of SHs.'* In
GalN-treated rat livers, CD44™ cells appear near the
periportal area between Thyl™ oval cells and resident
hepatocytes soon after the emergence of Thyl™ oval
cells.'” In addition, we previously showed that Thyl™*
oval cells differentiate into hepartocytes through CD44™
cells.">® Our data suggested that cells sequentially con-
verted from Thyl"CD44 to Thyl"CD44" and then
to Thyl CD44™ cells during the process of hepatocytic
differentiation of oval cells.'">'® Furthermore, sorted
Thyl™ and CD44" cells could repopulate host livers
when they were transplanted into rat livers treated with
retrorsine (RET) and two-thirds PH.

Although most oval cells are thought to differentiate
into MHs, the details of their differentiation process,
such as factors for hepatic commitment, characteristics
of intermediate cells, and their fates are not well under-
stood. In addition, it has not been elucidated whether
the induced hepatocytes differentiate to possess the
same capabilities as MHs. In the present experiment,
we aimed to clarify which factors might induce hepato-
cytic differentiation of Thyl™ cells and to examine how
Thy1™ cells could differentiate into hepatocytes through
CD44" cells. In addition, we examined whether the
Thyl™ and CD44" cells could differentiate into fully
MHs, as with those in the healthy adult liver.

Materials and Methods

Animals and Liver Injury Model. Male F344 rats
(dipeptidylpeptidase IV [DPPIV]" strain; Sankyo Lab
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Service Corporation, Inc., Tokyo, Japan), weighing
150-200 g, were used. All animals received humane
care, and the experimental protocol was approved by
the committee on laboratory animals according to
Sapporo Medical University guidelines. For GalN-
injured livers, GalN (75 mg/100 g body weight [BW]
dissolved in phosphate-buffered saline [PBS]; Acros,
Geel, Belgium) was intraperitoneally (IP) adminis-
tered."® For the transplantation experiment, female
F344 rats (DPPIV  strain; Charles River Laborato-
ries, Wilmington, MA) were (IP) given two injections
of RET (30 mg/kg BW; Sigma-Aldrich Chemical
Co., St. Louis, MO), 2 weeks apart,]7 and 4 weeks
after the second injection, two-thirds PH was per-
formed (RET/PH liver). Sorted DPPIV™ cells (5 x
10° cells/0.5 mL) were transplanted into RET/PH
livers (DPPIV ) through the spleen (at least 3 rats
per group).

Isolation and Culture of Cells. Rats were used to
isolate hepatic cells by the collagenase perfusion
method, as previously described.'® After perfusion, the
cell suspension was centrifuged at 50 X g for 1 mi-
nute. The supernatant and the precipitate were used
for sorting Thyl™ and CD44" cells and preparing
MH, respectively. The procedure used for cell sorting
was as previously described,’® with some modifica-
tions. Antibodies (Abs) used for cell sorting are listed
in Supporting Table 1. Thyl"CD44™ cells were sorted
from CD44" cell and Thyl™ cell fractions by using
anti-Thyl or CD44 Abs, respectively, and both were
pooled. Furthermore, Thyl™ and CD44™ cells were
also separated from CD44 and Thyl cell fractions,
respectively. After the number of viable cells was
counted, 1 x 10° viable cells were plated in 12-well
plates (Corning Inc., Corning, NY) and cultured in
the medium listed in Supporting Table 2. The me-
dium was replaced with fresh medium thrice-weekly.

To examine whether cells in the colonies could fully
differentiate into MHs and form functional bile canali-
culi (BCs), Thyl™CD44 and Thyl CD44" cells
sorted from GalN-D3 and SHs derived from a healthy
liver were cultured for 10 days. Thereafter, some dishes
were treated with Matrigel (BD Biosciences, San
Diego, CA) for 10 days. To enhance the organoid for-
mation of the colonies, as previously r,eported,19
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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 performed, 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.

Inmunostaining. 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 Fluorescein 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 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.heml).

livers
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Fig. 1. Gene expression of sorted GaIN-D2-Thyl™ cells, D3-Thy1™
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 biue.

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

Growth Factors Numbers of Colonies/Well Numbers of Cells/Colony

Control 0 0
EGF 45 *+ 3.8 41,4 = 1.8
bFGF 0.3 £ 0.6 13.0 = 0.0
HGF 1.0+ 1.7 24.6 = 11,7
LIF 0 ]
INF o 0 0

IFN vy 0 0
OSM 0 0
PDGF BB 0 0

SCF 0 0
L6 0 0

TGF B1 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 possibility that Thyl™ cells became the
hepatocyte 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).

® >

33
8 a0 -
= =+
5 o
S 28 4
o s
gy 8
S kS
> . o
‘*’8 15 r :‘j
S Z
Z10
s
& *
<120 ng40 ng [ {0 ng |20 ng 40 ng} 10 ng {20 ngjd0 ng
BGFBEGE EGF+HGF EGE+bFGF+HGEF

40
120 ¢
160 R
e
=
<
0 ¢
[
60 F
S0
20 b
4] =
SGF {10 ng {20 op {400 10 ng {20 ng 1490 ng | 10ng ] 20 ng {40 ng
EGP+bFGY EGFsHGF EGF+bFGF+HGF

ICHINOHE ET AL, 1195

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 Thyl™ cells possessed the ability to
differentiate into hepatic cells, and that the induction
was initated by EGF, bFGE and/or HGE

Fig. 2. Induction of CD44-positive cell colonies from sorted D2-Thyl™ cells by treatment with EGE bFGE and/or HGE Thyl™ cells (1 x 10°
viable cells/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 EGE. 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 significandy 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) cells
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. 4E). 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.
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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 vive, cell transplantation was carried
out. D2-Thy1™ D3-Thyl "CD44 ° D3-
Thyl1"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 teatment. In additon, 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 (qQPCR) of cells was performed for each col-
ony, which was separated from the culture dish using a
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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
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toxylin (blue). The number of cells per focus was measured (I). Astetisks indicate significant differences: P < 0.05.
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Fig. 5. Gene expression of the cells in each colony was measured by gPCR. Thyl™ cells sorted from GaIN-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°Y (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-l) was performed. Although many cells in Thyl-derived colonies coexpressed CD44 and Thyl, some large cells (arrowheads)
exhibited no expression of either protein (E, a-d). There wete some colonies consisting of a mixture of Alb™ 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'
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colonies, those in CD44"8" colonies showed not only
relatively high expression of albumin and hepatocyte
nuclear factor (HNF)-4a, 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. 5E, a—d). There were colonies
consisting of a mixture of albumin (Alb)™ and CK-
197 cells (Fig. SE, e-h), though most cells expressed
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Alb and only a few cells exhibited CK-19 (Fig. 5E, i~
1). 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-4a and Alb (Supporting Fig. 3A).
In addition, a marked increase of Alb secretion was
also observed in cells with Matrigel (Supporting Fig.
3B). However, neither 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)-o 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 rat liver.'>'?%°
However, ICC for C/EBP-o 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 gPCR for each colony derived from
Thyl, CD44, and SHs revealed that gene expression
of cytochrome P450 1A2 (CYP1A2), tryptophan 2,3-
dioxygenase (TDO), and carbamoylphosphate synthe-
tase I (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
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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.”>?® 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 differendiated into
CD44" hepatocytes through Thyl™CD44™" cells."”
These results suggested that the population of Thyl™
cells was heterogeneous, and that it contained purtative
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)-a, HGE and FGF play important roles in
stem/progenitor  cell-mediated regeneration.
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 compartment.®”?® TInterestingly, 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-a, 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
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Fig. 6. To enhance organoid formation of the colonies, colonies derived from GaIN-D3 Thy1 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-u (A,b,fj) and CD44 (A,c,g,k) was ICC observed and the percentage of C/EBP-u™ 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-z), 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-z, IL-6, and INF-y
could not induce the epithelial differentiation of
Thyl™ cells or enhance their expansion. This might be
because D2-Thyl™ 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-Thy1 cells, progressively
increased in the order D3-Thyl, D3-Thyl"CD44™
and D4-CD44 cells. Although results of qPCR showed
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that the degree of expression of the genes of interest
was different among epithelial colonies derived from
D3-Thyl cells, the cells in the CD44™" 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 cells
(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."’ In 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.""** 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
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from both Thyl™ and CD44" cells. The lower expres-
sion of CYP1A2, 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 heparocytes 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 foci disap-
peared within 2 months after transplantation.'® Similar
results were shown for the transplantation of CD44™
cells. Those results indicate that HPCs may not be able
to survive for a long time. Detailed histological analysis
at 2 wecks after transplantation revealed that the per-
centage of C/EBP-u" 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 results may reflect the in 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 efficientdy 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.
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INTRODUCTION testosterone, and results in castration-resistant pros-

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.

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 (S5STR1-5), 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% CQO; 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% NaHCQOs.

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 RNeasy kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. A total
of 2 ug 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 pl) 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 pul) 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-
TTCTGGAAGQ), 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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