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GFP #HBEFOEA L RALA, GFP IZH®R
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WiDr A431

Human liver cells
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Human colon cells
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Epithelial Mesenchymal Transition Is a Characteristic of
Hyperplasias and Tumors in Mammary Gland From
MMTV-Cripto-1 Transgenic Mice
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Epithelial-mesenchymal transition (EMT) facilitates migration and invasion of
epithelial tumor cells, Cripto-1 {CR-1), a member of the epidermal growth factor-
CFC protein family increases migration of cells in vitro. Here the expression of
molecular markers and signaling molecules characteristic of EMT were assessed In
mammary gland hyperplasias and tumors from mice expressing the human CR-1
transgene by the MMTV promoter (MMTV-CR-1) and in mouse mammary epithelial
cell line HC-11 overexpressing CR-1 (HC-11/CR-1). Western blot analysis showed
decreased expression of E-cadherin in MMTV-CR-1 tumors and in HC-11/CR-1
cells. The expression of N-cadherin, vimentin, cyclin-D1, and of the zinc-finger
transcription factor, snail, was increased in MMTV-CR-1 tumors. Increased snail
mRNAwas alsofound in HC-11/CR-1 cells. Expression of phosphorylated (P}-c-5rc,
P-focal adhesion kinase (FAK), P-Akt, P-glycogen synthease kinase 3p {G5K-3f),
dephosphorylated (DP)-f-catenin, and various integrins such as, alpha 3, alpha v,
beta 1, beta 3, and beta 4 was also increased in MMTV-CR-1 tumors. immuno-
histochemistry showed positive staining for vimentin, N-cadherin, cyclin-D1,
smooth muscle actin, fibronectin, snail, and B-catenin in MMTV-CR-1 tumor
sections. HC-11/CR-1 cells treated with the ¢-Src inhibitor PP2 reduced the
expression of P-c-5rc and of P-FAK, P-Akt, P-GSK-3f3, DP-B-catenin all known to be
activated by c-Src. Migration of HC-11/CR-1 cells was also reduced by PP2
treatment. These results suggest that CR-1 may play a significant role In promoting
the increased expression of markers and signaling molecules associated with
EMT. ). Cell. Physiol. 201: 266-276, 2004. © 2004 Wiley-Liss, Inc.

One aspect of tumor biology is the capacity for primary
malignant epithelial cells to exit their site of origin,
degrade the surrounding extracellular matrix (ECM),
migrate into blood vessel, and invade secondary organs
(Liotta, 1986). In order for tumer cells to carry out this
invasive process, they must first modify their phenctype
by altering the expression of a new repertoire of cell
surface receptors, growth factors, proteases, and adhe-
sion molecules that participate in the activation of
particular signaling pathways needed to facilitate cell
proliferation and migration (Price et al., 1997). Tumor
cells that migrate must first undergo an important
process known as epithelial-mesenchymal transition
{(EMT). EMT is a normal physiologic process by which
epithelial cells loose their relatively strong adhesive-
ness, become more motile and assume a spindle-shaped
morphology resembling cells of mesenchyme origin

© 2004 WILEY-LISS, INC.
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(Boyer et al., 2000; Savagner, 2001). This process
normally occurs during embryonic development and
organogensis, tissue growth and wound healing and
repair (Perez-Pomares and Munoz-Chapuli, 2002). EMT
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facilitates migration and invasion of epithelial tumor
cellz and hag recently been suggested as an index of
aggressiveness and increased metastatic potential in
different types of malignant tumors (Nishihara and
Tsuneyoshi, 1993; Fuchs et al., 2002; Gilchrist et al,,
2002; Xue et al., 2003).

A well-characterized series of biochemical modifica-
tions oceurs during EMT. For instance, degradation or
loss of expression of the epithelial adhesion molecule
E-cadherin and a concomitant increase in expression of
N-cadherin is a common finding in cells undergoing
EMT (Hatta and Takeichi, 1986; Islam et al., 1996; Kim
et al., 2000). In fact, N-cadherin was shown to induce
increased motility, invasion, and metastasis of breast
cancer cells (Nieman et al., 1999; Hazan et al., 2000).
Loss of E-cadherin expression that occurs during EMT is
coupled to the intracellular accumulation of p-catenin,
which normally participates in adherens junctions with
E-cadherin (Nieset et al., 1997; Chitaev and Troya-
novsky, 1998; Boyer et al., 2000; Savagner, 2001), In
most cases intracellular accumulation of B-catenin is
prevented by glycogen synthease kinase 3f (GSK-3p)-
dependent phosphorylation of B-catenin and subsequent
ubiquitination and degradation through the proteosome
{Henderson and Fagotto, 2002), Interference with p-
catenin degradation such as occurs during activation of
the canonical Wnt signaling pathway leads to accumu-
lation of dephosphorylated (DP)-B-catenin that translo-
cates to the nucleus and functions as a transcription
factor in a complex with Tcf/Lef-1 to activate genes such
as c-mye, cyclin-D1, and snail, that are involved in cell
survival, proliferation, and migration (Pelakis, 2000).
Members of the snail family zinc-finger transcription
factors are important for mesoderm development and
are expressed in adult tissues and organs including
cardiac and skeletal muscle (Paznekas et al.,, 1999).
8nail can bind to E-boxes in the promoter regions and
regulate the expression of genes such as, E-cadherin,
N-cadherin, fibronectin (FN), vimentin, and smooth
muscle actin (SMA) (Nieto, 2002). Since cells under-
going EMT acquire a more mesenchymal phenotype,
cytoskeletal components undergo changes often char-
acterized by an increased expression of vimentin and/or
SMA, which are cytoskeleton molecules normally
expressed in mesenchymal cells (Steinert and Roop,
1988; Masszi et al., 2003). Increased expression of
certain growth factors such as fibroblast growth factor
(FGF), transforming growth factor-beta 1 (TGF-B1), and
scatter factor/hepatocyte growth factor (SF/HGF), and
activation of signaling molecules such as c¢-Sre, Akt,
focal adhesion kinase (FAK), and integrin linked kinase
(LK) have also been shown to occur during EMT and
probably contribute to the increased migration and
invasive capacity of tumor cells (Birchmeier et al., 1996;
Thiery and Chopin, 1999).

Cripto-1 (CR-1) is a signaling protein and member of
the epidermal growth factor (EGF)-CFC protein family,
which plays an important role during early embryonic
development (Minchiotti et al., 2002). Increased expres-
sion of CR-1 has been observed in a variety of human
carcinomas including gastrointestinal tumors, lung
cancer, breast cancer, cervical, ovarian, and testicular
cancers (Salomon et al., 2000). Overexpression of mouse
CR-1 in mouse mammary epithelial cells in vitro in-
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creases proliferation, chemotaxsis, and migration when
these cells are cultured on plastic or extracellular matrix
(ECM)-coated porous filters (Wechselberger et al,
2001). CR-1 can function as a co-receptor for the TGF-
Bl-related protein Nodal and activate an Alk4 and
Smad-dependent signaling pathway (Yeo and Whitman,
2001; Bianco et al., 2002a), Recently, the EGF-like
domain of CR-1 was found to bind to mouse mammary
epithelial cells and mouse mammary gland tissue
sections suggesting the presence of a specific CR-1-
receptor interaction (Biance et al., 2002b). In fact, CR-1
was later shown to bind glypican-1, a glycosylpho-
sphatidylinositol (GPI)-linked membrane associated
heparan-sulphate proteoglycan, and to specifically
activate the tyrosine kinase c¢-Sre which was required
for cell proliferation and migration of mammary epithe-
lial cellz (Bianco et al., 2003). These effects of CR-1 are
coincident with EMT in vitro and were blocked by the
specific Src inhibitor, PP2, suggesting that glypican-1
and c-Sre activity may be important components of
CR-1-dependent EMT.

To better understand the potential role of CR-1 in
EMT, we have assessed the expression of molecular
markers and signaling melecules characteristic of
EMT in hyperplasias and tumors that develop in
the mammary gland of transgenic micethat overexpress
the human CR-1 transgene under the transcriptional
control of the MMTV promoter (MMTV-CR-1) (Wech-
selberger, submitted).

MATERIALS AND METHODS
Antibodies

The following antibodies were used for both immuno-
histochemistry and Western blotting: rabbit anti-
E-cadherin (H108), rabbit anti-N-cadherin (H-63),
goat anti-vimentin (C-20), rabbit anti-integrin alpha v
(H-75), goat anti-integrin alpha 3 (N-19), rabbit anti-
integrin beta 1 (M-106), rabbit anti-integrin beta 3 (H-
86), rabbit anti-integrin beta 4, rabbit anti-cyclin-D1
(C-20), rabbit anti-FN (H-300), and goat anti-snail
(T-18) were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA); rabbit anti-Akt, anti-phosphory-
lated (P)-Akt, anti-GSK-3p and anti-P(Ser9)-GSK-38
were purchased from Cell Signaling (Beverly, MA);
mouse anti-c-Sre (GD11) and rabbit anti-p-catenin were
purchased from Upstate (Charlottesville, VA); mouse
anti-FAK and anti-P-FAK were purchased from Chemi-
con (Temecula, CA); mouse anti-DP-B-catenin from
Calbiochem (San Diego, CA); mouse anti-SMA from
Zymed (San Francisco, CA); rabbit anti-P-c-Src
from Biocsource (Camarillo, CA); rabbit anti-CR-1
{1579) from Biogen, Inc. (Cambridge, MA) and mouse
anti-actin (JLA20) from Oncogene (Boston, MA).

Cells and transgenic mammary tissue samples

Normal mouse mammary epithelial cells HC-11 wild-
type (HC-11/WT) and HC-11 cells that are overexpres-
sing CR-1 (HC-11/CR-1) were established and grown as
previously reported (Wechselberger et al., 2001; Bianco
et al., 2002a,b, 2003). Mammary tissue lesions consist-
ing of four hyperplasias and five adenocarcinomas were
obtained each from separate, multiparous MMTV-CR-1
G4 female mice. Mammary tissues from three FVB/N
strain normal multiparcus mice were used as controls.
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All samples had been previously (Wechselberger, sub-
mitted) categorized and catalogued according to pa-
thology as determined by an independent veterinary
pathologist. In brief, multiparous MMTV-CR-1 female
mice developed ductal hyperplasias and multifocal
lobules of hyperplastic epithelium, At 14-18 months,
approximately 35% of the G4 MMTV-CR-1 mice thathad
undergone at least five pregnancies developed tumor
lesions. These lesions are papillary adenocarcinomas
containing multiple layers of relatively differentiated
tumor cells, which in some areas line solid undiffer-
entiated foci containing large anaplastic and elongated
mesenchyme-like tumor cells.

Western blotting

HC-11/WT and HC-11/CR-1 cells were grown until
approximately 80% confluent and then serum starved
for 24 hr before being harvested for Western blot
analysis. Protein extracts in lysis buffer were obtained
from these cells and Western blotting was performed as
previously described (Bianco et al., 2002a), For inhibi-
tion experiments, approximately 2 x 10° HC-11/CR-1
cells were seeded and grown until 80% confluent, serum
starved for 24 hr then treated for 15 min with 1 pM of the
¢-Sre inhibitor PP2 (Calbiochem) before being harvested
for Western blotting as above. The specificity of this
inhibitor and ideal concentration was determined in our
previous study (Bianco et al., 2003). Mammary tissue
from normal FVB multiparous, MMTV-CR-1 hyperpla-
sias and MMTV-CR-1 tumors, previously stored in
liquid nitrogen, were crushed while still frozen and
rapidly homogenized in lysis buffer using a polytron
(Powergen 85, Fisher Scientific, Pittsburgh, PA).
Cellular debris was spun down by centrifugation at
14,000 rpm for 10 min at 4°C. Protein concentration was
determined for each supernatant and equal amounts
were used for Western blotting. Equal loading of
proteins was determined by Western blotting for actin.
A 1:1,000 dilution was used for all antibedies except for
anti-CR-1 and anti-p-catenin, which were used at
1:3,000. To determine the fold difference in expression
of the molecules examined, blots were scanned and
densitometric readings of the bands was obtained by
using NIH Image 1.62f software (Research Services
Branch, WIH). All densitometric readings were normal-
ized against actin expression.

Immunohistochemistry

For immunohistochemistry, 5 pm thick sections of
paraffin-embedded, formalin-fixed mammary tissue
were deparafinized in xylene, rehydrated in a series of
graded ethanols, and pre-digested with ready to use
pepsin solution (Digest-All3, Zymed) for 10 min at 37°C.
Endogenous peroxidase activity was blocked with 3%
H,0,. The sections were then incubated for 30 min at RT
with the primary antibodies listed above all used at
1:100 dilution. Negative controls were obtained by
replacing the primary antibodies with irrelevant control
isotype IgG. Immunostaining was carried out using the
Vectastain ABC kit appropriate for the type of primary
antibody used (Vector, Burlingame, CA) and following
the manufacture’s instruction. Color was developed
with either DAB (brown) or AEC (red) peroxidase
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substrates (Vector) and sections counterstained with
haematoxylin,

RT-PCR for snail mRNA expression

Mouse mammary gland samples were subjected to
RNA preparation with RNeasy Mini kit (Qiagen,
Valencia, CA) and treated with DNage I (Invitrogen,
Carlsbad, CA). The resultant RNA was spectrophoto-
metrically qualified and quantified at 260, 280, and
320 nm. The RNA was transcribed to ¢cDNA with
Superscript IT (Invitrogen) and random hexamer pri-
mers (Invitrogen). Toobtain cDNAs, 100 ng of RNA were
amplified with PCR Master (Roche Diagnostics, India-
napolis, IN} for 35 ¢ycles (94°C for 1 min, 60°C for 1 min,
and 72°C for 1 min) using primers for mouse snail:
forward-5'-AGCTGGCCAGGCTCTCGG-3' and reverse-
5-TAGCTGGGTCAGCGAGGG-3',

Cell migration assay

Cell migration across FN-coated, modified Boyden
chambers was evaluated using the QCM™.FN Migra-
tion Assay (Chemicon) following manufacture’s instrue-
tions. Briefly, approximately 2 x 10° cells (HC-11/WT,
HC-11/CR-1 and HC-11/CR-1 -+ PP2, 1 pM) were seeded
onto the FN-coated migration membranes and incu-
bated for 3 hr. Non-migrating cells were carefully wiped
off the inner surface of the chambers with a swab.
Migrated cells on the outer surface were stained with
crystal violet, rinsed, and solubilized with extraction
buffer, The extraction buffer was then transferredinto a
microtiter plate and optical density (OD)read at 540 nm.

Statistics

Student’s i-test was used to determine significance of
the mean densitometric values of the Western blots and
of the mean OD values obtained from the cell migration
assay. Calculations and analysis was performed using
the SPSS 7.5 for Windows statistical package. AP value
of <0.05 was considered statistically significant.

RESULTS
Expression of EMT markers in
MMTV-CR-1 lesions

Western blotting of mammary gland tissue extracts
showed a reduction in expression of E-cadherin in tumor
lesions from MMTV/CR-1 transgenic mice compared to
mammary tissue that was obtained from normal FVB
multiparous mice (Figs. 1 and 2). E-cadherin expression
was actually increased in the majority of the hyperplas-
ticlesions studied (Figs. 1 and 2). The adhesion molecule
N-cadherin was overexpressed in hyperplastic and
tumor lesions in the MMTV/CR-1 mammary gland
(Figs. 1 and 2). The expression of the mesenchyme
cytoskeleton molecule vimentin was also enhanced in
MMTV/CR-1 mammary tumor lesions (Figs. 1 and 2).
Levels of the cell-cycle regulator cyclin-D1 increased
in the hyperplasias with highest expression found in
exlgac):ts from the MMTV/CR-1 tumor lesions (Figs. 1
and 2).

Increased expression of the integrins alpha 3, alphayv,
beta 1,beta 3, and beta 4 was also observed in most of the
MMTV/CR-1 mammary gland hyperplasias with high-
est expression found in the MMTV/CR-1 mammary
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Fig. 1. Western blots representative of the change in expreasion of
epithelial-mesenchymal transition (EMT) markers and integrins
found in extracts from mammary gland tissues obtained from normal
FVB strain multiparous mice (FVB) and from mammary glands with
hyperplasias and tumors in MMTV transgenic mice overexpressing
human Cripto-1 (MMTV/CR-1).

tumor samples (Figs. 1 and 2). Inmunocstaining of the
MMTV/CR-1 tumor sections showed positive staining
for CR-1, vimentin, N-cadherin, cyclin-D1, SMA, and
FN especially in areas of the tumors containing large,

oorly differentiated, tumor cells of which some also ex-
ﬁibited an elongated, mesenchyme cell-like morphology
Fig. 8).

Expression of snail in MMTV-CR-1 iransgenic
mammary lesions and in HC-11 CR-1
transfected cells ’

Like the previous EMT markers, snail was expressed
in the poorly differentiated areas of the MMTV/CR-1
mammary tumor lesions (Fig. 4A). Very little staining
for snail was observed in the epithelial cells or stroma of
normal FVB mammary tissue sections (Fig. 44, inset).
Positive staining of muscle tissue in FVE mammary
tissue sections was obtained (Fig. 4A, inset). Focal
staining of sparse epithelial cellslining the hyperplastic
acinar lesions was observed (Fig. 4D). Western blotting
confirmed the increased expression for snail in the
MMTV-CR-1 mammary tumor tissue (Fig. 4B,C). To
investigate whether CR-1 expression is associated with
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increased snail expression, we assessed the expression
of snail mRNA in HC-11 mouse mammary epithelial
cells that were overexpressing CR-1. RT-PCR showed
increased expression of snail RNA in the HC-11/CR-1
cells compared to HC-11/WT cells (Fig. 4E).

Expression of signaling molecules associated
with EMT in MMTV/CR-1 transgenic

mammary lesions

Compared to mammary tissue obtained from wild-
type FVB multiparous animals, increased expression of
the phosphorylated and activated forms of ¢-Sre, FAK,
and Akt were found by Western blotting in mammary
tissue extracts from the mammary hyperplastic and
tumeor lesions in the MMTV/CR-1 transgenic mice after
normalizing for expression of the non-phosphorylated
forms of the same molecules (Fig. 5A,B). Since P-Akt was
expressed in both the hyperplastic and tumor MMTV/
CR-1 lesions, we also investigated whether there was
expression of one of its substrates, GSK-3B, in these
lesions. In fact, increased P-GSK-3p was found in the
MMTV/CR-1 mammary gland lesions compared to FVB
control animals (Fig. 5A,B). Western blotting showed a
gradual increase in the expression of DP-B-catenin being
lowest in the FVB normal multiparous control tissue,
intermediate in the MMTV/CR-1 hyperplastic lesions
and highest in the MMTV/CR-1 tumors (Fig. 4F,G).
Immunohistochemisrty showed positive staining for
DP-p-catenin in the cytoplasm of large tumor cells found
in the stroma of the MMTV/CR-1 mammary tumors
(Fig. 4H).

Expression of EMT markers and signaling
molecules in HC-11 cells expressing CR-1

Compared to HC-11/WT there was a decrease in ex-
pression of E-cadherin in HC-11/CR-1 cells and an
increase in vimentin expression as observed by Western
blotting (Fig. 6A). No differences in the expression of
N-cadherin or SMA were ¢bserved between HC11/WT
and HC11/CRE-1 (data not shown). Beta 1 integrin
expression was increased in HC11/CR-1 cells compared
to HC11/WT cells (Fig. 6A) but there was no significant
difference observed in the expression of the integrins
alpha v and alpha 3 between the two types of cells (data
not shown), Western blotting of protein extracts also
showed increased expression of P-¢-Src, P-Akt and P-
GSK-3p in HC-11/CR-1 cells as compared to wild-type
HC-11 cells (Fig. 6A). In addition, there was no
difference in expression in total p-catenin between these
two cell types. However, there wasincreased expression
of DP-B-catenin in HC-11/CR-1 cells compared to HC-11/
WT cells (Fig. A).

Effect of PP2 on expreésion of EMT signaling
molecules and cell migration in HC11
cells overexpressing CR-1

CR-1 is known to form a complex with glypican-1
on the cell surface and promote activation of c¢-Src
suggesting that ¢-Src may play a pivotal role in CR-1-
dependent signaling (Bianco et al., 2003). When HC-11/
CR-1 cells were treated with the ¢-Src specific in-
hibitor PP2, Western blotting of lysates obtained
from treated cells showed a decrease in expression of
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Fig. 2. Histograms showing the fold difference in expression of EMT markers and integrins determined
by densitometric reading of Western blots, Each reading was normalized relative to actin expression.
White bara, mean fold difference in expression among three FVB strain multiparous mice; gray bars,
mean fold difference in expression in hyperplastic mammary lesions from four MMTV/CR-1 transgenic
mice; black bars, mean fold difference in expression in mammary tumors from five MMTV/CR-1

transgenic mice (*, P < 0.05).

108



EMT IN Cripto-1 TRANSGENIC MICE

Fig. 3. Immunohistochemistry of sections of mammary gland tumors
from MMTV/CR-1 mice shows eﬁ)resaion of: (A) human Cripto-1
(40x); (B) vimentin {40x); (C) N<cadherin (100x); (D) cyclin-D1
(100x); (B) smooth musele actin (SMA) (100 x); (F} fibrenectin (100x).
Inset in center panel in box (E) shows SMA expressed in myoepithelial

P-FAK, P-Akt, P-GSK-3p and also a reduction in the
expression of DP-B-catenin (Fig. 6B,C). This was
correlated with a significant reduction in the migration
across FN-coated migration membranes of PP2 treated
HC-11/CR-1 cells compared to untreated HC-11/CR-1
cells (Fig. 6D).

DISCUSSION

We have recently shown that when a human CR-1
transgene in an MMTV-CR-1 expression vector was
used to generate several different heterozygous trans-
genic mouse lines, these mice exhibited a spectrum
of transgene expression in the mammary gland
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cells (yellow arrow) surrounding glandular atructures in a section of
nermal mammary gland from multiparous FVB mouss. Solid arrows
point to relatively differentiated epithelial tumor cells with respect to
the larger more elongated, anaplastic tumor cells (arrow heads).

(Wechselberger, submitted). In that study, multiparous
G4 MMTV-CR-1 females exhibited multifocal ductal
hyperplastic lesions and approximately 35% of these
animals after four fto five pregnancies developed pa-
pillary adenocarcinomas and solid undifferentiated
tumors that probably originate from the hyperplasias
after 15-18 months. This study demonstrates that these
hyperplasias and tumors in the MMTV-CR-1 transgenic
mammary gland exhibit a phenotype that suggests
that epithelial cells within these lesions are undergoing
EMT.

In normal tissues, epithelial cells are bound to each
other through tight intercellular junctions. Adherens
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Fig. 4. TImmunohistochemistry in part (A) shows diffuse staining for
snail in solid fumor areas (arrow heads) of tissue section from MMTV/
CR-1 mammary gland. Inset in part (A) shows no staining for snail in
normal mammary glands from FVB multiparous mouse but pesitive
staining in adjacent muscle tissue (arrow). Part (B) shows mean fold
difference in snail expression measured by densitometric readings of
Woestern blots of mammary tissue obtained from: three normal FVB
strain multiparous mice (white bar); hyperplastic mammary lesions
from four MMTV/CR-1 transgenic mice (gray bar); mammary tumors
from five MMTV/CR-1 transgenic mice (black bar). Representative
Western blot in part (C) shows increased snail expression in mammary
tumers from MMTV/CR-1 transgenic mice compared to mammary
tissue from normal FVB strain multiparous mice. Focal staining for

junctions constitute a major component of these inter-
cellular junctions and are composed of the transmem-
brane molecule E-cadherin, which binds to B- and -
catenin through its cytoplasmic tail. This complex then
binds to a-catenin, which forms a bridge for connecting
these to actin (Tsukita et al,, 1992). EMT is charac-

snail in hyperplastic lesions (arrows) is shown in part (D). In part (E),
result from RT-PCR shows higher levels of snail mENA in normal
mouse mammary epithelial cells transfeeted with Cripto-1 (HC11/CR-
1) compared to non-transfected control cells (HC11/WT). A represen-
tative Western blot in part (F) shows increased expression of
dephosphorylated-p-catenin (DP-f-catenin) in mammary gland tissue
extracts from MMTV/CR-1 transgenic mice. Part (G) shows the fold
difference in expression determined by densitometry of Western blots
of DP-B-catenin expression in all mammary tissue samples studied.
Immunohistochemisrty in part (F) shows pesitive staining for DP-g-
catenin of tumor cells (arrows) in the stroma of MMTV/CR-1
mammary gland tumor section (*, P < 0.05).

terized by an increase in cell motility as a consequence
of the loss of intercellular contact, which is evidenced
by a decrease in E-cadherin expression and disassembly
of the adherens junction complex. This leads to a
change in the subcellular localization of f-catenin while
the morphology of the epithelial cells becomes more
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elongated and mesenchyme-like as the cells exhibit an
increase in motility and invasiveness (Nieset et al.,
1997; Chitaev and Troyanovsky, 1998; Boyer et al.,
2000; Savagner, 2001),
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Previous experiments have demonstrated that over-
expression of CR-1 in mammalian epithelial cell lines is
associated with morphological, functional, and molecu-
lar alterations that are suggestive of EMT (Ebert ot al,,
2000; Wechselberger et al., 2001; Bianco et al., 2003;
Normanno et al., 2004). The present study demonstrates
that hyperplasias and tumors from the mammary gland
of transgenic mice that overexpress the human CR-1
transgene alse show morphological and biochemical
characteristics of EMT. The decreased expression of
E-cadherin in tissue extracts from the MMTV/CR-1
tumors compared to extracts from mammary gland
tissue of multiparouzs normal FVB/N mice and a cor-
responding increase in the expression of N-cadherin in
the transgenic mammary lesions suggests that CR-1
may play a role in promoting EMT in these lesions.
In fact, positive immunostaining for N-cadherin was
observed in tumor cells with a more elongated mesench-
ymal-like morphology compared to adjacent relatively
more differentiated, round epithelial tumor cells form-
ing rudimentary glandular structures. These same
elongated tumor cells also showed increased cell-cycle
activity as evidenced by positive staining for cyclin-D1.
Interestingly, the expression of E-cadherin was actually
increased in the MMTV/CR-1 hyperplastic lesions, This
is most likely due to the preponderance of epithelial
cells still tightly adherent to each other in the hyper-
plastic lesions compared to the epithelial structures
present in the mammary tissue of FVB normal multi-
parous mice and of MMTV/CR-1 transgenic mice with
adenocarcinomas.,

Another characteristic of EMT is the increase in
expression of vimentin, an intermediate filament pro-
tein normally expressed in mesenchyme tissues, and in
motile cells during embryonic development (Lane et al.,
1983) and during disease (Fuchs and Weber, 1994; Gilles
et al., 1996). Recombinant mouse or human CR-1 was
shown to enhance the motility of epithelial cells and
these effects were associated with an increase in vimen-
tin expression (Ebert et al., 2000; Wechselberger et al.,
2001; Bianco et al., 2003). Expression of vimentin was
highest in tissue extracts of the MMTV/CR-1 tumor
lesions and, as observed with N-cadherin expression,
vimentin staining by immunochemistry showed in-
creased expression in the undifferentiated, elongated
tumor cells adjacent the papillary tumor structures.

Integrins are heterodimers composed of non-cova-
lently associated, transmembrane alpha and beta sub-
units that interact with an array of ECM molecules,
such as type IV collagen, laminin and fibronectin, and
orchestrate fundamental cell processes such as adhe-
sion, proliferation, and migration (Coppolino and Ded-
har, 2000; Danen and Sonnenberg, 2003). Studies have
shown that increased expression of specific integring is

Fig. 5. Representative Western blots in part (A) shows increased
expression of activated signaling molecules c-Sre, FAK, Akt, and GSK-
3B in mammary lesions from MMTV/CR-1 transgenic mice compared
to mammary tissue extracts from FVB strain normal multiparous
mice. Part B shows mean fold difference in expression of P-c-Src, P-
Akt, P-FAK, and P-GSK-3p determined by densitometry of Western
blota of mammary tissue extracts from three FVB strain normal
multiparous mice (white bar), hyperplastic mammary lesions from
four MMTV/CR-1 transgenic mice (gray bar) and mammary tumor
lesions from five MMTV/CR-1 transgenic mice (black bar) (*, P < 0.05).
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Fig. 6. Part A Western blots of lysates from normal mouse
mammary epithelial cells overexpressing Cripto-1 (IIC11/CR-1) shows
decressed expression of E-cadherin and increased expression of
vimentin and beta 1 integrin as well as increased expression of active
phosphorylated (P) signaling molecules important for EMT like c-Sre
and Akt. Increased expression of inactive P-GSK-3p and depho-
sphorylated--catenin (DP-B-catenin) was associated with overexpres-
sion of Cripto-1 in HC11 cells. Western blotting of lysates from HC11/

associated with enhanced tumor agpressiveness. For
example, TGF-fl-mediated EMT of SiHa cells and
Syndecan-1-mediated cell spreading of human breast
carcinoma cells were associated with increased expres-
sion of integrins alpha v and beta 3 (Yi et al., 2002;
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CR-1 treated with the specific ¢-Sre inhibitor PP2 in part (B) shows
decreased expression of P-¢-Sre, P-FAK, P-Akt, P-GSK-3p, and DP-p-
catenin. In part (C), results from readings obtained by densitometry
shows the fold decrease in expression of P-c-Src, P-FAK, P-Akt, P-
GSK-3p, and DP-B-catenin in HC-11/CR-1 cells after PP2 treatment.
PP2 also significantly reduced migration of HC11/CR-1 as shown in

part (D).

Beauvais and Rapraeger, 2003). Also, EGF-induced
EMT of colon carcinoma cells was associated with an
increase in expression of the alpha 2 integrin and EMT
of human breast carcinoma cells and rat bladder
carcinoma cells was associated with an increase in
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expression of alpha 2 and beta 1 integrins (Maemura
et al., 1995; Valles et al., 1996; Solic and Davies, 1997).
Our study suggests that one possible mechanism by
which CR-1 may facilitate EMT is through the induction
of expression of integrins. We found increased expres-
sion of alpha v, alpha 3, beta 1, beta 3, and beta 4 in-
tegrins in the MMTV/CR-1 mammary tumor lesions and
beta 1 integrin, which was overexpressed in HC-11
mouse mammary epithelial cells expressing CR-1.
Integrins cluster on the cytoplasmic membrane when
binding to specific ECM molecules and facilitate the
formation of focal adhesions thereby promoting tyrosine
phosphorylation of FAK, which initiates intracellular
signaling pathways leading to cell spreading (Burridge
etal, 1992). Akt is alsoinvolved in integrin directed cell
signaling and in turn phosphorylates and inactivates
GSK-3j activity (Lynch et al,, 1999). Unphosphorylated
or active GSK-3B phosphorylates and targets B-catenin
for subsequent ubiquitination and protecsome degrada-
tion (Lynch et al., 1999). When GSK-3f isinactivated by
phosphorylation, B-catenin is free to accumulate in the
cell where it is capable of entering the nucleus to form a
complex with the transcription factor Tef/Lef and
activate target genes such as cyclin-D1 which are im-
portant for cell survival, proliferation, and migration
(Henderson and Fagotto, 2002). The presence of
increased P-FAK, P-Akt, and P-GSK-3B in the MMTV/
CR-1 mammary tumor tissue extracts correlates with
the increased expression of non-phesphorylated p-ca-
tenin in these lesions. This suggests that CR-1 may be
involved inregulating certain aspects of the Wnt signal-
ing pathway. In fact, inactive GSK-3p and accumulation
of B-catenin are characteristics of the activated canoni-
cal Wnt signaling pathway (Huelsken and Behrens,
2002; Pandur et al., 2002). In this respect, increased
expression of Wit target gene products such as cyclin-
D1 and the zinc-finger transcription factor snail was also
found in MMTV/CR-1 mammary lesions, By immuno-
histochemistry, we found most of the snail expression in
the undifferentiated areas of the MMTV/CR-1 trans-
genic tumors. HC-11 cells transfected with CR-1 also
showed increased snail mRENA expression compared to
control cells. Since snail has been shown to down-
regulate E-cadherin expression (Cano et al., 2000; Poser
et al,, 2001; Jiao et al., 2002), snail overexpression in
MMTV/CR-1 mammary tumor lesions may be respon-
sible for the low level of E-cadherin expression found in
these samples and in HC11 cells expressing CR-1.

We alsofound increased expression of active P-¢-Srcin
both MMTV/CR-1 tumor tissue extracts and in HC-11
cells expressing CR-1 suggesting that c-Src may also
play a role in CR-1-dependent signaling. Studies have
shown that ¢-Src can directly or indirectly activate
the same signaling molecules that are also involved in
the integrin-signaling cascade such as FAK and Akt
(Cary et al., 1999; Jones et al., 2000; Jiang and Qiu,
2003). In addition, activated ¢-Src has been shown to
stabilize cytoplasmic B-catenin through tyrosine phos-
phorylation (Hinck et al., 1994; Gottardi and Gumbiner,
2001).Itizpossible that either CR-1 dependent EMTisa
result of e-Sre activation, which in turn activates
downstream signaling molecules such as FAK and Akt,
or that CR-1 is capable of binding to one of the specific
types of integrins thereby directly activating FAK,
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which is also capable of activating c-Src. A previous
study demonstrated that active ¢-Sre kinase is neces-
sary for CR-1 dependent transformation and migration
of mouse mammary epithelial cells (Bianco et al., 2003).
The results from the present study demonstrating that
PP2 treated HC-11 cells transfected with CR-1, and not
blocking antibodies against either integrinbeta 1 or beta
3 (data not shown), exhibited a decreased activation of
phosphorylated FAK, Akt, GSK-3f, and p-catenin as
well as a significant decrease in migration across FN-
coated membranes supports a c-Sre-dependent pathway
that is activated by CR-1. However, activation of
signaling by CR-1 through the interaction with integ-
rins like beta 4 needs to be assessed for potential CR-1-
dependent integrin signaling. It may also be possible
that CR-1 can activate downstream integrin signaling
indirectly by stimulating the cells to synthesize and
deposit specific ECM proteins that are important for cell
spreading. In fact, FN, which is an ECM molecule known
to bind beta integrins and regulate diverse cellular
activities (Danen and Yamada, 2001), was expressed in
the MMTV/CR-1 mammary tumors.

Our data further supports the oncogenic potential of .
CR-1. We show that CR-1 expression iz associated with
the turnover of intercellular adhesion proteins, the
expression of mesenchyme markers associated with
increased tumor aggressiveness and the activation of
signaling molecules important for cell survival, prolifera-
tion, and migration. All these characteristics are high-
lights of EMT, an important mechanism for tumeor cell
migration and metastasis. Through activation of c-Src
and other signalingmolecules like FAK, Akt, and GSK-3p
important for EMT or interaction with cell surface
molecules like integrins, CR-1 may be capable of promot-
ing cellular migration. The increased expression of snail
and of DP-B-catenin also suggests that other signaling
pathways such as Wnt may cross-talk with CR-1
signaling and regulate cell adhesion and migration.

LITERATURE CITED

Beauvais DM, Rapraeger AC. 2003. Syndecan-1-mediated cell spread-
ing requires signaling by alphavbeta3 integrins in human breast
carcinoma cells. Exp Cell Res 286:219-232,

Bianco C, Adkins HB, Wechselberger C, Seno M, Normanne N, De
Luca A, Sun Y, Khan N, Kenney N, Ebert A, Williams KP, Sanicola
M, Salomon DS. 2002a. Cripte-1 activates nodal- and ALK4-
dependent and -independent signaling pathways in mammary
epithelial cells. Mol Cell Biol 22:2686-2687.

Bianeo C, Normanno N, De Luca A, Maiello MR, Wechselberger C,
Sun Y, Khan N, Adkins H, Sanicola M, Vonderhaar B, Uohen B,
Seno M, Salornon D. 2002b. Detection and localization of Cripto-1
binding in mouse mammary epithelial cells and in the mouse
mammary gland using an immunoglobulin-cripto-1 fusion protein,
J Cell Physiol 190:74-82, .

Bianco C, Strizzi L, Rehman A, Normanno N, Wechselberger C, SunY,
Khan N, Hirota M, Adkins H, Williams K, Margolis RU, Sanicela M,
Salomon DS. 2003. A Nedal- and ALK4-independent signaling
pathway activated by Cripto-1 through Glypican-1 and e-Sre.
Cancer Res 63:1192-1197,

Birchmeier C, Birchmeier W, Brand-Saberi B. 1998. Epithelial-
mesenchymal transitions in eancer progression. Acta Anat (Basel)
156:217-226.

Boyer B, Valles AM, Edme N. 2000, Induction and regulation of
epithelial-mesenchymal transitions. Biechem Pharmacol 60:1091—
1099

Burridge K, Turner CE, Romer LH. 1992, Tyrosine phosphorylation
of paxillin and ppl125FAK accompanies cell adhesion to extracel-
lular matrix: A role in cytoskeletal assembly. J Cell Biol 119:893-
803.



276

Cano A, Perez-Moreno MA, Rodrigo I, Lecascie A, Blanco MJ, del
Barrio MG, Portillo F, Nieto MA. 2000. The transcription factor
snail controls epithelial-mesenchymal transitions by repressing
E-cadherin expression. Nat Cell Biol 2:76-83.

Cary LA, Han DC, Guan JL. 1999. Integrin-mediated signal
transduction pathways. Histol Histopathol 14:1001-1009.

Chitaey NA, Troyanovsky SM. 1998. Adhesive but not lateral E-
cadherin complexes require calcium and catenins for their forma-
tion. J Cell Biol 142:837-846.

Coppolino MG, Dedhar 8. 2000, Bi-directional signal transduction by
integrin receptors. Int J Biochem Cell Biol 32:171-188.

Danen EILJ, Sonnenberg A. 2003. Integrins in regulation of tissue
development and function. J Pathel 200:471-480.

Danen EHJ, Yamada KM. 2001. Fibronectin, inteprins, and growth
control, J Cell Physiol 189:1-13.

Ebert AD, Wechselberger C, Nees M, Clair T, Schaller &, Martinez-
Lacacil, Wallace-Jones B, Bianco C, Weitzel HK, Salomon DS. 2000.
Cripto-1-induced increase in vimentin expression is associated with
enhanced migration of human Caski cervical carcinoma cells. Exp
Cell Res 257:223-229.

Fuchs E, Weber K 1994. Intermediate filaments: Structure, dy-
namics, function, end disease. Annu Rev Biochem 63:3465-382.

Fuchs IB, Lichtenegger W, Buehler H, Henrich W, Stein H, Kleine-
Tebbe A, Schaller Q. 2002. The prognostic significance of epithelial-
mesenchymal transition in breast cancer. Anticancer Res 22:3415—
3419,

Gilchrist AJ, Meuser R, Turchinsky J, Shaw AR, Pasdar M, Dixen WT.
2002. Cell adhesion-mediated transformation of a human SCLC cell
line is associated with the development of a normal phenotype. Exp
Cell Res 276:63-78.

Gilles G, Polette M, Piette J, Delvigne AC, Thompson EW, Foidart JM,
Birembaut P. 1986, Vimentin expression in cervical carcinomas:
Association with invasive and migratory potential. J Pathol 180:
175-180.

Gottardi CJ, Gumbiner BM. 2001. Adhesion signaling: How beta-
catenin interacts with its partners. Curr Biol 11:R792-R794.

Hatta K, Takeichi M. 1986. Expression of N-cadherin adhesion
molecules associated with early morphogenetic events in chick
development, Nature 320:447—-449,

Hazan RB, Phillips GR, Qiao RF, Norton L, Aaronson SA. 2000,
Exogencus expression of N-cadherin in breast cancer cells induces
cell migration, invasion, and metastasis. J Cell Biol 148:779-790.

Henderson BR, Fagotto F. 2002. The ins and outs of APC and beta-
catenin nuclear transport. EMBO Rep 3:834-839.

Hinck L, Nathke IS, Papkoff J, Nelson WJ. 1934, Beta-catenin: A
common target for the regulation of cell adhesion by Wnt-1 and Sre
signaling pathways. Trends Biochem Sci 19:538-542.

Huelsken J, Behrens J. 2002, The Wnt signalling pathway. J Cell Sci
115:3577-3978.

Islam 8, Carey TE, Wolf GT, Wheelock MJ, Johnson KR. 1998.
Expression of N-¢adherin by human squamous carcinoma cells
induces & scattered fibroblastic phenotype with disrupted cell—cell
adhesion, J Cell Biol 136:1642-1654.

Jiang T, Qiu Y. 2003, Interaction between Src and a C-terminal
proline-rich motif of Akt is required for Akt activation. J Bio] Chem
278:15789--16793.

Jiao W, Miyazaki K, Kitajima Y. 2002. Inverse correlation between E-
cadherin and snail expression in hepatocellular carcinoma cell lines
in vitre and in vivo. Br J Cancer 86:98-101.

Jones RJ, Brunton V@G, Frame MC, 2000. Adhesion-linked kinases in
cancer; emphasis on are, focal adhesion kinase, and PI 3-kinase. Eur
J Cancer 36:1595-1608.

Kim JB, Islam 8, Kim YJ, Prudoff RS, Sass KM, Wheelock MJ,
Johnson KR. 2000. N-Cadherin extracellular repeat 4 mediates
epithelial o mesenchymal transition and increased motility. J Cell
Biol 6:1193-12086.

Lane EB, Hogan BL, Kurkinen M, Garrels JI. 1983. Co-expression of
vimentin and eytokeratins in parietal endoderm cells of early mouse
embryo. Nature 303:701-704.

Liotta LA. 1986. Tumor invasion and metastases—role of the extra-
cellular matrix: Rhoads Memorial Award Lecture, Cancer Res 46:1-7.

Lynch DK, Ellis CA, Edwards PA, Hiles ID. 1999. Integrin-linked
kinase regulates phosphorylation of serine 473 of protein kinase B
by an indirect mechanism. Oncogene 18:8024—8032.

Maemura M, Akiyama SK, Woods VL, Jr., Dickson RB. 1995. Ex-
pression and ligand binding of alpha 2 beta 1 integrin on breast
carcinoma cells, Clin Exp Metastasis 13:223-235.

114

STRIZZI ET AL.

Masszi A, Di Ciano C, Sirokmany G, Arthur WT, Rotstein OD, WangJ,
McCulloch CA, Rosivall L, Muesi I, Kapus A. 2003, Central role for
Rho in TGF-betal-induced alpha-smooth muscle actin expression
during epithelial-mesenchymal transition. Am J Physiol Renal
Physiol 284:F911-F924.

Minchiotti G, Parisi S, Liguori GL, D’Andrea D, Persico MG. 2002.
Role of the EGF-CFC gene cripto in cell differentiation and embrye
development. Gene 287:33-37.

Nieman MT, Prudeff RS, Johnson KR, Wheelock MJ. 1999, N-
cadherin promotes motility in human breast cancer cells regardless
of their E-cadherin expression. J Cell Biol 147:631-644.

Nieset JE, Redfield AR, Jin F, Knudsen KA, Johnson KR, Wheelock
MJ.1997. Characterization of the interactiona of alpha-catenin with
alpha-actinin and beta-catenin/plakoglobin. J Cell Sei 110:1013-
1022,

Nieto MA. 2002. The snail superfamily of zinc-finger transcription
factors, Nat Rev Mol Cell Biol 3:156-168.

Nishihara K, Tsuneyoshi M. 1993, Undifferentiated spindle cell
carcinoma of the gallbladder: A clinicopathologic, immunohisto-
chemical, and flow cytometric study of 11 cases. Hum Pathol 24:
1298-1305.

Normeanno N, De Luca A, Bianco C, Maiello MR, Carriero MV,
Rehman A, Wechselberger C, Arra A, Strizzi L, Sanicola M,
Salomon DS. 2004. Cripto-1 overexpression leads to enhanced in-
vasiveness and resistance to anoikis in human MCF-7 breast cancer
cells. J Cell Physiol 198:31-39.

Pandur P, Maurus D, Kuhl M. 2002. Increasingly complex: New
players enter the Wnt signaling network. Bioessays 24:881-884.
Paznekas WA, Okgjima K, Schertzer M, Wood S, Jabs EW. 1999,
Genomie organization, expression, and chromosome location of the
human snail gene (SNAII) and related processed pseudogene

(SNAILP). Genomica 62:42-49.

Perez-Pomares JM, Munoz-Chapuli R. 2002. Epithelial-mesenchymal
transitions: A mesodermal cell strategy for evolutive innovation in
Metazoans. Anat Rec 268:343-351.

Polakis P. 2000. Wnt signaling and cancer. Genes Dev 14:1837-1851.

Poser I, Dominguez D, de Herreros AG, Varnai A, Buetiner R,
Bosserhoff AK. 2001, Loss of E-cadherin expression in melanoma
cells involves up-regulation of the transcriptionsl repressor snail.
J Biol Chem 276:24661—-24666.

Price JT, Bonovich MT, Kohn EC. 1997. The biochemistry of cancer
dissemination. Crit Rev Biochem Mol Biol 32:175-253.

Salomon DS, Bianco C, Ebert AD, Khan NI, De Santis M, Normanno
N, Wechselberger C, Seno M, Williams K, Seanicola M, Foley 8,
Gullick WJ, Persico G. 2000. The EGF-CFC family: Novel epidermal
growth factor-related proteins in development and cancer. Endocr
Relat Cancer 7:199-228.

Savagner P. 2001, Leaving the neighborhood: Molecular mechanisma
mvol;ed during epithelial-mesenchymal transition. Bicessays 23:
912-923.

Solic N, Davies DE. 1997. Differential effects of EGF and amphir-
egulin on adhesion molecule expression and migration of colon
carcinoma cells. Exp Cell Res 234:465—476.

Steinert PM, Roop DR. 1988. Molecular and cellular biolegy of
intermediate filaments. Annu Rev Biochem 57:693-626.

Thiery JP, Chopin D. 1999, Epithelial cell plasticity in development
and tumor progression. Cancer Metastasis Rev 18:31—42.

Tsukita 8, Tsukita 8, Nagafuchi A, Yonemura S. 1992. Molecular
linkage between cadherins and actin filaments in cell-cell adherens
junctions. Curr Opin Cell Biol 4:834-839,

Valles AM, Boyer B, Tarone G, Thiery JP. 1936. Alpha 2 beta 1
integrin is required for the collagen and FGF-1 induced cell
dispersion in a rat bladder carcinoma cell line. Cell Adhes Commun
4:187-199.

Wechselberger C, Ebert AD, Bianco C, Khan NI, SunY, Wallace-Jones
B, Montesane R, Salomon DS. 200%. Cripto-1 enhances migration
and branching morphogenesis of mouse mammary epithelial cells.
Exp Cell Res 266:95-105.

Xue C, Plieth D, Venkov C, Xu C, Neilson EG. 2003, The gatekeeper
effect of epithelial-mesenchymal transition regulates the frequency
of breast cancer metastasis. Cancer Res 63:3386-3394.

Yeo C, Whitman M, 2001, Nodal signals to Smads through Cripto-
dependent and Cripto-independent mechanisms. Mol Cell 7:949-
857,

Yi JY, Hur KC, Lee E, Jin YJ, Arteaga CL, Son YS. 2002. TGFbetal-
mediated epithelial to mesenchymal transition is sccompanied by
invasion in the SiHa ¢ell line, Eur J Cell Bicl 81:457-468.



Endocrine Jowrnal 2004, 51 (3), 381-386

RAPID COMMUNICATION

Reversal of Streptozotocin-induced Hyperglycemia by
Transplantation of Pseudoislets Consisting of 8 Cells Derived

from Ductal Cells

TAKEKI OGATA***, KEE YOUNG PARK*, MASAHARU SENO*** AND ITARU KOJIMA*

*Institute for Molecular & Cellular Regulation, Gunma University, Maebashi 371-8512, Japan
**Third Department of Internal Medicine, National Defense Medical College, Tokorozawa 359-8513, Japan
***Department of Bioscience and Biotechnology, Graduate School of Natural Science and Technology, Okayama University, Okayama

700-8530, Japan

Abstract, The present study was conducted in an attempt to treat streptozotocin (STZ)-induced hyperglycemia by
transplanting {3 cells derived from pancreatic ductal cells. Ductal cells obtained from neonatal rats were cultured in vitro.
Approximately 70% of the ecells were converted to insulin-secreting cells by incubating with betacellulin and activin A.
Differentiated cells responded to a depolarizing concentration of potassium, tolbutamide and a high concentration of
glucose, and insulin secretion increased by 2.5-, 2.3- and 1.6-fold, respectively. We then prepared pseudoislets using the
differentiated cells, which exhibited greatly improved glucose-responsiveness, with a high concentration of glucose
inducing a 3-fold increase in insulin secretion. We transplanted these pseudoislets into the portal vein of STZ-treated nude
mice. Before transplantation, the plasma glucose concentration was above 400 mg/dl, and after transplantation it was
markedly reduced, the effect of which persisted for two weeks. These results indicate that STZ-induced hyperglycemia

can be treated by transplanting psendoislets consisting of p cells derived from ductal cells.

Key words: B Cell, Insulin, Presudoislet, Transplantation, Ductal cell

(Endocrine Journal §1: 381-3386, 2004)

PANCREATIC B cells are highly differentiated endo-
crine cells that secrete insulin, a principal hormone
regulating glucose metabolism in the body. Reduction
in the mass of functioning P cells impairs glucose
metabolism and causes diabetes, Recent advances in
cell biology have enabled researchers to induce differ-
entiation of pancreatic precursor cells to B cells in a
culture system [14]. Insulin-producing cells have
been obtained in vitro from precursor cells located in
the pancreatic islets [2] and from epithelial cells in the
pancreatic ducts [3, 4]. Ifalarge number of [ cells are
obtained from those precursors in the culture system,
diabetes mellitus can be treated by transplanting these
functioning P cells. To achieve this therapeutic ap-
proach, several issues still remain to be resolved. First
of all, a large number of functioning {3 cells are neces-
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sary to control glucose metabolism. Secondly, those 8
cells should have reasonably good insulin secretory
response to ambient glucose and incretins. Thirdly, a
method for effective transplantation should be estab-
lished. In this regard, islets have been successfully
transplanted into the portal vein in human islet trans-
plantation [5]. This appreach has an advantage in that
transplanted islets are located in the upstream of the
liver, a major target organ of insulin.

The present study was conducted in an attempt to
establish a method for [ cell transplantation using cells
derived from precursor cells located in the pancreatic
duct. Our strategy was to induce differentiation of pre-
cursor cells iz vitro and to prepare pseudoislets using
tnsulin-secreting cells differentiated from the pancre-
atic ductal cells. The pseudoislets were then trans-
planted into the portal vein of the diabetic animals.
The present results indicated that transplanted pseudo-
islets effectively improved hyperglycemia in strepto-
zotocin (STZ)-treated mice.
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Experimental Procedure
Materials

Recombinant human activin A was generously pro-
vided by Dr. Y. Eto of the Central Research Labora-
tory, Ajinomoto Inc, (Kawasaki, Japan). Recombinant
human BTC was prepared as described previously [6].
Fetal calf serum (FCS) was obtained from Gibco
(Grand Island, NY, USA).

Cell culture

Pancreatic ducts were obtained from seven-day old
male Wistar rats after collagenase digestion of the
pancreas [7). Ductal cells were dispersed by using
Dispase (Godo Shuzo, Tokyo, Japan). Cells were then
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 2.7 mM glucose and 0.5% FCS,
for two weeks. The medium was then changed to
DMEM containing 25 mM glucose and 0.5% FCS and
cultured for three weeks. To induce differentiation,
duct epithelial cells were incubated with a combination
of 2 nM activin A and 1 nM BTC for various periods.

Formation of pseudoislets

Ductal cells were incubated for five to seven days
with 2 nM activin A and I nM BTC. Differentiated
cells were then dispersed by trypsin digestion. To ob-
tain pseudoislets, cell suspension (5 x 10° cells/ml)
was incubated for 36 to 48 hrs in a gelatin-coated
plastic dish with DMEM contajning 1 nM BTC under
constant stirmring (30 rotations per min).

Measurement of mRNA expression

Total RNA was extracted by using TRIzol reagent
(Invitrogen Japan, Tokyo, Japan). Messenger RNA
was extracted using the Quick Prep Kit (Pharmacia
LKB Biotechnology, Piscataway, NJ). Messenger
RNA samples were pretreated with DNase to remove
contamination of genomic DNA. First-strand cDNA
was synthesized using a Preamplification System for
SUPERSCRIPT First-Strand Synthesis System (In-
vitrogen Japan). To confinm no contamination of ge-
nomic DNA, samples without reverse transcription
treatment were prepared. Primers used in this study
were described elsewhere [8]. The reactions were

conducted in a DNA Thermal Cycler (Perkin Elmer,
Norwalk, CT) under the following conditions: denatur-
ation at 94°C for 1 min, and annealing and extension
at 65°C for 2 min. The number of cycles was 30, with
the exception of 17 cycles for GAPDH. No PCR prod-
ucts were detected in the real-time PCR prodedure
without reverse transcription.

Immunohistochemistry

For immunohistochemistry, cells were cultured on
non-coated glass coverslips. Cells were fixed and
immunostained with anti-insulin, anti-glueagon, anti-
somatostatin or anti-pancreatic polypeptide antibody
as described previously [9, 10]. Images were obtained
using a Zeiss microscope equipped with fluorescein
and rhodamine filter sets (Axiophoto, Carl Zeiss,
Thomwoeod, NY, USA).

Measurement of insulin

For measurement of insulin secretion, differentiated
cells or pseudoislets were incubated for 64 min in
Krebs-Ringer bicarbonate (KRB) buffer containing
0.1% bovine serum albumin. Samples were kept in
—20°C until the assay. Insulin was measured by time-
resolved immunofluorometric assay as described pre-
viously [9].

Transplantation of pseudoislets

Four-week old nude mice were injected peritoneally
with 150 pgfg STZ. On the next day (designated as
day 0) pseudoislets were injected info the portal vein
via the cecal vein and the morning plasma glucose
concentration was measured daily by using Accu-
Check Active (Roche Diagnostics GmbH, Germany).
Statistical significance was determined by one-way
ANOVA. Difference between the two groups was
assessed by Student’s t-test.

Results
Differentiation of ductal cells
Fig. 1A depicts the marphology of ductal cells in

culture. To induce differentiation of ductal cells, we
examined various factors including FGF, VEGF, EGF,
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Fig. 1. Differentiation of Ductal cells

none A+B

A: Morphology of ductal cells in culture. B: Immunostaining of insulin in differentiated ductal ecells, Ductal cells were
incubated with activin A and BTC for 5§ days. Immunohistochemistry was performed using anti-insulin antibody. C: Changes
in the mRINA expression of various pancreatic markers, Dugctal cells were incubated in the absence (hone) or presence (A + B)
of 1 nM activin A and 1 nM BTC for 5 days. mRNA was extracted and the mRNA expression of insulin, somatostatin,

glucagon and amylase was measured by RT-PCR.

NGF, BTC, TGF-o, TGF-p and activin A. Among
them, a combination of activin A and BTC provided
the best results. Fig. 1B shows the insulin-staining of
the cells treated with activin A and BTC. Immuno-
reactive insulin was positive in approximately 70% of
the cells treated with activin A and BTC. Somatostatin
was detected in approximately 10% of the cells, but
somatostatin/insulin  double-positive cells were not
observed. As shown in Fig. 1C, cells incubated with
activin A and BTC expressed mRNA for insulin,
somatostatin and pancreatic polypeptide, but mRNA
for glucagon was not detected. Similarly, mRNA for
amylase was not expressed. Fig. 2 depicts the insulin
secretory response of differentiated cells. These cells
responded to a depoparizing concentration of potassi-
um and tolbutamide, an inhibitor of the ATP-sensitive
potassium (K, 1) channel. A high concentration of
glucose also induced a significant increase in insulin
secretion although the response was modest (Fig. 2).

Insulin (%)

Fig. 2.
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Insulin Secretion From Differentiated Ductal Cells

Ductal cells were incubated with I nM activin A and
I nM BTC for § days. Cells were then incubated with
KRB tuffer containing 50 pM tolbutamide and 16,7 mM
glucose for 60 min and insulin released was measured,
Values are the mean= S. E. for four experiments.
*: p<0.01 vs none, -



