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samples were then transferred to a resin (Quetol 812; Nisshin
EM Co., Tokyo, Japan) and polymerized at 60°C for
48 h. The obtained blocks were ultrathin sectioned at
70 nm with a diamond knife using an ultramicrotome
(ULTRACUT UCT; Leica, Tokyo, Japan), and the sec-
tions were placed on copper grids, They were stained with
2% uranyl acetate at room temperature for 15 min and then
rinsed with distilled water followed by being secondary
stained with lead stain solution (Sigma-Aldrich Co.) at
room temperature for 3 min.

The grids were observed by transmission electron
microscopy (JEM-1200EX; JEOL Ltd., Tokyo, Japan)
at an acceleration voltage of 80 kV. Digital images
(2,048 2,048 pixels) were taken with a CCD camera
(VELETA; Olympus Soft Imaging Solutions GmbH,
Miinster, Germany).

RESULTS

Cell Labeling With Magnetic Iron Oxide Nanoparticles 4 1 CH,y-CH(OH)-CH,-N*(CH,);Cl
We developed novel magnetic iron oxide nanopar-
ticles, electrically charged by the presence of a cationic
end-group substitution of dextran (TMADM-03) (Fig. 1).
In order to label cells with TMADM-03, the HepG2 cells Figure 1. A schematic illustration of the magnetic iron oxide

and spheroids (2x 10° cells) were seeded into each cul- nanoparticles used in this study. The trimethylamino dextran-
ture plate and incubated for 72 h at 37°C in a humidified coated magnetic iron oxide nanoparticles (TMADM-03).

Dextran Hydroxypropyltrimethylammonium Chloride
(TMAD)

L

P
Ak

Figure 2. Phase-contrast photomicrographs of HepG2 cells and spheroids. The human hepatocellular carcinoma (HepG2) cells cul-
tured on a standard 12-well plate (A, B) and HepG2 spheroids formed on a Cell-able 12-well plate (C, D) 72 h after inoculation. After
48 h of cell culture, the HepG2 cells were incubated with 75 pg Fe/ml TMADM-03 in culture medium for 24 h. The HepG2 cells
labeled with TMADM-03 (B) and HepG2 spheroids labeled with TMADM-03 (D) are shown. Scale bar: 200 pum.
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Figure 3. Albumin secretion from HepG2 cells.and multicel-
lular spheroids. (A) The HepG2 cells were incubated with 75
ug Fe/ml TMADM-03 (+) for 24 h. (B) The. HepG2 spheroids
were incubated with 75 ug Fe/ml TMADM-03 (+) for 24 h. As
control experiments, HepG2 cells or spheroids were incubated
without TMADM-03 (-) for 24 h. The data shown represent the
means and SD of three independent experiments.
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5% CO, atmosphere (Fig. 2). After incubation for 48 h,
the HepG2 cells and spheroids were incubated for
24 h at 37°C in a humidified 5% CO, atmosphere with
TMADM-03 (75 pg Fe/ml) reconstituted in culture
medium (Fig. 2B and D). The morphology of both HepG2
cells and spheroids was similar to that of untransduced
cells (Fig. 2A-D). However, the color of HepG2 spher-
oids labeled with TMADM-03 was a little darker com-
pared with the control. The colors of HepG2 spheroids
before and after labeling with TMADM-03 are shown in
Figure 2C and D. ‘ )

We also measured the cell viability by trypan blue
exclusion assay under the conditions used for the experi-
ments shown in Figure 2. There were very few dead cells
after 72 h of cell culture (for Fig. 2A and C, the cell via-
bility was about 95.3% and 93.6%, respectively). After
the addition of TMADM-03 to the cells and incubation
for 24 h, the viability was reduced compared to a 24-h
incubation without TMADM-03 (for Fig. 2B and D, the
cell viability was about 93.1% and 89.6%, respectively).

:

Figure 4. Transmission electron microscope (TEM) images of horizontal cross sections of HepG2 cells that had taken up TMADM-03
magnetic nanoparticles. (A) The morphology of HepG2 cells labeled with TMADM-03. The arrows point to lysosomes containing
the nanoparticles (1,740x). (B) The nanoparticles (red arrow) were detected in the lysosomes (4,860x). (C) Another photograph of the
nanoparticles (red arrow) in the lysosomes (18,400x) and (D) nanoparticles (blue arrows) attached to the cell membrane (18,400x).
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Functional Examination of HepG2 Cells and Spheroids

To investigate the cellular function in the HepG2
spheroids, the albumin secretion was evaluated using an
ELISA. The amount secreted by HepG2 cells and spher-
oids is shown in Figure 3A and B, respectively. The
HepG?2 cells and spheroids (2 x 10° cells) were incubated
for 48 h at 37°C in a humidified 5% CO, atmosphere.
After incubation for 48 h, the HepG2 cells and spheroids
were incubated for another 24 h at 37°C in a humidified
5% CO, atmosphere with TMADM-03 (75 pg Fe/ml)
reconstituted in culture medium. The albumin secretion
- after incubation for 24 h was reduced compared to a 24-h
incubation without TMADM-03. The albumin secretion
showed a decreasing trend in both the cell monolayer
cultures and spheroid cultures.

TEM Images of HepG2 Cells That Had Taken Up
Magnetic Nanoparticles

The incorporation of magnetic nanoparticles inside the
HepG2 cells was confirmed by TEM (Fig. 4). Figure 4A
shows whole images of HepG2 cells. Enlarged images of
HepG2 cells are shown in Figure 4B~D. The presence of

iron was confirmed after 24 h by chemical fixation, and it
was found that more iron was associated with HepG2 cells
in the presence of TMADM-03 than without and that this
was localized in the lysosomes (Fig. 4A—C). In addition, it
was located closer to the cell membrane (Fig. 4D).

TEM Images of Horizontal Cross Sections of HepG2
Spheroids That Had Taken Up Magnetic Nanoparticles

After incubation for 48 h, the HepG?2 spheroids were
incubated for 24 h at 37°C in a humidified 5% Co,
-atmosphere with TMADM-03 (75 ug Fe/ml) reconsti-
tuted in culture medium. Each sample was prepared in
a planar direction to HepG2 spheroids on patterned cell
array glass disks. The presence of iron was confirmed by
TEM (Fig. 5). The incorporation of magnetic nanopar-
ticles inside the HepG2 spheroids was confirmed (Fig. 5).
Figure 5A shows a whole image of HepG2 spheroids.
The enlarged images of HepG2 spheroids are shown in
Figure 5B-D. In addition, magnetic iron oxide nanopar-
ticles could be observed in the deeper layers of the spher-
oids (Fig. 5A), and these were localized mainly in the
lysosomes (Fig. 5B~D).

Figure 5.. TEM images of horizontal cross sections of HepG2 spheroids that had taken up TMADM-03 magnetic nanoparticles. (A)
Each sample was prepared in a planar direction to the patterned cell array glass disks. The morphology of HepG2 spheroids labeled
with TMADM-03 is shown. The red arrows point to lysosomes containing the nanoparticles (579x). (B) A photograph showing the
nanoparticles (red arrow) localized in the lysosomes (1,740x). (C) Another photograph of the nanoparticles (red arrow) in the lyso-
somes (4,860x). (D) A higher magnification photograph showing nanoparticles (red arrow) in the lysosomes (18,400x).
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TEM Images of Vertical Cross Sections of HepG2
Spheroids That Had Taken Up Magnetic Nanoparticles
" Each sample was prepared in a vertical direction to
HepG?2 spheroids on patterned cell array glass disks.
Figure 6A shows a whole image of HepG2 spheroids.
Enlarged images of HepG2 spheroids are shown in

Figure 6B-D. Magnetic iron oxide nanoparticles could be’

observed in the deeper layers of the spheroids (Fig. 6A) by
TEM. The iron was detected in the lysosomes (Fig. 6B-D).

DISCUSSION

To observe cells and tissues posttransplantation, they
can be labeled with magnetic metallic oxides, such as SPIO
before transplantation, and then tracked by MRI (1,2,4-6,
8,9,11,14,15,19,24,27). Techniques for visualizing thera-
peutic cells used for cell therapy is highly sought after
since a patient’s postoperative course can thus be moni-
tored noninvasively. It has been proposed that cells can
be labeled using a complex of polysaccharides, such as
magnetic metallic oxides—dextran. For example, it was
reported that magnetic metallic oxide nanoparticles cov-
ered with diethylamino-dextran (3) and surface-modified

MIYAMOTO ET AL.

iron oxide nanoparticles (IONs) were obtained by copre-
cipitating a pullulan and its derivatives in an ammonium
aqueous solution of Fe*/Fe* (12). However, commer-
cially available magnetic nanoparticles are not efficiently
transduced into cells. In previous reports, we described
the novel magnetic iron oxide nanoparticles, which are
electrically charged by the presence of a cationic end:
group substitution of dextran (21,22):

Novel magnetic iron oxide nanoparticles improve the
efficiency of their uptake into MING cells (22). These
nanoparticles could be used to observe transplanted cells
inside the body (data not shown). In experimeénts using
in vitro models, we observed the localization of nano-
particles in greater detail, specifically within 3D mod-
els, which mimic environments close to that of natural
tissues using the Cell-able plates. Albumin secretion by
HepG2 cells incubated with TMADM-03 was lower than
by those incubated without TMADM-03 in 2D and 3D
cultures. The decrease in albumin secretion might be due
to the suppressed cell proliferation.

In the present study, TMADM-03 was efficiently incor-
porated into HepG?2 spheroids. We observed TEM image

[Ria2N]

Figure 6. TEM images of vertical cross sections of HepG2 spheroids that had taken up TMADM-03 magnetic nanoparticles. (A)
Each sample was prepared in a vertical direction to the patterned cell array glass disks. The morphology of HepG2 spheroids labeled
with TMADM-03. The arrows point to lysosomes containing the nanoparticles (579x). (B) Another photograph of the nanoparticles
(red arrow) localized in the lysosomes (1,740x). (C) An enlarged photograph showing the nanoparticles (red arrow) in the lysosomes
(4,860x). (D) A high magnification photograph showing the nanoparticles (red arrow) detected in the lysosomes (18,400x).
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samples that were prepared in a planar direction or a ver-
tical direction to the HepG2 spheroids. The incorporation
of TMADM-03 could be confirmed in the deeper layers
of the spheroids, and the nanoparticles were observed on
sections of both the planar direction and vertical direction.
In addition, TMADM-03 nanoparticles were localized
in the lysosomes of the HepG2 spheroids. Both HepG2
cells (2D cultures) and HepG2 spheroids (3D cultures)
showed a tendency for the TMADM-03 nanoparticles to
be introduced mainly into the lysosomes.

In conclusion, we observed HepG?2 spheroids, which
mimic an environment close to that of natural tissues,
and examined, in detail, the localization of TMADM-03.
Results obtained using this evaluation system are expected
to be useful for drug development applications employ-
ing the Cell-able plates.
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Endoplasmic reticulum (ER) stress affects the pathogenesis of diabetes. ER stress plays important roles, both
in type 1 and type 2 diabetes, because pancreatic f-cells possess highly developed ER for insulin secretion.
This review summarizes the relationship between ER stress and the pdthogenems of type 1 and type 2 d1abetes
In addition, the association between islet transplantation and ER stress is discussed.

Key words: §-Cells; Endoplasmic reticulum (ER) stress; Islet transplantation

ER STRESS IN DIABETES-

Diabetes mellitus is a devastating disease, and the World
Health Organization (WHO) expects that the number of
diabetic patients worldwide will increase to 300 mil-
lion by 2025. Type 1 diabetes results from autoimmune-
mediated destruction of insulin-secreting B-cells of the pan-
creas, whereas type 2 diabetes is associated with systemic
insulin resistance and reduced insulin secretion by B-cells.
Type 1 diabetes develops when B-cells are selectively dis-
rupted by autoimmune and/or inflammatory processes.
Type 2 diabetes occurs when both functional defects and
reduced B-cell mass contribute to B-cell dysfunction.
Apoptosis in B-cells is detected in both type 1 diabetes
and type 2 diabetes (4). Hyperlipidemia and hypergly-
cemia are likely causes of B-cell apoptosis (8,20,27,34).
Pancreatic B-cells produce insulin in response to fluctua-
‘tions in blood glucose levels. There is a constant demand
from the body for insulin biosynthesis and secretion, so
baseline endoplasmic reticulum (ER) stress levels are high
in these cells. Evidence suggests that cellular stress caused
by the accumulation of unfolded and misfolded proteins in
the ER is related to B-cell dysfunction and death during

the development and. progression of type 1 and type 2
diabetes (9,10,32). "

The ER is an organelle that has several important
functions, such as posttranslational modification, folding
and assembly of newly synthesized secretory proteins, and
storing cellular calcium (Ca?*). Pancreatic B-cells possess
a highly developed ER, required for the folding, export,
and processing of newly synthesized insulin. Human pre-
proinsulin is synthesized in the cytoplasm, translocated
into the lumen of the ER, and cleaved to produce proin-
sulin. Proinsulin undergoes protein folding in the lumen of
the ER. Properly folded proinsulin is then delivered to the
Golgi apparatus and packed into secretory granules (23).
The conversion of proinsulin to insulin takes place in the
secretory-granules, and mature insulin is released by exo-
cytosis (28). ER homeostasis must be maintained in order
for secretory proteins to fold properly. Various conditions
that disturb ER function result in stress that causes the
accumulation of misfolded proteins in the ER (2,28,42).
ER function can be impaired by viral infections, envi-
ronmental toxins, inflammatory cytokines, and mutant
protein expression, as well as by physiological processes
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such as aging and the large biosynthetic load placed -on
the ER such as due to insulin production in response to
blood glucose fluctuations.

Cells have a self-protective mechanism, known as the
ER stress response or unfolded protein response (UPR),
that allows them to survive under ER stress conditions.
That mechanism involves [1] translational attenuation,
which reduces synthesis of new protein and prevents
further accumulation of unfolded proteins; [2] upregu-
lation of the genes encoding ER chaperone proteins to
increase protein folding activity and to prevent protein
aggregation; [3] proteosomal degradation of misfolded

proteins following their regulated extrusion from the ER; .

and [4] apoptosis in the event of persistent stress (28,29).
The UPR either protects B-cells or promotes their death,
depending on the nature of the stress condition. The UPR
induces apoptosis when ER function is severely impaired.
Signaling from the ER is initiated by ER-localized stress
sensors, protein kinase RNA (PKR)-like ER kinase
(PERK), activating transcription factor (ATF)6, and
inositol-requiring kinase (IRE)1, which remain inactive
under nonstress conditions due to association of their
ER luminal domains with binding protein (BiP) (3).
Apoptosis is induced by ATF4 transcriptional activation
of the gene for cytidine-cytidine-adenosine-adenosine-
thymidine (CCAAT)/enhancer-binding protein (C/EBP)
homologous protein (CHOP) (24,39) and by activation
of c-Jun N-terminal kinase 1 (JNK1) and caspase-12
(2,28,42).

ER Stress and Type 1 Diabetes

Pancreatic B-cells are the target of an autoimmune
assault in type 1 diabetes, with invasion of thé islets by
mononuclear cells in an inflammatory reaction termed
“insulitis,” leading to loss of most B-cells after prolonged
periods of disease (16). Both animal models and human
type 1 diabetes show that B-cell apoptosis coincides with
expression of cytokines such as interleukin (IL)-1B,
interferon (IFN)-y, and tumor necrosis factor (TNF)-c by
the infiltrating immune celis and inducible nitric oxide
(NO) synthase (iNOS) by both B-cells and immune cells
(14,36). However, the complete mechanisms causing
B-cell destruction have not been clarified. Recent studies
have proposed that the mechanism of cytokine-induced
B-cell death involves ER stress. B-cells are characterized
by highly developed ER, which is important for insulin
secretion. B-Cells represent one of the tissues most suscep-
tible to ER stress (2). The baseline of ER stress in -cells
is higher than that of other cell types due to their expo-
sure to frequent energy fluctuations, constant demand of
insulin biosynthesis, and secretion (10). Viral infections,
environmental stresses, as well as NO are insults to the
B-cell that can lead to excessive, unresolved ER stress,
thus triggering an apoptotic cascade (23).
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Oydomari et al. revealed the mechanism of B-cell
damage by ER stress. They used mouse insulinoma
6 (MING) cells, a mouse B-cell-derived cell line. They
showed that CHOP, a C/EBP homologous protein, is
induced by a NO donor and leads to apoptosis. They con-
cluded that NO depletes ER Ca*, causes ER stress, and
leads to B-cell apoptosis. Ca* is required for the protein
binding and chaperoning ability of ER chaperones (25).
Severe ER Ca? depletion will impair the quality of ER
protein folding and trigger CHOP expression and apopto-
sis. Cardozo et al. reported that production of NO leads to
the attenuation of the sarcoendoplasmic reticulum pump
Ca? ATPase2b (SERCAZ2b) and consequently the reduc-
tion of Ca® in the ER. This Ca* depletion leads to severe
ER stress and the induction of the proapoptotic tran-
scription factor CHOP. They suggested that IL-13 and
IFN-y-induced decrease in SERCA2b expression, with
subsequent depletion of ER Ca* and activation of the ER
stress pathway, is a potential contributory mechanism to
B-cell death (5). In addition, Wang et al. suggested that
the IL-1B-induced depletion of ER Ca* and activation of
the ER stress via the JNK pathway are potential mecha-
nisms that contribute to B-cell death (38).

On the other hand, there are studies that suggest that
the PERK-ATF4-CHOP ER stress-signaling pathway
is not required for cytokine-induced B-cell death (1).
Although more studies and new insights are expected to
clarify the mechanism of B-cell apoptosis in type 1 dia-
betes, it is clear that ER stress plays important roles in
B-cell dysfunction.

ER Stress and Type 2 Diabetes

Resistance to insulin action in peripheral tissues, such
as adipose tissue, muscle, and liver, is one of the primary
presenting features of type 2 diabetes. This insulin resis-
tance leads to the hyperproduction of insulin in the f-cell.
Hyperglycemia and type 2 diabetes develop in patients
who are unable to sustain this compensatory response of
the B-cell. This high insulin production exceeds the ER
folding capacity and leads to severe, chronic hyperactiva-
tion of the UPR, inducing B-cell apoptosis. This phenom-
enon is associated with chronic activation of IRE1 during
consistent insulin biosynthesis, which leads to activation
of the IRE1-JNK proapoptotic signaling pathway (37).
ER stress has been proposed to be the cellular/molecu-
lar mechanism linking obesity with insulin resistance (6).
Ozcan et al. showed that obesity can cause ER stress.
It leads to the suppression of insulin receptor signaling
through hyperactivation of JNK and subsequent serine
phosphorylation of insulin receptor substrate-1 (IRS-1)
(26). Several §tudies have indicated that ER stress is an
early consequence of nutrient excess and a cause for the
development of insulin resistance and inflammation.

~ Chronic excess nutrient intake has been shown to cause
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ER stress, as well as insulin resistance and inflammation
in the adipose tissue of ob/ob mice and in mice with high-
fat diets (11). ’
CHOP is also induced by ER stress and has a central
role in its apoptotic execution pathways. A recent study
revealed that systemic deletion of CHOP induced abdomi-
nal obesity and hepatic steatosis, with normal glucose tol-
.erance and insulin sensitivity, and revealed lower levels of
proinflammatory cytokines and less infiltration of immune
cells into fat and liver. It indicated that insulin resistance is
not induced by fat accumulation, but rather by the inflam-
mation induced by ectopic fat, and CHOP may take impor-
tant role in inflammation that induce insulin resistance
(21). Free fatty acids (FFAs) might also be responsible
for the ER stress response observed in the hepatocytes
of adipocytes of obese mice (22,26), while simultane-
ously disturbing pancreatic B-cell function and viability.
Furthermore, Laybutt demonstrated that the proapoptotic
fatty acid palmitate triggers a comprehensive ER stress
response in MING cells, as well as the activation of genes
involved in ER stress, in islets from db/db mice and from
human type 2 diabetes subjects (18). In addition, Sage et
al. suggested that ER stress was elevated in monocytes
isolated from individuals with metabolic syndrome (31).
Monocytes play an important role in causing insulin resis-
tance and vascular complications. These findings suggest
that there is an association between both acute and chronic
hyperglycemia and ER stress in humans.

ER STRESS AND ISLET TRANSPLANTATION

Controlling the blood glucose level is therefore criti-
cal for preventing vascular complications in diabetes and
maintaining the function of B-cells. However, it is difficult
to achieve the optimal control. The Third National Health
and Nutrition Examination Survey (NHANES IIT) showed
that only 50% of diabetics achieve a glycated hemoglobin
(HbA1c) level of less than 7%. The only way to ensure the
long-term health of diabetic patients is to maintain con-
stant normoglycemia. However, despite intensive insulin
therapy, most individuals with type 1 diabetes are unable
to maintain a blood glucose level in the optimal range.
In addition, intensive insulin therapy is associated with
‘an increased risk of hypoglycemia. Pancreatic islet trans-
plantation has emerged as one of the most promising ther-
apeutic approaches for improving glycometabolic control
in type 1 diabetic patients (12). The “Edmonton Protocol”
introduced several modifications to the transplantation
procedure, such as the use of a steroid-free immunosup-
pression regimen and transplantation of a mean islet mass
of 11,000 IEQ/kg of a patient’s weight (33). Clinical islet
transplantation activity has dramatically increased all over
the world. However, the Edmonton group showed that only
7.5% of the 65 patients who received islet transplantation
achieved insulin independence, although the majority of
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patients (82%) presented graft survival (C-peptide positiv-
ity) (30). Islet transplantation still faces major challenges,
especially those related to cell loss during the process of
islet isolation and the losses related to the graft site, apop-
tosis, allorejection, autoimmunity, and immunosuppres-
sion. In addition, glucose toxicity (40) and the abnormal
transplant environment (17) are likely to contribute to the
dysfunction of transplanted B-cells. Chronic hypergly-
cemia causes excess ER ‘stress that induces -cell apop-
tosis (9,41). Understanding the transplant environment
is therefore important for understanding the molecular
mechanism of glucose toxicity of B-cells.

Kennedy et al. reported that human B-cells in a trans-
plant site show UPR changes in gene expression that pro-
tect against the proapoptotic effects of unfolded proteins
(15). They evaluated the expression of genes involved
in ER stress in B-cell-enriched tissue obtained with laser
capture microdissection (LCM) from frozen sections of
pancreases obtained from nondiabetic subjects at surgery
(control) and from human islets transplanted into imprint-
ing control region-severe combined immunodeficient
(ICR-SCID) mice. The transplanted p-cells were exposed
to mild hyperglycemia since mice have higher glucose
levels than humans. RNA was extracted from the LCM
specimens and microarray analysis was performed. The
transplanted B-cells showed a UPR. Many genes of the
IRE1 pathway that provide protection against the harm-
ful effects of ER stress were observed to be activated,
thus increasing the expression of ER chaperones and
ER-associated protein degradation (ERAD) proteins.
The IRE1 pathway is important in insulin biosynthesis
in which transient increases in insulin production lead to -
IRET1 activation (37). However, the chronic activation of
IRE1 during prolonged increases in insulin biosynthesis
may lead to B-cell death through IRE1-mediated activa- .
tion of JNK (19). However, two genes known to contrib-
ute to apoptosis, CHOP and JNK, were downregulated
in this study. It is striking that B-cells in a transplant site
exhibit UPR with changes that should help the cells adapt
to unfolded proteins and to resist apoptosis.

Another factor that causes ER stress in transplanted
B-cells is immunosuppressants. Johnson et al. showed
that 24-h exposure to FK506 (tacrolimus) or mycophe-
nolate mofetil (MMF), but not rapamycin, impairs glu-
cose-stimulated insulin secretion in human islets. FK506
also could have acute and direct effects on islet function,
whereas MMF does not. Increased cleaved caspase-3 pro-
tein levels are a hallmark of 3-cell apoptosis. Caspase-3
cleavage is increased by FK506, MMF, and rapamycin
(13). As CHOP is the transcriptional factor that plays an
essential role in B-cell apoptosis (24), MMF and rapany-
cin induced CHOP expression. However, treating human
islets with the glucagon-like peptide-1 (GLP-1) receptor
agonist exenatide ameliorates the immunosuppressant-
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induced defects in glucose-stimulated insulin release
(13). The GLP-1 receptor agonist was reported to signifi-
cantly reduce biochemical markers of islet ER stress in
vivo. This suggests that GLP-1 receptor signaling directly
" modulates the ER stress response leading to promotion of
B-cell adaptation and survival (43). In addition, GLP-1
receptor agonists protect B-cells against FFAs through the
induction of the ER chaperone BiP and the antiapoptotic
protein JunB, which mediate B-cell survival under lipo-
toxic conditions (7). Another report revealed that chronic
GLP-1 analog liraglutide treatment increased the expres-
sion of antioxidant genes and reduced ER stress-related
genes in B-cells of db/db mice (35). '
Islet transplantation is one of the promising therapeu-
tic approaches for type 1 diabetic patients. Future investi-
gations must clarify the pathophysiology of transplanted
B-cells. A better understanding of ER stress and its man-

agement is therefore required in order to maintain the

transplanted -cell function. .
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Mouse pancreatic stem cells have been isolated from mouse pancreata. This study evaluated the efficacy of
isolating mouse pancreatic stem cells using mice of different ages. The pancreata of newborn mice, 8-week-old
mice, and 24-week-old mice were harvested and digested by using collagenase. The “duct-like” cells in the
digested pancreatic tissue were then inoculated into 96-well plates, cloned by limiting dilution, and cultured
in DMEM with 20% FBS. Pancreatic stem cells were isolated from the pancreata of all newborn mice, while
cells could only be isolated from 10% of the pancreata of 8-week-old mice and could not be isolated from the
pancreata of any 24-week-old mice. These data suggest that young mice may have some pancreatic stem cells
and that older mice may only have a few pancreatic stem cells. These data also indicate that it is extremely
difficult to isolate pancreatic stem cells from older mice, suggesting that future research focus its efforts on
finding methods of isolating pancreatic stem cells from adult mice. '
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transplantation

INTRODUCTION

- Diabetes is one of the most increasingly. prevalent
and serious metabolic diseases. The reduction of insulin
biosynthesis by pancreatic B-cells is closely associated
with the onset and progression of diabetes. It is there-
fore important to search for ways to produce sufficient
numbers-of insulin-producing cells for transplantation in
diabetes. While there is renewed interest in islet trans-
plantation due to the recent success of this procedure
(8,12,16,17,19,20,22), efforts are hindered by the limited
supply of donor pancreata. Pancreatic stem/progenitor
cells could become a useful tool for B-cell replacement
therapy in diabetic patients since the cells are abundantly
available in the pancreas of these patients and in donor
organs. It was thought that pancreatic stem/progenitor
cells were predominantly derived from the precursor cells

residing among pancreatic epithelial duct cells or duct-
associated cells both during embryonic development and
later in life (1). Islet cell neogenesis from ducts has been
observed in experimental injury models in rats (1,26) and
in transgenic mice overexpressing certain growth fac-
tors or cytokines (5,23,27). Mouse pancreatic stem cells
were recently established from the pancreata of newbom
mice without genetic manipulation (17). These pancreatic

" stem cells have the potential to differentiate into not only

insulin-producing cells but also hepatocytes (17,27). The
isolation technique used might be useful for identifica-
tion and isolation of human pancreatic stem/progenitor
cells. This study attempted to isolate pancreatic stem cells
from the pancreata of newborn mice, 8-week-old mice,
and 24-week-old mice, in order to evaluate the isolation
efficiency of mouse pancreatic stem cells.
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MATERIALS AND METHODS

Isolation and Culture of Mouse Pancreatic
Stem Cells and Islets

Thereview committee of Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical
Sciences approved these studies. Islets were removed
from newborn (0-week-old), 8-week-old, and 24-week-
old C57BL/6 mice (CLEA Japan, Inc., Meguro, Tokyo,
Japan) using a modified method reported previously (17).
Briefly, 2 ml of cold M199 medium (Life Technologies
Japan, Tokyo, Japan) containing 2 mg/ml collagenase
(RocheBoehringerMannheim, Indianapolis, IN,USA)was

injected into the cannulated common bile duct (14). The -

_pancreas was removed, and an Optiprep® density gradient
(Sigma-Aldrich, St. Louis, MO, USA) was used to isolate
the islets.

The tissue Ccollagenase was digested (2 mg/ml)
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Life Technologies Japan) with 20% lot-limited
fetal bovine serum (FBS; BIO-WEST, Inc., Logan, UT,
USA; S1560 Lot. #50509451560). Once the cells had
attached and spread, cells ‘with a fibroblast morphology
(nonductal cells) were removed using a rubberscrapper
(Life Technologies Japan). The “duct-like” cells were
cultured in DMEM with 20% FBS in 96-well plates (Life
Technologies Japan) and cloned by limiting dilution.

After single cell cloning, the mouse pancreatic stem
cells were maintained in specific culture condition with
lot-limited FBS (17) during the early studies (first study
using a O-week-old pancreas and first to fifth studies using
8-week-old pancreata) or in culture condition of mouse
ES cells (18) during the later studies (studies except first
study using a O-week-old pancreas and first to fifth stud-
ies using 8-week-old pancreata).

The current study maintained mouse pancreatic stem
cells in DMEM with 20% FBS (BIO-WEST, Inc., S1560
Lot. #505094S51560) during the early studies (first study
using a O-week-old pancreas and first to fifth studies
using 8-week-old pancreata) or complete ES cell media
with 15% FBS (Millipore, Billerica, MA, USA) on
feeder layers of mitomycin C (Sigma-Aldrich)-treated
STO cells [Sandos inbred mice fibroblast cell line with
6-thioguanine and ouabain resistance; American Type
Culture Collection {(ATCC), Manassas, VA, USA] dur-
‘ing the later studies (studies except first study using
a O-week-old pancreas and first to fifth studies using
8-week-old pancreata).

ES Cell Culture and Differentiation

Mouse ES cells (ATCC) were maintained in and dif-
ferentiated using a modification of a method that was
reported previously (3,7,17). ES cells differentiated into
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definitive endoderm in stage 1, into gut tube endoderm in
stage 2, and into pancreatic progenitors in stage 3.

Semiquantitative RT-PCR

Total RNA was extracted from cells using a method
that was reported previously (13). Semiquantitative
RT-PCR was performed using a modification of a method
that was reported previously (17). In brief, the RNA
was reverse-transcribed into ¢cDNA using SuperScript II
Reverse Transcriptase (Life Technologies Japan). Poly-
merization reactions were performed in a Perkin-Elmer
9700 Thermocycler with 3 ul cDNA (20 ng RNA equiv-
alents), 160 pmol/L. cold dNTPs, 10 pmol appropriate
oligonucleotide primers, 1.5 mmol/L. MgCl,, and 5 U
AmpliTag Gold DNA polymerase (Perkin-Elmer, Norwalk,
CT, USA). The oligonucleotide primers and cycle num-
ber used for semiquantitative PCR are shown in Table 1.
The steps taken to vali-date these measurements were
previously reported (13).

Cell Induction and Differentiation Into
Insulin-Producing Cells

Cell induction was performed using a modification
of a method that was reported previously (17). In brief,
the cells were cultured in DMEM with 10% FBS, 10 nM
exendin-4, 10 mM nicotinamide, 10 ng/ml keratinocyte
growth factor (KGF; all from Sigma-Aldrich), 100 nM
pancreatic and duodenal homeobox factor 1 (Pdx1) pro-
tein, and 100 nM B-cell E-box transactivator/neuronal
differentiation 1 (BETA2/NeuroD) proteins for 2 weeks.
Pdx1 and BETA2/NeuroD proteins were generated by
cDNA as previously described (18).

Table 1. List of Gene-Specific Primers

Gene ' Forward/Reverse Primer

Sox17 ctgeectgeecgggatggeacggaate/tictggeectcaggteg
ggteggeaac

Foxa2 tggtcactggggacaagggaa/geaacaacageaatagagaac
Hnf1f cacagcectcaccageagee/gactgectgggetetgetge
Hof4o acacgtccccatctgaaggtg/cttcettcttcatgccagccc
Pdx1 cctgegtgectgtacatggg/titccacgegtgagctitgg
Hnf6 gggtgagcecatgageeggtg/catageegegeecgggatgag
Insulin-1 ccagctataatcagagacca/gtgtagaagaagecacget
Insulin-2 tccgctacaatcaaaaaccat/getgggtagtggtaggtcta
Glucagon actcacagggcacattcacc/ccagttgatgaagtcectgg
NeuroD gegctcaggeaaaageec/gecattgatgetgageggeg
Pax6 cagtcacagcggagtgaatc/cgcttcagetgaagtegeat
Isl-1 agatatgggagacatgggcgat/acacagcggaaacacicgatg
GAPDH accacagtccatgccatcac/tccaccaceetgttgetgta

Sox 17, sex-determining region Y-box17; Foxa2, forkhead box pro-
tein a2; Hof, hepatocyte nuclear factor; Pdx1; pancreatic and duode-
nal homeobox factor-1; NeuroD, neuronal differentiation 1; Isl-1, Islet
or Insulin gene enhancer protein; Pax6, paired box gene 6; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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RESULTS
Isolation of Pancreatic Stem Cells

Pancreatic stem cells were isolated from all three pan-
creata from newborn mice (efficacy: 100%). On the other
hand, pancreatic stem cells were isolated from only 3 of
30 pancreata of 8-week-old mice (10%) and from none
of the 30 pancreata of 24-week-old mice (0%, Table 2).
Each pancreatic stem cell formed “cobblestone” mor-

phology (Fig. 1).

Growth Activity of the Pancreatic Stem Cells

One of the pancreatic stem cells from each isolate,
named HN#101, HN#111, HN#121, HN#13, HN#21,
or HN#23, was evaluated for growth activity. Each cell
divided actively beyond population doubling level (PDL)
100 (passage 25) without growth inhibition (Fig. 2).
These data suggest that pancreatic stem cells from differ-
ent aged mice have a similar growth activity.

Gene Expression of the Pancreatic Stem Cells

An RT-PCR analysis of endodermal/pancreatic pro-
genitor cell markers was performed to investigate gene
expression in each clone. Differentiated cells from ES
cells, generated by a stepwise differentiation protocol that
relies on intermediates thought to be similar to cell popu-
lations present in the developing embryo (3,7), were used
as a positive control. The marker gene expression pat-
terns of the definitive endoderm [sex-determining region
Y-box17 (Sox17), forkhead box protein a2 (Foxa2)], gut
tube endoderm [hepatocyte nuclear factor 1B (HNF1),

- HNF40], and pancreatic progenitors (Hnf6, Pdx1) were
detected in each cell (Fig. 3). These data suggest similar
gene expression in each cell culture.

Differentiation Ability of the Pancreatic Stem Cells

HN#101, HN#111, HN#121 (all 0 week) and HN#13,
HN#21, or HN#23 (all 8 weeks) cells were induced to dif-
ferentiate into insulin-producing cells by Pdx1 and BETA2/
NeuroD protein transduction (11,13) with exendin-4 for

" Table 2. Isolation Efficacy of Mouse Pancreatic Stem Cells
Old  Suc#/Iso#

C]oge# Name

Mouse Ow 3/3(100%) 6 HN#101-106
4 HN#111-114
8 HN#121-128
Mouse 8w 3/30 (10%) 15 © HN#1-15
7 k HN#21-27
3 HN#31-33
Mouse 24 w 0/30 (0%)

Suc#/Tso#, successful isolation number of pancreatic stem cells/
total isolation number; w, weeks.
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Figure 1. Isolation and culture of pancreatic stem cells.
Morphology of pancreatic stem cells from newborn (HN#101,
HN#111, HN#121) and 8-weck-old mice (HN#13, HN#21,
HN#31). The “duct-like” cells from digested pancreatic tissue
were inoculated onto 96-well plates, cloned by limiting dilu-
tion, and cultured in DMEM with 20% FBS or complete ES
cell media on feeder layers of mitomycin C-treated STO cells
(Sandos inbred mice fibroblast cell line with 6-thioguanine and
ouabain resistance). Scale bar: 100 pm.

2 weeks. Treatment induced the expression of insulin-2,
BETA2/NeuroD, islet 1 (Isl-1), and paired box 6 (Pax6)
transcription factors and glucagon in the differentiated
cells (Fig. 4). These data suggest that each clone could
differentiate into insulin-producing cells.

100 r
Al
=
=
g 10}
g =—@=HN#101
< == HN#111
3 HN#121
HN#13
HN#21
=== HIN#3
1 A L 1 1
0 2 4- 6 8

Days

Figure 2." Growth activity of the pancreatic stem cells. HN#101,
HN#111,HN#121, HN#13, HN#21, and HN#31 cells were cul-
tured in complete ES cell media on feeder layers of mitomycin
C-treated STO cells and evaluated for their growth activity.
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F #101 #111 #121

Sox17
FoxaZ
GAPDH

F #4101 #111 #121 #13 #21 #31 GIE

Hnflp
Hnfio,

GAPDH

Figure 3. Gene expression of the pancreatic stem cells in cul-
ture condition 3. RT-PCR analysis of endodermal/pancreatic
progenitor cell markers was used to investigate gene expres-
sion in HN#101, HN#102, HN#103, HN#13, HN#21, and
HN#31 cells. F, feeder cells (STO cells, negative control); #101,
HN#101 cells at PDL 100; #111, HN#111 cells at PDL 100;
#121, HN#121 cells at PDL 100; #13, HN#13 cells at PDL 100;
#21, HN#21 cells at PDL 100; #31, HN#31 cells at PDL 100; DE,
differentiated definitive endoderm cells from ES cells (positive
control); GTE, differentiated gut tube endoderm cells from ES
cells (positive control); PP, differentiated pancreatic progenitors
cells from ES cells (positive control); Sox17, sex-determining
region Y box 17; Foxa2, forkhead box A2; GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase; Hnf, hepatocyte growth
factor; Pdx1, pancreatic and duodenal homeobox factor 1.

DISCUSSION

This study evaluated the isolation efficacy of mouse
pancreatic stem cells. Pancreatic stem cells were isolated
from the pancreata of all newborn mice. On the other
hand, the isolation efficacy of pancreatic stem cells from
8-week-old mice was only 10% and 0% from 24-week-
old mice. These data suggest that young mice may have
many pancreatic stem cells, while older mice may have
only a few pancreatic stem cells. It is also extremely diffi-
cult to get clones of pancreatic stem cells from older mice.
Indeed, human pancreatic stem cells could not be isolated
from 20- to 60-year-old donors (15). Although it is not
possible to conclude that there are few human pancreatic
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stem cells in older donors because the culture conditions
for maintenance of human pancreatic stem cells have not
yet been established, the evidence from mouse pancreatic
stem cells may explain why human pancreatic stem cells
have not been isolated from older donors.

Asthe number of diabetic patients continues to increase
worldwide, pancreatic stem/progenitor cells could become
a useful tool for B-cell replacement therapy since the cells
are abundantly available in the pancreas of these patients
and in donor organs (2,4,6,9,10,11,13,15,21,24,25).
However, the technique for the isolation of pancreatic
stem cells remains difficult, and it is necessary to find a
more efficient process. The current study suggests that it
is extremely difficult to isolate pancreatic stem cells from
the pancreata of older mice, in particular. Furthermore,
since the optimal culture conditions for the maintenance
of human pancreatic stem cells have yet to be established,

Induction (+)

#101 #101 #111 #121 #13 #21 #31 Islet

Insulin-2
Glucagon
Pdx1
NeuroD
Isl-1
Pax6

GAPDH

Figure 4. Differentiation ability of the pancreatic stem cells
after culture for 2 months. HN#101, HN#102, HN#103, HN#13,
HN#21, and HN#31 cells were induced to differentiate into insu-
lin-producing cells using 10 nM exendin-4, 10 mM nicotinamide,
10ng/m1 KGF, 100 nM Pdx1 protein, and 100nM BETA2/NeuroD
protein for 2 weeks. PCR was performed in a Perkin-Elmer 9700
Thermocycler with 2 il ¢cDNA (20 ng RNA equivalent) from the
cells. The oligonucleotide primers and cycle number used for
semiquantitative PCR are shown in Table 1. #101, HN#101 cells
at PDL 100; #111, HN#111 cells at PDL 100; #121, HN#121 cells
at PDL 100; #13, HN#13 cells at PDL 100; #21, HN#21 cells at
PDL 100; #31, HN#31 cells at PDL 100; Islet, mouse islets
(positive control); Isl-1, islet 1; Pax6, paired homeobox 6.
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the current data may suggest that it will be extremely
difficult to isolate human pancreatic stem cells. Further
optimization of methods is needed to isolate human pan-
creatic stem cells and to maintain the undifferentiated fate
of human pancreatic stem cells.
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Recently, mouse pancreatic stem cells have been isolated from adult mouse pancreata. However, these pancre-
atic stem cells could be maintained only under specific culture conditions with lot-limited fetal bovine serum
(FBS). For the efficient isolation and maintenance of mouse pancreatic stem cells, it is important to identify
culture conditions that can be used independent of the FBS lot. In this study, we evaluated the culture condi-
tions required to maintain mouse pancreatic stem cells. The mouse pancreatic stem cells derived from the
pancreas of a newborn mouse, HN#101, were cultured under the following conditions: 1) Dulbecco’s modified
Eagle’s medium (DMEM) with 20% lot-limited FBS, in which mouse pancreatic stem cells could be cultured
without changes in morphology and growth activity; 2) complete embryonic stem (ES) cell media; and
3) complete ES cell media on feeder layers of mitomycin C-treated STO cells, which were the same culture
conditions used for mouse ES cells. Under culture conditions #1 and #3, the HN#101 cells continued to form
a flat “cobblestone” monolayer and continued to divide actively beyond the population doubling level (PDL)
100 without growth inhibition, but this did not occur under culture condition #2. The gene expression profile
and differentiated capacity of the HN#101 cells cultured for 2 months tinder culture condition #3 were similar
to those of HN#101 cells at PDL 50. These data suggest that complete ES cell media on feeder layers could be
useful for maintaining the undifferentiated state of pancreatic stem cells.

Key words: Mouse pancreatic stem cells; Culture condition; Embryomc stem cells; Embryonic stem (ES) medium;
Feeder cells; Pancreatic islet transplantation

INTRODUCTION exendin-4 and with the Pdx1 and B-cell E-box transacti-

-Cell replacement therapy via islet transplantation rep-
resents a promising treatment for type 1 diabetes (6,11,16—
18,21). However, such an approach is severely limited by
the shortage of donor organs. Pancreatic stem/progenitor
cells could be a useful target for B-cell replacement therapy
in diabetic patients, since the cells are abundantly available
in the pancreas of these patients as well as in donor organs.
‘We recently established mouse pancreatic stem cells with-
out genetic manipulation (19). The clonal cell line obtained
(HIN#13) expresses the pancreatic and duodenal homeobox
factor 1 (Pdx1), also known as islet/duodenal homeobox-1
(IDX-1)/somatostatin transcription factor 1 (STF-1)/insu-
lin promoter factor 1 (IPF1), one of the transcription fac-
tors specific for the B-cell lineage. Induction therapy with

vator/neuronal differentiation 1 (BETA2/NeuroD) tran-
scription factors using protein transduction technology
(9,10,12-14) stimulated the expression of insulin mRNA
in the cells. Yamamoto et al. also reported the generation of
mouse pancreatic stem cells using serum-free medium con-
taining cholera toxin, which stimulated cAMP signaling in
the cells (24). These pancreatic stem cells have the poten-
tial to differentiate into not only insulin-producing cells but
also hepatocytes (19,24). These isolation techniques might
also be useful for the identification and isolation of human
pancreatic stem/progenitor cells. .

On the other hand, the HN#13 cells could be maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with
only 1 of 10 different lots of fetal bovine serum (FBS) (BIO-
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WEST, Inc., Logan, UT, USA; S1560 Lot. #S05094S51560).
The cells in the other DMEM-FBS formed “fibroblast-like”
or “spindle” structures and stopped dividing after three to
six passages (19). For efficient isolation and maintenance
of mouse pancreatic stem cells, it is important to identify
culture conditions that are independent of the FBS lot. In
this study, we evaluated the culture conditions required to
maintain mouse pancreatic stem cells.

MATERIALS AND METHODS

Isolation and Culture of Mouse Pancreatic Stem Cells
and Islets ’

The mouse studies were approved by the review commit-
tee of Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences. Islets were isolated
from the pancreata of 8-week-old mice (C57BL/6; CLEA
Japan, Inc., Meguro, Tokyo, Japan). For islet isolation,the
common bile duct was cannulated and injected with 2 ml
of cold M199 medium (Life Technologies Japan, Tokyo,
Japan) containing 2 mg/ml collagenase (Roche Boehringer
Mannheim, Indianapolis, IN, USA) (14). The islets were
separated on a density gradient (Optiprep®, Sigma-Aldrich,
St. Louis, MO, USA), hand-picked under a dissecting micro-
scope to ensure a pure islet preparation, and used immedi-
ately afterward.

Pancreatic stem cells from newborn mice were isolated
using a modification of a method that was reported pre-
viously (19). In brief, the pancreatic tissue from newborn

mice was digested by 2 mg/ml collagenase, and the digested

cells were then cultured in DMEM (Life Technologies) with
20% FBS (BIO-WEST, Inc., S1560 Lot. #S0509451560).
After the cells were attached and spread, nonductal cells
(fibroblast morphology) were removed mechanically
with a rubberscrapper (Life Technologies). The “duct-
like” cells were then inoculated into 96-well plates (Life
Technologies), cloned by limiting dilution, and cultured in
DMEM with 20% FBS.

Culture Conditions

Mouse pancreatic stem cells from newborn mice were
cultured under the following conditions: 1) DMEM with
20% FBS(BIO-WEST, Inc., $1560 Lot. #505094S1560),
2) complete embryonic stem (ES) cell media with 15%
FBS (Millipore, Billerica, MA, USA), 3) complete ES
cell media with 15% FBS on feeder layers of mitomy-
cin C (Sigma-Aldrich)-treated STO cells [Sandos inbred
mice fibroblast cell line with 6-thioguanine and ouabain
resistance; American Type Culture Collection (ATCO),
Manassas, VA, USA] (the same as the culture conditions
used for mouse ES cells) (Fig. 1A). h

ES Cell Culture and Differentiation

Mouse ES cells (ATCC) were maintained in com-
plete ES cell media with 15% FBS on feeder layers of
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" mitomycin C-treated STO cells. ES cells were passaged every

3 days. The cells that differentiated from ES cells (gen-
erated by a stepwise differentiation protocol that relies
on intermediates thought to be similar to cell popula-
tions present in the developing embryo) were used as a
positive control. Directed differentiation was conducted as
described previously (2,5), with minor modifications. In
stage 1, cells were treated with 25 ng/ml of wingless-type
MMTYV integration site family, member 3A (Wnt3a) and
100 ng/ml of activin A (R&D Systems, Minneapolis, MN,
USA) in Roswell Park Memorial Institute media (RPMI;
Life Technologies) for 1 day, followed by treatment with
100 ng/ml of activin A in RPMI+0.2% FBS for 2 days. In
stage 2, the cells were treated with 50 ng/ml of fibroblast
growth factor 10 (FGF10; R&D Systems) and 0.25 uM of
3-keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)
cyclopamine (KAAD-cyclopamine; Toronto Research
Chemicals, Ontario, Canada) in RPMI+2% FBS for
3 days. In stage 3, the cells were treated with 50 ng/ml
of FGF10, 0.25 uM of KAAD-cyclopamine, and 2 uM
of all-trans retinoic acid (Sigma-Aldrich, Tokyo, Japan) in
DMEM +1% (v/v) B27 supplement (Life Technologies) for
3 days. ES cells differentiated into definitive endoderm in
stage 1, into gut tube endoderm in stage 2, and then into
pancreatic progenitors in stage 3.

Semiquantitative RT-PCR

Total RNA was extracted from cells using an RNeasy
Mini Kit (QIAGEN, Tokyo, Japan). After quantifying the
RNA by spectrophotometry, 2.5 pg of RNA were heated at
85°C for 3 min and then reverse-transcribed into cDNA in
a 25-ul solution containing 200 U of Superscript I RNase
H-RT (Life Technologies), 50 ng random hexamers (Life
Technologies), 160 wmol/L dNTP, and 10 nmol/L dithio-
threitol. The reaction consisted of 10 min at 25°C, 60 min
at42°C, and 10 min at 95°C. Polymerization reactions were
performed in a Perkin-Elmer 9700 Thermocycler with 3 1l
cDNA (20 ng RNA equivalents), 160 pmol/L cold dNTPs,
10 pmol appropriate oligonucleotide primers, 1.5 mmol/L
MgCl,, and 5 U of AmpliTag Gold DNA polymerase
(Perkin-Elmer, Norwalk, CT, USA). The oligonucleotide
primers and cycle numbers used for semiquantitative PCR
are shown in Table 1. The thermal cycle profile used a
10-min denaturing step at 94°C, followed by amplifica-
tion cycles (1 min denaturation at 94°C, 1 min annealing at
57°C, and 1 min extension at 72°C) with a final extension
step of 10 min at 72°C. The steps taken to validate these
measurements have all been reported previously (12).

Cell Induction and Diﬁ‘eréntiation Into
Insulin-Producing Cells

To induce cellular differentiation, the cells were
cultured in DMEM with 10% FBS, 10 nM exendin-4,
10 mM nicotinamide, 10 ng/ml heratinocyte growth factor -
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Figure 1. Isolation and culture of pancreatic stem cells. (A) Study design. HN#101 cells (PDL 50) were cultured under the follow-
ing conditions: 1) DMEM with 20% FBS, 2) complete ES cell media with 15% FBS, 3) complete ES cell media with 15% FBS on
feeder layers of mitomycin C-treated STO cells (the same as the culture conditions used for mouse ES cells). (B) The morphology of .
the pancreatic stem cells isolated from a newborn mouse, HN#101 (PDL 50). After digestion of pancreatic tissue, the “duct-like” cells
were inoculated into 96-well plates, cloned by limiting dilution, and cultured in DMEM with 20% FBS. (a) The morphology of the
HN#101 cells in DMEM with 20% FBS (PDL 50). (b) The morphology of the HN#101 cells in DMEM with 20% FBS (PDL 100). (c)
The morphology of the HN#101 cells in complete ES cell media with 15% FBS (PDL 100). (d) The morphology of the HN#101 cells
in complete ES cell media with 15% FBS on feeder layers of mitomycin C-treated STO cells (Sandos inbred mice fibroblast cell line
with 6-thioguanine and ouabain resistance; PDL 100). Scale bar: 100 pm.

(XGF; all Sigma-Aldrich), 100 nM Pdx1 protein, and
100 nM BETA2/NeuroD protein for 7 to 10 days. For
the Pdx1 and BETA2/NeuroD proteins, the cDNAs
were amplified by PCR using appropriate linker primers
and then were subcloned into the Nde 1 and Xho 1 sites
of pET21b(+) (Novagen, Madison, WI, USA) using a

Table 1. List of Gene-Specific Primers

Gene Forward/Reverse Primer
Sox17 ctgecetgecggpatggeacggaate/
ttctggecctcaggtegggteggcaac
Foxa2 tggtcactggggacaagggaa/gcaacaacagcaatagagaac
Hnflp cacagccctcaccageagec/gactgectgggcetetgetge
Hnfdo acacgtccccatetgaaggtg/cticcticticatgecageee
Pdx1 cetgegtgectgtacatggg/titccacgegtgagettigg
Hnf6 gggtgageeatgageeggtg/catageegegecgggatgag
Insulin-1 ccagctataatcagagacca/gtgtagaagaagecacgcet
Insulin-2 tccgetacaatcaaaaaccat/getgggtagtggtgggteta
Glucagon actcacagggcacattcacc/ccagitgatgaagteectgg
.NeuroD gegetcaggeaaaageec/geeattgatgetgagegecs
Isl-1 agatatgggagacatgggcgat/acacageggaaacactcgatg
Pax6 cagtcacagcggagtgaatc/cgettcagetgaagtcgeat
GAPDH accacagtccatgecatcac/tecaccacectgttgetgta

Sox 17, sex-determining region Y-box17; Foxa2, forkhead box pro-
tein a2; Hnf, hepatocyte nuclear factor; Pdx1, pancreatic and duode-
nal homeobox factor-1; NeuroD, neuronal differentiation 1; Isl-1, islet
or insulin gene enhancer protein; Pax6, paired box gene 6; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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ligation kit (TaKaRa, Tokyo, Japan). BL21 (DE3) cells
(Life Technologies) containing the expression plasmids
were grown at 37°C to an OD,, of 0.8. Next, isopropyl-f-
p-thiogalactopyranoside (Sigma-Aldrich) was added to a
final concentration of 0.1 mmol/L, and the cells were then
incubated for 12 h at-24°C. Cells were sonicated, and the
supernatants were recovered and applied to a column of
Ni-nitrilotriacetic acid agarose (Life Technologies).

RESULTS
Isolation of Pancreatic Stem Cells

Pancreatic stem cells were isolated from the pancreata
of newborn mice. After digestion of pancreatic tissue, the
“duct-like” cells were then inoculated into 96-well plates,
cloned by limiting dilution, and cultured in DMEM with
20% FBS (see Materials and Methods for a more detailed
description). Of the more than 200 isolated clones, six
clones were able to be cultured for more than 3 months.
One of the clones, named HN#101 (Fig. 1B-a), which
formed a flat, monolayer “cobblestone” morphology, was
used to evaluate the culture conditions.

Morphology of the Pancreatic Stem Cells
Cultured in Different Media

‘We previously reported that one of the previously iso-
lated pancreatic stem cell clones, the HN#13 cells, could
be maintained during culture in DMEM using only 1 of
10 different lots of FBS (19). For efficient isolation and
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maintenance of mouse pancreatic stem cells, it is important
to identify culture conditions that can be used that are inde-
pendent of the FBS lot. HN#101 cells were cultured under
different culture conditions for their ability to support the
growth of pancreatic stem cells. Under culture conditions
#1 and #3, the HN#101 cells could be maintained to form
a flat “cobblestone” monolayer and continued to divide
actively beyond the population doubling level (PDL) 100

(over 3 months) (Fig. 1B-b, B-d). On the other hand, the

HN#101 cells formed “fibroblast-like/spindle” structures
when grown under culture condition #2 (Fig. 1B-c).

Growth Activity of the Pancreatic Stem Cells

HIN#101 cells were evaluated for their growth activ-
ity under the three different culture conditions. Under
culture conditions #1 and #3, the HN#101 cells divided
actively beyond PDL 100 without growth inhibition
(Fig. 2). Under culture condition #2, the growth activity
‘of the HIN#101 cells gradually decreased (Fig. 2). These
data suggest that conditions #1 and #3 are suitable for the
culture of mouse pancreatic stem cells.

Gene Expression Profile of the Pancreatic Stem Cells
Under Culture Condition #3

To investigate the gene expression in HN#101 cells cul-
tured for 2 months under culture condition #3, an RT-PCR
analysis of endodermal/pancreatic progenitor cell mark-
ers was performed. Cells that differentiated from ES cells
(generated by a stepwise differentiation protocol that relies
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Figure 2. Growth activity of the pancreatic stem cells. HN#101
cells (PDL 50 = control) were evaluated for their growth activity
under three different culture conditions (1-3 in Fig. 1). Under
culture conditions #1 and #3, the HN#101 cells divided actively
beyond PDL 100 without any change in growth activity. Under
culture condition #2, the growth activity of the HN#101 cells
was gradually decreased. :
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on intermediates thought to be similar to cell populations
present in the developing embryo) (2,5) were used as a
positive control. The marker gene expression patterns of
the definitive endoderm [sex-determining region Y-box17
(Sox17), forkhead box protein a2 (Foxa2)], gut tube endo-
derm [hepatocyte nuclear -factor 1 (Hufl(), Hnfdol,
and pancreatic progenitors (Hnf6, Pdx1) were detected in
HN#101 cells cultured for 2 months under culture condi-
tion #3 (Fig. 3). These data suggest that the gene expres-
sion pattern in HN#101 cells cultured for 2 months under
culture condition #3 was similar to that of undifferentiated
HN#101 cells.

Differentiation Capacity of the Pancreatic Stem Cells
After Culture for 2 Months Under Culture Condition #3

To evaluate whether the differentiation capacity of the
pancreatic stem cells was maintained under culture con-:
dition #3, the HN#101 cells cultured for 2 months under
culture condition #3 were induced to differentiate into
insulin-producing cells by treatment with exendin-4, Pdx1
protein, and BETA2/NeuroD protein for 7 to 10 days. We
previously reported that Pdx1 and BETA2/NeuroD pro-
tein transduction technology could be a safe and valuable
strategy for facilitating the differentiation of stem/pro-
genitor cells into insulin-producing cells without requiring
the use of gene transfer technology (10,12). The treated
cells induced the expression of insulin-2 mRNA (but not
insulin-1 mRNA), although the level of insulin-2 mRNA
was still low compared with that of primary mouse islets
(Fig. 4). We also examined the expression of other tran-
scription factors and pancreas-related genes. After induc-

tion, the expression of the BETA2/NeuroD islet-1 (Isl-1)

and paired box 6 (Pax6) transcription factors and glucagon
were induced (Fig. 4). These data suggest that complete
ES cell media and growth of cells on feeder layers, the
same culture conditions that are used for mouse ES cells,
could be useful in maintaining the undifferentiated state of
pancreatic stem cells.

DISCUSSION

In this study, we evaluated the culture conditions
required to maintain mouse pancreatic stem cells. The
complete ES cell media with 15% FBS and feeder layers of
mitomycin C-treated STO cells, the same conditions that
are used to culture mouse ES cells, are suitable for culturing
mouse pancreatic stem cells. Since the culture in complete
ES cell media without feeder cells failed to maintain the
undifferentiated state of the mouse pancreatic stem cells,
feeder cells appear to be essential for the maintenance of
the pancreatic stem cells. On the other hand, we previously
reported that the pancreatic stem cells cultured in DMEM
with 9 of 10 FBS formed “fibroblast-like” or “spindle”
structure and stopped dividing after three to six passages
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