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Fiurk I = Proteomic analysis of OVISE CCC and OVSAHO SAC cell lines, Representative gel imiages of 3 independent experiments are
Shown. A 2D-DIGE gel image of OVISE CCC and OVSAHO SAC cell lines'is shown in (@): Green spots correspond to proteins upregulated in
OVISE cells {Cy3 Tabeled) compared with OVSAHO cells {(Cy5 fabeled). Red spots corresponid to proteins upregilated in OVSAHO celis (Cy5
fabeled) compared with: OVISE cells (Cy3 labeled). Yellow Spots correspond to proteins. expressed. at the same: level in' the: OVISE and
OVSAHO cell lines: A corresponding silver stain gel image is shown in (b).

Japany in. a hot water bath at Y8°C for 40 min. In brief, quenching
endogenous peroxidase with 3% H-Oy m methanol for 20 min. Af-
ter treatment. with BlockAce (Dainippon Sumitonio: Pharmaceuti-
cal, Osaka, Japan) for 30 min ar room temperature, the sections
were incubated: with a goat polyclonal anti-Anx A4 antibody at
1:100 dilution at 4°C overnight and subsequently incubated with a
biotinylated anti-goat IgG antibody (Vector Laboratorics Inc.j at
room temperature for | hr. The antibody complex was detected by
incubation with an  avidin-biotin-peroxidase  complex  solution
(Vector Laboratories Inc.) and visualized with 3.3'-diaminobenzi-
dine tetrahydrochloride (MERCK. Darmstadt. Germany). Tissue
sections were. counter-stained with hematoxylin. Three gyneco-
logic: oncologists (ALK T.M., Y. U.). bimded 1o the histological
data; reviewed the stained: sections. Cases: with >90% of tumor
cells staining positively with the anti-Anx A4 antibody were con-
sidered strongly positive (£ 1), cases with >50% but <90%
Anx Ad-positive cells medium positive (- +}; those with <30%
positive cells weakly positive () and those with no or hardly any
positive cells were considered negative.

Construction of Anx A4 expression vector

Total RNA from OVISE cells was purified with an RNA-Bee
solution (Tel-Test Inc.. Friendswood, TX) and ¢DNA was pre-
pared with a SuperScript™F 11T Reverse Transcriptase Kit (Invi-
trogen). To construct the Anx A4 expression vector, ¢cDNA of
human Anx A4 was amplified using KOD-plus (Toyobo Co. Lid.,
Osaka, Japan) with the following primers: Anx Ad forward primer
§-ttgacctagagieatggcca-3" and Anx A4 reverse primer S'-ttiaat-
catctcetecacag-3'. The amplificd cDNA was then inserted inio
pcDNAJ I/VS-HissTOPO  vector - (Invitrogen) and designated
pcDNA3Z.I-Anx A4, The DNA sequence of Anx A4 cDNA
mserted into the plasmid was confirmed using the ABI PRISM
3100 Genetic Analyzer (Applicd Biosystems; Foster City, USA).

Generation of Anx A4 stable mransfectant cells

To generate Anx A4 stable transfectant cells, the OVSAHO cell
line was transfected with pcDNA31-Anx A4 using Lipofectamine
2000 (Invitrogen) according fo the manufacturers’ instructions, af-
ter which the cells were Selected with 500 pg/ml of Geneticin
{GIBCO, Invitrogen, Carlsbad, CA). We also transfected empty

sector into the OVSAHO cell line using the same procedure
escribed earlier to generate control cells. Stable clones were
maintained in 250 pg/ml of Geneticin. Western blot analysis was
perforned fo confinn the levels of Anx A4 expression in Anx A4
fransfectant cells and empty vector control cells.

Measurement of 1Csg values after carboplatin treatment

Anx Ad transfected OVSAHO cells and empty vector: control
cells  were seeded in 96-well plates: (3,000 cells/well) (Costar;
Coming Inc., Corning, NY) for 24 hr and then exposed to various
concentrations (0-150 M) of carboplatin for 72 hr. The cells were
incubated with: 10 ul of Cell Counting Kit-8 (Dojindo, Osaka, Ja-
pan) in 100 jil RPMI-1640 medium for 3. hr. Absorbance at 450
nm was measured with a microplate veader (Bio-Rad Model 680),
and absorbance values were expressed as percentages relative to
those for untreated controls, and the concenfrations resulting in
50% inhibition of cell prowth (ICsg values) were calculated.

Measurement of intracellular platinum accumulation

Carboplatin accumulation in Anx A4 ransfected cells and control
cells was analyzed according 1o a previously established method
with minor modifications. Tn brief, 1.5 X 10% cells were seéded into
a 60-mm tssue culture dish and imcubated for 24 hr. The cells were
then exposed to 2 mM carboplatin for 60 min at 37°C and washed
twice with PBS either immediately or after 360 min of incubation
in carboplatin-free: RPMI 1640 medium supplemented with 10%
FBS (HyClone Laboratories). After whole-cell extracis were pre-
pared. the concentration of intracellular platinum: was determing
by using a polarized Zeeman atomic absorption spectrophotometer
(model Z-8000; Hitachi. Ltd., Tokyo, Japan). The absolute concen-
tration of platinum in each sample was determined from a calibra-
tion curve prepared with a platinum standard solution:

Statistical analysis

Student’s 1 tests were used for statistical analyses. For the im-
munohistochemical analysis, a nonparametric analysis (the Krus-
kal-Wallis test) was used. A value of p < 0.05 was considered
statistically significant.

Results

Anx A4 expression is elevated in. CCC cell lines
compared with SAC cell lines

The protein expression profiles of OVISE (CCC) and OVSAHO
(SAC) cell lines were compared by means of 2D-DIGE analyses
using floorminimal dye-labeled protein extracts. The resulting gel
images and corresponding silver-stained gels are shown in Figures
{a and 15, Eight proteins highly expressed in OVISE cells and 6
proteins in OVSAHO cells were selected for identification by LC-
MS/MS analysis. The results of these analyses (Table I} revealed
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TABLE Il - PROTEINS DIFFERENTIALLY. EXPRESSED IN OVISE AND OVSAHO CELL LINES

Spot ac. Access. no. ldentified protein M, (Da} pl Coverage (%)
Proteins upregulated in OVISE cells compared with OVSAHO cells
1 P0O9211 Giutathione S-transferase P 23.438 5.44 38
2 PGO52S Annexin A4 (Annexin IV) 33,957 5.85 49
3 P04792 Heat-shock protein beta-1 22,826 5.98 39
4 Q13011 Delta3,5-delta2,4-dienoyl-CoA isomerase, mitochondrial precursor 36,136 8.16 28
5 P30040 Endoplasmic reticulum profein ERp29 precursor 29,032 6.77 5
& 75874 Isocitrate dehydrogenase [NADP] cytoplasmic 46,915 6.53 39
7 P68104 Elongation factor 1-alpha 1 50,451 9.1 14
8 P6R1O4 Elongation factor l-alpha [ 50451 9.1 19
Proteins upregulated in OVSAHO cells compared with OVISE celis
i QO7021 Complement component T Q sabcomponent-binding protein, 31,742 4.74 14
mitochondrial précursor
2 75947 ATP synthase D chain, mitochondrial 18,405 5.22 4]
3 P30084 Enoyl-CoA hydratase, mitochondrial precursor 31.823 8.34 27
4 P42126 3,2-trans-enoyl-CoA isomerase, mitechondrial precursor 33,080 8.8 i0
5 P45880 Voltage-dependent anion-selective channel protein 2 38,639 6.32 25
6 P45880 Voltage-dependent anion-selective channel protein 2 28,639 6.32 25
a8 OVTOKO, OVMANA. RMG-T (CCC} cell linés compared with
the OVSAHO and OVKATE (SAC) cell lines.
0 4
-?.; 53 i Enhanced expressioiv of Anx A4 protein in tumors of
R é ovarian CCC patients
@ o : Next; we determined whether levels of Anx A4 protein are ele-
o 4 ! vated in tumors of patients with ovarian CCC compared with other
3 s ; ovarian cancers. For this analysis; we performed an immunohisto-
£ E ”””” chemical study of ‘Anx. A4 expression in tumor tissue’ samples
G wimed s ni len from-a large cohort of ‘ovavian cancer: patients (126 patients’ in
OVISE . QVTOKO OVMANA - RMG:E  CWGAHD GVKATE total). In addition, we performed Western blot dnalysis using sev-
cee SAC eral frozen tumor tissue samples: and compared the results: with
those of the immunohistochemical study. Representative immuno-
b histochemical staining of Anx Ad:intissue sections from patients
with ovarian cancer revealed: intense Anx: A4 staining in’ ovarian
- Anx Ad CCC: compared: with other histological types. (Fig: 3a). Positive
staining scores for Anx A4 in tissue sections froim- patients with
other- types: of ' ovarian: cancers are shown in Figure 3h. We
observed significantly stronger (p < 0.01) positive staining in tis=
sue: sections: from. patients with ‘ovarian  CCC conipared with
g A ———— BOSI y GAPDH patients: with: ovarian endometrioid and serous adenocarcinonmia,

OVISE OVTOKO OVMANA RMG -1 OVSAHO OVKATE
cce SAC

F16ure 2 = Real-time RT-PCR and Western blot analysis of levels
of Annexin: A4 expression in ovarian cancer cell lines. Levels of
Annexin A4 mRNA' in ovarian CCC cell lines (OVISE; OVTOKO,
OVMANA and RMG-1) and in ovarian SAC cell lines (OVSAHO and
OVKATE) were détermined by real-time RT-PCR (a). Levels of
Annexin A4 protein in ovarian CCC cell hines (OVISE, OVTOKO;
OVMANA and RMG-1) and in ovarian SAC cell lines (OVSAHO and
OVKATE]) were determined by Western blot analysis (b},

enhanced expression of the Anx A4 protein in the OVISE cell line
compared with the OVSAHO cell line;

The specific overexpression of ‘Anx: A4 in-ovarian CCC cell
lines' compared.with that in SAC cell lines was further evaluated
by real-time RT-PCR (Fig. 2a) and Western blot analysis: (Fig.
2h). As shown in Figure 2a; expression of Anx A4 (mRNA level)
in: OVISE, OVTOKO, OVMANA and RMG:1 (CCC) cell lines
was enhanced compared with the OVSAHO and OVKATE (SAC)
cell lines where Anx A4 expression (mRNA level) was barely
detectable: Western ‘blot analysis (Fig. 2b) also demonsiated
enhanced  expression of Aux A4 (protein Jevel) in OVISE,

Of 43 CCC tissue sections, more than 30 were strongly positive
for Anx Ad (++-+) compared with only 5 of the 62 SAC samples.
Western blot analysis showed enhanced expression of Anx A4 in
CEC rumor samples that had demonstrated strong Anx A4 immu-
nohistochernical staining (++ ) but barely detectable expression
of Anx A4 in.SAC tumor samples that had demonstrated negative
{—) Anx A4 imiunohistochemical staining (Fig. 3¢).

Transfection of Anx A4 cDNA tnio ovarian cancer cells
enhances resisiance to carboplatin ireatment
aitd modulates drug cellular efffux

Because Anx A4 has been demonstrated o perform a funcrional
role in chemoresistance in some cuncer cell lines,!* we determined
whether Anx A4 can also confer chemoresistance to epithelial
ovarian cancer cells. For this study, we generated Anx A4 stably
ransfected OVSAHO cells. Figure 4a shows a Western blot analy-
sis of ‘Anx A4 levels in OVSAHO parent cells, Anx A4 stably
transfected OVSAHO cells and empty vector transfected control
cells, Figure 45 shows cell survival plots: for- control and
OVSAHO/fAnx A4 cell lines affer treatment with mcreasing con-
centrations: of carboplatin (0=150: uM). From this analysis, we
determmed the 1C50 carboplatin concentration values for the 2 cell
lines. Higher (approximately double) ICsy carboplatin concentra-
tion was observed in the OVSAHO/AnX A4 (ICq; = 42 uM) cells
compared with the empty vector control cells (ICsy = 23 uM).
These results demonstrate. that ‘Anx A4 can confer chemoresist-
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Ficuge 3 - Immunohistochemical analysis of Annexin A4 in ovar-
ian cancer tumnors: Levels of Annexin A4 protein in 126 epithelial
ovanan: cancer samples were detennined by immunohistochemical
analysis. Representative imagpes of tissue sections from CCC (n = 43);
endometrioid (1.~ 8}, mucinous (# = 13} and serous adenocarcinoma
(n = 62) ovarian cancer patients after immunohistochemical staining
for Annexin Ad (g). Annexin Ad-positive staining scores of tissue sec-
tions from ovarian cancer tumors (h). The p value between CCC and
SAC 1s provided as determined by the nonparametric Kruskal-Wallis
test. Western blot analysis using 5. €CC frozen tumor samples and 5
SAC frozen tumnor samples (¢).

ance in ovarian cancer cells; To investigate the molecular mecha-
nisms of chemoresistance induced by Anx A4, we quantitated the
intracellular platinum content after treatment of OVSAHO/Anx
A4 and empty vector control cells with carboplatin. Figure d¢
shows an analysis. of intraceliular platinum accumulation in
OVSAHO/Anx A4 cells and empty vector control cells after car-
boplatin treatment with or without an additional incubation time
(360 min) in carboplatin-free medium. Significantly (p = 0.0020)
reduced Jevels of intracellular platinum accumulation were noted
in: OVSAHO/Anx A4 cells (OVSAHO/Anx A4 no: 40, 0 min)
comipared with empty vector control cells (Control no. 16, 0:min)
when neither ceil line underwent additional incubation in carbo-
planin-free medium. Control cells displaved no significant differ-
ence (p = 0.178) in infracellular platinum content between 0 min
and 360 min of additional carboplatin-free incubation time (Con-
trol noi 16, 0o minvso Control 'no. 16,360 1mn), whereas
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Figure 4 — Transfection of Annexin A4 ¢cDNA into ovarian cancer
cells confers resistance to carboplatin and decreases intracellular Pt
accurnulation: Cell survival (expressed as a percentage relative (o con-
trol untreated cellsy after 72 hr treatment-of OVSAHO/Aux A4 and
emply vector control cells with different concentrations of carboplatin
(Figure 4a). The obtained 1C30 values were 42 uM for OVSAHO/Anx
A4 n0.40 and 23 uM for Control no. 16 {(not shown in figure). Intra-
cellular platinum content after treatment with 2 mM carboplatin for 60
min: with: or without- after 360 min of incubation in: carboplatin-free
medium in, OVSAHO/Anx A4 cells and control cells; as determined
by atomic absorption spectrophotometry (Figure 4¢.

OVSAHO/Anx ‘A4 cells showed! a significant decrease (p. =
0.0025) in intracellular platinum content at 360 min as compared
with at 0 min of additional carboplatin:free incubation: time
(OVSAHO/Anx A4 no. 40; 0. min vs; OVSAHO/Anx A4 no. 40,
360 min). Furthermore; OVSAHO/Anx A4 cells displayed signifi-
cantly decreased (p = 0.0004) levels of intracellular platinum con-
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tent compared with control cells after an additional 360 min of
carboplatin-free  incubation * (Contro} no. 16 360 min vs.
OVSAHO/Anx A4 no. 40, 360 min), which suggests a role for
Anx A4 in enhancing cellular platinum efflux.

Discussion

The'use of carboplarin and paclitaxel for the treatment of ovar-
fan cancers has significantly improved survival rates in patients
with this disease.'s However, of the 4 major histological types of
ovarian cancer, CCC of the ovary is characterized by strong che-
moresistance,” Consequently, patients with this disease are associ-
ated with significantly Tower S-yéar survival rates: than patients
with other histological types of ovarian cancer.'”~° However, the
molecular mechanisms of chemoresistance in this discase have
remained poorly. understood. Thus; the identification ‘of proteins
which are involved in chemoresistance in ovarian CCC is of major
clinical importance because these profeins may constitute. novel
therapeutic targets in this disease,

In:this study. we performed a 2D-DIGE ‘proteomic analysis
using ovarian cancer cell lines for the identification of & candidate
protein: associated  with chemoresistance 'in ovarian. CCC.- We
identified 8 proteins differentially upregulated in OVISE CCC
cells compared with OVSAHO SAC cells (Table IT): From anong
those 8 proteins,: we focused on Anx A4, 4 calcium-depéndent
phospholipid-binding protein, which is localized proximal to the
ceil membrane and plays an imiportant tole i’ membrane Auidity
or trafficking 9

We confirmed by means of both real-time RT-PCR (mRNA lev-
els) and- Western blot analysis (protein levels) that expression of
Anx- A4 was significantly enhanced in’ ovarian CCC céll lines
compared with in non-CCC ovarian cancer cell lines (Figs. 2z and
2b). The: findings of our analysis using” ovarian: cancer cell linés
are in agreement. with those' of the ‘proteomic: study of Morita
et al:” Wi which Anx A4 was identified as being differentially
upregulated i ovarian CCC-cell Tines (OVISE and OVTOKO)
compared with'an ovarian mucinous cancer cell line.

Previous studies have associated Anx A4 protein with chemore-
sistance. For example, in a study of Han er al.'* An¥ Ad was
observed to.be elevated in a paclitaxel-resistant human lung can:
cer cell line and transfection of Anx A4 ¢DNA into embryonic
kidney 293T cells to confer resistance. 1o paclitaxel. Because Anx
Ad has been shown to be involved. in. modulating membrarie per:
meability ‘and ‘membrane u'afﬁcking,m it-is conceivable: that this
involvement may result in modulation of both cellular drug influx
and efflux after chemo-drug treatment. Taken together, these studs
ies suggest that the strong chemboresistance  charactéristic of
human ovarian CCC may be due to enhanced expression of Anx
A4, However, it remained unclear whether levels of Anx A4 pro-
tein are significantly elevated in tumors of patients with ovarian
CCC compared with other histological types.

In the study reported here. we, therefore, performed an immu-
nofistochemical analysis of Anx Ad in tumor tissue samples from
126 patients with epithelial ovarian cancer to determine whether
levels of Anx A4 protein are elevated in tumors of patients with
ovarian: CCC. compared  with other epithelial ‘ovarian cancers:
Because treatment with paclitaxel can enhance Anx A4 expression
incultured cells, ™ all patients examined in: this analysis had
undergone preliminary diagnosis and had not received chemother:
apy . (including ‘carboplatin: or paclitaxel)” before surgery. The
results of this analysis revealed significantly (p-<:0.01) sirong
positive staining {(enhanced expression) of Anx A4 in tumor tissue
samples from patients with ovarian CCC compared: with éndome-
trioid and’ serous adenocarcinoma, which are known to represent
chemosensitive histological types (Fig. 3b). Western blot analysis
using frozen tumor samples were compatible with results of the
THC study (Fig: 3¢). Thus; our study. was able to demonstrate the
presence of enhanced expression of Anx A4 in tumnors of patients
with-ovarian CCC. This finding 1§ in ‘agreement with that of our
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proteomic analysis using ovarian cancer cell lines and indicates
that Anx A4 may play a role in tumor resistance to cancer chemo-
therapy in patients with ovarian CCC.

To investigate a relationship between levels of expression of
Anx A4 and patient prognosis, we reviewed clinical outcomes (re-
currence, progression-frée survival, etc.) of the 62 SAC patients
including 5 patients with strong (++ % )Anx A4 povitive staining
in THC analysis. Among the: 5 SAC patients with high levels of
Anx Ad expression, 2 patients are well and alive with no recur-
rence, whereas: the other 2/ patients have recurred within'l or 2
years after treatment and 1 patient was out-of follow-up. We have
compared the progression-free survival between thesé 5 patients
and: Anx A4 negative SAC patients and: there was no statistically
significant difference between the 2 groups. Because the number
of Anx Ad-positive’ SAC patients 15 small. further investigation
will be necessary ina larger cohort of patients:

Although previous studies have demonstraied a role for Anx A4
in: conferring chemoresistance 16 human cancer cell lines; " & simi-
far role in human epithelial ovarian cancer cells was not identified;
and the specific mechanism of chemoresistance that Anx Ad con-
fers: was not ‘previously determinéd. Therefore, 'we first” studied
cell survival after carboplatin’ freatment to. confirin. whether Anx
A4 can enhance chemoresistance in epithiclial ovarian cancer cells:
We were vinable 10 reduce Anx A4 protein levels in the OVISE
CCC cell line despite using various sirategies (including SiIRNA),
which may be due to the reported long half-life of Anx A4 protein
{approximately 4 days).>’ We then tested the éffect of forced over
expression of Anx.A4 in the: OVSAHO non-CCC (SACY ovarian
cancer cell line in which Anx A4 is not endogenously expressed.
We observed: enhanced: chenioresistance to carboplatin: treatient
in cells that stably expressed Anx A4 comipared with empty vector
control cells (Figs: da and 4b}. Thus; our results’ demonstrate that
Anx A4 protein plays'a role in' the enhancement of chemoresist
ance in epithelial ovarian cancer célls.

We next examined: mtracellilar platinun acc¢umulation in both
Anx A4 expressing ovarian cancer cells (OVSAHO/Anx A4 cells)
and empty vector control-cells after carboplatin treatment (Fig.
4c). Our results of carboplatin treatment, with no carboplatin-frec
incubation revealed: significantly. reduced: levels of intracellular
platinim: content in OVSAHO/Anx A4 cells compared with con-
trol cells, which' indicates: that Anx A4 inhibits cellular platinum
influx and/or promotes cclular platinum effiux. Comparison of the
results for' 0-and: 360 min carboplatin-free incubation snowed: that
OVSAHO/Anx A4 cells are more active in promoting cellalar
platinum efflux compared with control cells; Taken together, these
results demonstrate that Anx A4 plays a part in the eénhancement
of cellular platinum effiux,

Our study has demonstrated for the 653t ime elevated levels of
AnX ‘A4 protein in patients with cvarian CCC and an association
between elevated Anx A4 levels and enhanced chemoresistance 1o
carboplatin in: human epithelial ovarian cancer cells. Tt has also
found evidence for the first tinie that Anx A4 confers chemoresist-
ance in'part by enhancing drug effux. Thus: it is conceivable that
the observed strong resistance 10 cancer chemotherapy (including
carboplatin) specific. to ovarian CCC tumors, compared with that
of -other epithelial “ovarian tumors, - is mediated’ through the
enhanced expression of Anx A4 in patients: with this disedse:
Therefore, Anx A4 may. constitute 2 nove] therapewtic target for
overcoming resistance to cancer chemotherapy’ in’ patients: with
ovarian CCC. Tn view of the reporied half-life of Anx A4 protein,
such a therapeutic strategy is likely 1o involve the inhibition of the
function rather than of the expression of Anx A4 in patients with
e
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Transdifferentiation of human adipose tissue-derived stromal cells into -

insulin-producing clusters

>

Abstract Type 1 diabetes mellitus is caused by autoimmune
destruction "of - insulin-producing beta cells. The ‘major
obstacle to transplantation of insulin-producing cells to clire
the disease is the limited source of these cells. To overcome
this problem, we  describe here a  multistep ‘protocol: for
generation of ‘insulin-producingislcelike  clusters from
human adipose tissue-derived stromal cells (ADSCs). Anal-
ysis_ using reverse transcription polymerase chain reaction
detected enhanced expression of various pancreafic genes
during: the differentiation of ADSCs. Immunofitorescence
analysis  revealed ‘functional  similarities: between = cells
derived from ADSCs and pancreaticislet cells, ie.; the pres:
ence of insulin- and C-peptide-coexpressing cells in the clus-
ters and glucagon expression on the'cell surface. Tlie glucose
challenge tests revealed the production of insulin, and such
production was regulated via physiological signaling path-
ways. Our insulin-producing cells derived from ADSCs
could be potentially used for cell therapy of type T diabetes
mellitus:

- Adipose tissue-derived
Glucose
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Introduction

Type 1 diabetes mellitus results from the destruction of
insulin-producing beta cells by autéimmune responses.
Although modern insulin regimens are improving. out-
comes,' the successes achieved over the past few decades
by transplantation of whole pancreas and isolated islets
suggests. that diabetes:can be cured by replenishment of
deficient beta cells: Transplantation therapy was established
by Shapiro €t al.; and many patients received islet transplan-
tation and a large populition of recipienis did not need
further insulin therapy.” However, islets must be obtained
from donors, but the resources are restricted and only a
small proportion of patients can receive such transplanta-
tions. To overcome this problem. regenerative medicine for
insulin-producing cells has been explored. Recently, it has
been reported that insulin-producing cells ¢ould be differ-
entiated from embryonic stem (ES) cells.*’ However, the
sources of ES cells are linited; ES cell:derived insulin:
producing cells are not available worldwide: The limited
supply of such ES cells has led to the generation of isulin-
producing cells from somatic stem cells. If we can generate
insulin-producing cells from adult somatic stem cells, antol-
ogous insulin-producing cells might be used for diabetic
patients and inappropriate human leukocyte antigen (HLA)
matching could be avoided.

This investigation was initiated to establish a method for
generating insulin-producing islet-like clusters from adipose
tissuc-derived stromal cells (ADSCs), since the adipose
tissue resection technique is easy and safe. Our strategy was
to transdifferentiate ADSCs into islet-hike clusters through
multiple steps. The generated islet-like clusters secreted
insulin ‘in response to glucose stimulation and nonglucose
secretagogues, and expressed various molecules that resem-
bled those expressed by pancreatic beta cells. such as Isl-1.
Pax4, Pax6, pancreatic duodenal homeobox 1 (Pdx1), pro-
hormone convertase (PC) 1/3, PC2, Kir6.2; glucose trans-
porter (Glut) 2, glucokinase (GK), and insulin: Here we
report that ADSCs can be transdifferentiated to form islet-
like clusters that produce insulin: It-is hoped that these
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islet-like clusters can be used clinically in the near future
for patients with type 1 diabetes mellitus.

Materials and methods
Adipose tissues from human subjects

Excess omental adipose tissues were resected from the
gastro-omental artery during coronary artery bypass graft
operation and excess subcutaneous adipose: tissue” was
resected during mammary reconstruction procedures i fen
subjects [four men and six women, 55 + 5 years of age (mean
+ SEM); range 40-60 years] who had given informed
consent. The protocol was approved by the Review Board
for Human Research of Osaka University Graduate School
of Medicine. All subjects fasted for at least 10 h before
surgery. None was taking steroids or thiazolidinediones. A
fotal of 1-10 g of abdominal subcutaneous (external to the
fascia superficialis) and greater omental adipose tissue was
obtained from each subject.

Isolation‘and culture of ADSCs

ADSCs: were:isolated as reported previously with minor
modification.”” In brief; adipose tissue was minced and then
digested in Hank's balanced salt solution (HBSS) contain-
ing 0.075% collagenase (Sigma-Aldrich, St. Louis, MO.
USA) in‘a shaking water bath a2 37°C for 1 h: Digests were
fltered with « cell strainer (BD Biosciences, San Jose, CA.
USA) and centrifuged at 800 g for 10 min. Red blood cells
were excluded using: density gradient centrifugation with
Lymphoprep (density = 1.077) (Nycomed; Oslo, Norway).
The cells were then plated using Dulbecco’s modified
Eagle’s medium (DMEM) with 10% defined feral bovine
serum (FBS). After 24 h, the adherent cells were washed
extensively, treated with ethtylenediaminetetraacetic acid
(EDTA), and the suspended cells were replated at a density
10000 cells/cm” on human fibronectin-coated dishes in

medium I 60% DMEM low glucose, 40% MCDB201

(Sigma-Aldrich St. Louis, MO, USA), 10ug/ml EGE
(PeproTech, GmbH, Hamburg, Germany), 1nM dexa-
methasone, 100 UM ascorbic acid, and 5% EBS. After
three to five passages, the ADSCs were used in the
experiments.

In vitro differentiation procedure

The cells were treated with trypsin-EDTA 1o dissociate
them, and single cells were obtained and then suspended in
medium II [80% knockout-DMEM (Invitrogen, Carlsbad,
CA, USA), 20% defined FBS, I mM glutamine, and 1%
nonessential amino acid (both from Invitrogen)]and applied
to. low-attachment culture dishes (Hydrocell; CellSeed,
~“Tokyo, Japan:). Within one day, cells were self-aggregated
mnto spheroids, named adipospheres. The resultant adipo-
spheres (stage 11) were cultured for 7 days with a change of
medium every 3 days.

Although adipospheres resembled embryoid bodies; we
traced the methads cstablished by Segev et al.,” in which
insulin-producing cells were regenerated {rom cmbryoid
bodies, to obtain insulin-producing cells from  ADSCs.
Seven-day-old adipospheres: (which consisted; on average,
of 1000 cellsy were plated at a deunsity of 300. adipospheres
per-well in:six-well plastic culture-plates and grown for
another week in' medium 1L DMEM/F-12.1:1; 10mg/l
insulin, 6.7 mg/l transferrin, 5.5 mg/l selenium (ITS), and
L'mM slutamine (all from Invitrogen) with a supplernent of
5 pg/mt human fibronectin: (stage TI). Affer 1'weck in the
ITS-fibronectin (ITSF) medium. the cells were dissociated
and plated on 0.1% gelatin-coated plastic tissue-culture
plates (BD Biosciences) at a concentration of 100000/mi in
medium IV: DMEM/F-12 1:1 with N2 supplement, B27
(with vitamine A) media (both from Invitrogen), I mM glu-
tamine, and 10 ng/ml basic fibroblast growth factor (bFGF,
Invitrogen). These cells expanded throughout the week; the
media was changed every other.day.

In the next step (stage V), the cells were cultured
in: medium V:- DMEM free of glucose/E-12:1:1; supple-
mented with N2 and B27 (without vitamine A) media;
1 mM glutamine, 10 mM nicotinamide; and 10 nM exendin-
4 (both from Sigma-Aldrich). After 7:days of culture in
medium V. the cells were dissociated and applied onto fow-
attachment culture dishes (Hydrocell) to prow: in suspen-
sion with medium V (stage VI). '

Reverse transcription polymerase chain reaction

Total RNA was isolated from differentiated ADSCs using
an RNAeasy kit {(QIAGEN, Hilden, Germany). After
treatment with DNase, cDNA was synthesized from:500 ng
total RNA using Superscript Il reverse transcriptase RNase
H minus (Invitrogen). The absence of DNA contamination
in RNA samples was confirmed by the polymerase chain
reaction (PCR) primers flanking an intron. Primers and
the reaction conditions are described in Table: 1. The
PCR products: were fractionated by 2% agarose. gel
electrophoresis.

Insulin secretion

The islet clusters obtained from the above procedure were
rinsed three times in RPMI1640 (11879-020, Invitrogen)
and preincubated for 1 n with the RPMI1640 containing
0.5%. bovine serum albumin and 3.3mM glucose. The
masses of the clusters were expressed as islet equivalent
(IEQ)." The clusters were then incubated for 2h in
RPMI1640 with 16.7 mM glucose and chased in RPMI1640
with 3.3 mM plucose with or without reagents such as
theophylline (100 uM), isobutyl-methyl xanthine (IBMX)
(100 uM), tolbutamide (10 uM), carbachol (100 pM), and
nifedipine (50 M) (all from Sigma-Aldrich). Then the con-
ditioned media was analyzed for insulin and C-peptide
levels. The msulin concentration was measured using an
enzyme-linked immunosorbent assay (ELISA) kit (Merco-



Table 1. Primers and reaction conditions for the polvmerase chain reaction

Name Sequence Annealing (°C)  Size (bp)

Insulin
F AGGCTTCTTCTACACA 65 245
R CAGGCTGCCTGCACCA

Glucagon
F AGGCAGACCCACTCAGTGA S5 308
R AACAATGGCGACCTCTICTG

Somatostatin
F TGCGCTGTCCATCGTCCT 55 238
R GCCATAGCCGGGTTTGAGTT

[APP
F GAGAGAGCCACTGAATTACTTGCC 60 471
R CCTGACCTTATCGTGATCTGCC

Nestin :
o AGAGGGGAATTCCTGGAG 60 312
R CTGAGGACCAGGACTCICTA .

Isit
F GATTTCCCTATGTGTTGGTTGC 60 812
R CTTCCACTGGGTTAGCCTGTAA

Nkx6.1
F GTTCCTCCTCCTCCTCTTCCTIC 60 381
R AAGATCTGCTGTCCGGAAAAAG

Pdx1
F GGATGAAGTCTACCAAAGCTCACGC 60 230
R CCAGATCTTGATGTGTCTCTCGGTC

Pax4
F GTGGGCAGTATCCTGATICAGT 60 308
R TGTCACTCAGACACCTITCTGG

Pux6
F CCGAGAGTAGCGACTCCAG 60 239
R CITCCGGTCIGCCCGTTC

GLUT2
E AGGACTECTGTGGACCTITATGTG 60 231
R GTITCATGTCAAAAAGCAGGG

Glucokinase
E AAGAAGGTGATGAGACGGATGC 60 230
R CATCTGGTGTITGGTCTITCACG

SURT
E GTGCACATCCACCACAGCACATGGCITC 162 429
R GIGTCTTOAAGAAGATGTATCTCCTICAC

KIR6.2
E CGCIGGTGGACCTCAAGTGGC 60 497
R CCTCGGGGCTGGTIGGTCIIGCEG

PCI/3 :
E FTGGCTGAAAGAGAACGGGATACATCT 60 457
R ACTTICTITGGTGATIGCTTIGGCGGTG

PC2
E GCATCAAGCACAGACCTACACTCG 60 309
R GAGACACAACCACCCTTCATECTTC

E-cadherin :
E AGAANCAGCACGTACACAGCC 60 330
R CCTCCGAAGAAACAGCAAGA

GAPDH
E GTCAGTGGTGGACCIGACCT 60 394
R AGGGGAGATICAGTGIGGTG

The number of cycles was 35 in eich case
Pax; Paired box gene

dia, Uppsala. Sweden), which detects human insulin with

no cross-reactivity to proinsulin or C-peptide. C-peptide
levels were also measured by an ELISA kit (Mercodia).

Immunohistochemistry

Stage VI clusters were fixed for 24 h in 4% paraformalde-
hyde in phosphate-buffered saline (PBS), permeabilized

using (.5% Triton X-100 in PBS,and then incubated over-
night ‘with' the primary antibody guinea-pig anti-insulin
(1:100, Dako, Glostrup; Denmark) with either rabbit anti-
C-peptide (1:100, Linco, St. Charles, MO, USA), rabbit
anti-glucagon (1:100; Dako), or rabbit anti-somatostatin
(1:200. Dako). After rinsing, secondary antibodies were
added to the samples, which were then incubated for
another 1 h at room temperature. Finally, the cells were
rinsed three times, sliced into 10-um slices; and mounted
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Fig. 1A-F.  General outline of the differentiation protocol, which con-
sists Of six stages. & Stage I growth of adipose tissue-derived stromal
cells {bar 500 pm). B Stage IT: formation of adipospheres in Suspension
(bar 500 um): C Stage [11: plating adipospheres in medium I for L week
(bar 500 gm}. D Stage TV: dissociating the' cells and plating them: in

with Permaltur (Thermo Fisher Scientific, Waltham, MA,
USA). The slides were examined using a: fluorescence
microscope (Floview FV1000; Olympus; Tokyo; Japan).

Resulis

Multistep procedure for differentiation of ADSCs into
insulin-producing islet-like clusters

To promote the differentiation of human ADSCs into
insulin-producing cells; we applied the procedure outlined
m Fig. 1. In the first stage, ADSCs were expanded and pas-
saged three to five times. In the next stage, ADSCs were
cultured in suspension. Within 48 h. of mcubation, these
cells started forming cell apgregates, named adipospheres,
which grew bigger with time, forming spheroids: In the third
stage, the adipospheres were plated and expanded ininsulin-
transferrin-selenium-fibronectin: (ITSE) medium. In the
fourth stage, the expanded cells in stage 11T were collected
individually and cultured in N2 and B27 supplemented with
basic fibroblast growth factor (bFGE). The fourth stage
cells-could be split and passaged. In the fifth stage, these
cells were cultured in a medium lacking bEGE and vitamin
A, and containing nicotinamide and exendin-4. In the last
stage (stage V1), the cells obtained in stage V were cultured
in suspension. Within 3 days of incubation, the cells started
forming cell islet-like aggregates.

Dynamics of pancreatic gene expression during
differentiation of ADSCs into insulin-producing clusters

Analysis with reverse transcription polymerase chain reac-
tion (RT-PCR) demonstrated enhanced expression of pan-
creatic genes in the differentiated insulin-producing islet-like

[soc ot et |

medium 11 on gelatin-coated dishes for 1 week (bar 500 um). E Stage
V: change to mediunt 11 and culture for 1 week {(bar 250 um). F Stage
V1: dissociation of the cells and’ growing them i suspension in low-
attachment dishes with'medium 111 {or:3 days to form clusters (bar
250 pm)

Stage
tnsulin
Glucagon

Somatostatin
IAPP

Nestin

lslet-1
Pdxi

Pax4
Pax6

Glut2
GK
SUR{
Kirg.2
PC1/3
PG2

E-cadherin

GAPDH

Fig. 2. Reverse transcription polymerase chain reaction (RT-PCR)
analysis of pancreatic gene expression at the six differentiation stages.
Total RNA isolated from the cells of each differentiation step. was
subjected to RT-PCR analysis with primers for the indicated genes:
TAPP, islet amyloid polypeptide; Pdx/, pancreatic duodenal homeo-
box 1; Glu2; glucose transporter 2; GK, glicokinase; PC, prohormone
convertase; GAPDH, Glyceraldehyde 3 phosphate dehydrogenase

clusters of ADSCs (Fig. 2). Insulin was expressed in stage
VI. while other pancreatic hormones, such as glucagon,
somatostatin and islet amyloid polypeptide (IAPP), were
observed in stages V and VI. Nestin appeared in stage 11



and was highly expressed in stages II, 111,/ and VI. Further
examination of the transcriptional factors related with beta
cell development showed expression of islet-1 in-all stages
except stage I, and expression of Pdxl in stage IV with
further increase with differentiation. Expression of Pax4
appeared in stages IL and VI, and that'of Pax6 was noted in
all stages of differentiation. Next, we examined messages
of Glurz, GK, the K y-channel genes Kir6.2 and SURI,
PC1/3; and PC2. Glur2 appeared in stage 11, disappeared,
and then reappeared instages V. and VI. GK was detected
in stage 1T and the final stage. Kir6.2 was expressed in
stages I to VI, and SUR/ was cxpressed in stages 1o VI
PCl1/3 and PC2 were obscrved in stage VI Thus, the gener-
ated insulin:producing clusters could process proinsulin
into insulin and generale C-peptide. E-cadherin was
observed in stages 'V and VI, and enhanced pancreatic beta
cell cluster formation into islets. These resulfs indicate that
the adipocyte-derived differentinted cells can transcribe,
process, and scerele insulin in response 1o glucose.

Isict-like clusters release insulin inu similar way
topancieatic islets

The gencrated clusters were examined for their isulin-
secretion potential (Fig::3A). The glucose ‘challenge tests
showed that the generated clusters: secreted. insulin in
the = conditioned  ‘media at concentrations of -50.9 =*
1.9 pU/1000 IEQ (islet equivalents) (mean £ SEM) at high
glucose challenge (16,7 mM) and 26.1 + 1.3 nU/1000 IEQ at
low glucose challenge (3.3 mM} (Fig. 3A). Next, we exam-
ined the effects of 10 1M IBMX on glucose insulin response
and: C-peptide: secretion. IBMX increased insulin. release
from adipocyte-derived differentiated cells 3.6-fold to 185.0
+ 17.0 0U/1000 JEQ and C-peptide release increased 2.8-
fold from 1.6 + 0.1 to 4.4 £ 0.5 ng/1000 TEQ (Fig. 3A). To
determine whether these cells regulate insulin release via
physiological signaling pathways, we examined the effects
ol several agonists and antagonists on insulin secretion (Fie.
3B). In the presence of high glucose levels, theophylline
(100 uM) induced a 3.6-fold increase in insulin secretion;
tolbutamide (10 iM); an inhibitor of the K ;p-channel, a
4.2-fold increase; and carbachol (100 uM), an agonist of
niuscarinic cholinergic receptors, a 1.6-fold increase: Nife-
dipine (50.uM), a blocker of Ca’ channels present in
beta cells, did not alter insulin secretion in response to low
(257 = 0.6 pU/1000 IEQ) or high glucose levels (29.3 +
0.6 uU/1000 IEQ). These  results indicate that glucose
induced the pancreatic machinery in the differentiated cells
to release insulin.

Generated islet-like clusters express insulin; glucagon,
somatostatin, and C-peptide in a similar way to
pancreatic islets

Stage VI clusters were subjected to immunofluorescence
analysis for the expression of msulin, C-peptide, glucagon,
and somatostatin (Fig. 4). Insulin-positive cells were the
major population of cells among the generated islet-like

A
insulin C-peptide
HU/000IEQ : ng/1000IEQ
200 s
100
o i ] 4
control  IBMX 0 controt  1BMX
16.7mM glucose
. 3 . 3.3mM glucose
B
#UA000IEQ
250
200 4
& 16.7mM glucose
{J° 3.3mM glucose
150
 }
100 1
]
50
0 -

tolbutamide g
carbachol
nifedipine

control
theophylline k&

Fig. 3A.B. Regenerated insulin-producing cluster derived from adipose
tissue-derived stromal cells. A Glucose-induced insulin and C-peptide
rélease inresponse (o low (3.3 mM) and high (16.7 mM) glucose levels.
B Effects of various agonists and antagonists on insulin secretion. Data
represent the effects of theophylline; isobutyl-methyl xanthine (/BMX),
tolbutamide, carbachol; and nifedipine. All data represent the mean +
SEM of experiments performed in triplicate

clusters. As shown in Fig. 4F; insulin was localized inside
the cells (arrowheads) while gliicagon was identified on the
cell surface (arrows). Only a small number of cells expressed
somatostatin (Fig. 4G; arrowhead). These expression pat-
terns of pancreatic hormones in the generated clusters were
similar to those identified in pancreatic islets.)” Almost all

-insulin-expressing cells coexpressed C-peptide; indicating

the production of insulin {Fig. 4C). A substantial number
of cells coexpressed insulin and glucagon (Fig. 4F), and
insulin and somatostatin (Fig. 41}, in the same way as imma-
ture pancreatic endocrine cells described in the develop-
ment of the pancreas.’’” These results indicate that the
generated islet-like clusters derived from ADSCs resemble
pancreatic islets.

Discussion

Recent studies have demonstrated the feasibility of gener-
ating insulin-producing cells from progenitor cells of various



128

Fig. 4. Immunocytochemical
analysis of stage VI clusters.
Immunochistochemical analysis
for insulin; C-peptide,
somaltostatin. and glucagon.

A C-pepride staining; D
somatostatin staining, G
glucagony staining (all in green},
B, E;and H insulin staining
(red). €. ¥ and T'merged images
of insulin iid second imarker
(C-peptide. somutostitin; and
ghacagon, respectivelyy (orange).
F Insulin was localized inside the
cells (arrowheads), while
glucagon was identified on the
cell surface (arrow); G Only a
small number of cells expressed
somatostatin (arrowhead).
Photographs taken using' a
fluorescence microscope
(bar 100 um)

C-peptide

Glucagon

Somatostatin

cellular sources, including the pancreas.? liver, ™ intestinal
epithelium,” and bone marrow;'® as well as pluripotent ES
cells from mice and humans.'” Despile their promising
potential, it may prove difficult to obtain a sufficient quan-
tity of autologous adult stem cells from these sources. To
overcome these limitations; we explored the possibility of
using human adipose tissues as a source for transdifferentia-
tion into insulin-producing cells. Adipose tissue is a safe
and abundant source of large amounts of somatic stem cells:
In the present study, we generated functional insulin-
producing cells from human ADSCs using a multistep in
vitro differentiation procedure. These studies provide direct
evidence that hurman ADSCs could be programmed in vitro
to become functional insulin-producing cells.

To differentiate human ADSCs into insulin-producing
cells, we used a six-step transdifferentiation procedure. To
design the pratocol, we supposed that noncommitted cells
were expanded in the first step, multipotent cells were
selected in the second step, endodermal-committed cells
were selected in the third step, the committed cells were
expanded in the fourth step, these cells were committed
into pancreatic cells in the fifth step, and in the sixth step
these cells were expected to mature into insulin-prodticing
cells.

In detail, in the first step, human ADSCs were grown to
expand their numbers and their undifferentiated properties
were maintained with selenium. Selenium is used in serum-
free cultivation to.protect mesenchymal stem cells against
damage due to cultivation and to maintain their properties
as stem cells.” The second step was performed to select and
enrich' the undifferentiated cells. By using Hoating culture
in stage 11, undifferentiated cells formed spheroids; named
adipospheres. Adipospheres expressed islet-1, nestin, and

insulin

Pax4, as shown in Fig. 2. Previous studics indicated that
cells positive for islet-1, nestin, and/or Pax4 are pancreatic
endocrine progenitor cells.¥? Mesenchymal stem cells
were grown under floating conditions where they generated
spheroids. Multipotent stem cells in the form of spheroids
are also known as neurospheres; and have been described
as differentialing into neuronal lineages.”” In the third step,
we were able to expand the nestin-positive cells and increase
their numbers under insulin-transferrin-selenite-fibronectin
(JISF) serum-free conditions. Because of the similanties
between the development of beta cells and that of neuro-
epithelial cells,? a similar transient expression of nestin was
reported to oceur in human insulin-producing beta cell pre-
cursors.“"* In the fourth stepy-the cells were transferred to
a medium containing N2, B27, and bEGFE. N2 and B27 were
first designated as supplements for serum-freec media for
culture of neural cells primarily for protection against oxi-
dants. Just as for neural cells, beta cells are sensitive to
reactive oxygen species;”” bFGFE and vitamin A have growth
promoting effects on pancreatic epithelial cells reported as
precursors of beta cells.” "7 At the end of the differentia-
tion procedure, bEGE and vitamin A were withdrawn and
nicotinamide and exendin-4 were added to promote matu-
ration of precursor cells into insulin-producing cells. Nico-
tinamide increases the rate of proinsulin biosynthesis; and
the resultant increase in insulin production and content is
due to formation of new beta cells through differentia-
tion.””” Exendin-4 has been reported to stimulate both the
differentiation of beta cells from ductal progenitor cells and
proliferation of beta cells when given to rats.” In the final
step, the cells were cultivated under floating conditions to
enhance the maturation of progenitor cells into beta cells.*”
Taken together, almost all the steps of the procedure seem



to promote the fransdifferentiation of human ADSCs into
insulin-producing clusters:

Recent studies illustrated that when cultured in vitro,
borie marrow-derived mesenchymal stem cells obtained
from mice-and rats could be: differentiated into insulin-
producing cells.”*? Tn addition, Sun et al. demonstrated
that human bone marrow-derived stem célls can differenti-
ate into insulin-producing cells under appropriate condi-
tions in vitro.> In the differentiating conditions, the bone
marrow-derived  mesenchymal stem cells were’ cualtured
with bFGF, betacellulin, activin A, and nicotinamide under
high glucose conditions. In our procedures. ADSCs were
cultured with bFGF, exendin-4, and: nicotinamide under
low glucose conditions. Timper et al. supposed that ADSCs
could express insulin message after 3 'days of cultivation
and differentiate into pancreatic beta cells.” Unfortunately,

they could not show that the insulin-producing cells pro- -

cessed according to their method could secrete insulin in
response to: ghicose challenge; supposing that their. cells
did not fully differentiate into pancreatic beta cells but
into their precursors or progenitors. In our method, the
cells were cultured under Hoating conditions in the final
step in - differentiation.. To fully differentiate into insulin-
producing cells; cell-cluster formation might be critical, as
suggested by Segev et al’

In the clinical context, our present study demonstrated
the potential for cell-based thérapy of diabetes mvolving
the generation of autologous insulin-producing cells in vitro
from ADSCs. Although autoimmunity against autologous
regeneratedislets could be -a concern; these in vitro-
generated insulin-producing cells could, in theory, provide
a potentially unlimited source of islet-like cells withiout the
limitation of immune rejection based on alloimmunity.
However, because there are multifactorial influences in the
transdifferentiation ‘of ADSCs  into competent  insulin-
producing cells, there are many questions left unanswered,
and unresolved issues remain. In addition, the insulin-
producing capacity of the ADSCiderived islet:like clusters
was similar to that of ES cell-derived islet-like clusters but
was less than that of isolated islets by a: factor 10°t0 10051
Obviously, further research is required to address these
mportant questions, yet we believe the results demon-
strated in this study provide direct evidénce supporting the
notion -that - transdifferentiation ‘of -ADSCs to  insulin-
producing cells may represent a viable therapeutic option
for type 1 diabetes.
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