COMPARISON OF PRESERVATION SOLUTIONS IN ISLET ISOLATION

Celsior solution induced cell swelling and pancreatic
edema after only 4 h of cold storage (3). On the other hand,
Niclauss et al. assessed the impact of UW, Celsior, and
Institute Georges Lopez-1(IGL-1) solutions on human islet
isolation and transplant outcome. Islet yield, success rates,
transplant rates, B-cell secretory function, and viability were
similar for all three groups (4). It was reported that UW and
histidine—tryptophan—ketoglutarate (HTK) solution dem-
onstrated equal effectiveness in the preservation of human
pancreata intended for islet isolation (1,15). We reported
that pancreas preservation with modified extracellular-type
trehalose-containing (ET)-Kyoto (MK) solution signifi-
cantly improved islet yields compared with UW preser-
vation. The advantages of MK solution are characterized
by trypsin inhibition with minimal interference to collage-
nase activities (14). We also compared MK solution with
modified HTK solution or modified Celsior solution. MK
solution is better for pancreas preservation before islet iso-
lation than modified HTK solution (12) or modified Celsior
solution (9). Thus, several new insights about preservation
solutions have been reported, but MK solution may be the
best solution for pancreas preservation at present. We will
compare MK solution with HN-1 solution in preservation
solution for islet isolation in a future study.

In conclusion, we showed that HN-1 solution is bet-
ter for pancreas preservation than UW solution, almost
invariably a gold standard perfusion solution. Although
further studies are required in order to evaluate the pre-
cise impact for pancreas preservation, there is a good pos-
sibility that HN-1 preservation makes it feasible to use
marginal donors for efficient islet transplantation into
type 1 diabetic patients. '
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ABSTRACT' )
Embryonic stem (ES) and induced pluripotent stem (iPS) cells have potential applications to regener-
ative medicine for diabetes; however, a useful and safe way to generate pancreatic 8 cells has not
been developed. In this study, we tried to establish an effective method of differentiation through
the protein transduction of three transcription factors (Pdx1, NeuroD, and MafA) important to pan-
creatic 3 cell development. The method poses no risk of unexpected genetic modifications in target
cells. Transduction of the three proteins induced the differentiation of mouse ES and mouse iPS cells
into insulin-producing cells. Furthermore, a laminin-5-rich extracellular matrix efficiently induced dif-
ferentiation under feeder-free conditions. Cell differentiation was confirmed with the expression of
the insulin 1 gene in addition to marker genes in pancreatic $ cells, the differentiated cells secreted
glucose-responsive C-peptide, and their transplantation restored normoglycemia in diabetic mice.
Moreover, Pdx1 protein transduction had facilitative effects on differentiation into pancreatic endo-
crine progenitors from human iPS cells. These results suggest the direct delivery of recombinant pro-
teins.and treatment with laminin-5-rich extracellular matrix to be useful for the generation of insulin-

producing cells. STEM CELLS TRANSLATIONAL MEDICINE 2014;3:1-14
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INTRODUCTION

Diabetes mellitusis a devastating disease, and the
World Health Organization expects the number of
diabetic patients to increase to 300 million by the
year 2025. Although insulin therapy has proved
useful for the treatment of diabetes, it is hoped
that S-cell-replacement therapy will be even
more effective; however, there is a limited supply
of donor B cells. The generation of new S cells
from expandable stem cell sources is necessary
for regenerative medicine. Human embryonic
stem (ES) cells hold promise as a source of new
B cells. Furthermore, the discovery that adult
stem cells can be reprogrammed to revert back
to induced pluripotent stem (iPS) cells has raised
the possibility of generating patient-specific cell
types [1].

Several groups have reported ways of gener-
ating pancreatic cell lineages from ES and iPS cells
[2-4]. These methods induce definitive endo-
derm differentiation in the first stage and then
pancreatic specialization and maturation in sub-
sequent stages, using combinations of growth
factors and small molecules; however, the differ-
entiated cells are immature or not fully functional
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in culture. Although delivering a specific combina-
tion of genes for transcription factors using ade-
noviral vectors can reprogram differentiated
pancreatic exocrine cells in adult mice to become
cells that closely resemble B3 cells [5], this method
may be of limited use for patient treatment be-

cause of the risk of unexpected genetic modifica-

tions by exogenous DNA.

The cellular delivery of various biological com-
pounds such as bioactive proteins has been im-
proved recently by conjugating the compounds
to short peptides known as cell-penetrating pep-
tides. (CPPs) or protein transduction domains
(PTDs) [6-8]. The initial discovery of CPPs or PTDs
originated from the unexpected observation that
certain full-length proteins or protein domains
can translocate across the plasma membrane.
This was first shown for the HIV Tat transactivator
[9, 10] and for the homeodomain of the Drosoph-
ila melanogaster transcription factor Antennape-
dia [11] and has since expanded to include
“nonnatural” peptides that share this property.
CPPs and PTDs are widely used in research, and,
impressively, multiple clinical trials are testing
the PTD-mediated delivery of macromolecular
drug conjugates in patients with a variety of

©AlphaMed Press 2013
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diseases [12]. In the research field of regenerative medicine, it
was shown that protein transduction with CPPs is useful for the
generation of iPS cells from human and mouse fibroblasts [13,
14]. Moreover, protein transduction has been shown to be useful
for pancreatic differentiation. Pancreatic transcription factors
containing PTD drive mouse ES cells toward endocrine pancreas
[15]. In addition, Vargas et al. showed that Tat-mediated trans-
duction of MafA protein in utero enhanced pancreaticinsulin pro-
duction [16].

Transcription factors involved in pancreatic development
have beenidentified by gene knockout and cell-type-specificgene
expression studies [17—19]. Aspecific combination of Pdx1, Ngn3,
and MafA reprograms differentiated pancreatic exocrine cells in

adult mice into cells that closely resemble g cells [5]. Moreover,

the combined expression of these transcription factors by adeno-
viral vectors in mouse ES cells improves the differentiation effi-
ciency into insulin-producing cells {20]. Ngn3 functions as a
transcriptional activator of NeuroD through multiple E boxes
present within the minimal NeuroD promoter [21], suggesting
that NeuroD can be substituted for Ngn3 [5]. It is thought that
the delivery of Pdx1, NeuroD, and MafA into ES and iPS cells by
protein transduction has the potential to generate pancreatic 8
cells.

In this study, we tried to develop an effective method of pan-
creatic differentiation through protein transduction using three
transcription factors, Pdx1, NeuroD, and MafA. We previously
showed that purified Pdx1 could be transduced into cells and that
the 16 amino acids of Pdx1 truly form a PTD [22]. NeuroD protein

also has an arginine- and lysine-rich PTD sequence and can perme-

ate several cells [23]. It is expected that these two proteins would
be easily transduced into ES or iPS cells via their own PTDs. MafA
was fused with 11 polyarginines (11R) as a CPP [24, 25]. Protein
transduction of the three transcription factors significantly in-
duced the differentiation of mouse ES and mouse iPS cells into
insulin-producing cells. We also found that the extracellular ma-
trix (ECM) derived from 804G cells, a rat bladder carcinoma cell
line, significantly induced differentiation into pancreatic progen-
itors and insulin-producing cells. The differentiated cells also se-
creted glucose-responsive C-peptide, and their transplantation
restored normoglycemia in some diabetic mice. Furthermore,
protein transduction of Pdx1 significantlyincreased NGN3 expres-
sion in human iPS cells during pancreatic differentiation. These
results suggest that the direct delivery of recombinant proteins
is useful for the differentiation of ES and iPS cells into insulin-
producing cells that are functionally similar to 8 cells.

- VIATERIALS AND MIETHODS

Construction of Vectors and Purification of
Recombinant Proteins

Construction of the pET21a (+) expression plasmid containing rat
Pdx1 and rat NeuroD ¢DNA was reported previously [22, 23]. For
the recombinant form of MafA fused with 11R, mouse full-length
MafA cDNA was amplified by polymerase chain reaction (PCR) us-
ing appropriate linker primers, and the 11R sequence was subcl-
oned into the Xhol-Notl sites of pGEX-6p-1. BL21 (DE3) cells
transformed with each plasmid were grown at 37°C to an optical
density at 600 nm (OD 600) of 0.8. Isopropyl-B-p-thiogalactopyr-
anoside was then added to a final concentration of 0.1 mM, and
. the cellswere incubated for 12 hours at 24°C. Cells were lysed and

©AIphaMeci Press 2013
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sonicated in nondenaturing lysis buffer {20 mM Hepes, pH 8.0,
100 mM sodium chloride, 1% TritonX-100, 0.1 mg/m! lysozyme),
and the supernatant was recovered. For the purification of Pdx1
and NeuroD, the supernatant was applied to a column of TALON
resin (Clontech, Mountain View, CA, http://www.clontech.com).
The MafA-11R protein was purified using glutathione sepharose

(GE Healthcare, Piscataway, NJ, http://www.gehealthcare.com), -

and the glutathione-S-transferase tag was cleaved off with PreS-
cission protease (GE Healthcare). We tried to purify MafA-11R by
using the 6-histidine tag and TALON resin but failed because of the
formation of inclusion bodies for almost all proteins. Conse-
quently, we used the glutathione-S-transferase tag and glutathi-
one sepharose for purification of MafA-11R. In Figure 1C, purified
proteins were conjugated using an Alexa 568 protein labeling kit
(Molecular Probes, Eugene, OR, http://probes.invitrogen.com).

Mouse ES and iPS Cell Lines

The mouse ES cell line SK7, containing a Pdx1-promoter-driven
green fluorescent protein (GFP) reporter transgene, was estab-
lished by culturing blastocysts obtained from transgenic mice ho-
mozygous for the Pdx1-GFP gene [26, 27]. The mouse ES cell line,
ING112, containing an insulin 1 (Ins1) promoter-driven GFP re-
porter transgene, was established by culturing the blastocysts
obtained from transgenic mice homozygous for the Ins1-GFP
gene [28, 29]. Both mouse ES cell lines were maintained on mouse
embryonic fibroblast (MEF) feeders in Glasgow Minimum Essen-
tial Medium supplemented with 1,000 U/ml leukemia inhibitory
factor (LIF), 15% KnockOut serum replacement (Invitrogen, Carls-
bad, CA, http://www.invitrogen.com), 1% fetal bovine serum
(FBS), 100 uM nonessential amino acids (NEAA), 2 mM -
glutamine. {1-Gln), 1 mM sodium pyruvate, 50 U/ml penicillin
and 50 ug/ml streptomycin (P/S), and 100 M B-mercaptoetha-
nol (B-ME). The mouse iPS cell line, 20D-17 [30], was maintained
on MEF feeders in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with LIF, 15% FBS, NEAA, 1-Gln, P/S and B-ME.

Differentiation of Mouse ES Cells Into
Insulin-Producing Cells

Before differentiation, mouse ES cells were passaged using 0.25%
trypsin and seeded at 5,000 cells per well on 96-well plates with
an Ultra-Web synthetic surface {Corning, Tewksbury, MA, http://
www.corning.com/lifesciences). After overnight culture, the célls
were cultured in high-glucose (4,500 mg/l) DMEM supplemented
with 10 mg/! insulin, 5.5 mg/ transferrin, 6.7 pg/ml sodium sel-
enite (insulin-transferrin-selenium G supplement; Invitrogen),
2.5 mg/ml ALBUMAX Il {Invitrogen), NEAA, -GIn, P/S, B-ME, 10
ng/ml activin A (R&D Systems, Minneapolis, MN, http://www.
rndsystems.com), and 5 ng/ml basic fibroblast growth factor
(FGF; Peprotech, Rocky Hill, NJ, http://www.peprotech.com)
from day 1 to day 6. From day 7 to day 10, the culture medium
was changed to RPMI supplemented with NEAA, -GIn, P/S,

" B-ME, B27 supplement {Invitrogen), 50 ng/ml FGF10 (Peprotech),

250 nM KAAD-cyclopamine (Calbiochem, San Diego, CA, http://
www.emdbiosciences.com), and 1 uM retinoic acid (Sigma-
Aldrich, St. Louis, MO, www.sigmaaldrich.com). At day 11, the
medium was switched to low-glucose (1,000 mg/l) DMEM supple-
mented with insulin-transferrin-selenium G supplement, ALBU-
MAX 1I, NEAA, -GlIn, PS; B-ME, 10 mM nicotinamide (Sigma-
Aldrich), and 10 nM glucagon-like peptide (Sigma-Aldrich), and
the cells were cultured until day 17. Protein transduction was

STEM CELLS TRANSLATIONAL MEDICINE

€107 ‘11 Joquada( uo rgonSop rumngory Aq /F10°ssaxdpowreydie unsieow)s//:dny woyy papeofumoq



Kaitsuka, Noguchi, Shirakietal. . ’ 3

b

1 283 » B ; e .
rPcix1 | o3 200 | deﬂ [ —
,A T E—————
1 PTD 37 TN Dy e p—p—————
rNeuroD [ so [l 1 ] 0 1 3 6 12 24 48(h)
1 PTD 359 i e
NeuroD | Mseneaoh sl
mM&fA l m 6HiS -3 . - S S ..m!
1R =~
{ 0 1 3 6 12 24 48 (h)
Bl - 50 kDa
~— 37 kDa MafA | | et |
5&’»‘ \},\00 .,\»8‘ ACHN [ s, s o ot e e
& & 0 1 3 6 12 24 48 (h)
Q \gb- )
&
rde? rPdx1 / DAPI rNeuroD rNeuroD / DAPI

mMalA-11R

midafA-11R / DAPI

3 - 3 -
= = = =
3 3 g g
& © o fvd
3 2 2 27 & 2 7 3
g g © o]
Qo j$3 Q Q
2 3 3 3

1 1 4 1 -
k] 8 ® 8
[ [+ @ [}
o o o0 0"
0 0 0
&

Figure 1. Protein transduction of Pdx1, NeuroD, and MafA-11R. (A): Upper panels show schematic representation of rat Pdx1, rat NeuroD, and
mouse MafA-11R recombinant proteins. Pdx1 and NeuroD can permeate cells because of an arginine- and lysine-rich PTD. Because MafA does
not have a PTD, a polyarginine sequence was fused at the C terminus. The lower panel shows purified proteins analyzed by Coomassie blue
staining. (B): Time-dependent changes of rPdx1 (upper), rNeuroD (middle), and mMafA-11R (lower) protein transduction in mouse embryonic
stem cells were analyzed by Western blotting using the indicated antibodies. Recombinant proteins were added to cells at a final concentration
of 1 uM. Actin was used for a loading control. (C): Mouse embryonic stem cells were treated with each protein labeled with Alexa 568-fluo-
rescence dye for 6 hours at a final concentration of 1 M, and images were taken by confocal microscopy. Scale bars = 100 um. (D): Hela cells
were transfected with rat insulin promoter-driven reporters. After 24 hours, cells were treated with rPdx1, rNeuroD, mMafA-11R, or a combination
of the three proteins at a final concentration of 1 M for 6 hours, and luciferase activity was measured. Data are the mean = SEM. *, p < .05 versus
corresponding control (Student’s t test), n =4 each. Abbreviations: 6His, six histidines; 11R, 11 polyarginines; DAPI, 4',6-diamidino-2-phenylindole;
mMafA, mouse MafA; PNM, Pdx1, NeuroD, and MafA-11R; PTD, protein transduction domain; rNeuroD, rat NeuroD; rPdx1, rat Pdx1.

performed on days 5, 7, 9, 11, 13, and 15. Recombinant forms of
Pdx1, NeuroD, and MafA-11R were added to cells at a final concen-

Preparation of the 804G-ECM
ECM from medium conditioned by 804G cells was prepared and

tration of 1 uM. For the time-dependent analysis of transduced
proteins, cells were washed with phosphate-buffered saline, and
the whole cell lysates were extracted and subjected to Western
blotting using anti-Pdx1 (Millipore, Billerica, MA, http://www.
millipore.com), anti-NeuroD (Santa Cruz Biotechnology, Santa
Cruz, CA, hitp://www.scbt.com), anti-6His (Wako Chemical, Osaka,
Japan, www.wako-chem.co.jp/english), and anti-MafA (Bethyl Inc.,
Montgomery, TX, http://www.bethyl.com).

www.StemCellsTM.com
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used as described previously {31]. The cells were grown in DMEM
(Invitrogen), containing 10% FBS and 1,000 mg/l glucose. At con-
fluence, they were rinsed and maintained for another 3 days in
the same medium. Conditioned medium (referred to as “804G-
ECM”) was collected, centrifuged at 120g for 10 minutes to
remove any detached cells and debris, filtered through a 0.22-
pm Millipore filter, and frozen at —20°C for later use. Culture
plates were coated with 804G-ECM. Plates were incubated at
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37°C for 18-20 hours before cell plating. Recombinant human
laminin 5 (LnS; Reprocell Inc., Kanagawa, Japan, https://www.
reprocell.bom/en/) was also used to coat the culture plates at
a'concentration of 0.1 ug/cm?® and incubated at 37°C for 18-20
hours before cell plating.

Immunostaining

Cells were fixed with 4% paraformaldehyde for 30 minutes at
room temperature (22°C-24°C). Immunostaining was carried
out with the standard protocol. The following primary antibodies
were used: goat anti-Sox17 (1:200; R&D Systems), mouse anti-

GFP (1:1,000; Medical and Biological Laboratories Co., Ltd., -

Nagoya, Japan, http://www.mbl.co.jp/e/index.html), goat anti-
Foxa2 (1:300; Santa Cruz Biotechnology), mouse antisinsulin
(1:1,000; Sigma-Aldrich), and mouse anti-glucagon (1:1,000;
Sigma-Aldrich). Alexa 488- or Alexa 568-conjugated secondary
antibodies were used at 1:500 dilution (Molecular Probes). Cells
were counterstained with 4',6-diamidino-2-phenylindole (Roche
Applied Science, Indianapolis, IN, https://www.roche-applied-
science.com). Images were taken using fluorescence microscopy.

Quantification of Insulin-Positive Cells

Cells labeled with anti-insulin antibody in 96-well plates were
counted manually using a fluorescence microscope, and the num-
ber was expressed as a percentage of the total cell number
counted in each sister well. Similarly, the Ins1-GFP-positive cell
number per well of 96-well plates was counted manually, and
the percentage was calculated.

1

Quantitative Reverse Transcription PCR Analysis

Total RNA was extracted from cells using an RNeasy micro kit
(Qiagen, Valencia, CA, http://www.giagen.com) according to
the manufacturer’sinstructions. CDNA was prepared by reverse,
transcription of 500 ng total RNA using the PrimeScript RT re-
agent kit (Takara Bio, Shiga, Japan, http://www.takara-bio.
com). The resulting cDNAs were amplified using a SYBR Green
PCR kit (Takara). The primer sequences for each primer set
are shown in supplemental online Table 1. MRNA expression
data were normalized against actin expression in a correspond-
ing samble.

-

C-Peptide Secretion Assay

C-peptide release was measured by incubating the cells in Krebs-
Rihger solution containing bicarbonate and Hepes (KRBH: 129
mM sodium chloride, 4.8 mM potassium chloride, 2.5 mM cal-
cium chloride, 1.2 mM monopotassium phosphate, 1.2 mM mag-
nesium sulfate, 5 mM sodium bicarbonate, 10 mM Hepes, 0.1%
bovine serum albumin). The cells were incubated in KRBH buffer
for 1 hour to wash them. They were then incubated in KRBH buffer
with 2.5 mM p-glucose for 1 hour and KRBH buffer with 20 mM.D-
glucose for 1 hour. The C-peptide levels in culture supernatants
were measured using the mouse C-peptide enzyme-linked im-
munosorbent assay kit (Shibayagi, Gunma, Japan, http://www.
shibayagi.co.jp/index-E.htm). Pancreatic islets were isolated
from ICR mice using collagenase digestion as described by Nogu-
chi et al. [22]. Twenty-five islets were hand picked and seeded on
24-well plates. The C-peptide secretion assay was performed as
described previously.
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Treatment With Streptozotocin and Transplantation
in Mice ' i
C.B-17/1cr-SCID/SCID Jcl mice {CLEA Japan, Tokyo, Japan, http://
www.clea-japan.com), aged 8-10 weeks, were used as recipients
of transplantation. All recipient mice were made diabetic by an
intraperitoneal injection of streptozotocin (STZ; Sigma-Aldrich),
150 mg/kg body weight per day, freshly dissolved in citrate buffer
(pH 4.5), on twa consecutive days for a total dose of 300 mg/kg.
Once nonfasting blood glucose levels exceeded 250 mg/dl for at
least two consecutive days, the mice were considered to be dia-
beticand were used as transplant recipients. Onday 17, the end of
differentiation into insulin-producing cells, entire cells in culture
were dissociated with 0.25% trypsin; then, 1 X 107 cells, sus-
pended in 50 ul culture medium, were injected under the kidney
capsules of recipient mice using a syringe with a 23-gauge needle
(Nipro, Tokyo, Japan, http://www.nipro.co.jp/en/). Nonfasting
blood glucose levels were measured at 7, 21, 35, 49, 77, and
105 days after transplar{tation. At 35 days after injection, grafted
mice were sacrificed. The grafts were recovered from the kidney
and subjected to immunofluorescence or reverse transcription
PCR (RT-PCR) analysis.

Adult mouse islets were used as a positive control. Islets were

“isolated from ICR mice aged 8-10 weeks as follows: under general

anesthesia induced by pentobarbital sodium (50 mg/kg), mice
were injected with 2 ml Hanks’ balanced salt solution (Invitrogen)
containing 2 mg/ml collagenase, type V (Sigma-Aldrich), into the
common bile duct. The distended pancreas was removed and in-
cubated at 37°C for 16 minutes. The islets were purified by cen-
trifugation (2,000 rotations per minute for 10 minutes) with
Histopaque 1077 (Sigma-Aldrich) and RPMI medium gradient. In-
dividual islets, free of attached acinar, vascular; and ductal tis-
sues, were selected and removed with a Pasteur pipette under
a dissecting microscope, yielding highly purified islets for trans-
plantation. The number of islets was determined by counting
manually. One hundred islets, suspended in 50 ul cufture me-
dium, were injected under the kidney capsules of recipient mice
using a syringe with a 23-gauge needle in the same way as differ-
entiated cells. Similarly, nonfasting blood glucose levels were
measured at 7, 21, 35, 49, 77, and 105 days after transplantation.

Generation of Human iPS Cells and Differentiation Into
NGN3-Expressing Cells

The human iPS cells were produced as reported previously {32,
33]. Human fibroblast BJ cells were plated at 5 X 10° cells per well
in six-well plates and infected with SeV vectors (OCT3/4, SOX2,
KLF4, and c-MYC; DNAVEC Corporation, Tsukuba, Japan, http://

www.dnavec.co.jp/en/) at a multiplicity of infection (MOI) of 3.

Infected cells were transferred onto mitomycin C-treated MEF
feeder cells on day 6 after induction. When ES-like colonies
appeared, the medium was changed to DMEM/F12 HAM
(Sigma-Aldrich) supplemented with 100 uM NEAA, 2 mM t-Gln,
20% KnockOut serum replacement, 50 U/ml penicillin and 50
pg/mistreptomycin, 100 uM B-ME, and 5 ng/ml basic FGF. To es-
tablish the iPS cell lines, colonies were manually transferred onto
MEF feeder cells.

For pancreatic differentiation, human iPS cells were dissoci-
ated with 2 U/ml dispase (Invitrogen) and then replated onto
MEF feeder cells. At 70%—80% confluence, differentiation was ini-
tiated according to a protocol described by D’Amour et al. [34],
modified by omitting stage 5.
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Animal Care

All procedures involving mice were performed in compliance with
the National Institutes of Health guidelines and were approved by
the animal ethics committee of Kumamoto University (approval
ID: C23-310).

Statistics

Data are shown as the mean plus or minus standard error of the
mean. Student’s t test was used to identify significant differences
between two conditions, and ‘one-way analysis of variance
(ANQVA) or two-way ANOVA followed by Tukey-Kramer’s post
hoc analysis was used to compare multiple conditions. A p value
of <.05 was considered significant.

RESULTS

Protein Transduction Into Mouse ES Cells

To transduce proteins into mouse ES cells, we designed recombi-
nant forms of rat Pdx1, rat NeuroD, and mouse MafA, as shown in
Figure 1A. Pdx1 and NeuroD were not fused with any CPPs be-
cause they have a PTD [22, 23]. MafA was fused with 11R as
a CPP [24, 25, 35]. These recombinant proteins were expressed
and purified from Escherichia coli, as shown in Figure 1A. The pre-
dicted molecular mass of Pdx1, NeuroD, and MafA was 31 kDa, 40
kDa, and 38 kDa, respectively. The recombinant Pdx1 protein mi-
grated at about 45 kDa, apparently different from the predicted
size (Fig. 1A), whereas both the recombinant and endogenous
Pdx1 migrated at 45 kDa independent of post-translational mod-
ification [36]. We examined the efficiency of protein transduction
into mouse ES cells using 11R fused with enhanced GFP (11R-
EGFP), and 11R-EGFP was detected in almost all of the cells 6
hoursafter transduction, whereas EGFP without 11R was not
detected (supplemental online Fig. 1). We next examined the
time-dependent transduction of Pdx1, NeuroD, and MafA-11R
in mouse ES cells by Western blotting (Fig. 1B). Pdx1 and NeuroD
were detected 1 hour after the application of each protein,
whereas MafA-11R was detected 3 hours after transduction.
Pdx1 and MafA-11R reached a peak at 6-12 hours and were
retained for up to 48 hours, whereas NeuroD reached a peak at
48 hours (Fig. 1B). Protein transduction efficiency was also ana-
lyzed using Alexa 568-labeled proteins. Each protein was ob-
served in almost all of the mouse ES cells 6 hours after
treatment (Fig. 1C). To verify whether thé proteins had transcrip-
tional activity, Hela cells were transfected with rat insulin
promoter-driven reporters, and luciferase activity was measured
6 hours after the transduction of Pdx1, NeuroD, or MafA-11R.
Each protein significantly induced luciferase activity, and the
combined treatment of these three proteins increased luciferase
activity more than each protein alone. It is suggested that the
transduced proteins had transcriptional activity (Fig. 1D).

Protein Transduction Facilitates the Differentiation of
Mouse ES Cells into Insulin-Producing Cells

We developed a stepwise differentiation protocol under feeder-
free conditions, as shown in Figure 2A. On day 0, mouse ES cells
were cultured on a three-dimensional synthetic matrix and con-
verted into insulin-producing cells using three types of growth
medium with supplements, as indicated in Figure 2A. It was con-
firmed that the expression of Sox17, a definitive endoderm
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marker, was not detected in undifferentiated cells but was mark-
edlyinduced at day 7 during differentiation. That signal weakened
after day 7 (Fig. 2B). Foxa2, a marker of pancreatic progenitors,
began to be expressed on day 7, and that signal also appeared
in later periods (Fig. 2C). Pdx1 expression, also a marker of pan-
creatic progenitors, was detected on days 11 and 17 (Fig. 2D).
On day 17, the end of this differentiation protocol, several
insulin-positive cells were detected {Fig. 2E). RT-PCR analysis
revealed that the expression dynamics of Sox17, Pdx1, and Ins1
during differentiation (Fig. 2F) was sirnilar to that of pancreatic
B-cell development [37, 38].

Using this differentiation protocol, we next examined
whether the transduction of Pdx1, NeuroD, and MafA-11R facili-
tated the differentiation of mouse ES cells into insulin-producing
cells. To determine the most effective timing of protein transduc-
tion and combination of delivered proteins, we divided the trans-
duction period into three periods as first {days 5~9), second (days
9-11), and third (days 13-17) under our stepwise differentiation
protocol (Fig. 3A) and .examined which timing or combination
most effectively induced differentiation into insulin-producing
cells. Protein transduction with Pdx1 during the first period, Neu-
roD during the second period, and MafA-11R during the third
period most significantly increased the percentage of insulin-
positive cells in the SK7 mouse ES cell line compared with
phosphate-buffered saline-treated cells as a control (Fig. 3B,
3C). The transduction of one or two proteins had little effect
onthe number of insulin-positive cells (Fig. 3C). These results sug-
gest that the three proteins act sequentially on pancreatic 3-cell
differentiation, whereas the treatment did not induce differenti-
ation into definitive endoderm (Sox17-positive cells) onday7or
pancreatic progenitors- (Pdx1-GFP- and Foxa2-positive cells) on
day 11 (supplemental online Fig. 2A-2C). These results suggest
that this treatment facilitated differentiation into endocrine pro-
genitors and/or insulin-producing cells. To confirm that protein
transduction increases insulin production, we used an Ins1-GFP
mouse ES cell line, ING112, established from a transgenic mouse
line bearing the insulin promoter driving GFP expression [28, 29].
Transduction of the three proteins induced Ins1-GFP expression
{Fig. 3D) and was most effective for Ins1 gene expression {Fig.
3E). We also examined whether protein transduction could in-
duce the differentiation of a mouse iPS cell line, 20D017. On day
17, this treatment also significantly increased the percentage of
insulin-positive cells and Ins1 gene expression in mouse iPS cells
(supplemental online Fig. 3A, 3B). Next, to examine whether
these proteins function via each PTD, we created PTD-deleted
proteins of Pdx1 and NeuroD and intact MafA protein not fused
with 11R (supplemental online Fig. 3C). Transduction of these
proteins without each PTD did not induce Ins1 gene expression
(supplemental online Fig. 3D).

ECM Derived From 804G Cells Facilitates Differentiation
of Mouse ES Cells Into Insulin-Producing Cells

To increase the efficiency of differentiation into insulin-positive
cells, we focused on ECM derived from 804G cells. The ECM con-
tains Ln5 and ﬁbronectin and has a beneficial effect on rat pancre-
atic B-cell survival, proliferation, and insulin secretion in response
to glucose [31, 39-41]. 804G ECM treatment incréased the num-
ber of Ins1-GFP-positive cells, and the transduction: of Pdx1,
NeuroD, and MafA increased it even further (Fig. 4A, 4B). The
effects of 804G ECM and protein transduction were supported
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Figure 2. Differentiation of mouse embryonic stem cells into insulin-producing cells by a stepwise protocol. {A): Scheme of the timeline of the
differentiation protocol. Three types of growth medium with supplements were used, as indicated. (B—E): Immunofluorescence analysis of the
Pdx1-GFP mouse embryonic stem cell line SK7 for Sox17 (B), Foxa2 (C), Pdx1-GFP (D), and insulin (E} was performed on days O {(undifferentiated),
7,11, and 17 of differentiation, respectively. Scale bars = 200 um. (F}: RNA was extracted from differentiated cells in the period indicated. Re-
verse transcription polymerase chain reaction analysis was performed on Act, Sox17, Pdx1, and Ins1. Abbreviations: Act, actin; Act A, activin A;
bFGF, basic fibroblast growth factor; CYC, KAAD-cyclopamine; DAPI, 4',6-diamidino-2-phenylindole; DMEM, Dulbecco’s Modified Eagle’s Me-
dium; GFP, green fluorescent protein; GLP-1, glucagon-like peptide; ins, insulin; Ins1, insulin 1; Islet, islets isolated from ICR mice; ITS, insulin-
transferrin-selenium; NAM, nicotinamide; RA, retinoic acid; ud mES, undifferentiated mouse ES cells.

by an increase in Ins1 expression (Fig. 4C). We further examined ECM raised the number of positive cells {Fig. 4D). In differentiated
whether 804G ECM and the transduction of the three proteins in- cells treated with 804G ECM and protein transduction, a few cells
creased the number of Pdx1-positive pancreatic progenitor cells expressed glucagon; however, coexpression with Ins1-GFP was
using a mouse ES cell line, SK7, containing a, Pdx1-promoter- not observed (Fig. 4E). We next examined the expression of
driven GFP reporter transgene. Protein transduction had no ef- - marker genes of pancreatic $ cells in differentiated cells treated
fect on the number of Pdx1-GFP-positive. cells, whereas 804G with the protein transduction and 804G ECM. Combination
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Figure3. Proteintransduction-induced generation of insulin-producing cells from mouse embryonic stem (ES) cells. {A): The timeline of protein
trahsduction. The timing of protein transduction was divided into three periods {first, second, and third). Recombinant proteins were added to
cells at a final concentration of 1 uM. (B): SK7 mouse ES cells were induced to differentiate, and an immunofiuorescence analysis for insulin was
performed onday 17. Scale bars =200 um. {C): Values are the percentage of insulin-positive cells per well of a 96-well plate. Data are the mean =
'SEM. #, p < .05 versus corresponding control (one-way analysis of variance [ANOVA] followed by Tukey-Kramer’s post hoc analysis), n = 4 each.
(D): The Ins1-GFP mouse ES cell line ING112 was induced to differentiate, and GFP fluorescence was measured on day 17. Scale bars = 200 m.
(E): Quantitative reverse transcription polymerase chain reaction analysis of Ins1 expression in mouse ES cells treated with indicated proteins.
Data are shown as the mean plus or minus standard error of the mean. *, p < .05 versus corresponding control (one-way ANOVA followed by
Tukey-Kramer’s post hoc analysis), n = 8 each. Abbreviations: Act A, activin A; bFGF, basic FGF; CYC, KAAD-cyclopamine; DIC, differential inter-
ference contrast; DMEM, Dulbecco’s Modified Eagle’s Medium; GFP, green fluorescent protein; GLP-1, glucagon-like peptide; Insl, insulin 1; ITS,
insulin-transferrin-selenium; NAM, nicotinamide; PNM, Pdx1, NeuroD, and MafA-11R; RA, retinoic acid.
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treatment increased the expression of Pdx1, NeuroD, MafA,
Glut2, and Kir6.2 (Fig. 5). .
Because Ln5 is a major component of 804F ECM, we examined
whether the effect of 804G ECM could be achieved with recombi-
nant Ln5. Mouse ES cells were cultured on dishes coated with Ln5
in differentiation medium for 17 days. The percentage of Insi-
GFP-expressing cells and levels of Ins1 were significantly in-
creased by treatment with recombinant Ln5 (Fig. 6A, 6B), suggest-
ing that the effect of 804G ECM is related to Ln5. We next
examined the potential for glucose-stimulated secretion of C-
peptide in cells treated with Ln5 and transduced with Pdx1,
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NeuroD, and MafA-11R. The amount of C-peptide released by
the cells stimulated with high glucose (20 mM) was approximately
3.7-fold greater thanafterbasal {2.5 mM) stimulation, inamanner
similar to that in adult mouse islets (4.9-fold; Fig. 6C):

The physiological competence of differentiated cells to main-
tain glucose homeostasis in vivo was evaluated by transplantation
into mice with STZ-induced diabetes. ING112 mouse ES cells were
transduced with Pdx1, NeuroD, and MafA and treated with 804G
ECM. After 17 days, the cells were collected by trypsin treatment,
and 1 X 107 cells were transplanted into kidney capsules of severe
combined immunodeficient (SCID) mice in which diabetes was

©AlphaMed Press 2013
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Figure4. The 804G-ECM treatment facilitates the differentiation of mouse embryonic stem (ES) cells into insulin-producing cells. (A): Ins1-GFP
fluorescence on day 17. On day 0, ING112 mouse ES cells were plated on untreated or 804G ECM-treated wells and induced to differentiate.
Recombinant proteins were added to cells at a final concentration of 1 M. Scale bars = 200 um. (B) Values are the percentage of Ins1-GFP-
positive cells per well of a 96-well plate. Data are the mean * SEM. #, p <'.05 versus corresponding control {one-way analysis of variance
[ANOVA] followed by Tukey-Kramer’s post hoc analysis), n = 5 each. (C): Quantitative reverse transcription polymerase chain reaction analysis
of Ins1 expression in ING112 mouse ES cells at day 17. Data are shown as the mean plus or minus standard error of the mean. %, p < .05 versus
corresponding control (one-way ANOVA followed by Tukey-Kramer’s post hoc analysis), n =9 each. (D): Pdx1-GFP-positive cells differentiated
from SK7 mouse ES cells were quantified by flow cytometry at day 11. Data are the mean = SEM..*, p < .05 versus corresponding control {one-
way ANOVA followed by Tukey-Kramer’s post hoc analysis), n = 4 each. (E): Immunofluorescence analysis of ING112 mouse ES cells for Ins1-GFP

-and glucagon was performed on day 17 of differentiation. Scale bars = 200 wm. Abbreviations: 804G-ECM, extracellular matrix derived from

804G cells; DIC, differential interference contrast; GFP, green fluorescent protein; Ins1, insulin 1; PNM, Pdx1, NeuroD and MafA-11R.
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Figure 5. Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of pancreatic marker genes in differéntiated ING112
mouse embryonic stem cells treated with 804G and transduced with recombinant Pdx1, NeuroD, and MafA. RNA was extracted from the cellson
day 17 of differentiation. Quantitative RT-PCR was performed on the indicated genes. Data are the mean = SEM. *, p <<.05 versus corresponding
control (Student’s t test), n =4 each. Abbreviations: 804G-ECM, extracellular matrix dérived from 804G cells; PNM, Pdx1, NeuroD, and MafA-11R.

induced by STZ treatment. The animals transplanted with differ-
entiated cells showed reversed diabetes (blood glucose level
<200 mg/dl) by day 21 in three of the nine recipient mice, and
normoglycemia was maintained up to 105 days after transplanta-

tion, whereas no recipient showed decreased blood glucose lev-:

‘els inthe sham-operated group (Fig. 6D). As a positive control, 100
islets isolated from adult mice were transplanted into kidney cap-
sules of STZ-treated SCID mice. With our protocol, transplantation
with mouse islets decreased blood glucose levels in three of the
nine recipient mice (Fig. 6D). Next, to examine insulin expression
in the grafts, SCID mice were treated in the same way as de-
scribed. At 35 days after transplantation, the grafts were
extracted and examined for Ins1-GFP fluorescence and Insl ex-
pression. Several Ins1-GFP-positive cells were found in the grafts
(supplemental online Fig. 4A), and the grafts kept expressing Ins1
after transplantation (supplemental online Fig. 4B). in contrast,
no Ins1 expression was detected in the right kidney, the nontrans-
planted side. Quantitative RT-PCR showed that Ins1 expression in
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the grafts after transplantation was 11-fold higher than that in
the differentiated cells. before transplantation (supplemental
online Fig. 4B). When the grafts were removed by unilateral ne-
phrectomy from mice that showed restored normoglycemia in
the differentiated cell group, these mice became hyperglycemic
(supplemental online Fig. 4C). This result confirms that the de-
creased blood glucose level of STZ-treated mice was related to
the transplanted cells.

Differentiation of Human iPS Cells With Pdx1
Protein Transduction

Finally, we examined whether protein transduction could facili-
tate the differentiation of human iPS cells. The human iPS cell line
iPSC23 was derived from human fibroblasts. The iPSC23 cells
showed human ES cell-like morphology and expressed a typical
pluripotency marker (supplemental online Fig. 5A-5C). Histolog-
ical examination of teratomas derived from iPSC23-transplanted
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Figure 6. Recombinant Ln5 facilitates the differentiation of mouse embryonic stem cells into insulin-producing cells. (A): Values are the per-
centage of Ins1-GFP-positive cells per well of a 96-well plate on day 17 of differentiation. Data are the mean * SEM. *, p < .05 versus corre-
sponding control (Student’s t test), n =3 each. {B): Quantitative reverse transcription polymerase chain reaction analysis of Ins1 expression in the
differentiated cells treated with Ln5. Data are the mean * SEM. #, p < .05 versus corresponding control (Student’s t test), n = 3 each. {C):

Secretion of glucose-responsive C-peptide. On day 17, differentiated cells treated with Ln5 and protein transduction were subjected to a C-

peptide secretion assay. The medium was replaced with Krebs-Ringer solution, and the cells were stimulated with 2.5 mM and 20 mM o-glucose.
The amount of mouse C-peptide released in the medium was analyzed by enzyme-linked immunosorbent assay and normalized to the total
amount of protein. Adult mouse islets were also subjected to the C-peptide secretion assay (right graph). Data are the mean * SEM.
#, p < .05 versus corresponding control (,Student' s t test), n = 4 each. (D): Diabetic mice were generated by streptozotocin treatment (150
mg/g, twice). Differentiated cells (1 X 10°) derived from ING112 mouse embryonic stem cells treated with extracellular matrix derived from
804G cells and protein transduction were transplanted under the kidney capsule of severe combined immunodeficient (SCID) mice. As a positive
control, islets were isolated from ICR mice,.and 100 islets were picked and transplanted into streptozotocin-treated SCID mice. Sham refers to
sham-operated mice given culture medium only. Blood glucose levels were measured on day 0—105 after transplantation. Each line represents
one recipient mouse. Abbreviations: Ins1, insulin-1; Ln5, laminin 5. . ‘
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SCID mice showed that the tumors contained various tissues
(supplemental online Fig. 5D). To induce differentiation into pan-
creatic endocrine cells, we used the protocol reported by
D’Amour et al. [34] (Fig. 7A). During differentiation, iPSC23
showed marked increases in SOX17 and FOXA2 expression on
day 4. After stage 1, PDX1 and NGN3 expression began to peak
on day 13 and 10, respectively (Fig. 7B). These gene expression
patterns were consistent with previous reports [34]; however,
INS gene expression was not observed, even after stage 5 (data
not shown). Consequently, in this study, we examined whether
transduction of Pdx1 protein affects NGN3 expression levels,
a marker of pancreatic progenitor. Treatment with Pdx1 during
stages 2 and 3 caused a significant increase in NGN3 in both rat
and human proteins (Fig. 7C).

DISCUSSION

In the present study, we established a method of generating
insulin-producing cells using 804G ECM treatment and the trans-
duction of Pdx1, NeuroD, and MafA-11R. Transduction of the
three proteins facilitated the differentiation of mouse ES and
mouse iPS cells into insulin-producing cells. The 804G ECM treat-
ment induced their differentiation into Pdx1-positive pancreatic
progenitor cells. The differentiated celis secreted C-peptide in
a glucose-dependent manner and, in some cases, restored nor-
moglycemia when transplanted into diabetic mice.

Pdx1 and NeuroD can be transduced into cells via their own
PTD [22, 23]. MafA was fused with 11R as a CPP, and MafA-11R
was capable of penetrating cells. Pdx1 is a master regulator of
both pancreatic development and the differentiation of progen-
itor cells into the B-cell phenotype [42, 43]. The expression pat-
terns of Pdxl in the developing pancreas are maintained
throughout development and provide both spatial and temporal
contributions to the commitment of endoderm to a pancreatic
phenotype [44]. NeuroD is the basic helix-loop-helix transcrip-
tion factor and is a key regulator of insulin gene transcription
in pancreatic 3 cells [45]. Expression of the NeuroD gene is ac-
tivated by Ngn3 [21]. Like Ngn3, ectopic expression of NeuroD
induces premature endocrine differentiation in the pancreas
[46]. MafA is part of a family of large Maf transcription factors
and is crucial for glucose-responsive insulin gene transcription
in B cells [47-50]. MafA is also important in the embryonic de-
velopment of the pancreas and adult -cell function [47,51, 52].
Pdx1, Ngn3, and MafA are powerful inducers of the differentia-
tion into B cells of non-B cells [5]. NeuroD is also an inducer of
differentiation into B cells [5]. Transcription factors involved in
regulation of the expression of key genes required in the develop-
ing endocrine pancreas have been identified [18]. The pancreas
originates early in development on embryonic day 8.5 to embry-
onic day 9.5 in the mouse [53, 54]. Expression of Pdx1 begins in
epithelial cells of the dorsal and ventral pancreatic anlage on em-
bryonic day 8.5 [42, 55, 56]. NeuroD expression occurs in a subset
of pancreatic epithelial cells as early as embryonic day 9.5 [57].
MafA is expressed in early B cells during the second developmen-
tal transition on embryonic day 14 [49, 58]. In the present study,
we examined the combination of transduced proteins and timing
of the transduction most able to induce differentiation. The use of
Pdx1 on days 5 and 7, NeuroD on days 9 and 11, and MafA-11R on
days 13 and 15 was found to be most effective. The order of trans-
duction is similar to that for developmental expression in vivo.
Thus the order in which Pdx1, NeuroD, and MafA-11R are
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transduced may be crucial to the differentiation of ES and iPS cells
‘into insulin-producing cells. Treatment with these three proteins
did not affect the yield of definitive endoderm and pancreatic pro-
genitors, as shown in supplemental online Figure 2A-2C. It sug-
gests that this treatment facilitated the latter period of
differentiation, such as endocrine progenitors and insulin-
producing cells. In Figure 3C, the percentage of insulin-
positive cells is 0.799% after Pdx1, NeuroD, and MafA-11R treat-
ment in the SK7 mouse ES cell line, whereas in the ING112 cell
line, the percentage of Ins1-GFP-positive cells is 0.004% (Fig.
4B). There is some variation of differentiation efficiency between
these two ES cell lines. One of the reasons for this variation might
be differences in the genetic background. The SK7 line was estab-
lished from B6CBAF1 mouse strains and the ING112 line from CD-
1 mouse strains [26—29]. ES cell lines established from different
mouse strains showed variability in endodermal differentiation
capacity [59].

' The 804G ECM derived from rat bladder carcinoma has been
used for mouse, rat, and human pancreatic islet cell cultures [31,
39-41, 60-63). The ECM s rich in Ln5 [64—66], a heterotrimer con-
sisting of @3, 83, and y2 subunits, and an essential component of
several epithelial basement membranes [67, 68] and improves
glucose-stimulated insulin secretion, survival, and proliferation
of primary pancreatic 8 cells [31, 39-41]. In the present study,
we showed that 804G ECM significantly increased the efficiency
with which mouse ES cells and human iPS cells differentiate into
insulin-producing cells. The finding that the ECM increased the
number of Pdx1-GFP-positive cells on day 8 (Fig. 4D) may indicate
that it predominantly facilitates the differentiation into pancre-
atic progenitors. In pancreatic development, precursor cells of en-
docrine pancreas coexpress insulin and glucagon [69]. In the case
ofiinvitro differentiation from ES cells, coexpression of insulin and
glucagon was observed in some reports and was often referred to
as “immature B cells” [34, 70]. In this study, coexpression of these
two hormones did not occur in differentiated cells (Fig. 4E). This
suggests that insulin-producing cells generated with our protocol
were differentiated similarly to mature S cells. Experiments per-
formed with recombinant Ln5 suggested that the protein is the
major component of 804G ECM responsible for facilitating differ-
entiation (Fig. 6A, 6B). The differentiated cells obtained using pro-
tein transduction and Ln5 treatment had the ability to secrete C-
peptide in response'to glucose stimulation. Furthermore, when
transplantated, the differentiated cells restored normoglycemia
in some diabetic mice. In this study, we transplanted 1 X 107
cells of entife cultures as differentiated cells. Because the effi-
ciency of differentiation to insulin-producing cells was about
0.1% in the case of ING112 cells, as shown in Figure 4B, trans-
planted cells corresponded to 1 X 10% insulin-producing cells
(0.1% of 1 X 107). Moreover, we showed that Ins1 gene expres-
sion was increased by about 10-fold in the grafts after transplan-
tation (supplemental online Fig. 4B). Consequently, we speculate
that the transplanted cells corresponded to 1 X 10° 8 cells (about
100 islets). To compare the effect of differentiated cells with adult
mouse islets, 100 islets were transplanted and showed restored
normoglycemia in three of the nine recipient mice (Fig. 6D). This
efficacy is equivalent to the efficacy of differentiated cells and cor-
responds to a previous report that only 33% of diabetic mice
showed normoglycemia after transplantation with 100 islets
[71]. These results suggest that the insulin-producing cells gener-
ated in this study are functionally similar to mature pancreatic 8
cells.
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Figure 7. Protein transduction-induced generation of NGN3-expressing cells from human induced pluripotent stem (iPS) cells. {(A): Scheme of
pancreatic differentiation from human iPS cells and the timeline of protein transduction. Recombinant Pdx1 protein was added to cells at a final
concentration of 1 uM from day 4 ta day 10 of differentiation. (B): Dynamic gene expression patterns of SOX17, FOXA2, PDX1, and NGN3 in
human iPS cell line iPSC23 during differentiation were analyzed on days O {(undifferentiated), 4, 7, 10, and 13 by quantitative reverse transcription
polymerase chain reaction. Data are the mean = SEM. n =3 each. (C): Human iPSC23 cells were treated with rat Pdx1 or human PDX1 recombi-
nant proteins at the time points shown in (A). Total RNA was extracted on day 13 of differentiation, and NGN3 expression was analyzed by quan-
titative reverse transcription polymerase chain reaction. Data are the mean * SEM. *, p < .05 versus corresponding control (one-way analysis of
variance followed by Tukey-Kramer’s post hoc analysis), n = 3 each. Abbreviations: Act A, activin A; CYC, KAAD-cyclopamine; DAPT, y-secretase
inhibitor; Ex-4, exendin-4; FGF, fibroblast growth factor; hPDX1, human PDX1; RA, retinoic acid; rPdx1, rat Pdx1; ud, undifferentiated.

Protein transduction is also useful for the pancreatic dif- endocrine progenitors (Fig. 7C). Rat Pdx1 protein was more effec-
ferentiation of human iPS cells. Treatment with Pdx1 protein sig- tive on NGN3 expression than human PDX1 protein. It is consid-
nificantly increased NGN3 expression, a marker of pancreatic ered that one of the reasons is the difference in purification
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efficiency between the two proteins. The rat recombinant was
more efficiently purified than the human recombinant, and human
‘PDX1 needed to be concentrated by centrifugal filters to adjust the
concentration to the rat recombinant. These manipulations might
lead to slight degradation of proteins and lower the transcriptional
activity of proteins. Consistent with our result, rat Pdx1 is more ef-
ficiently translated than human PDX1 in in vitro transcription and
‘translation [36].

In this study, we failed to detect insulin-positive cells using
a previously reported differentiation protocol [34], even when
treated with NeuroD and MafA-11R. Although several previous
studies showed the generation of insulin-producing cells from hu-
man ES cells or human iPS cells in vitro [2-4, 34], various obstacles
remain. The insulin-producing cells generated from these plurip-
otent cells tend to display immature phenotypes and in many
instances are not fully functional {72]. It is necessary to develop
amore efficient and nontumorigenic method that induces the dif-
ferentiation of human iPS cells for tissue replacement therapy.

CoNnCLUSION

In this study, we developed a method of generating functional
insulin-producing cells from mouse ES and mouse iPS cells using
protein transduction and 804G ECM treatment. Protein transduc-
tion has no risk of unexpected genetic modifications by exoge-

nous DNA in target cells. Consequently, the differentiated cells:

are expected to have fewer safety concerns such as tumorigene-
sis. We also found that 804G ECM treatment facilitated the

expansion of Pdx1-positive pancreatic progenitors, leading to
an increase in insulin-producing cells. This newly established
method would provide an efficient and safe way to utilize
patient-specific iPS cells for the treatment of diabetes.
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Observation of Positively Charged Magnetic Nanoparticles Inside HepG2
* Spheroids Using Electron Microscopy
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Magnetic resonance imaging (MRI) using magnetic nanoparticles has been used to diagnose vascular diseases
as well as to monitor transplanted cells and tissues. In this study, we synthesized magnetic iron oxide nano-
particles (TMADM-03), electrically charged by the presence of a cationic end-group substitution of dextran,

and observed these nanoparticles inside three-dimensional models of HepG2 spheroids, which mimic tissues.

Patterned cell array glass disks were prepared to visualize the presence of TMADM-03 uptaken by HepG2
spheroids using transmission electron microscopy (TEM). The HepG2 cells (2x 10° cells) were inoculated
onto Cell-able™ 12-well plates. After 48 h of culture, the cells were incubated with 75 pg Fe/ml TMADM-03
in culture medium for 24 h. To investigate the cellular function of the HepG2 spheroids, the albumin secretion
was evaluated by an ELISA. The albumin secretion after incubation for 24 h was reduced compared with the
secretion prior to the addition of TMADM-03. TEM image samples were prepared in a planar direction or a
vertical direction to the HepG2 spheroids on patterned cell array glass disks. The i incorporation of TMADM-03
inside the HepG2 spheroids was confirmed. In-addition, TMADM-03 could be observed in the deeper layers of
the spheroids, and this was localized in the lysosomes. These data suggest that the novel magnetic iron oxide
nanoparticles invade three-dimensional HepG2 spheroids.

Key words: Magnetic iron oxide nanoparticle; Cationic dextran; Human hepatocellular
carcinoma cells (HepG2); Spheroids; Electron microscopy

INTRODUCTION

Magnetic resonance imaging (MRI) employing mag-
netic nanoparticles has been used to diagnose vascular
diseases as well as to monitor transplanted cells and tis-
sues. For example, while the engraftment of transplanted
pancreatic islet cells can be indirectly evaluated by mea-
suring the blood pressure of the portal vein and the amount
of secreted insulin after transplantation into congenital
type 1 diabetic patients (20,25,26), the transplanted cells
are not easy to evaluate, and few such indirect evaluation
methods are available -for the monitoring of success at
early stages of engraftment.

In previous reports, we described several different types
of magnetic iron oxide nanoparticles, which are electri-
cally charged by the presénce of a cationic or anionic
end-group substitution of dextran (18,21,22). Each of
magnetic iron oxide nanoparticles consists of a small
monocrystalline superparamagnetic iron oxide (SPIO)
core that is stabilized by a cross-linked aminated dextran
coating. We showed that positively charged nanoparticles
[trimethylamino dextran-coated magnetic iron oxide
nanoparticles (TMADM-03)], in which exists the cationic
end-group substitution of dextran, could be transduced
into the mouse insulinoma 6 (MIN6) B-cell line, but

Received June 1, 2012; final acceptance May 1, 2013. Online prepub date: May 14, 2013,
Address correspendence to Yoshitaka Miyamoto, Ph.D., Department of Advanced Medicine in Biotechnology and Robotics, Nagoya University
Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, Nagoya 466-8550, Japan. Tel: +81-52-719-1873; Fax: +81-52-719-1977;

E-mail: myoshi1230@hotmail.com or ymiyamoto@med.nagoya-u.ac.jp

__61__



90

that three commercially available nanoparticles could
not (22). In this study, we synthesized TMADM-03 nano-
particles and observed them inside three-dimensional (3D)
human hepatocellular carcinoma cells (HepG2; liver hepa-
tocellular carcinoma-derived cell line) spheroids, which
mimic an environment close to natural tissues using Cell-
able™ plates.

A 3D cell culture system, the “cell-array system,” hav-
ing attracted increasing attention in the fields of cellular
medicine and drug discovery research (10,13,16), was
established to create a 3D model (7,17,23). Otsuka and
Kataoka et al. demonstrated that multicellular spheroids
comprising a combination of primary hepatocytes and
endothelial cells (JCRB0099: HH) maintained stable
liver-specific functions (23). In the present study, we
used a cell array system of HepG2 spheroids and exam-
ined their uptake of TMADM-03 nanoparticles.

MATERIALS AND METHODS
Chemicals

Dulbecco’s modified Eagle’s medium (DMEM) and
antibiotics (penicillin, streptomycin) were purchased from
GIBCO BRL, Life Technologies (Grand Island, NY, USA).
Fetal bovine serum (FBS, BIO-WEST) was obtained from
Funakoshi Co., Ltd. (Tokyo, Japan). Phosphate-buffered
saline (PBS), paraformaldehyde (PFA), and glutaraldehyde
(GA) were. purchased from Sigma-Aldrich (St. Louis,
MO, USA). Photosensitive polymers were obtained from
Toyo Gosei Co., Ltd. (Chiba, Japan). Osmium tetrox-
ide was purchased from Nisshin EM Co., Ltd. (Tokyo,
Japan). Uranyl acetate was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, J apan). All other mate-
rials and chemicals not specified above were of the highest
grade available.

Cells

HepG2 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA).

Magnetic Iron Oxide Nanoparticles

Trimethylamino dextran-coated magnetic iron oxide
nanoparticles (TMADM-03) were kindly provided by
MEITO Sangyo Co., Ltd. (Kiyosu, Japan).

Preparation of Patterned Cell Array Glass Disks

Patterned cell array glass disks were prepared to visu-
alize the presence of iron oxide nanoparticles uptaken
by the HepG2 spheroids using transmission electron
microscopy (TEM). The procedures were basically per-
formed according to the previously reported protocol
(23). Glass disks (21 mm in diameter, 0.1 mm in thick-
ness; Matsunami Glass, Osaka, Japan) were treated with
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an aqueous solution of photosensitive polymers, and the
polymers were fixed by ultraviolet irradiation under pat-
terned occlusion masks with 100-um diameter circles
at 100-pm intervals. After washing off all unconjugated
polymers, the cell array disks were obtained with a regu-
lar dot pattern where cells can adhere. The viability and
albumin secretion of the cultures were assessed to ensure
that there were no significant differences between the
cells cultured on cell array glass disks and those cultured
on the Cell-able™ 12-well plates.

‘ Culture of HepGZ Cells or Spheroids

HepG2 cells (2x10° cells) were inoculated onto
Cell-able™ 12-well plates (Transparent Inc., Chiba, Japan)
and cultured in 1 ml of DMEM containing 10% FBS,
100 U/ml penicillin, and 100 U/ml streptomycin (cul-
ture medium). As a control, HepG2 cells were cultured
in 12-well plates (Falcon3043, Becton Dickinson, Franklin
Lakes, NJ, USA) as monolayers. The medium was
changed 24 h after cell seeding. After 48 h of culture, the
cells were incubated with 75 ug Fe/ml TMADM-03 in
culture medium for 24 h. The cells were further incubated
for 72 h at 37°C in an incubator with a humidified 5%
CO, atmosphere. The viability of cells was determined
by the trypan blue dye exclusion test (Trypan Blue Stain,
Gibco BRL).

Quantitation of Albumin Secreted by

HepG2 Cells and Spheroids

The albumin secretion by HepG2 cells was measured
with a sandwich enzyme-linked immunosorbent assay

‘(ELISA) using a human albumin ELISA quantification kit

as instructed by the manufacturer (Bethyl Laboratories,
Inc., Montgomery, TX, USA).

Transmission Electron Microscopic Observation of
HepG?2 Cells and Spheroids :

TEM was used to visualize the presence of iron oxide
nanoparticles inside the HepG2 cells and their spheroids.
The HepG2 cells or spheroids labeled with TMADM-03
were fixed with 2% PFA and 2% GA in 0.1 M phosphate
buffer (PB) pH 7.4 at 37°C and then cooled down to 4°C
for 30 min. Thereafter, they were fixed with 2% GA in
0.1 M PB at 4°C overnight. Afterward, these fixed sam-
ples were rinsed three times with 0.1 M PB for 30 min
each, followed by postfixation with 2% osmium tetroxide
(0sO,) in 0.1 MPB at4°C for 1 h.

The samples were dehydrated through a series of graded
ethanol concentrations (50%, 70%, 90%, and 100%). The
schedule was as follows: 50% and 70% for 15 min each
at 4°C, 90% for 5 min at room temperature, and three
changes of 100% for 5 min each at room temperature. The



