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Abstract

AIM: To investigate the ability of a genetically altered
embryonic stem (ES) cell line to generate insulin-producing
cells /n vitro following transfer of the Nkx2.2 gene.

METHODS: Hamster Nkx2.2 genes were transferred into
mouse ES cells. Parental and Nkx2.2-transfected ES cells
were initiated toward differentiation in embryoid body (EB)
culture for 5 d and the resulting EBs were transferred to
an attached culture system. Dithizone (DTZ), a zinc-
chelating agent known to selectively stain pancreatic
beta cells, was used to detect insulin-producing cells.
The outgrowths were incubated in DTZ solution (final
concentration, 100 pug/mL) for 15 min before being
examined microscopically. Gene expression of the
endocrine pancreatic markers was also analyzed by
RT-PCR. In addition, insulin production was determined
immunohistochemically and its secretion was examined
using an ELISA.

RESULTS: DTZ-stained cellular clusters appeared after
approximately 14 d in the culture of Nkx2.2-transfected
ES cells (Nkx-ES cells), which was as much as 2 wk
earlier, than those in the culture of parental ES cells
(wt-ES). The frequency of DTZ-positive cells among total
cultured cells on day 28 accounted for approximately
1.0% and 0.1% of the Nkx-ES- and wt-ES-derived EB
outgrowths, respectively. The DTZ-positive cellular clusters
were found to be immunoreactive to insulin, while the
gene expressions of pancreatic-duodenal homeobox 1
(PDX1), proinsulin 1 and proinsulin 2 were observed in
the cultures that contained DTZ-positive cellular clusters.
Insulin secretion was also confirmed by ELISA, whereas
glucose-dependent secretion was not demonstrated.

CONCLUSION: Nkx2.2-transfected ES cells showed an

ability to differentiate into insulin-producing cells.
© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

It has been proposed that approximately 150 million
people wotldwide have diabetes mellitus, which may double
by 2025, and 5-10% of those suffer from type 1 diabetes,
for which injections of insulin are unavoidable.
Transplantation of pancreatic islets for type 1 diabetes is a
promising therapeutic strategy!'l, howevet, an inadequate
supply of donor islets is a major obstacle. Thus, embryonic
stem (ES) cells are being considered as a potential source
for generating insulin-producing cells. ES cells come from
clonal cell lines derived from the inner cell mass of
developing blastocysts”, and are able to proliferate i vitro
and have shown a capacity to differentiate into a broad
spectrum of derivatives of all three embryonic germ layers
including hematopoietic cells, cardiomyocytes, smooth
muscle cells, neurons, hepatocytes, and insulin-producing
101 We recently reported the appearance of the
islet-like cellular clusters containing insulin-producing cells
in embryoid body (EB) outgrowth cultutes with the use of
a zinc-chelating substance, dithizone (DTZ)!"". However,
the development of islet-like cellular clusters was found in
only a small portion of the EB outgrowths and required
long-term cultures of more than 3 wk.

Nkx2.2 and Nkx6.1 are NK-homeodomain genes
expressed in early pancreatic progenitor cells as well as

cells

neurogenin-3 (Ngn3)-expressing islet precursor cells, and
are considered to be B-cell competence factors!>¥. Nkx2.2
mutants completely lack insulin expression!¥, while Nkx6.1
mutants show a less dramatic impaired differentiation of
B-cells™. Further, Nkx2.2 expression lasts for a longer
period of time in differentiated islet cells. These findings
suggest that Nkx2.2 is a critical transcription factor in eatly
pancreatic endocrine development and the following
differentiation into pancreatic B-cells.

In the present study, we generated Nkx2.2-expressing
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cell lines by transfection of the Nkx2.2 gene into undiffer-
entiated ES cells, and investigated their ability to differentiate
into insulin-producing cells in EB outgrowth cultures. We
found that insulin-producing cells appeared as much as
2 wk earlier in the EB outgrowths derived from Nkx2.2-
transfected ES (Nkx-ES) cells than in those from parental
ES (wt-ES) cells. Further, the frequency of insulin-producing
cells on culture d 28 was approximately 1% in the Nkx-ES-
derived EB outgrowths, a 10-fold greater efficiency as
compared to that on the wt-ES-derived EB outgrowths.
These results suggest that Nkx2.2 acts to promote the
differentiation of ES cells into insulin-producing cells.

MATERIALS AND METHODS

Murine ES cell lines

We utilized a mouse ES cell line, EB3 (129/Sv] mouse ES
cells, a kind gift from Dr. Hitoshi Niwa, RIKEN Center
for Developmental Biology, Kobe, Japan)!"”, which was a
subline derived from El4tg2a ES cells!"¥ and carried the
blasticidin S-resistant selection marker gene driven by the
Oct-3/4 promoter (active under undifferentiated status)!'”.
Undifferentiated EB3 cells were maintained on gelatin-
coated dishes without feeder cells in the maintenance
medium, which was knockout-DMEM medium (Gibco-
BRL) supplemented with 10% fetal bovine serum (FBS;
GIBCO/BRL), 0.1 mmol/L of 2-mercaptoethanol (Sigma),
10 mmol/L of non-essential amino acids (GIBCO/BRL),
L-glutamine, and 1 000 U/mL of leukemia inhibitory factor
(LIF; GIBCO/BRL).

Generation of Nkx2.2-expressing ES (Nkx-ES) cells

The hamster Nkx2.2 gene was obtained from the plasmid
pBAT12.shNkx2.2 (kindly provided by Dr. M. German,
University of California, San Francisco). The cDNA was
inserted into the BstXI-stuffer site of the expression vector
pPyCAGIRESzeocinpAl'™®. The constructed plasmid
pPyCAGIRESzeocinpA-Nkx2.2 contained the zeocin
resistance gene driven by the chicken B-actin promoter.
The Nkx2.2 vector (20 pg) was transfected using a
lipofection method with lipofectAmine (GIBCO/BRL).
Transfected ES cells were selected by growth in the presence
of 20 ug/mL of zeocin, and three clones expressing
Nkx2.2 (Nkx-ES) were established. Undifferentiated
Nkx-ES cells were maintained in the same manner as
undifferentiated wt-ES cells.

EB outgrowths with non-selective differentiation

The method used for the EB outgrowths has been previously
described!"!). Briefly, undifferentiated ES cells were
dissociated into single-cell suspensions and then cultured in
hanging drops to induce embryoid body (EB) formation at
an initial cell density of 500 cells per drop (20 UL) of ES
cell-medium in the absence of LIF. After 5 d in a hanging
drop culture, the resulting EBs were plated in plastic 30-mm
gelatin-coated dishes (five EBs per dish), and then allowed
to attach and form outgrowth cultures. A half amount of
culture medium was replenished with new medium every
2 d. The culture medium used was the maintenance medium
lacking LIF and known differentiation-inducing factors.

Throughout the whole culture, no growth factors or
cytokines including insulin were added to the culture
medium.

Dithizone (DTZ)-staining

A DTZ (Merck, Whitehouse Station, NJ, USA) stock
solution was prepared with 50 mg of DTZ in 5 mL of
dimethylsulfoxide (DMSO) and stored briefly at -15 C.
The staining solution was filtered through a 0.2 Wm nylon
filter and then used as a DTZ working solution. In vitro
DTZ staining was performed by adding 10 UL of the stock
solution to 1 mL of culture medium, then the culture dishes
were incubated at 37 C for 15 min in the DTZ solution.
After the dishes were rinsed thrice with HBSS, clusters
stained crimson red were examined using a stereomicroscope.
After examination, the dishes were refilled with DMEM
containing 10% FBS. Although the stain completely
disappeared from the cells after 5 h, the cultures that had
not been treated with DTZ were used for RT-PCR and
insulin secretion studies to avoid the influence of the
treatment. In some experiments, the number of DTZ-stained
cells in the cultures was determined by counting crimson
red cells after trypsinization following DTZ stain.

RT-PCR

Total RNA was extracted from the cells using TRIzol
(GIBCO/BRL). DNase-treated total RNA was used for
the first-strand cDNA. This reaction was performed using
M-MLV Reverse Transcriptase (Promega) and Random
Primer (Takara Bio Inc.), following the protocols of the
manufacturers. cDNA samples were subjected to PCR
amplification with specific primers under linear conditions
in order to reflect the original amount of the specific
transcript. The cycling parameters were as follows:
denaturation at 94 C for 1 min, annealing at 52-60 C for
1 min (depending on the primer), elongation at 72 ‘C for
1 min (35 cycles), and a final extension for 20 min at 72 C.
The PCR primers and the lengths of the amplified products
were as follows: B-actin (TGAACTGGCTGACTGCTGTG
and CATCCTTGGCCTCAGCATAG, 174 bp); pro-insulin
1 (GTTGGTGCACTTCCTACCCCTG and GTAGAG-
GGAGCAGATGCTGGTG, 300 bp); pro-insulin 2 (GT-
GGATGCGCTTCCTGCCCCTG and GTAGAGGG-
AGCAGATGCTGGTG, 300 bp); PDX1 (GGCCACACA-
GCTCTACAAGG and TTCCACTTCATGCGACGGTT,
582 bp); and mouse-nkx2.2 (TGACCAACACAAAG-
ACGGGGT and GCACGTTTCATCTTGTAGCGA,
650 bp). A set of mouse-nkx2.2 primers was used for the
detection of hamster Nkx2.2.

Immunocytochemistry

Cells in culture dishes were fixed with 4% paraformaldehyde
in phosphate-buffered solution and immunocytochemistry
was catried out using a standard protocol. As the primary
antibody for Nkx2.2, mouse anti-chick Nkx2.2 mAb
(Hybridoma Bank, University of Iowa) was used at a
dilution of 1:40. For detection of the primary antibody, a
biotinylated anti-mouse antibody, ABC kit (VECTASTAIN
Elite ABC KIT), and DAB (Dojindo; Kumamoto, Japan)

were utilized according to the manufacturers’ instructions.
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For detection of the primary antibody, a fluorescent labeled
secondary antibody, goat anti-guinea pig IgG conjugated
with fluorescein-5-isothiocyanate (Cappel 57000, ICN
Pharmaceuticals, Inc., OH, USA), was utilized according to
the manufacturer’s instructions. All nuclei were stained with
DAPI (Dojindo; Kumamoto, Japan).

Insulin detection assay

Cells in the culture dishes were washed thrice with PBS and
pre-incubated in Krebs Ringer bicarbonate buffer (KRBB)
containing 2.8 mmol/L of glucose for 1 h, then placed in
1 000 UL of KRBB with 2.8 mmol/L of glucose for 2 h.
Next, the supernatant was collected and the dishes were
rinsed thrice with PBS, after which the cells were re-incubated
with KRBB containing 25.5 mmol/L of glucose for 2 h.
Subsequently, conditioned medium samples were collected,
and insulin levels were measured using an enzyme
immunoassay (Mouse Insulin ELISA TMB Kit AKRIN-
011T, Shibayagi Co., Ltd. Gunma, Japan) that detects mouse
insulin in a range between 156 and 10 000 pg/mL with no
cross-reactivity to C-peptide.

RESULTS

Establishment of Nkx2.2-expressing ES cell lines

ES cells were transfected with the Nkx2.2 expression
vector and selected with zeocin. Three stable clones at a
time were obtained and screened for Nkx2.2 expression
by RT-PCR and three clones with a high expression of
Nkx2.2 were finally selected (Figure 1A). Subsequently,
immunocytochemistry showed that all three clones
expressed Nkx2.2 protein (Figure 1B). Each Nkx-ES clone
demonstrated similar results in the following experiments,
thus representative results from only clone 3 are shown.
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Figure 1 Expression of Nkx2.2 in parental (wt-ES cells) and Nkx2.2-transfected
ES cells (Nkx-ES cells). A: Nkx-ES cells, but not wt-ES cells, expressed Nkx2.2
mRNA; B: Nkx2.2 protein was mainly observed in the nuclei of Nkx-ES cells.
Original magnification, x200.

Early appearance of DTZ-stained cells in EB outgrowths
DTZ, a zinc-chelating agent, is known to selectively stain
pancreatic B-cells crimson red"”?" and we previously
demonstrated that D'TZ stain could also be applied for the
detection of ES-derived insulin-producing cells. Figure 2
shows the outline of the EB outgrowth culture and results
of DTZ-staining. DTZ-positive cellular clusters appeared
as much as 2 wk earlier in the EB outgrowths derived
from Nkx-ES cells. On d 14, DTZ-positive cells were
already present in the EB outgrowths derived from Nkx-ES
cells (Figure 2D), whereas they were absent in those from
wt-ES cells (Figure 2A). On d 21, distinct DTZ-positive
cellular clusters were observed in the Nkx-ES-derived
EB outgrowths (Figure 2E), while they were obscure in
the differentiating wt-ES cultures (Figure 2B). In the wt-
ES-derived EB outgrowths, DTZ-positive cellular clusters
became distinct on d 28 (Figure 2C). The appearance of
DTZ-positive clusters on d 28 in Nkx-ES-detived EB outgrowths
was quite similar to that seen on d 21 (Figures 2E and F).

DTZ-stained clusters that appeared in Nkx-ES-derived
EB outgrowths were frequently larger than those in wt-ES-
derived EB outgrowths. To estimate the frequency of the
emerged DTZ-stained cells in the cultures, the number of
DTZ-stained red cells was directly counted under a
microscope after trypsinization following the treatment with
DTZ. The percentages of DTZ-stained cells among total
cells on day 28 were 1.020.2% of the Nkx-ES-derivatives
and less than 0.1% of the wt-ES-derivatives.

Gene expression and immunohistochemistry of differentiating
EB outgrowths

Pdx 1, a key transcriptional factor of pancreatic differentiation,
was faintly detected in Nkx-ES cells and completely absent
in wt-ES cells on d 0. Thereafter, Pdx 1 was expressed in all
EB outgrowths on d 14, 21, and 28 as well as in isolated
mouse islets. In contrast, Nkx2.2 was not detected on d 14,
faintly detected on d 21, and clearly detected on d 28 in
the differentiating wt-ES cells. In addition, pro-insulin 1
and 2 were detected on d 14 in the Nkx-ES-derived EB
outgrowths, though not until d 28 in the wt-ES-derived EB
outgrowths. To confirm the expression of insulin protein,
we performed an immunohistochemistry examination in
parallel with the DTZ-stain examination (Figure 3B).
Immunoreactivity against insulin was found to coincide with
the DTZ-stained culture areas within the EB outgrowths.
In Nkx-ES-derived EB outgrowths, insulin-immunoreactivity
was detected as eatly as on d 14, whereas it did not become
positive until d 28 in the wt-ES-derived EB outgrowths.
No immunoreactivity was found on d 14 or 21 in the wt-
ES-derived EB outgrowths.

Insulin secretion

EB outgrowths on d 28 were used for the detection of
released insulin. Insulin concentrations in culture media
of wt-ES-derived EB outgrowths incubated with 2.8 and
25 mmol/L of glucose were 163138 and 191131 pg/mlL,
respectively, while those in media of Nkx-ES-derived
EB outgrowths were 5251132 and 660+171 pg/mlL with
25.5 mmol/L of glucose, tespectively. Glucose-dependent
insulin secretion was not observed in wt-ES- or Nkx-ES-
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Figure 2 A-F: Early appearance of insulin-producing cells in EB outgrowths. bar represents 100 pm in length.
An outline of the culture processes and results of DTZ-staining are shown. Scale
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Figure 3 Gene expression and immunohistochemistry findings for differentiating Insulin-immunoreactivity was examined in the EB outgrowths with DTZ-staining.
EB outgrowths. A: The expression of Pdx 1, Nkx2.2, pro-insulin 1 and pro- Scale bars represent 100 um in length.
insulin 2 was examined in differentiating wt-ES cells and Nkx-ES cells; B:
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derived EB outgrowth cultures, wheteas secreted insulin
was detected in the Nkx-ES-derived EB outgrowth cultures,
in amounts several times greater than in the wt-ES-derived
EB outgrowth cultures.

DISCUSSION

The homeodomain transctription factor Nkx2.2 is one of
the key transcription factors in pancreatic B-cell
differentiation and expressed throughout all development
periods, as well as broadly in the initial pancreatic precursor
population, and in Ngn3-expressing islet progenitor cells and
differentiated islet cells!">"**4. Mice homozygous for a null
mutation of Nkx2.2 develop severe hyperglycemia leading
to death shortly after birth, because of the lack of insulin-
producing B-cells', and show a vatiety of functional defects
in the islet cells that produce endocrine hormones other
than insulin. In the present study, we examined genetically
altered ES cells after transfection of the Nkx2.2 gene to
determine their ability to differentiate into insulin-producing
cells zn vitro.

To assess the effect of the exogenous Nkx2.2 transgene
on generation of insulin-producing ES-derived cells, we
considered that an EB-based 1-step culture protocoll'*%!
that supported natural differentiation of ES cells would be
better than an EB-based multi-step protocol? that directed
an oriented differentiation of ES cells toward pancreatic
cell lineages using serum-free culture followed by a
combination of growth factors. Since a promoted induction
of insulin-producing cells was expected, a less efficient
differentiation protocol was better suited to demonstrate
the promoted action than a more sophisticated and efficient
protocol. In addition, some investigators have speculated
that the insulin-immuno-positive nature of cultured cells
derived in an EB-based multi-step method is due to the
incorporation of insulin from the culture medium?~29, while
it is also suspected that such insulin-incorporated cells are
apoptotic. Therefore, in the present study, EBs are simply
allowed to attach and grow in gelatin-coated dishes in media
containing FCS without growth factors, including insulin.

Since the emergence of insulin-producing cells among
the simple EB outgrowths was expected to be rare, we used
DTZ to locate those that produced insulin. DTZ is a
zinc-binding substance, and known to stain crimson red the
pancreatic islets from such animals, as mice, dogs and pigs,
as well as those from human beings!"*!l. We previously
reported that DTZ-stained cellular clusters appeared in EB
outgrowths and that the clusters demonstrated characteristics
similar to pancreatic islets!""l. In the present study, DTZ-stained
cellular clusters appeared 2 wk eatlier in the Nkx-ES-derived
EB outgrowths, as compared to the wt-ES-derived EB
outgrowths. Those cellular clusters were immunopositive
for insulin and the presence of secreted insulin was confirmed
by ELISA. Further, in addition to an early emergence, an
increased frequency of DTZ-stained cells was also observed
in the Nkx-ES-derived EB outgrowths. These results suggest
that the fate of differentiating cells was favorably affected
toward the generation of insulin-producing cells.

In spite of our success, the DTZ-positive cellular fraction
still accounted for only 1% of the differentiated Nkx-ES
cells. To achieve a more efficient generation of insulin-

producing cells from ES cells iz vitro, controlled regulation
of other transcriptional factors that are involved in
pancreatic B-cell differentiation might be necessaty. Indeed,
a highly efficient production of insulin-producing cells from
ES cells has been reported by the expression of exogenously
transfected pdx-1, pax 4, or Nkx6.17%.

The precise mechanisms by which Nkx-ES cells promote
the induction of insulin-producing cells is unknown, thus
sequential analyses of a number of transcription factors
that are involved in pancreatic B-cell differentiation must
be examined in differentiating Nkx-ES cells. Although we
have not performed such an analysis, an important finding
to investigate is the early expression of insulin seen in the
present differentiating Nkx-ES cells. Nkx2.2 expression
preceded insulin expression in differentiating wt-ES cells
(Figure 3A), which has also been seen in the pancreatic
B-cell development?™. Therefore, Nkx-ES cells may directly
skip to that process following Nkx2.2 expression. Glucose-
dependent insulin secretion was not observed in the cultures
of ES-derived insulin-secreting cells, which we considered
may have been due to the high concentration of glucose
present in the culture media, in which the ES cells were
allowed to differentiate until the insulin detection assay.

In summary, we generated gene-engineered Nkx2.2-
expressing ES cells and demonstrated their ability to induce
insulin-producing cells 7z vitro. Our results show that gene-
engineered ES may be a useful source of insulin-producing
cells.
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