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Abstract

Recent evidence has suggested that human skin fibro-
blasts may represent a novel source of therapeutic
stem cells. In this study, we report a 3-stage method to
induce the differentiation of skin fibroblasts into in-
sulin-producing cells (IPCs). In stage 1, we establish
the isolation, expansion and characterization of mes-
enchymal stem cells from human labia minora der-
mis-derived fibroblasts (hLMDFs) (stage 1: MSC ex-
pansion). hLMDFs express the typical mesenchymal
stem cell marker proteins and can differentiate into adi-
pocytes, osteoblasts, chondrocytes or muscle cells. In
stage 2, DMEM/F12 serum-free medium with ITS mix
(insulin, transferrin, and selenite) is used to induce dif-

ferentiation of hLMDFs into endoderm-like cells, as de-
termined by the expression of the endoderm markers
Sox17, Foxa2, and PDX1 (stage 2: mesenchymal-en-
doderm transition). In stage 3, cells in the mesen-
chymal-endoderm transition stage are treated with nic-
otinamide in order to further differentiate into self-as-
sembled, 3-dimensional islet cell-like clusters that ex-
press multiple genes related to pancreatic 3-cell devel-
opment and function (stage 3: IPC). We also found that
the transplantation of IPCs can normalize blood glu-
cose levels and rescue glucose homeostasis in strep-
tozotocin-induced diabetic mice. These results in-
dicate that hLMDFs have the capacity to differentiate
into functionally competent IPCs and represent a po-
tential cell-based treatment for diabetes mellitus.

Keywords: cell differentiation; dermis; endoderm; fi-
broblasts; humans; insulin; mesenchymal stem cells

Introduction

The skin maintains homoeostasis of cell prolifera-
tion, differentiation and regeneration through stem
cells residing in the epidermis, dermis and appen-
dages. Multipotent skin-derived precursors (SKPs)
were recently isolated and expanded from human
and other types of mammalian skin. These cells
can differentiate into both neural and mesodermal
progeny, including cell types rarely found in skin,
such as neurons (Toma et al, 2001, 2005;
Joannides et al., 2004). Thus, these cells may be
useful for the replacement of not just skin tissue,
but other tissues as well. SKPs are more easily
obtained than other stem cells, which potentially
makes them a useful autologous donor source for
stem cell therapy. Although the multipotency of
SKPs is well documented, research focusing on
the differentiation and characterization of functional
IPCs derived from SKPs is still in the early stages.
Recently, ESCs have been shown to be able to
differentiate into pancreatic islet-like clusters and to
form pancreatic B cells. Lumelsky et al. (2001)
designed a 5-stage protocol to induce ESCs to
differentiate into IPCs. Hori et al. (2002) and
Blyszczuk et al. (2003) refined Lumelsky’s 5-stage
induction protocol by either adding the growth
inhibitor LY294002, or overexpressing the pax
gene, respectively. In this study, we investigated



whether human labia minora dermis-derived
fibroblasts (hLMDFs) can differentiate into func-
tional IPCs for pancreatic B cell replacement.

We isolated MSCs with characteristics of meso-
dermal progeny from hLMDFs. We describe the
3-stage differentiation protocol used to create IPCs
directly from hLMDFs and provide evidence that
hLMDF-derived functional IPCs transplanted under
the kidney capsule can fully rescue streptozotocin-
induced diabetic mice. This study strongly sug-
gests that hLMDF-derived IPCs can be used clini-
cally in the near future to treat patients with type 1
diabetes mellitus.

Results

Schematic representation of the 3-stage
differentiation protocol

Differentiation of ES cells into IPCs has recently
been achieved by bypassing EB formation and
selectively generating IPCs (D'Amour et al., 2006).
In this study, we designed a 3-stage differentiation
protocol to assess the potential of hLMDFs to
differentiate into IPCs, which is outlined in Figure 1.

Isolation of adherent cells with fibroblast
morphology from hLMDFs (Stage 1: MSC expansion)

Since SKP cells are readily available and have
been shown to have osteogenic, chondrogenic,
and adipogenic differentiation potential (Moon et
al., 2008), we tested whether hLMDFs can serve
as a source of SKP-type mesenchymal stem cells.
hLMDFs were isolated and these cells formed an
adherent monolayer within 4-5 days. hLMDFs
showed a typical morphology of fibroblasts (stage
1: MSC expansion) (Supplemental Data Figure
S1A) and cells from all 3 patients had a similar
appearance (Supplemental Data Figure S1A). We
routinely maintain cells in culture for 17-25 pas-
sages in our laboratory, and hLMDFs at passage
17 could be differentiated into IPCs (Supplemental
Data Figure S1B), which indicates that these cells
maintain their IPC differentiation potential in long-
term culture. In addition, G-banding analysis of
hLMDFs at passage 17 revealed a normal chromo-
somal karyotype (Supplemental Data Figure S1D),
which indicates that these cells remain chromoso-
mally stable over long-term culture. FACS and
RT-PCR demonstrated that over 90% of hLMDFs
expressed the typical MSC marker proteins (Sup-
plemental Data Figure S1E and S1F), suggesting
that hLMDFs exhibit MSC characteristics. To deter-
mine the possibility of these hLMDFs from hair
follicle, we investigated the expression of SHOX,
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Figure 1. Outline of the 3-stage differentiation protocol and stage-specif-
ic cell cluster morphology. Schematic representation of the 3-stage proto-
col to derive insulin-producing cells (IPCs) from hLMDFs. Stage 1:
Expansion of hLMDFs. hLMDFs were isolated from labia minora dermis
and placed in growth medium. Stage 2: MSC-endoderm transition stage.
Cells were cultured in serum-free DMEM/F12 media supplemented with
ITS for 1 week. During this stage, the cells metamorphosed into round
epithelial-like cells. After 7 days of stage 2, the cells were found to ex-
press nestin by FACS analysis and to express endoderm markers by
RT-PCR and western blot analysis. Stage 3: Differentiation of pancreatic
islet-like cell clusters. Cells were cultured in stage 3 medium (DMEM +
10% FBS + ITS mix + nicotinamide). The cells continued to differentiate
and form larger clusters. Essential factor manipulations at each stage are
also shown. Scale bars, 200 um.

which is transcription factor for the development of
hair follicles. We could detect expression of SHOX
by RT-PCR, suggesting that we could not exclude
the possible origin of hLMDFs from hair follicle
(Supplemental Data Figure S1F). Furthermore,
hLMDFs were able to differentiate into adipocytes,
osteoblasts, chondrocytes, and smooth muscle cell
types both in vitro and in vivo (Supplemental Data
Figure S2). We found that hLMDFs from all 3
patients could be differentiated with similar effici-
ency into all 3 cell types (data not shown). Details
of the results are provided as supplementary data.

Differentiation of hLMDFs into endoderm-like cells
(Stage 2: MSC-endoderm transition)

To promote the differentiation of hLMDFs into
endoderm-like cells, we first determined whether
ITS could induce the expression of nestin and
endoderm markers in hLMDFs. To this end,
hLMDFs were cultured in serum-free DMEM/F12
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Figure 2. Generation of nestin-pos-
itive and endoderm-like cells from
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supplemented with ITS for one week. During this
stage, the rate of cell proliferation slowed and the
spindle-like cells shortened and changed into
round epithelial-like cells by the end of stage 2
(Figure 2A). We found that stage 2 differentiated
cells expressed both nestin (Figure 2B) and Sox
17 (a marker of definitive and extraembryonic
endoderm); Cer1, and CXCR4 (a marker of defi-
nitive endoderm); GATA4 (a marker of definitive
and visceral endoderm); PDX1 (a marker of pan-
creatic endoderm); and Foxa2, on days 3 through
7 using RT-PCR, immunostaining and western blot
analysis (Figures 2C-2E). PDX1 expression is
involved in pancreas development, as both the
exocrine and endocrine components of the pan-
creas develop from PDX1-expressing cells (Guz et
al., 1995); PDX1 was also detected in the nuclei of
cells derived from hLMDFs after completion of
stage 2 (Figure 2D).

Recent results have demonstrated that activin A
can induce ESCs to differentiate into definitive

hLMDFs was analyzed by FACS.

Induced stage 1 and stage 2 hLMDFs

E were subjected to FACS analysis.
Induced hLMDFs were nestin-pos-

Stage 1 Stage2 itive after completion of stage 2. (C)
SOXﬂE RT-PCR analysis of endodermal
marker genes during stage 2. Cells

GATA4E| showed increased expression of
PDX1 E nestin and endodermal-related genes
Tubu“nE during differentiation in stage 2. (D)
Immunocytochemical analysis of

pdx1 and GATA4 in stage 2. pdx1

expression was detected in stage 2.

Nuclei were stained blue with DAPI.

(E) Western blot analysis of Sox17,

GATA4, and Pdx1 in stage 2.

Expression of Sox17, GATA4, and
Pdx1 was detected in stage 2.

endoderm cells (Kubo et al, 2004) and improve
insulin secretion from cultured human pancreatic
islets (Florio et al., 2000). Therefore, we tested
whether activin A could enhance the differentiation
of hLMDFs into endoderm-like cells in this study.
Treatment of hLMDFs with both ITS and activin A
(ITS + AA) at stage 2 induced expression of endo-
derm markers (Supplemental Data Figures S3A and
S3B). Addition of activin A alone, however, sup-
pressed both the growth of hLMDFs (Supplemental
Data Figure S3C) and differentiation into insulin-
producing cells (data not shown).

We also tested the effects of several ECM
molecules, including matrigel, fibronectin, and
gelatin, on the proliferation of hLMDFs in our
differentiation protocols. We found that treatment
with ECM molecules did not significantly enhance
the proliferation of hLMDFs (Supplemental Data
Figures S3C and S4A-S4C). Therefore, we found
that ITS alone, without an ECM, can facilitate the
development of endoderm-like cells.
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Figure 3. Differentiation of hLMDFs into insulin-producing cells (stage 3). (A) hLMDFs were cultured in DMEM/F12 medium with ITS mix for 7 days (stage
2: upper panel) and then switched to DMEM (low glucose) supplemented with 10% FBS, ITS mix, and nicotinamide for 7 days (stage 3: lower panel). The
cells continued to differentiate and eventually formed larger clusters after completion of stage 3. These clusters were collections of differentiated cells that
were intensely stained by DTZ. (B) RT-PCR analysis of endodermal and pancreatic cell-related genes in induced hLMDFs. These cells expressed endo-
dermal-related genes in stage 2, and hLMDF-derived IPCs (stage 3) expressed pancreatic cell-related genes. Capan-2 was used as a control. (C)
Western blot analysis of endodermal and pancreatic cell-related genes in induced hLMDFs. (D) hLMDF-derived IPCs stained crimson red by DTZ are visi-
ble, with some cells assembled in groups. (E) Immunocytochemical analysis of Pdx1, insulin, and c-peptide in stage 3. Nuclei were stained blue with
DAPI. Expression of both insulin and c-peptide was detected in most stage 3 IPCs. All experiments were repeated at least three times. (F) hLMDF-derived
IPCs (stage 3) exhibit glucose-stimulated insulin secretion. hLMDF-derived IPCs were sequentially treated with low (3 mM) and high (16.7 mM) concen-
trations of glucose and the supernatants were collected and analyzed for insulin content by ELISA. *P < 0.05 compared to 3 mM glucose. (G) After in-
duction for 7 days in stage 3, hLMDF-derived IPCs secreted insulin in response to KCI. *P < 0.05 compared to vehicle treatment.

Dynamics of pancreatic gene expression during the the differentiation process (Figures 3B and 3C).
differentiation of hLMDFs into IPCs (stage 3: The epithelial-like cells induced by ITS expressed
differentiation into pancreatic islet-like clusters) definitive endoderm-specific genes, such as

Foxa2, GATA4, Sox 17, CXCR4, CER, Ngn 3, and
To further promote the differentiation of hLMDFs MixI1 (Kroon et al., 2008; Raikwar and Zavazava,
into IPCs, the differentiated cells from stage 2 were 2009; Ji et al, 2010), at high levels after

shifted into culture medium containing low-glucose completion of stage 2, but not after stage 1. After
DMEM supplemented with ITS and nicotinamide, end of stage 3, the differentiated cells strongly
which promote the maturation of pancreatic B cells expressed endocrine- and pancreas-specific genes,
(Lumelsky et al., 2001). These cells continued to including insulin, GK, PP, NKX6.1, Kir6.2, PC1/3 and
differentiate and formed larger clusters (stage 3: PAX6. In addition, cells in the islet-like clusters, but
IPCs) (Figure 3A). To detect whether endoderm- not undifferentiated cells, were distinctly stained
and pancreatic-specific genes were expressed in crimson red by DTZ (Figure 3E). Expression of
the differentiated cells, RT-PCR and western PDX1, c-peptide, and insulin, but not glucagon or

blotting analysis were performed at each stage of PP, was clearly detected in most differentiated cells
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at stage 3 (Figures 3C and 3D). C-peptide positive
cells accounted for 50% of differentiated cells.
Furthermore, we found that successful differentiation
into IPCs was detected only when cells went
through the sequential differentiation process from
stages 1 to 2 to 3. If cells went directly from stage
1 to stage 3, there was a complete lack of
differentiation into IPCs, and hLMDFs underwent
cell death (Supplemental Data Figure S5). To
investigate whether insulin secretion from hLMDF-
derived IPCs could be regulated by glucose, cells
were treated with Krebs-Ringer buffer containing
either a low (3 Mm) or high (16.7 Mm) concentration
of glucose, and then insulin was measured in the
culture medium by ELISA (Chandra et al., 2009).
Differentiated IPCs (stage 3), but not un-
differentiated hLMDFs (stage 1), secreted insulin in
a glucose-dependent manner, and insulin release
in the high-glucose medium was nearly 7 times
higher than that in the low-glucose medium (Figure
3F). In addition, the direct depolarization of the
induced IPCs in response to the addition of KCI to
the media resulted in prominent increases in
secreted insulin within 30 min (Figure 3G). These
results indicate that hLMDFs can be induced to
differentiate into functional IPCs, suggesting that
they have secretory characteristics similar to those
of pancreatic f cells (Kroon et al., 2008).
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(stage 3) were transplanted under
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cin-induced diabetic mice and blood
glucose levels were monitored. (C)
Intraperitoneal glucose tests were
performed 28 d after transplantation.
(D) 33 days after transplantation,
the kidneys were removed and
sectioned.  EGFP-hLMDF-derived
IPCs were present in the kidney
capsule and were immunopositive
for Pdx1, and c-peptide. However,
they were immunonegative for glu-
cagon. Tissue sections were stained
with the indicated antibodies. Nuclei
were stained blue with DAPI. Scale
bars, 50 pum.

Transplantation of insulin-producing cells rescues
glucose homeostasis in diabetic animals

To investigate whether IPCs could rescue mice
with diabetes, we transplanted the differentiated
cells into diabetic nude mice. Cells were trans-
planted under the kidney capsules of hyperglyce-
mic mice after their blood glucose levels reached
>250 mg/dl, and glucose levels were then
monitored for 5 weeks. Cells from each of the 3
differentiation stages were transplanted into mice
(n=4 per group). Non-transplanted diabetic mice
remained hyperglycemic with serum glucose levels
of approximately 280-300 mg/dl until death. Simi-
larly, transplanted mice that received low glucose
DMEM-cultured cells (stage 1) or ITS-treated cells
(stage 2) did not undergo rescue of glucose levels
and died with hyperglycemia. In contrast, trans-
planted mice that received hLMDF-derived IPCs
(stage 3) exhibited normalization of their blood
glucose levels (Figure 4A). To exclude the pos-
sibility of a heterogeneous cell population in this
study, and to assess the functional constancy of
transplanted IPCs in vivo, hLMDFs were infected
with a retrovirus encoding EGFP and 3 clones of
EGFP-labeled hLMDFs (EGFP-hLMDFs) were
obtained by single-cell cloning (Supplemental Data
Figure S6). EGFP-hLMDF-derived IPCs were
transplanted under the kidney capsules of STZ-



treated diabetic mice as described above. The
blood glucose of the induced cell-transplanted
mice (clones 1, 2 and 3; n = 15) was maintained at
normal levels for nearly 33 days (Figure 4B). To
further evaluate the function of the implanted
EGFP-hLMDF-derived IPCs, we performed intra-
peritoneal glucose tolerance tests on induced
IPC-implanted mice and non-diabetic control mice
33 days after transplantation. As shown in Figure
4C, blood glucose levels in the non-diabetic control
mice rose rapidly, with peak values obtained at 2
min, followed by a return to the normal range
between 6 and 9 min. Similarly, blood glucose
levels in the EGFP-hLMDF-derived IPC-implanted
mice were generally higher, but likewise displayed
a peak at 2 min, followed by a return to the normal
range between 6 and 9 min. Furthermore, the
transplanted cells showed expression of PDX1,
c-peptide, and EGFP 33 days after transplantation.
But another pancreas-specific marker, glucagon,
was not detected by immunostaining (Figure 4D).
These results clearly demonstrate that hLMDF-
derived IPCs improve glucose control and func-
tionally rescue STZ-induced diabetic mice.

Discussion

Recent studies have suggested the possibility of
generating IPCs from pancreas (Bonner-Weir et
al., 2000; Ramiya et al., 2000), intestinal epi-
thelium (Suzuki et al., 2003), human (Assady et al,,
2001) and mouse (Lumelsky et al., 2001) embryo-
nic stem cells. Despite the great potential of this
procedure and conceptual advances, some obsta-
cles, such as immune rejection, have proved diffi-
cult to overcome. Skin-derived precursors (SKPs),
which exhibit the differentiation potential for the
ectodermal and mesodermal lineages, as well as
germ cells (Toma et al., 2001, 2005; Joannides et
al., 2004; Dyce et al., 2006), have been known for
years to represent a safe and abundant source of
large quantities of adult stem cells (Toma et al,
2001, 2005; Joannides et al., 2004). Furthermore,
previous studies have found that skin-derived stem
cells share many features with pancreatic stem
cells (Kajahn et al., 2008) and can differentiate into
IPCs (Guo et al., 2009), but fail to rescue glucose
homeostasis when transplanted into diabetic
animals (Guo et al, 2009). To this end, we
explored the possibility of inducing hLMDFs to
differentiate into IPCs under specific in vitro culture
conditions.

Our present results demonstrate that functional
IPCs can be generated from hLMDFs using a
3-stage differentiation protocol. In stage 1, hLMDFs
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exhibited phenotypic characteristics similar to
those of MSCs derived from other sources, such
as term umbilical cord blood and bone marrow (In 't
Anker et al., 2003; Cha and Falanga, 2007). In
stage 2, we explored previous findings showing
similarities between the development of 3 cells and
of neuroepithelial cells (Edlund, 2001), and similar
transient expression of nestin was reported to
occur in human insulin-producing p cell precursors
(Zulewski et al., 2001; Blyszczuk et al., 2003). To
effectively differentiate hLMDFs into nestin-positive
cells, we cultured hLMDFs in serum-free ITS
conditions, which induced a round, epithelial-like
cell morphology with the concurrent appearance of
nestin- and definitive endoderm-positive cells.
(Lumelsky et al, 2001). Furthermore, we found
that successful differentiation into functional
pancreatic B cell was detected only when cells
were cultured in ITS-medium without serum
supplement. In the presence of serum in stage 2,
we could not induce morphological change of
hLMDFs into epithelial-like cells and endodermal
marker gene expressions.

Previous studies have shown that nicotinamide
can induce the differentiation and maturation of
human fetal pancreatic islet cells (Otonkoski et al.,
1993). Also, duct tissues treated with nicotinamide
can be made to differentiate into glucose-res-
ponsive islet tissue in vitro (Bonner-Weir et al.,
2000). Furthermore, nicotinamide promotes in vitro
transdifferentiation and maturation of liver stem
cells into IPCs (Yang et al., 2002). Thus, at the end
of the differentiation procedure (stage 3), nicotina-
mide was added to the media to promote differenti-
ation and maturation of precursor cells into IPCs.
Indeed, we found that nicotinamide promoted the
in vitro differentiation and maturation of stage 2
hLMDFs, but not stage 1 hLMDFs, into IPCs.
Taken together, we found that the combination of
ITS and nicotinamide effectively promoted the
differentiation of hLMDFs into IPCs. This study
shows that IPCs produced through our 3-stage
differentiation protocol have many similarities to
mature islet B cells in vitro and in vivo. First, IPCs
obtained through this approach express most of
the crucial B cell transcription factors and functional
markers, including Pdx1, Nkx6.1, insulin, Kir6.2,
and PC1/3. The expression of insulin, Pdx1 and
Nkx6.1 is considered to be a specific functional
characteristic of mature B cells and has previously
been reported only in islet B cells in vivo
(Murtaugh, 2007). Second, IPCs secrete insulin in
response to stimulation with glucose or KCI,
suggesting that these cells possess the major func-
tional capabilities of B cells, namely insulin release
in response to changes in extracellular glucose
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concentrations and the presence of insulin-con-
taining secretory granules (Easom, 2000). Third,
induced homogenous IPCs have the ability to
functionally replace B cells in vivo. After implanta-
tion of induced IPCs, the blood glucose levels of
diabetic mice decreased to normal levels and
remained normal for 37 days while their body
weights continued to increase. Furthermore, an
intraperitoneal glucose tolerance test showed that
the blood glucose levels of transplanted diabetic
mice exhibited similar kinetics to those of normal
control mice (Tang et al., 2004), representing a
recovery of insulin secretory ability in the IPC-
transplanted mice. Our findings also show that
EGFP-labeled insulin- and c-peptide-positive
homogeneous IPCs survived for more than 30
days after transplantation. Taken together, these
results suggest that these induced cells have a
similar function to B cells both in vitro and in vivo.

In conclusion, we have successfully differentiated
hLMDFs into functional IPCs with the ability to
produce insulin. Therefore, our findings present
evidence that skin-derived MSCs can be induced
to differentiate into functional IPCs and may
provide a source of B cells for the treatment of type
1 diabetes. Furthermore, hLMDFs are an excellent
source of stem cells for conversion into functional
IPCs due to their rapid availability and the low risk
of ethical concerns.

Methods

Preparation of human labia minora dermis-derived
fibroblasts (hLMDFs)

With patient consent, human skin from the labia minora
dermis was obtained from patients (45, 47, and 48-year-old
women) who underwent cosmetic surgery, and collected in
Hanks’ balanced salt solution (HBSS) (Invitrogen, Carls-
bad, CA) at 4°C. All experimental protocols in this study
were conducted with strict adherence to the guidelines of
the Institutional Review Board of Korea University. 1-2 cm?
pieces of human skin were washed with HBSS, cut into 4-
to 6-mm pieces, washed again, and incubated in Dispase
(Invitrogen) overnight at 4°C as previously described
(Chen et al., 2007; Moon et al., 2008). Briefly, the epi-
dermis was manually removed from each tissue piece, and
the dermis was cut into small pieces and incubated in
Collagenase type IV (Invitrogen) for 30-60 min at 37°C.
Then samples were centrifuged at 1,000 rpm for 5 min.
Following removal of the supernatant fraction, the precip-
itate was washed with growth medium (GM: Low-glucose
DMEM + 10% FBS + 1% L-glutamine + 1% penicillin/strep-
tomycin) and centrifuged at 1,000 rpm for 5 min. The pre-
cipitate was resuspended in the remaining medium using a
fire-polished Pasteur pipette, and the suspension was
passed through a 70-um cell strainer (BD Bioscience,
Mississauga, Ontario, Canada). The strained cell suspen-

sion was centrifuged and resuspended with GM. Harvested
cells were seeded at a density of 1 < 10° cells/cm® on a
10-cm? tissue culture plate (BD Bioscience) and incubated
at 37°C with 5% CO, (Chen et al., 2007; Moon et al.,
2008). The cells were passaged by removing the medium
and incubating the cells with 0.05% trypsin/EDTA contain-
ing 1 mM EDTA for 3 min at 37°C. The cells were pas-
saged every 3 days. The cells were continuously passaged
and cell doubling times were calculated. To determine the
lifespan of hLMDFs, primary passage 2 cells were plated
at a density of 3 X 10° cells per 10 cm tissue culture plate
and passaged every 3 days following the standard 3T3
protocol with the number of population doublings calcu-
lated per day (You et al., 2004). Capan-2 cells, which com-
prise a human pancreatic adenocarcinoma cell line, were
purchased from the American Type Culture Collection
(ATCC) and cultured as previously described (Lowe et al.,
2007).

Differentiation of pancreatic f cells from hLMDFs

Differentiation of hLMDFs into pancreatic B cells was per-
formed in 3 stages. In stage 1, hLMDFs were cultured in
GM. In stage 2, hLMDFs were cultured in DMEM/F12 me-
dium (Invitrogen) with ITS mix (insulin, transferrin, and se-
lenium, Sigma) for 7 days (Lumelsky et al., 2001). In stage
3, cells were cultured in low glucose DMEM supplemented
with 10% FBS, 100 units/ml penicillin/streptomycin, ITS
mix, and 10 mM nicotinamide (Sigma-Aldrich) for 7 days
(Zalzman et al., 2005).

Karyotyping analysis

Karyotyping was performed by the Cytogenomic Services
Facility of Samkwang Medical Laboratories as previously
described (Yoo et al., 2005). At least 100 metaphase cells
were analyzed, and a minimum of 10 were karyotyped for
each line.

FACS analysis

Cells were trypsinized, centrifuged, and 500,000 cells were
resuspended in 100 pl of wash buffer (PBS containing 10%
serum). After rinsing twice with cold buffer (DPBS contain-
ing 1% bovine serum albumin (BSA, Sigma)), cells were in-
cubated with primary antibody (Supplemental Data Table
S2) at 4°C for 1 h, washed twice with 1% BSA in PBS, re-
suspended in 100 ul of fluorescein isothiocyanate (FITC)-
labeled secondary antibody (diluted 1:100 in PBS with 1%
BSA), and incubated for an additional 40 min at 4°C for
FACS analysis (Yoon et al., 2010). All FACS analysis ex-
periments were repeated at least three times.

RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. cDNA was gen-
erated using reverse transcriptase Il (Invitrogen) according
to the manufacturer’s instructions. Twenty-five nanograms
of cDNA were combined with PCR primers for various
marker genes (Bioneer, Daejeon) under the conditions out-



lined in Supplemental Data Table S1. All PCR products in
this study were tested to ensure that the number of PCR
cycles was in the linear range. These values were ana-
lyzed and normalized as previously described (Kho et al.,
2008).

Adipogenic, osteogenic and chondrogenic
differentiation

Adiopogenic, osteogenic and chondrogenic differentiation
of each sample was quantitated according to previously
described protocols (Kern et al., 2006; Moon et al., 2008;
Yoon et al., 2010).

Smooth muscle cell differentiation

Differentiation of each sample was induced using a pre-
viously described protocol (Ross et al., 2006; Moon et al.,
2008). Briefly, cells were induced to differentiate into
smooth muscle-like cells by cultivation on 4-well plates
(Nalgen, Nunc) for 6 days in serum-free MAPC medium
[60% DMEM-low glucose (Invitrogen), 40% MCDB-201
(Sigma-Aldrich) containing 1 X insulin-transferrin-selenium,
1X linoleic acid BSA, 10° M dexamethasone (Sigma-
Aldrich), 10™* M ascorbic acid 2-phosphate (Sigma-Aldrich),
and 1% penicillin-streptomycin (Cambrex)], supplemented
with 2.5 ng/ml TGF-g1 (R&D) and 5 ng/ml PDGF-BB
(R&D) as described previously.

Immunocytochemistry

Immunostaining was carried out using a previously de-
scribed protocol (Moon et al., 2008; Yoon et al., 2010).

Western blot analysis

Cells were resuspended in ice-cold RIPA lysis buffer (50
mM Tris-HCI pH 7.5, 1560 mM NaCl, 1% Nonidet-40
(NP-40), 0.5% sodium deoxycholate, 1% SDS, 1 mM so-
dium orthovanadate, 1 mM b-glycerol phosphate, 1 mM so-
dium fluoride, and 2.5 mM sodium pyrophosphate) with a
protease inhibitor cocktail (complete mini tablet, Roche,
Penzberg, Germany). Samples were incubated on ice for
30 min and supernatants were recovered by centrifugation
at 14000 rpm for 30 min at 4°C. Aliquots of 50-100 pg of
protein per lane were separated on a 4-12% gradient or
10% SDS-PAGE NuPAGE gels (Invitrogen) and transferred
to PVDF membranes (Millipore, Roma, lItaly). The mem-
branes were blocked in Tris-buffered saline with 0.1%
tween-20 and 3% milk, and incubated with primary anti-
bodies (Supplemental Data Table S2). Membranes were
then incubated with horseradish peroxidase-conjugated
anti-secondary IgG (Invitrogen) antibody and visualized us-
ing the Super Signal West Pico Chemiluminescent
Substrate (Pierce, IL).

Dithizone (DTZ) staining

In vitro DTZ staining was performed by adding 10 pl of the
stock solution to 1 ml of culture medium without insulin.
Culture dishes were incubated at 37°C for 15-30 min. After
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the dishes were rinsed 3 times with PBS, red-stained clus-
ters were examined using a phase contrast microscope
and the number of DTZ-stained cells in each culture was
determined (Shiroi et al., 2002).

Insulin secretion assay

Differentiated cells were washed 3 times with KRB buffer
(120 mM NaClz, 5 mM KCI, 2.5 mM CaCl;, 10 mM HEPES,
1.1 mM NaHCOg3, and 0.5% bovine serum albumin), and
then pre-incubated in KRBH buffer containing 5.6 mM glu-
cose for 1 h, followed by the removal of the buffer and in-
cubation with 1 ml KRBH buffer containing 3 mM or 16.7
mM glucose and 10 uM KCI for 30 min. The culture super-
natants were collected for measurement of insulin using a
human insulin ELISA kit (Linco) (Chandra et al., 2009). All
values were determined using a standard curve for human
insulin.

Generation of EGFP-labeled single cell clone-derived
hLMDFs

To produce amphotropic retrovirus, pBabe-EGFP plasmid
DNA was transfected into a PT67 packaging cell line with
LipofectAMINE™ 2000 (Invitrogen) and then several stable
retrovirus-producing PT67 EGFP cell lines were acquired
using antibiotic selection. For infection, three hLMDFs
were incubated for approximately 20 h with the conditioned
medium collected from the retrovirus-producing cell line
PT67/EGFP and 6 pg/ml polybrene (Sigma-Aldrich). For
EGFP gene transduction, 70% confluent hLMDFs were in-
cubated with the retroviral supernatants of PT67 EGFP
cells containing 10% FBS for 24 h. The medium was re-
plenished at this time. Cells were harvested with tryp-
sin/EDTA 24 h post-transduction and subcultured at a ratio
of 1:3 into selective medium, which contained 0.5 pg/ml
puromycin. hLMDF clones expressing high levels of EGFP
(EGFP-hLMDFs) were isolated by cloning using tryp-
sin/EDTA and amplified using conventional culture meth-
ods (Yamamoto et al., 2003; Zhang et al., 2005).

Transplantation

Six week-old Balb/c-nu female mice (Central Lab., Animal
Inc., Korea) were administered a single intraperitoneal in-
jection of streptozotocin (STZ: Sigma-Aldrich; 200 mg/kg of
body weight). On the day that their blood glucose levels
reached >250 mg/dl, mice were either engrafted with 2 X
10° cells differentiated in culture, or received a sham trans-
plant (20 pl of culture medium) in the capsule of the right
kidney using a 26-gauge needle. Blood glucose levels
were measured every 3 days in samples obtained from the
tail vein using a blood glucose test meter and strips (Super
Glucocard I, Donbang Int., Korea). Body weight was moni-
tored every 2-4 days. Grafts were removed 4 weeks after
transplantation and were analyzed by immunohistochem-
istry and hematoxylin/eosin staining (Zalzman et al., 2005;
Shim et al., 2007). For the intraperitoneal glucose toler-
ance test (IPTGG), non-transplanted diabetic mice and dia-
betic mice with normalized glucose levels following cell
transplantation were fasted for 10 min and then given an
i.p. injection of glucose. Blood glucose was monitored ev-
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ery 10 min after glucose injection (Li et al., 2007).

Histological analysis

Kidney tissue was fixed with 4% paraformaldehyde, em-
bedded in paraffin, and sectioned. Sections were rehy-
drated, washed in PBS, and unmasked with unmasking
solution according to the manufacturer’s instructions.
Sections were blocked for 1 h in 0.3% triton X-100 with 5%
serum, incubated overnight at 4°C with primary antibodies
(Supplemental Data Table S2), and then incubated for 1 h
at room temperature with secondary antibodies, stained
with DAPI, and mounted on slides.

Statistical analysis

All values are expressed as means T SD. Student’s paired
t-test was performed for comparisons of paired samples. A
probability (P) value < 0.01 or 0.05 was considered to be
significant.

Supplemental data

Supplemental data include six figures and two tables, and
can be found with this article online at http://e-emm.or.kr/
article/article_files/SP-44-1-04.pdf.
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