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Abstract
An abundant source of insulin-producing cells would enhance the success of islet transplantation for treatment 

of diabetes. Insulin-producing cells can be derived from human fibroblasts which acquired a mesenchymal stem 
cell (MSC) phenotype. However, these MSCs are able to give rise sarcomas after transformation. Our aim was to 
investigate whether mouse embryonic fibroblast (MEF) acquire sarcomagenesis potential after differentiating to insulin-
producing cells. We derived insulin-producing cells from a MEF cell line MMMbz. After differentiation, the cells were 
labeled with green fluorescent protein (GFP) driven by rat insulin promoter (INS-GFP) for cell isolation, expansion and 
characterization by immunocytochemistry (ICC), quantitative RT-PCR (qRT-PCR), and genetic microarrays. These 
cells were then FACS sorted and transplanted under the kidney capsule of SCID mice to evaluate cell behavior. 
Grafted cells were analyzed by IHC. MMMbz expressed platelet-derived growth factor receptor alpha (PDGFR-α) and 
nestin. After differentiation, higher expression of beta-cell markers were found in sorted cells compared to non-sorted 
cells. Genetic microarray corroborated the expression of pancreatic and mesenchymal markers along with activation 
of cancer pathways. Within 30 days after transplantation, all grafted mice developed undifferentiated sarcomas that 
impaired further assessments of insulin-producing cell function. Therefore, insulin-producing cell lines can be derived 
in vitro from mouse embryonic fibroblasts that behave as MSCs but sarcomagenesis potential may be conferred by a 
subpopulation of transformed cells. 
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Introduction
The defects in insulin synthesis and the effects of diabetes result 

in devastating complications, which include nephropathy, retinopathy, 
stroke, and heart attack [1]. In an attempt to treat Type 1 diabetes 
mellitus (T1DM) by cellular transplantation, human insulin-producing 
cells have been derived [2]. Although these cells are promising for 
potential therapeutic uses, a major problem remains in the generation 
of expandable cell lines and safety after transplantation. Human 
pluripotent stem cells (hPSCs) and mesenchymal stem cells (MSCs) 
have been used as a potential source of insulin-producing cells [3-10]. 
MSCs are multipotent fibroblast-like cells expressing endoglin (CD105) 
and 5’-nucleotidase (CD73) [11,12]. However, these phenotypes are 
also shared by fibroblasts [13]. Fibroblast differentiation to several 
cell lineages has been described [14,15]. For instance, human dermis-
derived fibroblasts have been differentiated into insulin-producing 
cells [16,17]. Additionally, human skin fibroblasts exposed to a DNA 
methyltransferase inhibitor (5-azacytidine) followed by a specific 
protocol for pancreas differentiation can give rise to glucose-responsive 
insulin-producing cells [18]. This fact confirms that insulin-producing 
cells can be originated from mesoderm-derived cells [15]. Furthermore, 
nestin, an intermediate filament expressed mostly in nerve cells 
(ectoderm-origin cells), has been used as a marker of pancreatic 
precursors to derive insulin-producing cells from mouse embryonic 
stem cells [19]. However, the fraction of differentiated cells that stained 
positive for insulin has been very low [20]. In another approach, 
interactions of embryonic stem cells with endothelial cells have proof 
to be promising for beta-cell derivation from PSCs [21-24]. However, 
autologous transplantation constitutes an attractive alternative 
using cells from the same patient such as fibroblasts. These cells can 

be expanded in culture and cell lines can be derived but fibroblasts 
plasticity as well as oncogenic potential should be investigated in detail 
before considering these cells for regenerative medicine. 

Materials and Methods
Cells and reagents

Mouse embryonic fibroblasts (MMMbz) (Harvard Medical School, 
Boston, MA) [25] were grown at 37oC under 5% CO2 in DMEM-H 
(Invitrogen, Carlsbad, CA) supplemented with 10% BCS (Hyclone, 
Novato, CA). To induce differentiation, confluent monolayers were 
treated according to a published protocols [3,4]. Differentiated cells 
were maintained in DMEM-H supplemented with 10% FBS (Omega 
Scientific Inc., Tarzana, CA), 200 mM L-alanyl-L-glutamine, 200 mM 
MEM non-essential amino acids, 200 mM sodium pyruvate, and 100 
µM beta mercaptoethanol. Mouse insulinoma cell line (Beta-TC-6) 
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and mouse embryonic fibroblasts (MEF) (ATCC, Manassas, VA) 
were maintained in DMEM-H supplemented with 15% FBS (Omega 
Scientific Inc., Tarzana, CA) and used as positive and negative controls 
respectively.

Immunocytochemistry (ICC)

Differentiated cells were fixed with paraformaldehyde 4% 
(Polysciences, Inc., Warrington, PA) and permeabilized with 0.3% 
triton X-100 in PBS. After a blocking solution (PBS/5% BSA) the 
cells were exposed overnight to primary and secondary antibodies 
(Supplementary Table 1a). Anti-Nkx6.1 was developed by Ole D. 
Madsen and obtained from the Developmental Studies Hybridoma 
Bank developed under the auspices of the NICHD and maintained 
by the University of Iowa, Iowa City, IA 52242. Images were acquired 
with a multi-purpose zoom microscope (Nikon AZ 100, USA) attached 
to a DS-Qi1 High-sensitivity CCD Camera (http://www.nikon.com/) 
and analyzed using an imaging software of NIS-Elements AR 3.10 
(Nikon Instruments, Melville, N.Y.) and ImageJ 1.30v (Wayne Rasband 
National Institutes of Health; USA). 

Plasmid Construction and Transfection 

Dr. Benvenisty (Cedars-Sinai Medical Center Stem Cell Institute, 
Los Angeles, CA) provided the expression vector composed of green-
fluorescent protein driven by rat insulin promoter (INS-GFP). The 
construction and characterization of this plasmid has been previously 
reported [7]. Following the differentiation protocol, the cells were plated 
at 5 × 104 cells/mL in 6-well plates. At 60% confluence, the transfection 
was performed using a transfection kit according to manufacturer 
instructions (Polyplus-Tranfection Inc., New York, NY). 

FACS and sorting

5X105 differentiated and transfected cells were harvested at passage 
(P3). A single cell suspension was prepared in 0.5 mL and analyzed 
by FACS. The INS-GFP positive cells were sorted and re-plated in 
10μg/mL laminin-1 and 10μg/mL collagen-IV (Rand D Systems, Inc., 
Minneapolis, MN) pre-coated dishes. 

Quantitative real time RT-PCR (qRT-PCR) analysis

Total RNA isolated from mouse pancreas (Clontech, Mountain 
View, CA) and differentiated insulin-producing cells before and 
after sorting using RNAeasy mini kit (Qiagen, Valencia, CA) were 
used for cDNA synthesis. After cDNA synthesis, using a QuantiTect 
Reverse Transcription kit (Qiagen, Valencia, CA), quantitative real-
time PCR analysis was performed using a SYBR Green RT-PCR kit 
(Qiagen, Valencia, CA) and the Light Cycler instrument (AB Applied 
Biosystems, Foster City, CA). PCR cycle conditions as well as the 
forward and reverse primers used (all sequences are 5’-3’) are included 
in the Supplementary Tables 1b and 1c. Negative controls were included 
in each analysis. All samples were run in triplicate and PCR products 
were observed by gel electrophoresis on 2% agarose ethidium bromide-
stained gels. Analysis was performed using 7300 Sequence Detection 
Software (SDS) Version 1.3 (Applied Biosystems, Foster City, CA). A 
standard curve was obtained by running a gene-plasmid with a known 
copy-number value (based on its molecular weight). The values were 
normalized relative to GAPDH expression. 

Karyotyping

Cell samples of INS-GFP expressing cells at early (P3 – P10) and 
late passages (P11 – P20) were analyzed at Cell Line Genetics (Madison, 
WI) for karyotyping. 

Cell cycle and proliferations assays

The incorporated bromodeoxyuridine (BrdU) was detected using 
a BrdU Flow kit according to the manufacturer’s instructions (BD 
Pharmingen, Rockville, MD) in INS-GFP expressing cells at early (P3 
– P10) and late (P11 – P20) passages. The level of cell-associated BrdU 
coupled with a dye that binds to total DNA such as 7amino-actinomycin 
d (7-AAD) was measured by flow cytometry. With this combination, 
two-color flow cytometry analysis allowed us to recognize cells actively 
synthesizing DNA and the corresponding cell cycle.

Microarray

RNA was assessed for quantity and quality using NanoDrop 8000 
Spectrophotometer and Agilent 2100 Bioanalyzer respectively.   All 
samples scored 10 (highest score) for RNA Integrity by the bioanalyzer 
software.   Details of the protocol are summarized in supplementary 
Table 1d. 

Animal transplantation

Animal experiments were approved by The Cedars-Sinai Animal 
Care and Use Committee (IACUC). Confluent monolayers of sorted 
INS-GFP expressing cells were harvested at passage 5. The cell pellet 
with 3-5 X 106 cells was placed on ice. Severe combined immunodeficient 
(SCID) male mice Prkdc were used at 6-8 weeks of age. With the mouse 
under anesthesia, a 2.5 cm incision was made above the left kidney. 
INS-GFP expressing cells were transplanted under the kidney capsule 
of the left kidney using a 1 mL insulin syringe with an ultra-fine needle 
(1/2”, 30G). The fascia was re-approximated with suture and the skin 
was then closed with a subcuticular suture. In control mice, PBS was 
injected under the capsule of the left kidney. 

Glucose and insulin measurements 

Blood samples were collected from mice four times at one-week 
intervals during cell engraftment. Mice serum samples were subjected 
to ultrasensitive ELISAs for mouse insulin detection (Mercodia, 
Winston Salem, NC). The detection limit for ELISA assay was 0.07 
mU/L that corresponds to 2.4 ng/mL or 0.42 pmol/L. The glucose levels 
were measured using blood glucose test strips and a blood glucose 
meter (Bayer Health Care LLC, Mishawaka, IN). 

Immunohistochemistry 

The kidneys were removed 30-60 days after cell transplantation 
for immunohistochemistry (IHC) analysis. Paraffin sections of 7 μm 
for Hematoxylin and Eosin (Hand E), insulin (Dako, Carpinteria, 
CA), glucagon , somatostatin (abcam, san Francisco, CA), smooth 
muscle actin (SMA), desmin, keratin AE1/AE3, S100 protein (Leica 
Microsystems Inc., Buffalo Grove, IL) and frozen sections of 7 μm for 
Hand E, histone H2A (abcam, Cambridge, MA) were performed using 
primary antibodies. For paraffin sections, microwave heat-induced 
epitope retrieval, and the automated detection systems such as Leica 
BOND-MAX (Leica Microsystems Inc, Buffalo Grove, IL) or DAKO 
autostainer (Dako North America Inc., Carpinteria, CA) were used. For 
frozen section staining previous protocols were used [21].

Statistical analysis

Data are expressed as mean ± standard error of absolute 
quantification of gene expression values from three independent 
experiments. Then, the values were assessed by Student’s t-test using 
GraphPad Prism software (GraphPad Software, Inc. La Jolla, CA).
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Results
MMMbz can be differentiated in vitro into insulin-producing 
cells

A protocol to generate insulin-producing cells was carried out in 
MMMbz [3]. We suspected that MMMbz had a MSC subpopulation 

and assessed expression of MSC markers. We found very low expression 
of CD44 and higher expression PDGFR-alpha in these cells before 
differentiation (Figures 1a and 1b). Some cells also expressed nestin, 
a neuronal progenitor marker (Figure 1c). Isotype controls are shown 
in the inset of Figure 1a. After differentiation, some cells expressed 
pancreatic progenitor markers such as neurogenin-3 (Ng3) (Figures 
1d, 1e [yellow arrows] and 1f), homeobox protein Nkx6.1 (Figures 1g, 

Figure 1: Marker expression in MMMbz before and after differentiation.  Before using the differentiation protocol, MMMbz cells expressed (a) CD44 (red), (b) PDGFRα 
(red), and (c) nestin (red). The inset in (a) shows isotype controls. After differentiation, the cells expressed (e) Ngn3, (h) Nkx6.1, and (k) Ptf1a. (d, g, j) DAPI staining. 
(f, i, l) Merged images. (a, b) bar = 25 µm. Inset in (a), bar = 100 µm. (c) bar = 100 µm. (d to l) bar = 10 µm.
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1h [yellow arrows] and 1i), and pancreas transcription factor 1-alpha 
(Ptf1a) (Figures 1j, 1k [yellow arrows] and 1l). 

Fibroblasts-derived insulin-producing cells can be 
transfected, isolated, and expanded

Before differentiation, MMMbz had a typical morphology 
(Figure 2a). After differentiation, these cells exhibited epithelial-like 
morphology (Figure 2b). These cells were transfected with INS-GFP 
expression vector (Figures 2c and 2d). About 12% of the cells were INS-
GFP positive evaluated by FACS (not shown). These cells were then 
sorted and re-plated (Figures 2e and 2f). They became a subconfluent 
monolayer after 5 days in culture (Figure 2g). The cells were expanded 
up to passage 20. Transfected Beta-TC-6 cells and MEFs were used 
as positive (Figure 2h) and negative (Figure 2i) controls of INS-GFP 
expression respectively. 

INS-GFP expressing cells co-expressed beta-cell markers

To evaluate beta-cell marker expression in sorted INS-GFP 
expressing cells, we plated these cells at low density. Under these culture 
conditions, elongation was observed in most of the cells (Figure 3). At 
higher magnification, the expression of INS-GFP was evident (Figure 
3a). Non-specific staining was observed using isotype controls (Figures 

3b and 3c). INS-GFP expressing cells co-expressed insulin (Figures 3d, 
3e and 3f), proinsulin (Figures 3g, 3h and 3i), and PDX-1 (Figures 3j, 
3k and 3l). Sorted INS-GFP expressing cells were also positive to anti-
macro H2A.2 antibody (not shown) to visualize the Barr body (the 
inactive chromosome in dormant female cells). 

To quantify the expression of pancreatic markers, qRT-PCR 
was carried-out on INS-GFP expressing cells. Insulin, PDX-1, and 
Ngn3 were evaluated. In addition, glucose sensing mechanisms by 
the expression of GLUT2, GKS, the inward-rectifier potassium ion 
channel 6.2 (Kir6.2) and sulfonylurea receptor (SUR1). The expression 
of insulin, PDX-1, Ngn3, GLUT2, GKS, and SUR1 was significantly 
higher in sorted cells compared to non-sorted cells (Figures 4a and 4b). 
qRT-PCR products were observed by electrophoresis and compared to 
the same marker expression in adult mouse pancreas (Figure 4c). No 
expression of STT and GCG was detected in INS-GFP expressing cells 
(Figure 4c). 

INS-GFP exhibited chromosomal abnormalities and altered 
cell cycle

After cell differentiation and sorting, we analyzed the cell cycle and 
proliferation at early (P3–P10) and late (P11-P20). At early passages, 
85% of the cells were in phase G0/G1 and 2.5% in phase S of the 

Figure 2: (INS-GFP) expression and FACS sorting of differentiated insulin-producing cells. (a) Undifferentiated MMMbz. (b) Differentiated insulin-producing cells. (c) 
Differentiated cells transfected with INS-GFP expression vector. (d) INS-GFP-expressing cell (green). (e, f) Sorted INS-GFP-expressing cells plated on pre-coated 
plates observed with phase contrast microscope or fluorescent microscope respectively. (g) Higher magnification of INS-GFP expressing cells (green) co-stained with 
DAPI (blue). (h) β-TC-6 or (i) MEFs transfected with INS-GFP. 
(a - f, h, i) Bar = 100 μm. (g) Bar = 10 μm. 
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cell cycle in contrast to 16.7% and 80% respectively for late passages 
(Supplementary Figures 1a and 1b). Chromosomal abnormalities such 
as the presence of 75 chromosomes with three to five copies of each 
autosome (chromosomes 1-19) (Supplementary Figures 1c and 1d) 
were identified both at early and late passages. 

Grafted mice developed tumors that contained islet-like 
structures 

Glucose and insulin blood levels were measured in grafted mice 

at 30-days post-transplantation. Either control or transplanted mice 
had normal insulin and blood glucose levels (not shown). However, 
100% of these mice developed visible internal tumors located close 
under the surgical incision. All tumors were adjacent and adherent to 
the kidney capsule and were carefully dissected under stereoscope to 
avoid inclusion of surrounding organs. Grossly, the average size and 
weight of the amorphous tumors were 3.75 × 2.5 cm and 3.5 grams 
respectively (not shown). The IHC analysis revealed islet-like clusters 
positive for insulin (arrows in Figure 5a), GCG (arrowheads in Figure 

Figure 3: Expression of beta-cell markers in INS-GFP expressing cells at passage 3 after sorting. (a) Expression of INS-GFP. (b) Negative control stained with isotype 
control antibodies. (d, g, j) INS-GFP expressing cells that co-express (e) insulin, (h) proinsulin, and (k) PDX-1. (c, f, i, l) Merged images. Scale bar = 10 μm.
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5b located close to the kidney capsule), and STT (arrow in Figure 
5c). Some clusters were positive for these three markers (Figure 5d 
[insulin], Figure 5e [glucagon], and Figure 5f [somatostatin]). Severe 
deterioration in mice condition prompted us to perform euthanasia 
in these animals. In some islet-like clusters the expression of insulin 
(arrow in Figure 5g) was much lower than the expression of GCG 

(Figure 5h) or STT (Figure 5i). In other areas of the tumor, structures 
that resembled acini and cavities linen by epithelial-like cells were also 
found (Figures 5j, 5k, 5l and 5m) with isolated insulin positive cells 
(arrow in Figure 5k). Ki67 was expressed in some but not all cells of the 
tumor (arrows in Figure 5n), Islet-like clusters positive for insulin also 
expressed Ki67 (Figure 5o) suggesting cell proliferation. Normal mouse 

Figure 4: Quantification of beta-cell genes in non-sorted and sorted INS-GFP-expressing cells by qRT-PCR. (a) Expression of insulin, PDX-1, Ngn3, GLUT2, GKS, 
and SUR1. (b) Expression of Kir6.2 indicated in a separate graph because of the amount of this marker. (c) PCR products observed by gel electrophoresis. *P < 0.05 
in sorted vs. non-sorted cells. 
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Figure 5: Immunohistochemical analysis of the INS-GFP cells engrafted under the kidney capsule of SCID mice. (a) Islet-like clusters that expressed insulin (arrows). 
(b) Cells close to the kidney capsule that expressed GCG (arrows). (c) Clusters that expressed STT (arrow). (d) Higher magnification of islet-like clusters showed in “a”. 
(e) The same cluster that expressed GCG and (f) STT. (g) Different cluster that expressed insulin, (h) GCG, and (i) STT. (j) Acini-like structure. (k) Epithelial-like cells 
with insulin positive (black) cells (arrow). (l) Acini-like structure in a different field. (m) Cavities lined by epithelial-like cells. (n) Cells that expressed Ki67. (o) Islet-like 
cluster that co-expressed insulin (not shown) and Ki67 (black). (p) Normal mouse islet that express (p) insulin, (q) GCG, and (r) STT. (b, d, e, f, j, k, l) Bar = 250 μm. 
(g, h, i, m, n, o, p, q, r) Bar = 100 μm. (a, c) Bar = 400 μm. 
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pancreas was stained for insulin (Figure 5p), GCG (Figure 5q), and STT 
(Figure 5r) as positive control. Kidneys grafted with no differentiated 
MMMbz as well as non-grafted contralateral kidneys showed typical 
histology (not shown). 

Grafted mice developed undifferentiated sarcomas after INS-
GFP expressing cell transplantation 

Tumor histology also revealed cells with spindle morphology 
(Figures 6a and 6b). Expression of Ki67 demonstrated higher 
proliferation activity in some areas of the tumor (Figure 6c). However 
other areas showed scarce Ki67 positive cells (see black arrows see 
Figure 5n). Some tumor cells strongly expressed smooth muscle 
actin (Figure 6d) along with less desmin expression (Figure 6e). No 
expression of AE1/AE3 and S-100 protein was found (Figures 6f and 6g 
respectively). Acinus-like structures were found in some areas (Figure 
6h) with expression of macro-H2A.2 (Barr body) (yellow arrows in 
Figure 6i). 

Genetic microarray indicated cancer pathway activation in 
INS-GFP expressing cells

Hierarchically organized tumors have been described after 

transplantation of transformed fibroblasts that express a cancer 
stem cell (CSC) marker SSEA1 [25]. The presence of differentiated 
and undifferentiated cells present in the tumors after INS-GFP cells 
transplantation prompted us to study the genes involved in formation of 
this tumor by genetic microarrays. Supervised analysis grouped samples 
into “before” and “after” differentiation protocol (before in yellow and 
after in blue in Supplementary Figure 2). We observed expression of 
pancreatic (highlighted in grey) and mesenchymal markers (Table 1) 
as well as genes related to cancer pathways (Supplementary Figure 3). 
After filtering the microarray data and using T-test between the two 
groups among all genes (with a fold change of at least 3 and P value 
≤ 0.05), we found 471 different genes expressed only in differentiated 
cells. The pathway analysis software recognized 464 of the 471 IDs 
including two pathways associated with cancer. 

Discussion 
In the present study, we report the derivation and characterization 

of insulin-producing cells from mouse embryonic fibroblast cell line 
MMMbz [26]. Before differentiation, these cells shared some markers 
with MSCs and neuronal progenitor cells such as PDGFRα and nestin 
respectively. After differentiation, these cells expressed pancreatic-

Figure 6: Immunohistochemical analysis of the tumor developed in engrafted SCID mice. (a) Hematoxylin and Eosin (H&E) staining of the undifferentiated sarcoma 
close to the kidney capsule. (b) Higher magnification of the sarcoma stained with H&E. (c) Tumor cells stained for Ki67, (d) smooth muscle actin (SMA), (e) desmin, (f) 
AE1/AE3, and (g) S-100 protein. (h) Acini-like structures found within the tumor stained with H&E. (i) Higher magnification of these acini-like clusters stained also for 
anti-macro-H2A (Barr body). (a) Bar = 250. (b – h) Bar = 100 μm, (i) Bar = 25 μm.
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progenitor markers (Ngn3, Nkx6.1, Ptf1a, and PDX-1) and beta-
cell markers (PDx-1, Insulin, Nkx6.1, GLUT2, SUR1, and Kir6.2). 
However, after transplantation the cells developed tumors compatible 
with sarcoma. We introduced a reporter gene under the control of rat 
insulin promoter (INS-GFP) to isolate and expand insulin-producing 
beta-like cells after differentiation. The transfection procedure was 
straightforward since the cells were epithelial-like and tended to 
proliferate and form a monolayer. Comparable to previous reports, 
the percentage of insulin-producing cells in our cultures was still low 
(around 12%) [4]. However, since the MMMbz cells are immortalized, 
the resultant beta-like cells behaved as immortalized cell line. These 
cells expressed GFP driven by insulin promoter for several passages. 
The isolation and expansion were suitable procedures to enrich the cell 
population; however no pure cultures were obtained after sorting [27]. 

Fibroblasts share many characteristics with MSCs such as the ability 
to differentiate into other mesodermal cell lineages as well as insulin-
producing cells [8,28]. They also have the potential to form sarcomas in 
vivo [29]. Recent ontological studies suggest that fibroblasts are among 
the most primitive cells of adult tissues emphasizing the relationship 
between these cells and MSCs [11,14]. In this regard, it is attractive 
to consider fibroblasts as a source of cells for regenerative medicine. 
Although adult fibroblasts express markers of MSCs [16], our data 
suggest that a multipotent stem cell subpopulation can be found in 
embryonic fibroblasts. Adult fibroblasts acquire stem cell properties 
such as self-renewal and the ability to differentiate along multiple cell 
lineages [25]. In our model, embryonic fibroblasts expressed pancreatic 
progenitor and beta-cell markers after differentiation suggesting that 
they have the potential to form endoderm-derived lineages. Similarly, 
bone marrow MSCs have been reported to transdifferentiate into 
pancreatic islet clusters [30,31]. The presence of PDX-1 and Ngn3 in 
our cells after differentiation indicates that pancreatic endoderm and 
endocrine precursors were formed. The expression of Nkx6.1, insulin, 
C-peptide, PDX-1, GLUT2, Kir6.2, and SUR1 suggests that these cells 
underwent differentiation toward pancreatic beta cells. It is known that 
PDX-1 expression is necessary for beta cell function through expression 
of elements related to the glucose sensor system (GLUT-2, GKS, 
Kir6.2, and SUR1) [32-35]. Adequate function of beta-cell adenosine 
triphosphate (ATP)-sensitive potassium (K ATP) channels depends on 
interaction between the pore-forming potassium channel subunit 
Kir6.2 and the regulatory subunit sulfonylurea receptor 1 (SUR1) 
[34,35]. The fact that our INS-GFP expressing cells co-expressed these 
markers suggests that these cells have the glucose sensor proteins of 
mature beta cells. STT and GCG were not expressed in vitro indicating 
that MMMbz derived insulin-producing cells are monohormonal 
cells. However, expression of these markers were found in vivo after 
transplantation suggesting that endocrine progenitors presented in the 
mixed population gave rise to islet cells. In our differentiated insulin-
producing cells, expression of progenitor and islet-cell markers was 
found at early and late passages after sorting suggesting that these cells 
behave as a cell line and maintain their phenotype through several 
passages. However, chromosomal abnormalities were observed [36]. 
These aneuploidies were more evident after differentiation and have 
been related with some kinds of sarcomas [37]. Analysis of the cell cycle 
indicated an increased number of cells in phase S at late passages (P11–
P20), in contrast with a lower proliferation rate (phase G0/1) at early 
passages (P1–P10). However, either insulin-producing cells at early 
or late passages had the potential for tumor-initiation, self-renewal 
capacity, and the ability to differentiate to some cell lineages similar 
to cancer stem cells (CSC) [25,38,39]. In support to this cancer stem 
cell phenotype, the microarray analysis indicated upregulation of genes 
such as centromere proteins A, M, and N (cenpa, cenpm, and cenpn), 
pituitary tumor-transforming gene 1 (pttg1), along with downregulation 
of TP53 apoptosis effector (perp) and Kruppel-like factor 15 (Klf15) 
after differentiation. These factors are involved in cell cycle control, 
differentiation, and survival and their up or downregulation has been 
associated to some types of cancer [40-42]. These facts suggest that a 
subpopulation of INS-GFP expressing cells had oncogenic potential. 
However, higher percentage of cells in phase G0/1 found at early 
passages, suggested the presence of more differentiated cells that 
stopped dividing. It has been described that a subpopulation of human 
fibroblasts can be reprogramed to multipotent cells which possess all 
hallmarks of CSC and can give rise to hierarchically organized tumors 
[25]. Our engrafted mice with INS-GFP expressing cells developed 
tumors consistent with this report and congruent with our findings of 
Ki67 in a subset of cells as well as epithelial and islet-like differentiated 

Gene Fold change after 
differentiation p-value

Nanog -1.23 0.03
Sox2 -1.04 0.31

Hnf4(alpha) 1.05 0.03
Gata4 1.63 1.73E-04
Gata6 -1.34 2.35E-04
Nkx2.2 1.05 0.62
Sox9 2.64 6.85E-05
Pax6 -1.7 7.00E-04

NeuroD2 1.09 0.19
MafB -2.79 1.39E-05

Insulin 2 1.28 0.01
BMPR1A -1.38 3.16E-04
BMPR1B -1.48 2.59E-05
BMPR2 -1.14 0.03
CD34 7.83 1.49E-06
CD44 2.46 9.32E-06
Lin54 2.41 1.14E-06
Lin7b 1.16 9.56E-03
Lin7c 1.15 4.27E-05
Lin9 3.11 1.48E-05

Lynx1(Sca-1) 1.14 0.02
Ly6a 1.29 0.04
Ly6c1 1.39 0.04
Ly6c2 1.39 0.03
Ly6e -1.04 0.01

Ly6g6f -1.12 0.04
Thy1 -1.61 1.59E-03
Alcam 4.82 1.02E-05

Cdh2 (N-Cadherin) 1.66 2.15E-06
Uchl1 1.73 2.27E-03

Fn1 (Fibronectin) 1.1 0.04
Itga1 -2.35 1.78E-03
Gnl3 1.3 6.14E-03

Pdgfra -1.92 7.89E-05
Vcam1 1.06 0.02

Vim (Vimentin) 1.11 2.38E-04

Table 1: Pancreatic and mesenchymal markers in differentiated cells. The first 
two genes correspond to undifferentiated markers. The genes highlighted in grey 
correspond to pancreatic markers and the rest to mesenchymal or hematopoietic 
markers. Data were analyzed using the Ambion® WT Expression Kit For 
Affymetrix® GeneChip® and filters were applied to pancreatic genes showing a fold 
change ≥ 1 with an adjusted p-value <0.05 for each experiment condition (positive 
fold change indicates gene upregulation and negative fold change indicates gene 
downregulation).
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structures within the tumor. In contrast with mice grafted with non-
differentiated MMMbz that never developed tumors at 30-90 days after 
transplantation (not shown). The rapid expansion of sarcoma cells along 
with deterioration of mice condition impaired us to perform functional 
tests such as glucose tolerance tests (GTT) and the use of streptozotocin 
(STZ) to induce diabetes [43]. The IHC revealed islet-like clusters that 
stained positive for insulin, GCG, and STT. This finding is significant 
because INS-GFP expressing cells maintained their differentiated 
phenotype in vivo and, furthermore, engrafted cells included other 
pancreatic endocrine cell populations apart from insulin-producing 
cells possibly preserving beneficial paracrine influences. The presence of 
cells positive for macro-H2A.2 (Barr body) in differentiated structures 
suggests that these cells derived from MMMbz (female origin, the 
host animals were all male). Furthermore, over-expression of growth 
factors with oncogene expression can lead to malignant transformation 
of cultured cells [44,45]. In addition, tumor formation has been 
reported after transplantation of immortalized cell lines [46]. Tumor 
formation is a worrisome outcome that may limit stem cell therapy. 
However, it may also depend on recipient characteristics [47,48]. We 
demonstrated that the cells consistently produced tumors composed of 
undifferentiated cells (sarcoma) and some differentiated cells (epithelial 
and islet-like clusters) that expressed insulin in vivo. Future studies 
will be necessary to identify the underling mechanisms of sarcoma 
formation in fibroblasts in order to obtain insulin-producing cells with 
no sarcomagenesis potential that can be used to treat T1DM.
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