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ABSTRACT

The identification of a single, early marker for
full developmental potential of induced pluripo-
tent stem (iPS) cells has proven elusive. Re-
cently, however, activation of the imprinted gene
cluster, DIk1-Dio3 has emerged as a viable can-
didate in the mouse. To explore the relationship
between DIk1-Dio3 expression and developmen-
tal potential more fully, we used murine ear me-
senchymal stem cells (mMEMSC) for iPS cell in-
duction. Mouse EMSC are easily obtained and
share functional characteristics with embryonic
stem (ES) cells and therefore, may be a reliable
non-embryonic source for iPS cell production.
We report that mEMSC express high levels of
Gtl2, a maternally expressed gene within the
DIk1-Dio3 imprinted cluster. Moreover, mMEMSC
produce Gtl2 expressing (Gtl2°") iPSC clones
that share functional characteristics with ES cell
clones. The production of GtI2°" iPS cell clones
from mEMSC provides a new model with which
to investigate the regulation of DIk1-Dio3 cluster
activity during direct cell reprogramming.

Keywords: iPSCs; Reprogramming; Pluripotent;
Stem Cell

1. INTRODUCTION

Induced pluripotent stem (iPS) cells have been pro-
duced from murine and human somatic cells by overex-
pression of defined factors [1-3]. These iPS cells share
certain structural and functional characteristics with em-
bryonic stem (ES) cells including similar epigenetic pat-
terns [4,5], differentiation potential [2,6] and full-term
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development, as demonstrated by tetraploid complemen-
tation [7-9]. Taken together, these data suggest that iPS
cells, like ES cells, hold tremendous clinical promise for
the treatment of disease, repair of damaged tissues and
for drug discovery [10].

Despite these similarities, there is growing evidence
that iPS cells also differ significantly from ES cells with
respect to mRNA and microRNA (miRNA) expression
patterns [11-13], chimera development and postnatal via-
bility [3,14,15] and immunogenicity [16]. These observa-
tions indicate that direct reprogramming of somatic cells
may induce abnormalities in iPS cells and that these ab-
normalities may be incompatible with therapeutic appli-
cations (for review see [17]). Therefore, in order to real-
ize the full clinical potential of iPS cells, it is imperative
to more fully understand the mechanisms that drive so-
matic cell reprogramming with a view toward improving
iPS cell production technology.

Ear mesenchymal stem cells (EMSC) were first isola-
ted as a primary culture from the external ear tissue of
adult mice and shown to possess the capacity for self-
renewal and differentiation into chondrocytes, osteocytes,
adipocytes [18] and myocytes [19]. EMSC also serve as
a simple model for adipogenesis [20] with potentially
broader applications for regenerative medicine [21]. Hu-
man mesenchymal stem cells (MSCs) are also capable of
undergoing adipogenesis; a process that is in part, regu-
lated by the delta-like 1 (DI/k-1) gene [22]. DIk-1, also
called preadipocyte factor 1 (Pref-1) is a paternally ex-
pressed imprinted gene that plays a key role in maintain-
ing preadipocytes in their undifferentiated state both in
vitro [23-25] and in vivo [26-28].

The DIk1-Dio3 imprinted gene cluster is located on
mouse chromosome 12qF1 and this region also plays an
important role in establishing cell pluripotency and in
regulating pre- and post-natal development [29]. Indeed,
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the activation state of this single gene cluster was re-
cently shown to distinguish mouse iPS cells from ES
cells and to predict the developmental potential of iPS
cell clones [29,30]. By comparing genetically matched
iPS and ES cells, Stadtfeld and colleagues revealed two
groups of iPS cell clones, those with active Dk/1-Dio3
expression (Gt2°") and those in which the DkI1-Dio3
cluster is aberrantly silenced (Gt2%7). ES cells were

found to be G#12°" while most iPS cell clones were G#2%.

The lack of DIk1-Dio3 expression in iPS cell clones cor-
related with poor chimera formation and failed post-natal
development. By contrast, G#12°" iPS cell clones, like ES
cell clones, produced high-grade chimeras and viable
mice. Interestingly, the few G#2°" iPS cell clones obser-
ved were all derived from fibroblast cultures expressing
high levels of Gtl2 while haematopoietic cells, which

express low levels of G2, consistently produced G2

iPS cell clones [30]. This pivotal work raises the inter-
esting possibility that the endogenous level of G#/2 ex-
pression in somatic cells may serve as a predictor of their
developmental potential when used to generate iPS cell
clones.

MSCs isolated from adult mouse bone marrow are ca-
pable of efficiently producing high-quality iPS cell clones
that closely resemble ES cells [31]. However, the expres-
sion status of the DI/k1-Dio3 gene cluster is unknown in
these MSCs and in the resultant MSC-derived iPS cell
clones. Thus, it is currently unclear if G#2" iPS cell
clones can be produced from MSCs. To investigate the
status of Gtl2 expression in successful MSC-based iPS
cell production, we used murine EMSC to produce iPS
cell clones and assessed their level of DIk1-Dio3 gene
expression and developmental potential.

2. MATERIALS AND METHODS
2.1. Cell Culture

Mouse ear mesenchymal stem cells (mEMSC) were
isolated using previously published procedures [32]. The
cells were cultured in DMEM/Ham’s F-12 medium (In-
vitrogen), supplemented with 100 U/ml penicillin, 100
pg/ml streptomycin and 15% FBS (Invitrogen).

Mouse ES cells and induced pluripotent stem (iPS)
cells were maintained in complete ES cell media with
15% FBS and LIF (Millipore) either on mitomycin C
(Sigma-Aldrich)-treated MEFs or 0.1% gelatin-coated
plates. The established miPS cell lines were treated with
0.05% trypsin/0.53 mM EDTA (Life Technologies) for 5
min at room temperature and split at 1:6 to 1:10.

2.2. Lentiviral Transduction and Derivation
of Mouse iPS Cell Clones

The reprogramming of mEMSCs was induced with a
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single constitutive polycistronic lentivirus (EF1a-STEM
CCA, Millipore), which encodes mouse cDNAs for Oct4,
Kif4, Sox2 and c-Myc. EMSCs (passage 0) were seeded
at 1 x 10°cells in one well of a six-well plate one day
before transduction. The cells were infected with the len-
tivirus in the presence of 5 pg/ml polybrene (Millipore)
overnight. Two days after the infection, cells were trans-
ferred onto an inactivated MEF feeder layer and then cul-
tured with complete ES cell medium. ES media was chan-
ged every other day. Cell morphology and iPS colony
formation were monitored daily until the colonies could
be picked and passaged after trypsin treatment 16 days
post-transduction.

2.3. Karyotyping and Bisulfite Genomic
Sequencing

G-banding chromosomal analysis was performed on
one mouse iPS (miPS) cell line (Cell Line Genetics,
Madison, WI). Genomic DNA was isolated from EMSC,
mESCs, and two miPS cell lines and purified using the
DNeasy Tissue Kit (Qiagen). Bisulfite treatment of geno-
mic DNA was carried out with the EZ DNA Methylation
Kit (Zymo Research). The promoter regions of mouse
Oct4 and Nanog genes were amplified by PCR using the
primer sequences as follows. For Oct4, the forward pri-
mer was 5’-gattttgaaggttgaaaatgaagg and the reverse pri-
mer was 5’-aaatctaaaaccaaatatccaacc. For Nanog, the for-
ward primer was 5’-gattttgtaggtgggattaactgtgaattt and the
reverse primer was 5’-accaaaaaaacccacactcatatcaatata.
PCR products were subcloned into the pCRII-TOPO clo-
ning vector (Invitrogen) and sequenced on an Applied
Biosystems 377 DNA sequencer.

2.4. Alkaline Phosphatase Staining and
Immunofluorescence

Alkaline phosphatase (AP) activity in miPS cells was
determined using the Alkaline Phosphatase Staining Kit
II (Stemgent). For immunofluorescent (IF) staining, cells
were fixed in 4% paraformaldehyde for 15 min, rinsed in
PBS, and blocked with 10% normal goat serum in PBS
containing 0.1% Tween 20 for 60 min at room tempera-
ture. After incubation with primary antibodies against
Oct4 (1:200, Abcam), Sox2 (1:200, Abcam), Nanog (1:
200, Abcam), SSEA-1 (1:100, Abcam), Map2 (1:200, Ab-
cam), alpha smooth muscle actin (SMA, 1:100, Abcam),
Lin28 (1:100, Cell Signaling), or heaptocyte nuclear fac-
tor-3 beta (HNF 34, 1:200, Millipore) overnight at 4°C,
cells were washed and incubated with fluorescence-label-
ed secondary antibodies (Alexa Fluor 488 or 594, Molecu-
lar Probe). Cells were counter-stained by DAPI (4’,6-
diamidino-2-phenyl-indole, Vector lab) and analyzed on a
fluorescence microscope with a Axiocam camera (Zeiss).
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2.5. RNA Extraction and Quantitative
RT-PCR

Total RNA was isolated using TRIzol reagent (Invi-
trogen) and purified with the RNeasy Mini Kit (Qiagen).
RNA (200 ng) was reverse transcribed using the High-Ca-
pacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Real-time PCR analysis was done in an ABI Prism
7900 sequence detection system (Applied Biosystems)
using the following Tagman primers/probes: GAPDH
(Mm99999915 gl), Oct4 (Mm00658129 gH), Sox2
(Mm00488369 s1), Nanog (Mm01617762 gl), Lin28
(Mm00524077 ml), Kif4 (Mm00516104 ml), c-Myc
(Mm00487804 ml), G#2 (Mm00522599 ml), Rian
(Mm01325839 gl), DIkl (MmO00494477 m1), HNF 35
(MmO01976556_sl), Map2 (Mm00485230_m1), Desmin
(Mm00802455 ml1), SMA (Mm00725412 sl). Reac-
tions were performed in duplicate for each sample and
repeated twice, and each run included a standard curve.
Gene expression was normalized to GAPDH in all sam-
ples. To determine the expression of viral transgenes in
reprogrammed cells, the Viral Gene Detection qPCR Kit
(Millipore) was used in a Roche LightCycler 480 system.

2.6. In Vitro Differentiation of Mouse iPS
Cells

Mouse iPS cells were dissociated with 0.05% trypsin/
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0.53 mM EDTA and plated in Petri dishes to allow em-
bryoid body (EB) formation in ESGRO complete basal
medium (Millipore) with 15% FBS. After 8 days, EBs
were plated in gelatin-coated plates with serum-free ITS
Fn (Insulin-Transferrin-Selenium-Fibronectin, Sigma) me-
dium and incubated for 20 days.

2.7. Teratoma Formation and
Immunohistology

Mouse iPS cells (4 x 10° cells from clones 1 and 2)
were resuspended in a mixture of DMEM/F12 and Ma-
trigel (BD), and injected subcutaneously by a 20G needle
in the dorsal region of athymic nude mice. Four weeks
after injection, tumors were dissected, fixed in Bouin’s
solution (Sigma), and embedded in paraffin. Sections of
teratomas were analyzed by H&E staining and immuno-
histology.

3. RESULTS

3.1. Characterization of Mouse iPS Cells
Generated from Ear Mesenchymal Stem
Cells with a Single Constitutive
Polycistronic Vector

Mouse ear mesenchymal stem cells (mEMSC) (Figure
1(a)) were reprogrammed by overexpressing the four

miPSCs P3

Figure 1. Generation of mouse iPS cells from mouse ear mesenchymal stem cells. (a) Mouse ear mesenchymal stem cells
(mEMSC) in culture; (b-c) One representative mouse iPS cell colony generated from mEMSCs at passage 0, and passage 3,
separately; (d) Al- kaline phosphatase (AP) staining and immunostaining for Oct4, Sox2, Nanog, Lin28 and SSEA1 in miPS01

and miPS02 EMSC- derived colonies.
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pluripotency factors Oct4, Kif4, Sox2, and c-Myc (OKSM)
in a single lentivirus vector. Several colonies with ES
cell-like morphology first became visible 8 days after
transduction (Figure 1(b)). On day 17, mouse iPS cell
colonies were handpicked and expanded. An average of
30 iPS colonies were detected from 1 x 10° EMSCs that
were seeded in two independent experiments indicating a
reprogramming efficiency of 0.03%. After two additional
passages, the colonies exhibited a more distinct appear-
ance with compact cells displaying high nuclear to cyto-
plasmic ratios and prominent nucleoli (Figure 1(c)). Ten
miPS cell clones were established and the characteriza-
tion of two representative lines, miPS01 and miPS02, are
the basis for this study. Both miPS01 and miPS02 stained
positive for the pluripotency markers alkaline phospha-
tase (AP), Oct4, Sox2, Nanog, Lin28 and SSEA-1 (Fig-
ure 1(d)).

Quantitative RT-PCR analysis revealed similar mRNA
levels for the pluripotency genes Oct4, Sox2, Nanog and
Lin28 in the miPSO1 and miPS02 cell clones and in
mouse ES cells. Expression of these markers was not de-
tected in the parental mEMSCs (Figure 2(a)). However,
parental EMSCs did express the KIf4 and c-Myc genes
with similar (K/f4) and highly elevated (c-Myc) expres-
sion of these genes also observed in both of the miPS cell
clones (Figure 2(a)).

The generated miPS cells also had a normal karyotype
following 8 weeks of culture (Figure 2(c)) indicating that
at least a gross level of genetic stability is maintained
during and subsequent to, reprogramming. The DNA me-
thylation status of CpG dinucleotides from both the Oct4
and Nanog promoters was also investigated by bisulfite
sequencing (Figure 2(b)). These regions are heavily me-
thylated in the parental EMSC (Figure 2(b)), consistent
with the lack of transcription we observed by RT-PCR
(Figure 2(a)). By contrast, these promoter regions within
both iPS cell clones were primarily unmethylated (miPS-
1 and miPS-2, Figure 2(b)), again consistent with the
elevated expression levels observed (Figure 2(a)). Oct4
and Nanog promoter demethylation is a hallmark of mES
cells (Figure 2(b)) and an essential marker for successful
iPS cell production.

Partially reprogrammed cells are characterized by the
continued expression of viral transgenes [33,34] and the
aberrant silencing of the imprinted Dlk1-Dio3 gene clus-
ter [29,30]. The polycistronic vector we used in this stu-
dy results in the transcription of all four transgenes as a
single molecule of mRNA. Thus, the absence of expres-
sion of any single transgene should indicate the absence
of expression for all transgenes in the cassette. Operating
under this premise, we found no viral Oct4 expression in
either of our two mouse iPS cell lines (Figure 3) indica-
ting silencing of all viral transgenes within the cassette.

Murine Gtl2 and Rian are maternally-expressed, im-
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Figure 2. Characterization of mouse iPS cells generated from
mEMSC. (a) Relative gene expression levels of Oct4, Sox2,
Nanog, Lin28, KIf4 and c-Myc in mouse EMSCs, mouse ES
cells and two mouse iPS cell lines generated from mEMSCs; (b)
DNA methylation status of Oct4 and Nanog promoter regions
from mouse EMSCs (top), two mEMSC-derived iPS cell lines
(miPS-1 and miPS-2) and mES cells (bottom). Unmethylated
CpG dinucleotides (open circles); Methylated CpG dinulceo-
tides (closed circles); (c) Karyotype from a mEMSC-derived
iPS cell.

printed genes that reside within the DIk1-Dio3 gene clus-
ter. The importance of these genes is highlighted by re-
cent reports demonstrating that the expression of G#/2 re-
flects full developmental potential in iPS cell clones [29,
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30]. Therefore, we used quantitative PCR to determine
the expression status of Gt/2, Rian and DIk-1 genes in the
mEMSC and in our two miPS cell clones. These data are
shown in Figure 3(b). We found that both G2 and Rian
genes were more highly expressed in the parental mEM
SCs than they were in mouse ES cells. This was particu-
larly evident regarding the expression level of Rian. Fol-
lowing reprogramming of the mEMSC, Gt/2 expression
remained high while the level of Rian expression de-
creased nearly 5-fold in the iPS cell clones (Figure 3(b),
miPS01 and miPS02). Nevertheless, Rian expression in
these clones was still higher than it was in the mouse ES
cells. Expression of the paternally imprinted gene DIkl

was minimal among all the cell lines tested (Figure 3(b)).

Taken together, these data are consistent with the previ-
ous reports regarding the transcriptional activity of G#/2
and Rian genes in fully pluripotent iPS cell clones.
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Figure 3. Expression of the Dik-1/Dio3 imprinted gene cluster
in mEMSC-derived iPS cell clones. (a) Relative expression
level of exogenous Oct4 in mouse ES cells and in miPS01 and
miPS02 cell lines; (b) Relative expression levels of Gtl2, Rian
and DIk1 genes in mouse EMSCs, mES cells and in miPS01
and miPS02 cell lines.
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3.2. In Vitro Differentiation of mMEMSC
Derived iPS Cells

To investigate the differentiation potential of our mEM
SC-derived iPS cell lines, we first attempted to induce
embryoid body (EB) formation (see Materials and Me-
thods). EB-like structures first appeared after 8 days in
culture (Figure 4(a)).

Subsequent dissociation of EBs into differentiation
medium resulted in the formation of all 3 germ layers at
28 days. The presence of ectoderm was confirmed by the
expression of the neuronal marker, microtubule-associ-
ated protein 2 (MAP2), mesoderm by the muscle marker,
smooth muscle actin (SMA) and endoderm, by the hepa-
tic nuclear factor-3 beta (HNF-3p) protein (Figure 4(b)).
Quantitative RT-PCR of mRNA isolated from these dif-
ferentiated cells (diff-D28) also showed a decrease in ex-
pression of the pluripotency genes Oct4, Sox2, Nanog,
Lin28, Kif4, and cMyc relative to the iPS cell clones (Fi-
gure5(a)).

Expression of the Gt/2, Rian and DIkl genes all in-
creased following differentiation (Figure 5(a), diff-D28
versus miPSCs). Coincident with the increased expres-
sion of the DIk1/Dio3 gene cluster genes was ans in-
crease in expression of the differentiation-specific MAP2,
SMA, Desmin and HNF-34 genes in diff-D28 cells rela-
tive to mES and miPS cell clones (Figure 5(b)). Inter-
estingly, diff-D28 cells expressed higher levels of MAP2
and HNF-3/ genes but lower levels of Desmin and SMA
genes, than mEMSCs (Figure 5(b)).
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Figure 4. In vitro differentiation of mEMSC-derived iPS cell
clones. (a) Representative embryoid bodies generated from
mEMSCs; (b) Top panel: morphology of mouse iPS cells fol-
lowing differentiation into ectoderm, mesoderm and endoderm
lineages. Bottom panel: corresponding ectoderm (MAP2), me-
soderm (SMA) and endoderm (HNF3p) markers detected in
differentiated tissues by immunofluorescence.
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3.3. Teratoma Formation from miPS Clones

We next determined the capacity of our miPS clones to
form teratoma, a hallmark of pluripotency. Mouse iPS
cells were resuspended and injected subcutaneously into
the dorsal region of athymic nude mice. Tumors were ob-
served from both mEMSC-derived iPS clones after 26
days. They were removed and stained with H&E to re-
veal gross tissue structures (Figure 6(a), as indicated)
and with specific antibodies for the ectoderm, mesoderm
and endoderm markers, MAP2, SMA and HNF-3, re-
spectively (Figure 6(b)). These analyses demonstrated
that all 3 germ layers were present in the teratoma pro-
duced.

4. DISCUSSION
The establishment of induced pluripotent stem (iPS)

400+,
300 W diff-D28
r 250-|
5
S 200
S 150+
50|
P i T s [ ﬁh : uE N B :
> Do p e L e 9 S
& %°§o9°x')@' ‘L}o@ & & N
(@)
140,
120-
100 | 0 Map2 SMA
o f @ Desmin m HNF 3
A ;
g 80
Q f
X 601
40°
| *
20 . *
0 RS, S L %
EMSCs mESCs miPSCs diff-D28
(b)

Figure 5. Gene expression before and after in vitro differentia-
tion of miPS cell clones. (a) Relative expression levels of Ocr4,
Sox2, Nanog, Lin28, KIf4, c-Myc, GtI2, Rian and DIk genes in
mEMSC-derived iPS cells before and after in vitro differentia-
tion; (b) Relative expression levels of MAP2, Desmin, smooth
muscle actin (SMA) and HNF34 genes in mEMSC, mES cells,
EMSC-derived miPS cells and differentiated miPS cells (diff-
D28) following 28 days in culture.

Copyright © 2013 SciRes.

cells is a complex and inefficient process that currently
requires considerable cell manipulation. Moreover, once
iPS cells are produced, they must be validated through
labor-intensive experiments demonstrating their capacity
for differentiation. This authentication includes embryoid
body (EB) formation, the expression of pluripotency and
pluripotency-related genes and teratoma formation [35].
However, such analyses reveal that many iPS cell lines
produced are not fully pluripotent and thus, are of limited
value. Finally, only a small number of parental cell types
are known to produce high quality iPS cells and the most
appropriate cell type remains poorly defined [31]. The
availability of an easily obtainable cell type that is capa-
ble of efficiently producing high-quality iPS cells would
therefore, be an important advance for the field. In addi-
tion, the identification of an early, reliable marker for full
pluripotency in this cell type would also streamline the
production process by limiting extensive validation ef-
forts to those select iPS cell lines with a high probability
for success.

Two recent reports may provide an important clue re-
garding such an early marker by elucidating the role that
activation of the DIk-1/Dio3 imprinted gene cluster plays
in determining the developmental potential of mouse iPS
cells clones [29,30]. Salient to our work described here,
Stadtfeld et al. found that somatic cells expressing high
levels of the DIk-1/Dio3 cluster gene, Gtl2, produced
developmentally competent (Gz12°") iPS cells while so-
matic cells expressing low levels of G#/2 gave rise to
developmentally incompetent (G#12%7) iPS cells clones.
Thus, there appears to be a clear positive correlation be-
tween Gtl2 activity in somatic cells and the developmen-
tal potential of the resultant iPS cell clones. We found
that mouse EMSC express high levels of two DIk-1/Dio3
cluster genes, Gt/2 and Rian, and that Gt2 expression
remained high in both of the EMSC-derived iPS cell
clones we produced (Gt2°") (Figure 3(b)). Moreover,
these Gt2°" iPS cell clones were fully competent for
both in vitro and in vivo differentiation (Figures 4-6).
Taken together, these data provide new evidence in sup-
port of the notion that DI/k-1/Dio3 cluster activity is an
indicator for full developmental competence of iPS cell
clones.

Somewhat surprisingly, we found that G#/2 expression
was higher in our iPS cells than in mouse ES cells (Fig-
ure 3(b)) raising the interesting possibility that EMSC
may be a viable alternative to mouse fibroblasts, the cur-
rent standard for iPS cell production [30]. Future studies
specifically designed to compare the developmental po-
tential of iPS cells produced from a broader range of
Gtl2 expressing and non-expressing somatic cell types
will be of considerable value in this regard. Targeting the
DIk-1/Dio3 imprinted gene cluster for activation in non-
expressing somatic cell lines, through epigenetic modifi-
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Figure 6. Teratoma formation and analysis. (a) All three embryonic germ layers found in
excised teratomas (H&E staining); (b) Lineage confirmation by marker detection; MAP2
(ectoderm), smooth muscle actin (SMA) (mesoderm), and HNF3pf (ectoderm) (Im-

munofluorescence).

cations that reverse the silencing of these genes [30],
may also broaden the repertoire of usable cell lines for
highly efficient iPS cell production. Finally, the identifi-
cation of a human equivalent to mEMSC could eventu-
ally provide an avenue for more efficient human iPS cell
production with broad implications for future research
and clinical applications for this technology.
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