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For more than thirty years, the dog has been used as a model for human diseases. Despite efforts made to
develop canine embryonic stem cells, success has been elusive. Here, we report the generation of canine induced
pluripotent stem cells (ciPSCs) from canine adult fibroblasts, which we accomplished by introducing human
OCT4, SOX2, c-MYC, and KLF4. The ciPSCs expressed critical pluripotency markers and showed evidence of
silencing the viral vectors and normal karyotypes. Microsatellite analysis indicated that the ciPSCs showed the
same profile as the donor fibroblasts but differed from cells taken from other dogs. Under culture conditions
favoring differentiation, the ciPSCs could form cell derivatives from the ectoderm, mesoderm, and endoderm.
Further, the ciPSCs required leukemia inhibitory factor and basic fibroblast growth factor to survive, proliferate,
and maintain pluripotency. Our results demonstrate an efficient method for deriving canine pluripotent stem
cells, providing a powerful platform for the development of new models for regenerative medicine, as well as for
the study of the onset, progression, and treatment of human and canine genetic diseases.

Introduction

Embryonic stem cells (ESCs) were first isolated from
preimplantation mouse embryos by Evans and Kaufman

in 1981, and subsequently, ESCs were derived from a variety
of species including nonhuman primates, humans, rats, and
dogs [1–7]. ESCs have the capacity to renew themselves and to
differentiate into all cell types found in adult bodies. Although
ESC availability has made possible new kinds of develop-
mental and regenerative medicine studies, tissue rejection and
immunocompatibility after transplantation remain as obsta-
cles to their clinical use. Researchers have proposed several
alternative methods of reprogramming somatic cells to solve
this problem, including somatic cell nuclear transfer into un-
fertilized oocytes and somatic cell fusion with ESCs to attain
pluripotency [8,9]. However, a lack of reliable sources of oo-
cytes and the generation of tetraploid cells, respectively, have
made their implementation in humans problematic [10].
Success in deriving induced pluripotent stem cells (iPSCs)
using a set of transcription factors—such as OCT3/4, SOX2,
KLF4, and c-MYC (Yamanaka factors), or OCT4, SOX2, NA-
NOG, and LIN28—into differentiated somatic cells may ad-
dress the immune rejection problem [11,12]. Induced PSCs are

similar to ESCs in morphology, proliferation, and plur-
ipotency. Successful generation of iPSCs has been reported for
mice, humans, rats, monkeys, and pigs [11,13–15]. Although
the use of iPSCs in basic research is moving forward, their use
as a therapeutic tool remains a challenge, mostly because of
the lack of appropriate animal models for testing their efficacy
and safety.

For more than thirty years, the dog has provided a valu-
able model for human diseases, particularly in the study and
implementation of cell-based therapy protocols [6]. Over 400
dog breeds show a high prevalence of more complex multi-
genic diseases [16,17]. Approximately 58% of dog genetic
diseases resemble the specific human diseases caused by
mutations in the same gene [17,18]. Also, dogs share a variety
of biochemical and physiological characteristics with humans;
their physiologies, disease presentations, and clinical re-
sponses often parallel those of humans better than do those of
their rodent counterparts [5,17]. This underscores the dog’s
importance as a reliable preclinical model for testing the fea-
sibility of regenerative medicine and tissue engineering ap-
proaches to treat its own diseases and those of man.

Because of dogs’ distinct reproductive physiology and
embryonic development pattern, the difficulty of deriving
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their ESCs has blocked the establishment of the canine model
for further regenerative medicine studies. The lack of well-
defined methods for maturing and fertilizing canine oocytes
in vitro has narrowed the choices for harvesting ESCs from
natural canine blastocysts [19–21]. Only 1 group has suc-
cessfully established a bona fide canine ESC line. The scarcity
of published data is likely due to poor understanding of
canine preimplantation embryonic development and canine
embryo culture conditions [21,22]. Recently, a report on the
derivation of induced ESC-like cells described the source of
donor cells as embryonic fibroblasts [23] and the evidence
demonstrating complete reprogramming to pluripotency in
such cells is succinct, making the results—while promising—
incomplete. We still need an efficient, safe, well-described
method for generating canine iPSCs (ciPSCs).

Here, we report the production of iPSCs from adult canine
cells using a method like that described for human and
mouse iPSCs [11,24,25]. We systematically show the degree
of pluripotency of the generated lines, explore their capacity
for stable maintenance, and assay their ability to form em-
bryoid bodies (EBs) and to differentiate into multiple cell
lineages. We also noticed that the ciPSCs demonstrated de-
pendency on both leukemia inhibitory factor (LIF) and basic
fibroblast growth factor (bFGF) to maintain self-renewal. The
ciPSC lines described here reveal similarities and differences
between canines and other species and reveal ciPSCs as a
unique new tool for future application to, and understanding
of, analogous conditions in humans.

Materials and Methods

Derivation of canine fibroblasts and cell culture

Canine testicular fibroblasts (CTFs) were derived from the
testicle of a 7-month-old German shorthair pointer from the
Small Animal Clinic at Michigan State University (MSU).
The testis was minced and incubated in trypsin (Gibco,
Carlsbad, CA) at 37�C for 1 h. Then, shredded tissues were
spun down, minced again, and subsequently cultured with
fibroblast medium (Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum) at 37�C with 5% CO2 [24].
We replaced the culture medium every 24 h. All ciPSCs were
generated from CTFs older than passage 2.

We maintained ciPSCs on the feeder layer of mitomycin-
treated or irradiated mouse embryonic fibroblasts (MEFs)
with ciPSC medium, which consisted of Dulbecco’s modified
Eagle’s medium/F-12 (Gibco) supplemented with 15% (v/v)
knockout serum (Gibco), 0.1 mM minimal essential medium
(MEM) nonessential amino acid solution (Sigma, St. Louis,
MO), 1 mM l-glutamine (Invitrogen, Carlsbad, CA),
0.075 mM b-mercaptoethanol, 4 ng/mL human bFGF (In-
vitrogen), and 10 ng/mL human LIF (Millipore, Billerica,
MA). Colonies with compact ES-like cells were mechanically
isolated and subcultured onto new MEFs every 4–6 days
using glass Pasteur pipettes.

Virus construction and production

We produced and concentrated recombinant OKSIM len-
tivirus, as previously described [24,25]. Canine fibroblasts
were assessed for infection efficiency with recombinant
lentivirus using a pSIN-EF1a-YFP reporter gene. We rated
lentiviral infection by quantifying the percentage of yellow-

fluorescent cells determined to be identical in infectivity to
human fibroblasts. Concentrated OKSIM lentivirus was di-
rectly titered by infecting canine fibroblasts followed by
immunostaining for OCT4 gene product at 72 h. The OKSIM
viral titer was *3 · 105 cells/mL, and 0.5 mL (in triplicate)
was used to infect 2.5 · 105 canine cells for iPSC production.

Immunocytochemistry assay

The immunocytochemistry assay protocol was mostly as
described in previous reports [24–26]. Supplementary Table
S1 (Supplementary Data are available online at www
.liebertonline.com/scd) lists details about the primary and
secondary antibodies used for some proteins. After washing
the cells with phosphate-buffered saline (PBS), we then
stained the nuclei by rinsing the cells with PBS containing
Hoechst 33342 (1mg/mL) for 15 min.

RNA extraction and quantitative reverse
transcription polymerase chain reaction analysis

RNA was isolated and purified using the NucleoSpin
RNA XS Total RNA Isolation Kit (Macherey-Nagle, Bethle-
hem, PA), following the manufacturer’s instructions. We
performed the reverse transcription polymerase chain reac-
tions (RT-PCRs) as previously described [24,25]. Supple-
mentary Table S2 lists the primers used.

Bisulfite genome sequencing

Approximately 20,000 cells from ciPSC colonies or CTFs
were collected and kept at - 80�C until needed. We extracted
canine genomic DNA using the ReadyAmp Genomic Kit
(Promega, Madison, WI) and conducted bisulfite mutagen-
esis using the EZ DNA Methylation Kit (Zymo Research,
Irvine, CA) according to the manufacturers’ instructions.
Bisulfited DNA was eluted in 20 mL elution buffer and sub-
jected to 2 rounds of PCR (35 cycles each) with primer pairs
for canine OCT4 and NANOG promoters. Primers were
designed based on a randomly chosen sequence localized at
the OCT4 and NANOG promoters close to the initiators [27–
29] (Supplementary Table S3). We verified PCR products on
a 2% agarose gel. We ligated PCR products into the pTOPO
10 Vector System (Invitrogen) and randomly chose > 10
clones from each cell line to sequence.

Karyotyping analysis

Twenty G-banded metaphase cells were subjected to cy-
togenetic analysis for each cell line. Cell Line Genetics (Ma-
dison, WI) performed standard G-banding karyotype
analysis.

Microsatellite assay

We used the following tetranucleotide microsatellite
markers, each located on a separate autosome, for genotype
analysis: FH2054, FH2165, FH2233, FH2313, and FH2324.
We obtained primer sequences for these markers from Mel-
lersh et al. [30], and the allele frequencies, derived from over
1,000 dogs from 28 dog breeds, were obtained from Irion
et al. [31]. Amplified fragments were fluorescently labeled
with 6-FAM using chimeric primers and a labeled M13 pri-
mer [32]. We amplified all markers in 25 mL reactions under

1670 LUO ET AL.



the following conditions: 50 mM KCl, 10 mM Tris (pH 8.3 at
20�C), 1.5 mM MgCl2, 100mM dNTPs, 0.1 mM M13 and re-
verse primers, 0.01 mM chimeric primer, 10–100 ng DNA, and
0.5 U Taq DNA polymerase (Invitrogen). Reactions were
cycled under the following conditions: 1 min, 94�C; 2 min,
59�C; and 3 min, 72�C (for 50 cycles). Amplification was
verified by imaging agarose gels on a Typhoon scanner
(Amersham Biosciences, Piscataway, NJ), and high-resolution
fragment analysis was performed using an ABI PRISM 3130
Genetic Analyzer at the Michigan State University Research
Technology Support Facility. We calculated the probability
that the samples derived from an unrelated dog genome, by
chance, had identical allele sizes with the CTF-derived cell
lines, using the allele frequencies obtained from Irion et al.
(taking into account the size of the M13 tail for the com-
parisons) [31]. To produce a conservative probability, we
assumed that the allele size between our data and that of
Irion et al. could be one repeat unit off, so we used the most
frequent allele of the 3 possible alleles (the determined allele
size, plus or minus 1 repeat unit) from Irion et al. for each
calculation [31].

EB formation

We isolated ciPSC colonies from the MEF and transferred
them to ciPSC medium without bFGF or human LIF in
35 · 10 mm Petri dishes. After 5 days in suspension, we
transferred the EBs to tissue culture dishes coated with 0.1%
gelatin (Sigma), culturing them using the same medium
without growth factors but with 5% fetal bovine serum
(Gemini, West Sacramento, CA) and 10% serum replace-
ment. The culture medium for suspension and subsequent
spontaneous differentiation was partially changed daily. We
cultured the attached EBs in the differentiation media for at
least 3 weeks.

Terminal deoxynucleotidyl transferase dUTP
nick-end labeling assay

We washed cells with PBS and fixed them in 4% para-
formaldehyde for 15 min. We performed terminal deoxy-
nucleotidyl transferase dUTP nick-end labeling (TUNEL)
assays using the In Situ Cell Death Detection Kit (Roche
Applied Science, Indianapolis, IN) following manufacturer’s

instructions. As positive control, the cells were treated with
RQ1 DNase (10 IU/mL; Promega). After washing in PBS, we
counterstained all nuclei with Hoechst 33342 (1 mg/mL) for
10 min at room temperature.

5-Bromo-2-deoxyuridine incorporation assay

We cultured cells overnight with 30mg/mL of 5-bromo-
2-deoxyuridine (BrdU) before immunostaining. We have
described the BrdU incorporation assay protocol in a
previously published report [26]. The nuclei were counter-
stained with Hoechst 33342 (1 mg/mL) for 5 min at room
temperature.

Results

Generation of ciPSCs

We derived CTFs from canine testicular tissue, as de-
scribed earlier (Fig. 1A). The infection efficiency of recom-
binant lentivirus was initially examined in CTFs and canine
skin fibroblasts (CSFs) from an old ( > 10 passages) canine
fibroblast line derived from another dog, using a yellow
fluorescent protein (YFP) reporter vector. Infection efficiency,
shown by YFP, was over 75% in both CTFs and CSFs (Sup-
plementary Fig. S1). The CTFs and CSFs were then infected
by lentivirus OKSIM, which had been previously used to
generate human iPSC lines [24]. We confirmed successful
introduction of OKSIM at 72 h postinfection by im-
munostaining for OCT4 and SOX2 transgenes; 40% of the
target cells carried the virus (Supplementary Fig. S2). To
understand the best conditions for reprogramming, we ad-
ded different concentrations of LIF (1 or 10 ng/mL) or bFGF
(0.4 or 4 ng/mL). No ESC-like colonies were observed when
using LIF or bFGF alone at 10 days postinfection (Supple-
mentary Fig. S3). However, when both LIF and bFGF were
supplied, we observed ESC-like colonies on days 6–8 post-
infection (Fig. 1B and Supplementary Fig. S4F). From 2
independent infections, 2 (DI-A1 and DI-A2) and 5 (DI-B1,
DI-B2, DI-B3, DI-B4, and DI-B5) cell lines were derived and
passed to new MEFs (Fig. 1C, D). Three to four days after the
first passage, the morphology of the colonies in all cell lines
resembled human ESCs (Fig. 1D–F and Supplementary Fig.
S4A–E). All 7 cell lines proliferated at similar rates and re-
quired subculturing at 1:6 dilution ratios every 5 days. We

FIG. 1. Induction of canine in-
duced pluripotent stem cells
(ciPSCs) from adult canine tes-
ticular fibroblasts (CTFs). (A) In-
put (CTFs); (B) a typical first-
observed ciPSC colony on day 6
after lentiviral-mediated trans-
duction; (C) ciPSC colony on day
9 after viral transduction; (D)
ciPSC colony (DI-A2) after being
passaged on the feeder layer of
mouse embryonic fibroblasts
(MEFs); the frame represents the
location of image in (E); (E) ciPSC
colony on MEF with 10 · objec-
tive; (F) ciPSCs with 40 · objec-
tive. Scale bar: 100mm for A and
B; 250mm for C–E; 25mm for F.
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chose the DI-B2 iPSC line to characterize growth rate. The
ciPSC doubling time at passage 5 (P5) took 27 h, compared
with the CTFs at P5, which doubled in 43 h. The ciPSC line
DI-B3, which was selected for further studies on growth
factor dependency, was maintained and expanded for > 20
passages. The other ciPSC lines including DI-B1, 2, 4, and 5
were continuously cultured for over 10 passages. Beyond
that ciPSCs require both LIF and bFGF, these results dem-
onstrate that ciPSC can be generated and maintained using a
protocol similar to the one used to derive human iPSCs.

Immunocytochemistry assay

The expression of pluripotency-associated transcription
factors OCT4, SOX2, NANOG, and LIN28 was positively
displayed in ciPSC colonies; they were also positive for car-
bohydrate antigens TRA-1-60 and SSEA-4 (Fig. 2A–D and
Supplementary Fig. S5). In contrast, the parental CTF cells
expressed fibroblast markers, including fibronectin and vi-
mentin, but pluripotency markers were not detected (Fig. 2E
and Supplementary Fig. S5).

Pluripotency gene expression and epigenetics

We examined the expression of pluripotency genes in
ciPSCs by quantitative RT-PCR (qRT-PCR) assay. Canine-

specific pluripotency genes (OCT4, NANOG, TERT, and
FOXD3) were robustly expressed in all ciPSC lines but not in
CSFs or CTFs (P < 0.05; Fig. 3A). However, the levels of
OCT4, TERT, and FOXD3 in DI-B1 to B5 were significantly
higher than in DI-A1 and DI-A2. Also, fold change of NA-
NOG expression in DI-B1 was comparatively lower than in
other ciPSC lines (P < 0.05). To confirm the specificity of ca-
nine gene amplification, primers for canine OCT4 were used
in qRT-PCR for human H9 ESCs; no PCR products were
detected (Supplementary Fig. S6). To confirm the silence of
viral vectors, we compared transgene expression in ciPSCs to
CTFs harvested at 2 days after viral transduction (Fig. 3B).
Forward and reverse primers were designed for the inter-
section between viral OCT4 and KLF4 (O-K). The result in-
dicated that DI-B1 to B5 expressed transgenes negligibly,
compared with infected CTFs, which displayed 13,000-fold
higher transgene expression (P < 0.05). DI-A1 and DI-A2 had
higher transgene expression (4,000-fold and 100-fold, re-
spectively) than DI-B1, suggesting that the vectors were not
shut down in DI-A1 and DI-A2. We further evaluated the
expression of other canine pluripotency genes (including
SOX2, c-MYC, LIN-28, SOCS3, STAT3, and GBX2) in CTFs
and in DI-B1, DI-B2, and DI-B3 cell lines. Except for LIN-28
and STAT3 in the DI-B1 cell line, we found significantly
higher gene expressions in ciPSCs than in CTFs (Fig. 3C).

FIG. 2. Immunocytochem-
istry of ciPSCs. (A–D) Im-
munofluorescent staining of
pluripotent cell markers
OCT4, SOX2 (A), NANOG,
and SSEA-4 (B) in 5 cell lines
cultured on MEFs (A and B,
from left to right: DI-B1, DI-
B2, DI-B3, DI-B4, and DI-B5).
Localizations of nuclei were
visualized by staining with
propidium iodide (A and C)
and DAPI (B and D). Locali-
zations of representative cells
in C and D were chosen, re-
spectively, from the frames in
A and B. (E) CTFs express fi-
broblast markers, including
fibronectin (upper) and vi-
mentin (lower). Scale bars:
100 mm for A–D; 250 mm for E.
Color images available online
at www.liebertonline.com/
scd
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FIG. 3. Gene expression of ciPSCs. (A) Quantitative reverse transcription–polymerase chain reaction (qRT-PCR) analysis of
relative transcript amounts of pluripotency-associated genes in canine skin fibroblast (CSF), CTF, all 7 ciPSC lines, and all 5
cell lines from embryoid bodies (EBs) (OCT4 and NANOG only). Pluripotency-associated genes include canine OCT4,
NANOG, TERT, and FOXD3. Values in the y-axis represent fold changes relative to canine RPL13 expression. The gene
expression in CTF and ciPSC lines is relative to that in CSF (*P < 0.05), and the expression in EB cells is relative to their ciPSC
lines, respectively (#P < 0.05). (B) qRT-PCR analysis of relative transcript amounts of the transgene sequence in CSF, CTF, and
all 7 ciPSC lines. The transcripts of transgenes are represented by amplification of the intersection between hOCT4 and hKLF4
within the transgene. The y-axis stands for fold changes relative to canine RPL13 expression. (C) qRT-PCR analysis of relative
transcript amount of pluripotency-associated genes in CTF, DI-B1, DI-B2, and DI-B3. Values in the y-axis represent fold
change relative to canine RPL13 expression (*P < 0.05).
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We further investigated the CpG dinucleotide methylation
status in one canine NANOG regulatory region and 2 OCT4
regulatory regions (regions 1 and 2) by bisulfite genomic
sequencing. We selected ciPSCs DI-A1, DI-A2, DI-B1, and
DI-B5 to compare with CTFs. Results showed demethylated
NANOG promoters in DI-A2 and DI-B5, whereas DI-A1 and
DI-B1 maintained the same level as CTFs. However, OCT4
methylation status in ciPSCs maintained at the same level as
CTFs or even increased (Supplementary Fig. S7). These re-
sults indicate that, at least for the residues investigated, the
DNA methylation level for the OCT4 gene does not always
correlate with the gene expression observed.

Karyotype analysis

We randomly chose DI-A1, DI-A2, DI-B2, and DI-B5 for
karyotype analysis. Results indicated that all ciPSC lines had
normal karyotypes (Supplementary Fig. S8). Specifically,
ciPSCs with normal karyotypes among all the G-banded
ciPSCs had ratios of 17/17 (DI-A1, P4), 14/16 (DI-A2, P3), 8/
10 (DI-B2, P4), and 9/10 (DI-B5, P5). Cells with abnormal
karyotype were mostly considered a culture artifact.

Microsatellite analysis

To confirm that ciPSC lines derived from the original fi-
broblast line, we examined 5 canine microsatellites. All ciPSC
lines displayed the same alleles as parental CTFs but differed
from CSFs with different origins, indicating that ciPSCs and
CTFs were equal but different from CSFs in identity (Sup-
plementary Table S4). The probability that CTFs and derived
cell lines were not from the same dog was < 1.9 · 10 - 8.

In vitro differentiation

To evaluate the capability of differentiation in vitro, we
induced ciPSC lines to differentiate using the EB formation
assay (Fig. 4A). Cells derived from plated EBs on day 20
postdifferentiation were analyzed and found to be positive
for the presence of cell derivatives from the 3 germ layers,
including b-III neuron-specific tubulin (TUJ1) for the ecto-
derm, vimentin for the mesoderm, and alpha-fetoprotein
(AFP) for the endoderm (Fig. 4B) [5,33]. Using qRT-PCR, we
also found that differentiated ciPSCs silenced the canine
OCT4 and NANOG (P < 0.05; Fig. 3A). Differentiation-
related genes in EB cells derived from DI-B2, DI-B3, and
DI-B5 ciPSCs—that is, ectoderm (NESTIN and NEFL), me-
soderm (CD34 and GATA2), and endoderm (CXCR4 and
AFP)—were upregulated (P < 0.05; Fig. 4C). Interestingly, we
observed large multinuclear cells resembling giant cells from
the trophectoderm in differentiated cells (Supplementary Fig.
S9). We therefore evaluated the expression of trophoblast
marker CDX2, which was highly expressed in EB cells but
not in the original fibroblasts or undifferentiated ciPSCs
(P < 0.05; Fig. 4C). These results demonstrate that the vast
majority of our ciPSC lines could differentiate into the 3 germ
layers and express lineage-specific markers.

Significant efforts were made to obtain teratomas from
these ciPSCs, to no avail. Under the same conditions, our
laboratory has been able to derive teratomas from human
iPSCs and ESCs [24,25]. Our observation is in agreement
with that reported for canine ESCs [6,21,22,34]. It is possible
that the models used for teratoma formation, that is, injection

into immunodeficient mice, are not suitable for dog cells.
Generation of chimeric dogs using ciPSCs will ultimately
help elucidate the developmental potential of these cells.

LIF and bFGF dependency

We examined the dependency of growth factors during
ciPSC maintenance and found that, when LIF or bFGF were
independently withdrawn from the culture medium, ciPSCs
did not maintain their undifferentiated morphology (P < 0.05;
Fig. 5A and Supplementary Fig. S10). To investigate the role
of LIF and bFGF in maintaining self-renewal, we cultured
ciPSCs on Matrigel-coated plates (Invitrogen) with MEF-
conditioned ciPSC media supplemented with only LIF
(LIF + /FGF - ) or bFGF (LIF - /FGF + ) or both (LIF + /
FGF + ). TUNEL assays demonstrated that no difference ex-
isted in the percentage of apoptotic cells in the LIF + /FGF -
and LIF + /FGF + treatments, whereas the percentage in the
LIF - /FGF + cells was significantly higher (P < 0.05; Fig. 5B).
Using BrdU incorporation assay, we also determined that
LIF + /FGF + ciPSCs exhibited the highest proliferation rates
(P < 0.05; Fig. 5C). To test the effects of LIF and bFGF on
pluripotency maintenance—measured by NANOG expres-
sion levels—we cultured ciPSCs for 7 days and im-
munostained them (Fig. 5D). Results indicated that removing
either LIF or bFGF is sufficient to lose the pluripotency
marker NANOG, suggesting that ciPSCs need both LIF and
bFGF to maintain self-renewal. Our data indicate that with-
drawing LIF also triggers signs of apoptosis, and bFGF is
associated with proliferation of undifferentiated ciPSCs
(Fig. 5E).

Discussion

This study demonstrated that canine somatic cells isolated
from an adult animal can be dedifferentiated into pluripotent
cells. Following the strategy described for humans, we suc-
cessfully induced fibroblasts to become pluripotent cells by
transduction of 4 transcription factors—OCT4, KLF4, SOX2,
and c-MYC (OKSIM) [24,25]. We successfully expanded and
characterized 7 ciPSC lines: DI-A1, DI-A2, and DI-B1 to B5.
Like human and mouse ESCs, the proliferation of ciPSCs
required coculturing with MEFs [11,12]. Surprisingly, the
generation of ciPSCs required the presence of both LIF and
bFGF. We also found that ciPSCs, like their human coun-
terparts, expressed many pluripotency-associated factors—
including OCT4, SOX2, NANOG, TRA-1-60, TERT, FOXD3,
and SSEA-4 [1,5,35]—while silencing the OKSIM transgene
in most ciPSC lines.

The cell line used to derive our ciPSCs, CTF, was isolated
from the testicle of an adult dog. Therefore, in an effort to
rule out the possibility that the original cells were already
pluripotent, we compared the gene expression profile of a set
of pluripotency-associated genes with that of another canine
cell line isolated from the skin of a different animal (CSF). At
the time of these experiments, the CSF line was > 10 passages
old. Our qRT-PCR results showed that the expression of
pluripotency genes in CTFs was negligible and as low as in
CSFs. Further, the morphology of CTFs had all the charac-
teristics of a typical fibroblast, consistent with the expression
of the proteins fibronectin and vimentin. Although we can-
not completely rule out the possible presence of a germline-
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derived cell within the culture of CTFs, our results indicate
that, at the time of OKSIM infection, the cells were not plu-
ripotent and were most likely stromal fibroblasts.

We found that the DI-A1 and DI-A2 ciPSC lines expressed
lower levels of NANOG than the other ciPSC lines. This
could be due to the OKSIM transgene remaining expressed,
indicating incomplete reprogramming [36]. We also consid-
ered failure to derive EBs in these 2 lines as evidence of
incomplete reprogramming [37].

At present, there is no report on the methylation status of
canine pluripotency genes. Our bisulfite genome sequencing
showed that the NANOG promoter was demethylated in the
DI-A2 and DI-B5 cell lines. However, the methylation status
of OCT4 was similar in CTFs and ciPSCs or even more
methylated in ciPSCs. Interestingly, our results were similar
to data recently published, suggesting that murine iPSCs
maintained methylation signature characteristics similar to
their differentiated donor cells in OCT4 and NANOG

FIG. 4. Differentiation of ciPSCs into EBs. (A) The morphology of floating and attached EBs. Pictures represent the EBs on days
2, 5, and 20 after isolation of ciPSC colonies for EB formation culture. (B) Ectoderm, mesoderm, and endoderm cell derivatives are
marked by b-III neuron-specific tubulin (TUJ1), vimentin, and alpha-fetoprotein (AFP), respectively. (C) qRT-PCR analysis of relative
transcript amounts of differentiation genes in CTF; the 3 ciPSC lines DI-B2, DI-B3, and DI-B5; and the EBs from these 3 ciPSC lines.
Differentiation genes include NESTIN and NEFL (representing ectoderm and CD34), GATA2 (representing mesoderm and CXCR4),
AFP (representing endoderm), and CDX2 (representing trophoblast cells). Values in the y-axis represent fold changes relative to
canine RPL13 expression. Scale bar: 250mm for A and B; (*P < 0.05). Color images available online at www.liebertonline.com/scd
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regulatory regions [38]. Although a more comprehensive
epigenetic analysis for ciPSCs and CTFs is needed, our results
suggest that the epigenetic status of ciPSCs may be similar but
not identical to the donor fibroblasts and that, although the
epigenetic memory of donor fibroblasts remains intact in
some residues, it may not alter the overall characteristics of
the ciPSCs derived from them. Additional regulatory factors
enhancing epigenetic reprogramming might be necessary to
help optimize the current reprogramming system, such as the
use of microRNAs and small molecules [39–41].

Differentiation potential is one feature critical to determine
the utility of pluripotent stem cells for regenerative medicine.
Immunocytochemical and qRT-PCR analyses of EBs from the
DI-B1 to B5 ciPSCs found significantly increased expressions
of markers for cell derivatives of the 3 germ layers and sig-
nificantly downregulated pluripotency gene expression. Also
noteworthy, cells appeared, resembling trophectoderm cells,
with upregulated expression of trophoblast marker CDX2, a
feature similar to that reported in pig iPSCs [13]. Why por-
cine and canine pluripotent cells produce cells with features
of extra-embryonic tissues, whereas human and mouse cells
do not, remains unresolved.

To understand the requirement of growth factors, we at-
tempted to culture ciPSCs with media used for mouse or
human ESCs or iPSCs [11,12]. Unlike mouse or human ESCs,
which required LIF or bFGF, respectively, for survival, re-
moving LIF or bFGF caused, respectively, the loss of plur-
ipotency markers and apoptosis or the loss of pluripotency
markers and the slowdown of proliferation (Fig. 5E). The role
of LIF in self-renewal maintenance was widely reported in
the mouse ESCs [42]. In the presence of LIF receptors, LIF
supports pluripotency by activating the Janus kinase/signal
transducer and activator of transcription 3 pathway [42]. In
dogs, LIF receptor was reportedly expressed in kidney cells;
these canine cells responded to human LIF by further acti-
vating the Janus kinase/signal transducer and activator of
transcription 3 pathway [5,42,43]. The requirement of LIF for
ciPSC culture also agrees with the culture conditions re-
ported for canine ESCs [5,21]. Interestingly, we noticed that
absence of LIF triggers severe apoptosis. Previous reports
have indicated an antiapoptotic role for LIF when culturing
primordial germ cells, oligodendrocytes, and cardiomyo-
cytes, but the mechanism governing this was not yet un-
derstood [44–46]. Human ESCs, recognized as pluripotent

FIG. 5. Role of leukemia inhibitory factor (LIF) or basic fibroblast growth factor (bFGF) in survival, proliferation, and
pluripotency maintenance of ciPSCs. (A) Morphology of ciPSCs from cell lines DI-B2, DI-B3, and DI-B4 on day 6 without
passaging when cultured with human LIF only (LIF + /FGF - ), bFGF only (LIF - /FGF + ), and both human LIF and bFGF
(LIF + /FGF + ). (B) Terminal deoxynucleotidyl transferase dUTP nick-end labeling assay in ciPSCs when cultured with
LIF + /FGF - , LIF - /FGF + , or LIF + /FGF + for 4 days. Quantification results were analyzed by PROC GLM from SAS.
Values in y-axis represent the percentage of apoptotic cells among the total cells. (C) 5-Bromo-2-deoxyuridine (BrdU) in-
corporation assay for ciPSCs cultured with supplement of LIF + /FGF - , LIF - /FGF + , or LIF + /FGF + for 4 days. BrdU +
cells were counted as the cells with de novo synthesized DNA. The quantification results were analyzed by PROC GLM from
SAS. Values in y-axis represent the percentage of BrdU + cells among the total cells. (D) Immunofluorescent staining of
pluripotency marker NANOG and differentiation marker TUJ1 in ciPSCs cultured for 7 days with LIF + /FGF - , LIF - /FGF + ,
or LIF + /FGF + . (E) The potential functions of LIF and bFGF during pluripotency maintenance of ciPSCs. Withdrawal of either
LIF or bFGF, which resembles mouse or human ESC culture conditions, causes spontaneous differentiation and cell death or
slowdown of proliferation. Pluripotency of ciPSCs can be maintained with both LIF and bFGF present in the culture medium.
Scale bar: 250mm. Different letters (a and b) indicate P < 0.05. Color images available online at www.liebertonline.com/scd
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cells in the epiblast stage, and mouse epiblast stem cells re-
portedly depend on bFGF but do not react with LIF [47,48].
We speculate that bFGF may act in ciPSCs through similar
signaling pathways, that is, stimulating MEFs to synthesize
activin A—which, in turn, activates Smad2/3 and promotes
NANOG expression—and activating the FGF/ERK path-
way, thus promoting proliferation [42,47]. Naive mouse
ESCs are described as comparable to cells from the blastocyst
inner cell mass (ICM) [42] and are LIF/STAT3 pathway de-
pendent. As ciPSCs present dual-factor dependency, it will
be necessary to determine the position of ciPSCs in the
‘‘pluripotency map’’ and to clarify their apparent ICM/epi-
blast concomitant state. A better understanding of ciPSC
pluripotency regulation may enhance our understanding of
the molecular mechanisms responsible for the transition
from ICM to epiblast cells.

The physiologies, anatomies, disease presentations, and
clinical responses of dogs and humans are very similar,
making the dog a very promising model for human disease
research [6]. Among *400 known hereditary canine dis-
eases, over half have equivalent human diseases, including
retinal diseases, epilepsy, narcolepsy, cardiomyopathies,
muscular dystrophy, and malignant tumors such as prostate
cancer [6,49]. In terms of stem cell kinetics—for example,
hematopoietic stem cells—and responsiveness to cytokines,
the dogs are more biologically comparable with humans
than mice, making it the most commonly used species for
early transplantation research in human regenerative medi-
cine [6]. However, until now, approaches that involve de-
riving natural canine pluripotent stem cells have been poorly
explored. The successful establishment of a robust ciPSC
derivation and culture system offers a novel template for
human regenerative medicine studies. It will help us to un-
derstand and treat human diseases, including those of ge-
netic origin. In addition, provided that these ciPSCs are
germline competent, chimeric animals carrying specific gene
mutations will help understand complex diseases and enable
the development of new gene and cell therapy strategies [22].
The unexpected finding of dual-growth-factor dependency
in ciPSCs provides an opportunity to understand mecha-
nisms of stem self-renewal and maintenance of pluripotency.
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