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Abstract: Canines are useful in mammalian preclinical studies because they are larger than rodents
and share many diseases with humans. Canine fetal fibroblast cells (CFFs) are an easily accessible
source of somatic cells. However, they are easily driven to senescence and become unusable with
continuous in vitro culture. Therefore, to overcome these deficiencies, we investigated whether
tetracycline-inducible L-myc gene expression promotes self-renewal activity and tumorigenicity in
the production of induced conditional self-renewing fibroblast cells (iCSFCs). Here, we describe
the characterization of a new iCSFC line immortalized by transduction with L-myc that displays
in vitro self-renewal ability without tumorigenic capacity. We established conditionally inducible
self-renewing fibroblast cells by transducing CFF-3 cells with L-myc under the tetracycline-inducible
gene expression system. In the absence of doxycycline, the cells did not express L-myc or undergo self-
renewal. The iCSFCs had a fibroblast-like morphology, normal chromosome pattern, and expressed
fibroblast-specific genes and markers. However, the iCSFCs did not form tumors in a soft agar
colony-forming assay. We observed higher expression of three ES modules (core pluripotency genes,
polycomb repressive complex genes (PRC), and MYC-related genes) in the iCSFCs than in the CFF-3
cells; in particular, the core pluripotency genes (OCT4, SOX2, and NANOG ) were markedly up-
regulated compared with the PRC and MYC module genes. These results demonstrated that, in
canine fetal fibroblasts, L-myc tetracycline-inducible promoter-driven gene expression induces self-
renewal capacity but not tumor formation. This study suggests that L-myc gene-induced conditional
self-renewing fibroblast cells can be used as an in vitro tool in a variety of biomedical studies related
to drug screening.

Keywords: canine fetal fibroblast; induced conditional self-renewing fibroblast cell; somatic cell
proliferation; L-myc; Inducible promoter

1. Introduction

In 2006, somatic cells were reprogrammed into induced pluripotent stem cells (iPSCs)
by 64 viral transduction with 4 transcription factors: POU5F1 (Oct3/4), SOX2, MYC (C-
myc), and KLF4 [1]. In subsequent years, iPSCs were generated from various cell sources,
including mouse embryonic fibroblasts, adult mouse tail fibroblasts, and adult human
dermal fibroblasts, by retroviral transduction with the 4 key transcription factors [1,2].
These iPSCs show similar characteristics to Embryonic Stem Cells (ESCs) regarding mor-
phology, proliferation, activation of both X chromosomes, pluripotency gene expression
and teratoma formation [2–5]. In an attempt to avoid the ethical and legal issues associated
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with human tissue biopsies, iPSCs have been generated from fibroblasts of diverse species,
such as canine, pig, and rat [6–8].In veterinary medicine, canines are used in mammalian
preclinical studies because they are larger than rodents and share many diseases with
humans. Canine somatic cell-derived iPSCs have been established and characterized [8–10].
In animal models, reprogrammed iPSCs show ESC-like characteristics without chromo-
somal abnormalities [11]. Recently, various biomedical investigations on in vitro drug
screening and mammalian preclinical cell therapy studies have characterized different
mammalian somatic cell-derived ESC-like iPSCs.

The transcription factor MYC is induced during cell proliferation and tumor formation.
The most important function of MYC is to control cell proliferation, including the regulation
of cell–matrix interactions, protein and DNA synthesis, and cell cycle progression [12],
which stimulates cyclin–cyclin-dependent kinase complexes [13]. MYC also maintains self-
renewal and suppresses the expression of differentiation genes to maintain stemness [14].
Moreover, MYC enhances reprogramming efficiency and shows consistently high expres-
sion in reprogrammed colonies [15]; it inhibits both cell quiescence as well as terminal
differentiation [16]. Thus, MYC is a multipotent factor that influences many aspects of nor-
mal cell behavior related to chromatin remodeling [17]. The MYC proto-oncogene family
comprises several isoforms, including C-myc, MYCN (N-myc), and MYCL (L-myc). Some
studies have reported that C-myc plays a central role in tumorigenicity and self-renewal
during iPSC generation and normal embryonic development [1,8,11,18].N-myc is similar
to C-myc in domain structure and is a common factor implicated in human cancer [19].
V-myc is the viral homolog of C-myc and was first identified in an acute avian retrovirus
(MC29) [20]. V-myc was previously used to generate the stable human neural stem cell
line HB1.F3 and derivative cell lines, which undergo unlimited proliferation and facilitate
functional recovery in a mouse stroke model [21]. L-myc has a shorter amino acid sequence
in the N-terminal domain than C-myc [22]. L-myc may be a useful factor for promoting
self-renewal because it induces less proliferation and tumorigenicity in transformed cells
than does C-myc [23].

Therefore, we explored in canine fetal fibroblast-3 (CFF-3) cells whether stable, con-
ditionally induced self-renewing fibroblast cells (iCSFCs) could be established with self-
renewal activity and low tumorigenicity via transduction with only 1 retroviral vector
carrying the tetracycline-inducible promoter-driven L-myc gene. Here we present the char-
acterization of a new iCSFCs line immortalized by transduction with tetracycline-inducible
promoter-driven L-myc that displays self-renewal and non-tumorigenic capabilities in vitro.

2. Materials and Methods
2.1. Ethics Statement

CFF-3 female begle fetus cell was obtained from the National Institute of Animal
Science (RDA). Use of laboratory animals (female begle fetus) for the study was approved
by the National Institute of Animal Science (RDA) Institutional Animal Care Committee
(IACUC; Certificate 2016-204) and was accordance with the Guide for the care and use of
laboratory animals as published by the United States National Institute of Health.

2.2. Cell Culture

CFF-3 cells were isolated from a 35-day-old female beagle fetus (Canis lupus familiaris)
and cultured in Dulbecco’s modified Eagle’s medium (DMEM, LM 001-05; WelGENE,
Daegu, Korea) supplemented with 10% fetal bovine serum (FBS; GenDEPOT, Barker, TX,
USA) and 10 µg/mL gentamicin (Gibco, Grand Island, NY, USA). Cultures were maintained
at 37 °C in a humidified, 5% CO2 incubator.

2.3. Generation of iCSFCs

To induce the proliferation of primary fibroblast cells, we inserted proliferation-
inducing genes with a lentiviral vector; transcription of the genes was driven by a
tetracycline-inducible promoter, which drove the transcription of the target genes in
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the presence of the tetracycline derivative doxycycline (Clontech, Palo Alto, CA, USA).
The human L-myc gene was inserted into the BamHI sites of a lentiviral vector, pDINEO,
which contained the tetracycline-driven promoter and a neomycin selective marker.
The generated lentivirus vectors were designated pDINEO-L-myc.

To generate iCSFCs, the lentivirus carrying pDINEO-L-myc was produced in 293FT
packaging cells, then used to infect CFF-3 cells. iCSFCs were selected by treatment with
G418 (500 µg/mL, Sigma–Aldrich, St. Louis, MO, USA) for 2 weeks. The iCSFCs were
maintained and expanded in DMEM with 10% FBS (GenDEPOT), 10 µg/mL gentamicin,
and 1 µg/mL doxycycline.

2.4. Cytogenetic Analysis

Chromosome identification for somatic cell donors was performed using high-resolution
GTG banding. The karyotypes of the iCSFCs (passage 20) were identified using cytogenetic
analysis with Giemsa stain (Sigma–Aldrich), and processed via the manufacturer’s protocol.

2.5. Reverse Transcription-Polymerase Chain Reaction

We performed reverse transcription-polymerase chain reaction (RT-PCR) with the
oligonucleotide primers in Supplementary Table S1. We isolated total RNA from cultured
CFF-3 cells and iCSFCs with GeneAllr RiboEX and a Hybrid-R™ RNA kit (301-001 and
315-150, respectively; GeneAll Biotechnology, Seoul, Korea) with a QIAcube instrument
(QIAGEN, Hilden, Germany). We reverse transcribed 1 µg RNA with TOPscript™ RT
DryMIX (RT200; Enzynomics, Daejeon, Korea). The cDNA was amplified using POBGEN™
PCR Premix (POSTBIO, Hanam, Korea) over 30 cycles (94 °C for 5 min; then 30 cycles of
10 s at 98 °C, 30 s at 60 °C–65 °C, and 1 min at 72 °C, with a final extension step at 72 °C for
10 min). We amplified glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for use as a
loading control. Each PCR product was separated by electrophoresis on 2% agarose gels,
containing SafeView™ Classic (G108; Applied Biological Materials, Richmond, Canada)
at 1 in 10,000 (0.001%), and visualized by a Davinch Chemi Imager (Davinch-K, Seoul,
Korea). Each band was densitometrically quantified using ImageJ and normalized to the
GAPDH intensity.

2.6. Cell Growth and Cell Cycle Analysis

To determine the cell growth rates of iCSFCs, we cultured CFF-3 cells and iCSFCs in the
presence or absence of doxycycline. To eliminate the doxycycline effects on proliferation,
the cells were cultured in the absence of doxycycline for 7 days. The cell growth rate
was determined using the Muser Count and Viability Assay Kit (MCH100102; Millipore,
Billerica, MA, USA), according to the manufacturer’s instructions, with a Muser Cell
Analyzer. Briefly, the cells were suspended in phosphate-buffered saline (PBS) and mixed
with Muser Count and Viability working solution. The cells were analyzed using the
Muser Cell Analyzer once every 2 days for 2 weeks.

The cell cycle status of the cells was analyzed using the Muser Cell Cycle Assay Kit
(MCH100106; Millipore) according to the manufacturer’s instructions. The suspended
cells were fixed in 70% ice-cold ethanol at −20 °C for 3 h. After they were washed with
PBS, the cell pellets were resuspended and incubated in 200 µL Muser Cell Cycle reagent.
The cell cycle phase distributions were analyzed with the Muser Cell Analyzer.

2.7. Immunocytochemistry

We performed immunocytochemical determinations of cell type-specific markers in
iCSFCs. The cells were grown on ACLARr plastic coverslips for 3 days, and fixed in cold
95% ethanol with 5% acetic acid for 10 min. The samples were incubated overnight at
4 °C with primary antibodies: anti-activated leukocyte cell adhesion molecule (ALCAM,
sc−74558, Santa Cruz Biotechnology, TX, USA), anti-collagen type I alpha 1 chain (COL1A1,
#72026, Cell Signaling, MA, USA), anti-S100 calcium binding protein A4 (S100A4, #13018,
Cell Signaling), and anti-heat shock protein 47 (HSP47, NBP1-97491, Novus Biologicals,
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MO, USA), each at 1:200. Then, the samples were incubated with Alexa Fluorr 594-
conjugated anti-rabbit IgG (1:500) for 1 h at room temperature. Finally, the samples were
viewed under a fluorescence microscope (IX71, Olympus, Tokyo, Japan).

2.8. Tumor Formation Assay

Tumor formation ability was determined using a soft agar colony-forming assay. We
coated each well of a 6-well plate with 2 mL bottom agar mixture (DMEM, 10% FBS,
and 0.6% agar). After the bottom layer solidified, we added 2 mL of top agar mixture
(DMEM, 10% FBS, and 0.4% agar) containing cells (2.5 × 103/mL) to each well. The cul-
tures were incubated at 37 °C in an incubator with a 5% CO2 atmosphere. Every 5 days,
the doxycycline-free growth medium or doxycycline-containing growth medium as layered
gently over the cultures. Colony formation was monitored daily using a light microscope.
The colonies formed in soft agar were cultured for 14 days, stained with 0.5 mL 0.1%
crystal violet (Sigma–Aldrich) for 1 h, then photographed using an Olympus microscope at
40× magnification.

2.9. Quantitative RT-PCR

We performed quantitative RT-PCR (qPCR) with the oligonucleotide primers in Sup-
plementary Table S2. The amplifications were carried out in a total volume of 20 µL,
containing 10 µL Rotor-Gene SYBRr Green PCR Kit (204074; QIAGEN), 2 µL of the rele-
vant PCR primers, 7 µL nuclease-free water, and 1 µL DNA template. The thermal cycling
conditions included an initial step at 95 °C for 5 min, followed by 40 cycles consisting of
95 °C for 20 s and 60 °C for 30 s. Amplifications were performed using a Rotor-Gene Q
system (QIAGEN); we calculated the ∆∆Ct data with the Rotor-Gene Q Series software (QI-
AGEN). All qPCR runs included template-free negative controls. qRT-PCR was performed
at triplicate for each replicate and repeated three times for statistical analysis.

2.10. Statistical Analysis

All experiments were repeated 3 times. Student’s t-test was used to assess statistical
significance with thresholds of p < 0.05 and p < 0.01 for significant and highly significant
differences, respectively (CFF-3 versus iCSFCs). We analyzed the data with SigmaPlot
version 12 (Systat Software, San Jose, CA, USA).

3. Results
3.1. Generation of iCSFCs

A representative clonal iCSFC line was obtained after gene transduction into primitive
CFF-3 cells using the pDINEO lentiviral vector encoding L-myc, which induced L-myc
expression in the presence of doxycycline (Figure 1A). After transduction, iCSFCs were
selected for 2–3 weeks in G418. The established iCSFC line was stably maintained for more
than 20 passages, then characterized. The CFF-3 cells and iCSFCs in the growth medium
were observed adherent, fibroblast-like morphologies, with flat, polygonal shapes by an
optical microscope. The iCSFCs remained consistent over long-term culture of at least
70 passages, without morphological changes or chromosomal abnormalities (Figure 1B).
Upon Giemsa staining and cytogenetic analysis, iCSFCs had a normal karyotype with
78 chromosomes and 2 X sex chromosomes (Figure 1C).



Cells 2021, 10, 1980 5 of 14

Figure 1. Generation of induced conditional self-renewing fibroblast cell (iCSFC) lines. (A) Construc-
tion of the lentiviral vector containing L-myc (pDINEO–L–myc). (B) Light microscopy of CFF-3 cells
derived from canine fetal fibroblasts at passage 5 and an iCSF cell (iCSFC) line at passage 6 (Scale
bars, 50 µm). (C) Karyotype analysis of iCSFCs at passage 20 revealed the normal canine karyotype
of 78, XX.

3.2. L-myc Expression Improved the Proliferation of iCSFCs, Not Promote Tumor Formation

To verify the doxycycline-induced L-myc expression in iCSFCs, we examined the
expression levels of L-myc in CFF-3 and iCSFCs in the presence of doxycycline. We found
that L-myc was expressed in iCSFCs, but not in CFF-3 cells upon doxycycline treatment
(Figure 2A). In addition, to confirm the duration of the doxycycline-induced effects in
iCSFCs, we examined the L-myc expression pattern at various time points after doxycycline
removal. RT-PCR showed that the expression of L-myc in iCSFCs decreased in a time-
dependent manner in the absence of doxycycline (Figure 2B). Subsequently, to investigate
whether iCSFCs growth rates increased in a doxycycline-dependent manner, we counted
the number of iCSFCs in the absence or presence of doxycycline, along with CFF-3 cells as a
control, using the Muse™ Count and Viability Assay Kit at 0, 1, 3, 5, and 7 days. As shown
in Figure 2C, treatment with doxycycline caused a marked increase in the proliferation rate
of iCSFCs compared with iCSFCs cultured in the absence of doxycycline and CFF-4 cells.
Doxycycline treatment of iCSFCs (1 × 104/mL at day) for 7 days resulted in significantly
increased cell numbers by approximately 31-folds (5933 ± 33) compared with untreated
iCSFCs (186.33 ± 7.22).

To determine whether the increase in cell numbers was due to proliferation, we ana-
lyzed cell cycle progression with a Muse™ Cell Cycle Assay Kit in the presence and absence
of doxycycline. The proportion of G2/M phase iCSFCs was low on day 4 (9% ± 4) and
day 7 (2% ± 2) in the absence of doxycycline, whereas doxycycline treatment significantly
increased this percentage on both day 4 (23% ± 5) and day 7 (24% ± 2) (Figure 2D–I). Com-
plementarily, the proportion of G0/G1 phase cells was higher in the absence of doxycycline.

To investigate whether iCSFCs formed tumors in vitro, we performed a soft agar
colony-forming assay. We observed less growth and fewer iCSFCs in the absence of
doxycycline than in the presence of doxycycline (Figure 2C). We were unable to observe
tumor formation, and all the cells grew independently. These results indicated that L-
myc expression in iCSFCs in the presence of doxycycline induced proliferation but did
not promote colony formation on soft agar (Figure 3). Thus, these results suggested
that, upon doxycycline treatment, L-myc expression in iCSFCs conferred the capacity for
continuous cell division, resulting in increased cell proliferation. However, L-myc expressed
iCSFCs did not promote formation.
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Figure 2. L-myc expression in iCSFCs. (A) RT-PCR analysis indicate that the L-myc gene was over-
expressed in iCSFCs in the presence of doxycycline (Dox, 1 µg/mL) following infection with the
L-myc lentivirus, but not in primary CFF-3 cells. GAPDH is used as the loading control. (B) The
expression of L-myc gradually decreased in the absence of Dox, as measured by RT-PCR. Dox-induced
L-myc expression stimulated the proliferation of iCSFCs. iCSFCs were cultivated with Dox for 7days,
thereafter without Dox. Dox removal reduced L-myc expression and L-myc-induced proliferation
in iCSFCs as time-dependent manner. (C) Growth curves of CFF-3 cells and iCSFCs in the absence
(-) and presence (+) of Dox. Cell numbers were counted every 48 h for 5 days. Neither CFF-3 cells
nor Dox-starved iCSFCs showed a significant increase in cell number. Expression of L-myc in the
presence or absence of Dox influenced cell proliferation. (D,E,G,H) Cell cycle anlaysis of iCSFCs
in the absence and presence of DOX according to the Muse™ cell analyzer. Notably, doxycycline
significantly increased the proportion of iCSFCs in G2/M phase. (F,I) Representative graphs of (D,E),
(G,H), respectively. Data shown in graphs are the means ± SEM of four independent experiments.
**, p < 0.01; ***, p < 0.001.

Figure 3. Tumor formation assay in iCSFCs. (A) Tumor formation ability of iCSFCs was assessed by
colony formation. For tumor formation assay, cells were cultured for 14 days. The iCSFCs did not
form colonies on soft agar containing CFF-3 ICSFC (Dox -) or ICSFC (Dox +) (Scale bars, 200 µm).
(B) The graph represents the number of formed colonies.
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3.3. iCSFCs Maintain Fibroblast Properties In Vitro

To analyze the characteristics of the CFF-3 cells and iCSFCs at the genetic level, we
performed RT-PCR on well-known fibroblast-specific genes (Supplementary Table S1),
including HSP47, P4HB, FSP1, ALCAM, Acan, MMP13, Sox5, Sox6, COl1A1, COl1A2,
and COl10A1. The fibroblast-derived CFF-3 cells expressed the fibroblast markers HSP47,
P4HB, FSP1, ALCAM, Acan, MMP13, Sox6, COl1A1, COl1A2, and COl10A1 but did not
express Sox5 (Figure 4A). The iCSFCs expressed several fibroblast markers, including
HSP47, P4HB, FSP1, ALCAM, Sox5, COl1A1, COl1A2, and COl10A1 but lacked detectable
levels of Acan, MMP13, and Sox6 (Figure 4A). Immunocytochemical staining confirmed the
expression of fibroblast marker proteins such as ALCAM, COl1A1, HSP47, and S100A4
by iCSFCs and CFF-3 cells (Figure 4B,C). These results indicated that iCSFCs maintain
fibroblast properties in vitro.

Figure 4. iCSFCs have fibroblast properties. (A) Gene expression of fibroblast cell markers was
examined by RT-PCR. Most fibroblast genes were expressed in iCSFCs, with the exception of Acan,
MMP13 and Sox6. GAPDH was used as an internal control. (B,C) Immunocytochemistry analysis of
iCSFCs for fibroblast marker proteins. Immunostaining was used to indicate fibroblast markers (red)
in CFF-3 cells (B) and iCSFCs (C), including ALCAM, Col1A1, HSP47 and S100A4. Cell nuclei were
labeled with DAPI (Scale bars, 50 µm).

3.4. Elevated Expression of Three ES Cell Modules (CORE, PRC, and MYC) in iCSFCs

Fundamental transcriptional subnetworks including core pluripotency factor (CORE),
polycomb repressive complex factor (PRC), and MYC-related factors (MYC) modules have
been shown to participate in preservation of the pluripotency and self-renewability of em-
bryonic stem cells (ESCs) [24]. To determine the molecular signature of the iCSFCs, we used
the 3 regulatory gene sets for comparative analyses of gene network activation. The expres-
sion levels of the CORE, PRC, and MYC module genes were examined by qPCR analysis
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(Figure 5A, Supplementary Table S2). The CORE module genes are regulated by specific
transcription factors in ESCs, including POU5F1(OCT4), SOX2, NANOG, and KLF4 [25].
In iCSFCs, we observed that the expression of 3 genes in the CORE module (OCT4, SOX2,
and NANOG) was increased, but not increased expression of KLF4, compared to CFF-3
cells (Figure 5B). The PRC module genes are known to be upregulated in fibroblasts and
comprise genes inactivated in differentiated cells during development [26]. The iCSFCs
showed elevated expression of 8 genes (CBX1, RING1A, RING1B, YY1, EED, EZH2, RBBP4,
and SUZ12) and lower expression of 3 genes (BMI1, RYBP, and EZH1) in the PRC module
compared with CFF-3 cells (Figure 5C). iCSFCs showed higher expression of 11 genes
(ACT1, ARP4, EAF1, EAF2, EAF3, EAF6, EAF7, ESA1, SWC4, TRA1, and YAF9) and reduced
expression of 5 genes (EPL1, MAX, C-myc, L-myc, and V-myc) in the MYC module compared
to CFF-3 cells (Figure 5D). The core pluripotency genes (OCT4, SOX2, and NANOG) were
markedly up-regulated to a much greater extent than PRC and MYC module genes in
iCSFCs (Figure 5A). These results suggested that iCSFCs had increased expression of CORE,
PRC, and MYC module genes compared with CFF-3 cells. However, we did not observe
teratoma formation in a long-term teratoma assay as an in vivo assessment of pluripotency
(data not shown).

Figure 5. Comparison of the expression of CORE, PRC and MYC module genes in iCSFCs. (A) Aver-
age gene expression values (log2) of CORE, PRC, and MYC module genes in iCSFCs using values
from CFF-3 cells as references; 4 CORE, 11 PRC and 16 MYC module genes were included in the
qPCR analysis. (B) Expression levels of OCT4, SOX2, NANOG and KLF4 were compared by qPCR in
CFF-3 cells and iCSFCs. In iCSFCs, we observed that 3 CORE module genes (OCT4, SOX2, NANOG)
were increased and 1 gene (KLF4) was decreased compared to CFF-3 cells. (C) Expression comparison
of the PRC module genes in iCSFCs and CFF-3 cells. Eight genes showed elevated expression levels
in iCSFCs compared with CFF-3 cells. (D) Comparison of MYC module gene expression in iCSFCs
and CFF-3 cells. Eleven genes showed increased expression levels in iCSFCs compared with CFF-3
cells. Data shown in graphs are the means ±SEM of four independent experiments. *, p < 0.05;
**, p < 0.01; ***, p < 0.001.

4. Discussion

Canine fetal fibroblast cells (CFFs) are the preferred candidate donor cells for the
production of transgenic dogs using somatic cell nuclear transfer, mainly due to their
excellent proliferative capacity, developmental ability, and ease of genetic modification [27].
CFFs can be easily manipulated by various techniques such as genetic engineering [27],
but they are easily driven to senescence and become unusable with continuous in vitro
culture [28–30]. In this study, we produced a new conditionally induced self-renewing
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fibroblast cell (iCSFCs) line immortalized by tetracycline-inducible L-myc gene expres-
sion that displays in vitro self-renewal ability. These iCSFCs showed a fibroblast-like
morphology and expressed fibroblast-specific genes. In addition, three ES modules (core
pluripotency genes, polycomb repressive complex genes (PRC), and MYC-related genes)
showed elevated expression levels compared with CFFs, as shown in Supplementary
Figure S1. However, these cells did not display tumor or teratoma formation. These
findings suggest a gene expression profile of iCSFCs more similar to that of stem cells and
mouse embryonic fibroblasts than cancer cells. The present study suggests the utility of
L-myc gene-induced iCSFCs as an in vitro tool in a variety of biomedical studies related to
drug screening.

A stable karyotype, which can be analyzed by G-banded karyotyping, is considered a
key standard for establishing therapeutically viable ESCs [31]. In human ESCs, genomic
abnormalities can accumulate during long-term culture [3,4]. Previously observed genomic
abnormalities demonstrated the chromosomal instability of canine induced pluripotent
stem cells (ciPSCs) resulting in genomic abnormalities on chromosomes 4, 8, 13, and 16
following prolonged culture [32]. In contrast, the iCSFCs in the present study maintained
normal chromosomal patterns after extensive passage (Figure 1B,C). These results suggest
that iCSFCs have superior chromosomal stability compared with ciPSCs. One possible
explanation is that although induced pluripotent stem cells (iPSCs) and embryonic stem
cells (ESCs) share many common features, including similar morphologies and in vitro
gene expression profiles, several previous studies have reported a much lower genomic
stability in iPSCs than in ESCs [33,34]. The relatively poor genomic stability of iPSCs and
their high rate of tumorigenesis in vivo appear to be due, at least in part, to their low fidelity
of DNA damage repair. As shown in Figure 3, the iCSFCs in this study did not form tumors
in a soft agar colony-forming assay. Therefore, these results indicate that we successfully
produced a new iCSFCs line with self-renewal ability and chromosomal stability.

Fibroblast-derived CFF-3 cells and iCSFCs both expressed various fibroblast markers.
Thus, it is possible that the new iCSFCs maintain fibroblast properties in vitro (Figure 4).
However, as shown in Figure 4A, SOX5 was expressed in the new iCSFCs, a further
indication of self-renewal ability, but not in the fibroblast-derived CFF-3 cells. It was
reported that both SOX5 and SOX6 are required for optimal proliferation [35]. SOX5
expression is elevated in progenitor cells, whereas SOX5 downregulation in post-mitotic
cells is necessary for progression of the differentiation program [36]. These previous studies
of SOX5 expression are consistent with our results. SOX6 mediates p53 stabilization and
has tumor inhibitory activities in vitro and in vivo [37]. Indeed, SOX6 has been described
as a tumor suppressor gene in various cancers [38]. SOX6 directly activates transcription
of aggrecan (Acan) [39] and expression of MMP12 in cancer tissue [40]. In the present
study, we did not observe detectable levels of SOX6, aggrecan (Acan) or MMP12 in the
new iCSFCs (Figure 4A). These results suggest that the new iCSFCs maintain fibroblast
properties and do not have tumor activity in vitro.

Recent studies on canine fetal and adult fibroblast cells have described the generation
of ciPSCs by retroviral transduction of donor cells with transcription factors in the presence
of proliferation stimulators, chemical inhibitors, or DNA methyltransferase inhibitors in
order to maintain self-renewal [10,11,32,41,42]. The establishment of iPSCs by retroviral
transduction of MYC into progenitor cells has proven to be a more practical approach.
Several previous studies reported tumor formation by iPSCs overexpressing MYC in vitro
and in vivo after transduction or transplantation, respectively [18,41]. MYC is crucial for
promoting self-renewal in somatic cells during the transition to a pluripotent state [16,43],
but it also has the potential to induce tumorigenic activity. L-MYC promotes cell prolif-
eration but poses a lower oncogenic risk than other MYC family members. L-MYC has
significantly lower transformation activity in cultured cells compared with other MYC
members [22,44], and only a small number of human cancers have been associated with the
aberrant expression of L-MYC [45]. Human stem cells engineered to express L-MYC have
shown self-renewal and multipotent differentiation capacities in the absence of tumorigenic
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properties, and human fibroblasts retrovirally transduced with L-myc also display normal
karyotypes [46]. Thus, similar to the results reported by Nakagawa et al. (2010) [46],
we used L-myc to generate immortalized iCSFC lines based on its low tumorigenicity.
As shown in Figures 2 and 3, we established iCSFCs from donor cells transduced with a
single copy of L-myc to conditionally induce self-renewal using a tetracycline-inducible
gene expression system, which did not promote tumor formation. As a further step, these
iCSFC lines immortalized with L-myc could represent a safer option for effectively gener-
ating canine iPSCs (ciPSCs) with preserved pluripotency and differentiation properties
in vitro and in vivo upon the introduction of various transcription factors.

Self-renewal and pluripotency in iPSCs are promoted by the transcription factors
POU5F1(Oct4), SOX2, C-myc, and KLF4 [1]; genome-wide regulatory networks have been
shown to participate in the preservation of ESC status. A conceptual framework of regula-
tory networks has recently been developed, which includes protein interactions supporting
mouse ESC status, through targeted studies of core pluripotency factors (CORE), polycomb
complex factors (PRC), and MYC-related factors (MYC) [47]. Many genes have been cat-
egorized into these 3 transcriptional sub-networks, which are related to specific cellular
proliferation patterns [24]. Oct4, Sox2, and Nanog are well-known factors thought to be the
master regulators of ES cell pluripotency [2], and Klf4 is known to induce growth arrest
and inhibit cell proliferation by regulating the expression of key cell cycle genes [48,49].
Our results are consistent with those of previous studies of CORE module genes. As shown
in Figure 5B, we observed increased expression of 3 CORE module genes (OCT4, SOX2,
NANOG) in iCSFCs, but the other CORE module gene (KLF4) was decreased compared to
CFF-3 cells.

Polycomb group (PcG) proteins are epigenetic repressors essential for cell differentia-
tion and development [50]. A previous study connected PcG protein function with several
key processes governing somatic stem cell activity [50]. The two best-characterized PcG
complexes, polycomb repressive complex 1 (PRC1) (CBX1, RING1A, RING1B, BMI1, YY1,
RYBP, etc.) and PRC2 (SUZ12, EZH2, EZH1, EED, RBBP4, etc.), are required for maintain-
ing the stemness of embryonic stem cells and many types of adult stem cells. Figure 5C
compares the expression of PRC module genes in iCSFCs and CFF-3 cells. The iCSFCs
had higher expression of 8 PRC module genes (CBX1, RING1A, RING1B, YY1, EED, EZH2,
RBBP4, and SUZ12) and lower expression of 3 genes (BMI1, RYBP, and EZH1) than CFF-3
cells. The PRC module genes were more highly expressed in iCSFCs than in CFF-3 cells,
with EZH2 showing the greatest increase. However, EZH1 was decreased. EZH2 is the
functional enzymatic component of PRC2 and is required for healthy embryonic develop-
ment through epigenetic maintenance of genes responsible for regulating development
and differentiation [51]. EZH2 is responsible for the methylation activity of PRC2, and the
complex also contains proteins required for optimal functionality of EED and SUZ12 [52].
EZH1 is more abundant in non-proliferative adult organs, while EZH2 expression is tightly
associated with proliferation, as evidenced in the aging mouse kidney [53]. Overexpression
of Ring1 and YY1 binding protein (RYBP) inhibited anaplastic thyroid cancer cell prolif-
eration and invasion [54]. Therefore, our result showing decreased expression of RYBP
and EZH1 with increased EZH2 expression in iCSFCs with self-renewal ability was in
concordance with this previous study. BMI1 (B lymphoma Mo-MLV insertion region 1 ho-
molog) has been reported as an oncogene through its regulation of the cell cycle inhibitors
p16 and p19 [55]. In the present study, BMI1 showed decreased expression. As shown in
Figure 3, the iCSFCs did not form tumors in a soft agar, and this is potentially related to
their decreased BMI1 expression. We also observed increased expression of MYC module
genes in iCSFCs compared to CFF-3 cells. The MYC module genes stimulate cellular
metabolism by activating genes that are controlled by C-myc and its related proteins [24].
Our data demonstrate that most MYC module genes are expressed in the iCSFCs. However,
as shown in Figure 5D, C-myc, L-myc, and V-myc were decreased. The C-myc protein can
act as a modulator of its own gene transcription, and our results are consistent with the
hypothesis that a negative feedback mechanism contributes to genetic the regulation of
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C-myc in normal cells [56]. Thus, the decreased C, L, and V-myc in L-myc-expressing iCS-
FCs may be the result of a negative feedback mechanism. Similar to the results presented
in supplemantary Figure S1, previous studies [24,57] reported that CORE module gene
levels and MYC module gene levels are increased in ESCs, whereas PRC module genes are
expressed at low levels. Mouse embryonic fibroblasts express low levels of CORE and MYC
module genes but high levels of the PRC module genes. Cancer cells have low expression
of CORE and PRC module genes but high expression of MYC module genes [24]. We found
that the expression of CORE module genes (OCT4, SOX2, and NANOG) in iCSFCs was
markedly up-regulated compared with PRC and MYC module genes, indicating that CORE
module genes were increased by somatic reprogramming of iCSFCs. CORE module genes
are key developmental homeodomain proteins that are suppressed in differentiated cells;
self-renewal is sustained by a combinatorial network involving these genes [58]. Therefore,
these results indicated that the iCSFCs had an expression pattern more similar to ESCs
than fibroblasts and cancer cells.

Dogs have great potential as an animal model for human genetic diseases compared to
the more widely accepted rodent models used in preclinical research [59,60]. Canines have
been used to support preclinical studies because they are larger and more accurately reflect
human responses to diseases than rodents. The risks associated with the application of
new therapies may be better represented in canine [57,61,62] than in mouse [63,64] models,
and safety and efficacy studies in dogs should therefore be considered before conducting
clinical trials in humans [65]. Canines share many physiologic features with humans,
as well as various hereditary diseases, such as van den Ende-Gupta syndrome, Raine
syndrome, neurodegenerative disorders and inherited musculoskeletal diseases [66–68].
Thus, canine models may support the development of new therapeutic approaches for
human diseases, and iCSFCs may be used for human disease models in the near future.

5. Conclusions

The use of an L-myc transduction system for iPSCs may be beneficial for future clinical
applications and reprogramming research. Moreover, iCSFCs can be used in a variety of
biomedical research studies related to cell therapy and drug screening. These cells can
also be used as the basis for establishing alternative cellular models for several animal- or
human-specific diseases.
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ciPSCs canine induced pluripotent stem cells
DMEM Dulbecco’s modified Eagle’s medium
FBS fetal bovine serum
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PBS phosphate-buffered saline
ALCAM activated leukocyte cell adhesion molecule
COL1A1 collagen type I alpha 1 chain
S100A4 S100 calcium binding protein A4
HSP47 heat shock protein 47
MEF mouse embryonic fibroblast

References
1. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined

factors. Cell 2006, 126, 663–676. [CrossRef]
2. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of pluripotent stem cells from

adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. [CrossRef]
3. Baker, D.E.; Harrison, N.J.; Maltby, E.; Smith, K.; Moore, H.D.; Shaw, P.J.; Heath, P.R.; Holden, H.; Andrews, P.W. Adaptation to

culture of human embryonic stem cells and oncogenesis in vivo. Nat. Biotechnol. 2007, 25, 207–215. [CrossRef] [PubMed]
4. Mayshar, Y.; Ben-David, U.; Lavon, N.; Biancotti, J.C.; Yakir, B.; Clark, A.T.; Plath, K.; Lowry, W.E.; Benvenisty, N. Identification

and classification of chromosomal aberrations in human induced pluripotent stem cells. Cell Stem Cell 2010, 7, 521–531. [CrossRef]
[PubMed]

5. Yamanaka, S. Induction of pluripotent stem cells from mouse fibroblasts by four transcription factors. Cell Prolif. 2008, 41
(Suppl. 1), 51–56. [CrossRef]

6. Esteban, M.A.; Xu, J.; Yang, J.; Peng, M.; Qin, D.; Li, W.; Jiang, Z.; Chen, J.; Deng, K.; Zhong, M.; et al. Generation of induced
pluripotent stem cell lines from Tibetan miniature pig. J. Biol. Chem. 2009, 284, 17634–17640. [CrossRef]

7. Liao, J.; Cui, C.; Chen, S.; Ren, J.; Chen, J.; Gao, Y.; Li, H.; Jia, N.; Cheng, L.; Xiao, H.; et al. Generation of induced pluripotent stem
cell lines from adult rat cells. Cell Stem Cell 2009, 4, 11–15. [CrossRef] [PubMed]

8. Shimada, H.; Nakada, A.; Hashimoto, Y.; Shigeno, K.; Shionoya, Y.; Nakamura, T. Generation of canine induced pluripotent stem
cells by retroviral transduction and chemical inhibitors. Mol. Reprod. Dev. 2010, 77, 2. [CrossRef]

9. Lee, A.S.; Xu, D.; Plews, J.R.; Nguyen, P.K.; Nag, D.; Lyons, J.K.; Han, L.; Hu, S.; Lan, F.; Liu, J.; et al. Preclinical derivation and
imaging of autologously transplanted canine induced pluripotent stem cells. J. Biol. Chem. 2011, 286, 32697–32704. [CrossRef]
[PubMed]

10. Whitworth, D.J.; Ovchinnikov, D.A.; Wolvetang, E.J. Generation and characterization of LIF-dependent canine induced pluripotent
stem cells from adult dermal fibroblasts. Stem Cells Dev. 2012, 21, 2288–2297. [CrossRef]

11. Goncalves, N.J.; Bressan, F.F.; Roballo, K.C.; Meirelles, F.V.; Xavier, P.L.; Fukumasu, H.; Williams, C.; Breen, M.; Koh, S.; Sper, R.;
et al. Generation of LIF-independent induced pluripotent stem cells from canine fetal fibroblasts. Theriogenology 2017, 92, 75–82.
[CrossRef] [PubMed]

12. Coller, H.A.; Grandori, C.; Tamayo, P.; Colbert, T.; Lander, E.S.; Eisenman, R.N.; Golub, T.R. Expression analysis with oligonu-
cleotide microarrays reveals that MYC regulates genes involved in growth, cell cycle, signaling, and adhesion. Proc. Natl. Acad.
Sci. USA 2000, 97, 3260–3265. [CrossRef] [PubMed]

13. Adams, P.D. Regulation of the retinoblastoma tumor suppressor protein by cyclin/cdks. Biochim. Biophys. Acta 2001, 1471,
123–133. [CrossRef]

http://doi.org/10.1016/j.cell.2006.07.024
http://dx.doi.org/10.1016/j.cell.2007.11.019
http://dx.doi.org/10.1038/nbt1285
http://www.ncbi.nlm.nih.gov/pubmed/17287758
http://dx.doi.org/10.1016/j.stem.2010.07.017
http://www.ncbi.nlm.nih.gov/pubmed/20887957
http://dx.doi.org/10.1111/j.1365-2184.2008.00493.x
http://dx.doi.org/10.1074/jbc.M109.008938
http://dx.doi.org/10.1016/j.stem.2008.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19097959
http://dx.doi.org/10.1002/mrd.21117
http://dx.doi.org/10.1074/jbc.M111.235739
http://www.ncbi.nlm.nih.gov/pubmed/21719696
http://dx.doi.org/10.1089/scd.2011.0608
http://dx.doi.org/10.1016/j.theriogenology.2017.01.013
http://www.ncbi.nlm.nih.gov/pubmed/28237347
http://dx.doi.org/10.1073/pnas.97.7.3260
http://www.ncbi.nlm.nih.gov/pubmed/10737792
http://dx.doi.org/10.1016/S0304-419X(01)00019-1


Cells 2021, 10, 1980 13 of 14

14. Varlakhanova, N.V.; Cotterman, R.F.; deVries, W.N.; Morgan, J.; Donahue, L.R.; Murray, S.; Knowles, B.B.; Knoepfler, P.S. myc
maintains embryonic stem cell pluripotency and self-renewal. Differentiation 2010, 80, 9–19. [CrossRef] [PubMed]

15. Martinez-Fernandez, A.; Nelson, T.J.; Ikeda, Y.; Terzic, A. c-MYC independent nuclear reprogramming favors cardiogenic
potential of induced pluripotent stem cells. J. Cardiovasc. Transl. Res. 2010, 3, 13–23. [CrossRef] [PubMed]

16. Lin, K.I.; Lin, Y.; Calame, K. Repression of c-myc is necessary but not sufficient for terminal differentiation of B lymphocytes
in vitro. Mol. Cell Biol. 2000, 20, 8684–8695. [CrossRef]

17. Wolffe, A.P.; Hansen, J.C. Nuclear visions: Functional flexibility from structural instability. Cell 2001, 104, 631–634. [CrossRef]
18. Dang, C.V.; Resar, L.M.; Emison, E.; Kim, S.; Li, Q.; Prescott, J.E.; Wonsey, D.; Zeller, K. Function of the c-Myc oncogenic

transcription factor. Exp. Cell Res. 1999, 253, 63–77. [CrossRef]
19. Malynn, B.A.; de Alboran, I.M.; O’Hagan, R.C.; Bronson, R.; Davidson, L.; DePinho, R.A.; Alt, F.W. N-myc can functionally

replace c-myc in murine development, cellular growth, and differentiation. Genes Dev. 2000, 14, 1390–1399.
20. Vennstrom, B.; Sheiness, D.; Zabielski, J.; Bishop, J.M. Isolation and characterization of c-myc, a cellular homolog of the oncogene

(v-myc) of avian myelocytomatosis virus strain 29. J. Virol. 1982, 42, 773–779. [CrossRef]
21. Lee, H.J.; Kim, K.S.; Kim, E.J.; Choi, H.B.; Lee, K.H.; Park, I.H.; Ko, Y.; Jeong, S.W.; Kim, S.U. Brain transplantation of immortalized

human neural stem cells promotes functional recovery in mouse intracerebral hemorrhage stroke model. Stem Cells 2007, 25
1204–1212. [CrossRef]

22. Barrett, J.; Birrer, M.J.; Kato, G.J.; Dosaka-Akita, H.; Dang, C.V. Activation domains of L-Myc and c-Myc determine their
transforming potencies in rat embryo cells. Mol. Cell Biol. 1992, 12, 3130–3137. [CrossRef] [PubMed]

23. Hatton, K.S.; Mahon, K.; Chin, L.; Chiu, F.C.; Lee, H.W.; Peng, D.; Morgenbesser, S.D.; Horner, J.; DePinho, R.A. Expression and
activity of L-Myc in normal mouse development. Mol. Cell Biol. 1996, 16, 1794–1804. [CrossRef]

24. Hirasaki, M.; Hiraki-Kamon, K.; Kamon, M.; Suzuki, A.; Katano, M.; Nishimoto, M.; Okuda, A. Striking similarity in the gene
expression levels of individual Myc module members among ESCs, EpiSCs, and partial iPSCs. PLoS ONE 2013, 8, e83769.
[CrossRef]

25. Schmidt, R.; Plath, K. The roles of the reprogramming factors Oct4, Sox2 and Klf4 in resetting the somatic cell epigenome during
induced pluripotent stem cell generation. Genome Biol. 2012, 13, 251. [CrossRef] [PubMed]

26. Lewis, E.B. Gene Complex Controlling Segmentation in Drosophila. Nature 1978, 276, 565–570. [CrossRef]
27. Hong, S.G.; Kim, M.K.; Jang, G.; Oh, H.J.; Park, J.E.; Kang, J.T.; Koo, O.J.; Kim, T.; Kwon, M.S.; Koo, B.C.; et al. Generation of red

fluorescent protein transgenic dogs. Genesis 2009, 47, 314–322. [CrossRef] [PubMed]
28. Cibelli, J.B.; Stice, S.L.; Golueke, P.J.; Kane, J.J.; Jerry, J.; Blackwell, C.; de Leon Ponce, F.A.; Robl, J.M. Cloned transgenic calves

produced from nonquiescent fetal fibroblasts. Science 1998, 280, 1256–1258. [CrossRef] [PubMed]
29. Lidzbarsky, G.; Gutman, D.; Shekhidem, H.A.; Sharvit, L.; Atzmon, G. Genomic Instabilities, Cellular Senescence, and Aging:

In Vitro, In Vivo and Aging-Like Human Syndromes. Front. Med. (Lausanne) 2018, 5, 104. [CrossRef]
30. Zakhartchenko, V.; Mueller, S.; Alberio, R.; Schernthaner, W.; Stojkovic, M.; Wenigerkind, H.; Wanke, R.; Lassnig, C.; Mueller,

M.; Wolf, E.; et al. Nuclear transfer in cattle with non-transfected and transfected fetal or cloned transgenic fetal and postnatal
fibroblasts. Mol. Reprod. Dev. 2001, 60, 362–369. [CrossRef]

31. Schrock, E.; du Manoir, S.; Veldman, T.; Schoell, B.; Wienberg, J.; Ferguson-Smith, M.A.; Ning, Y.; Ledbetter, D.H.; Bar-Am, I.;
Soenksen, D.; et al. Multicolor spectral karyotyping of human chromosomes. Science 1996, 273, 494–497. [CrossRef]

32. Koh, S.; Thomas, R.; Tsai, S.; Bischoff, S.; Lim, J.H.; Breen, M.; Olby, N.J.; Piedrahita, J.A. Growth requirements and chromosomal
instability of induced pluripotent stem cells generated from adult canine fibroblasts. Stem Cells Dev. 2013, 22, 951–963. [CrossRef]

33. Martins-Taylor, K.; Xu, R.H. Concise review: Genomic stability of human induced pluripotent stem cells. Stem Cells 2012, 30,
22–27. [CrossRef]

34. Zhang, M.; Wang, L.; An, K.; Cai, J.; Li, G.; Yang, C.; Liu, H.; Du, F.; Han, X.; Zhang, Z.; et al. Lower genomic stability of induced
pluripotent stem cells reflects increased non-homologous end joining. Cancer Commun. (Lond.) 2018, 38, 49. [CrossRef]

35. Smits, P.; Dy, P.; Mitra, S.; Lefebvre, V. Sox5 and Sox6 are needed to develop and maintain source, columnar, and hypertrophic
chondrocytes in the cartilage growth plate. J. Cell Biol. 2004, 164, 747–758. [CrossRef] [PubMed]

36. Martinez-Morales, P.L.; Quiroga, A.C.; Barbas, J.A.; Morales, A.V. SOX5 controls cell cycle progression in neural progenitors by
interfering with the WNT-beta-catenin pathway. EMBO Rep. 2010, 11, 466–472. [CrossRef]

37. Wang, J.; Ding, S.; Duan, Z.; Xie, Q.; Zhang, T.; Zhang, X.; Wang, Y.; Chen, X.; Zhuang, H.; Lu, F. Role of p14ARF-HDM2-p53 axis
in SOX6-mediated tumor suppression. Oncogene 2016, 35, 1692–1702. [CrossRef]

38. Qin, Y.R.; Tang, H.; Xie, F.; Liu, H.; Zhu, Y.; Ai, J.; Chen, L.; Li, Y.; Kwong, D.L.; Fu, L.; et al. Characterization of tumor-suppressive
function of SOX6 in human esophageal squamous cell carcinoma. Clin. Cancer Res. 2011, 17, 46–55. [CrossRef] [PubMed]

39. Han, Y.; Lefebvre, V. L-Sox5 and Sox6 drive expression of the aggrecan gene in cartilage by securing binding of Sox9 to a
far-upstream enhancer. Mol. Cell Biol. 2008, 28, 4999–5013. [CrossRef] [PubMed]

40. Decock, J.; Thirkettle, S.; Wagstaff, L.; Edwards, D.R. Matrix metalloproteinases: Protective roles in cancer. J. Cell Mol. Med. 2011,
15, 1254–1265. [CrossRef]

41. Luo, J.; Suhr, S.T.; Chang, E.A.; Wang, K.; Ross, P.J.; Nelson, L.L.; Venta, P.J.; Knott, J.G.; Cibelli, J.B. Generation of leukemia
inhibitory factor and basic fibroblast growth factor-dependent induced pluripotent stem cells from canine adult somatic cells.
Stem Cells Dev. 2011, 20, 1669–1678. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.diff.2010.05.001
http://www.ncbi.nlm.nih.gov/pubmed/20537458
http://dx.doi.org/10.1007/s12265-009-9150-5
http://www.ncbi.nlm.nih.gov/pubmed/20221419
http://dx.doi.org/10.1128/MCB.20.23.8684-8695.2000
http://dx.doi.org/10.1016/S0092-8674(02)01453-8
http://dx.doi.org/10.1006/excr.1999.4686
http://dx.doi.org/10.1128/jvi.42.3.773-779.1982
http://dx.doi.org/10.1634/stemcells.2006-0409
http://dx.doi.org/10.1128/MCB.12.7.3130
http://www.ncbi.nlm.nih.gov/pubmed/1620120
http://dx.doi.org/10.1128/MCB.16.4.1794
http://dx.doi.org/10.1371/journal.pone.0083769
http://dx.doi.org/10.1186/gb-2012-13-10-251
http://www.ncbi.nlm.nih.gov/pubmed/23088445
http://dx.doi.org/10.1038/276565a0
http://dx.doi.org/10.1002/dvg.20504
http://www.ncbi.nlm.nih.gov/pubmed/19358155
http://dx.doi.org/10.1126/science.280.5367.1256
http://www.ncbi.nlm.nih.gov/pubmed/9596577
http://dx.doi.org/10.3389/fmed.2018.00104
http://dx.doi.org/10.1002/mrd.1098
http://dx.doi.org/10.1126/science.273.5274.494
http://dx.doi.org/10.1089/scd.2012.0393
http://dx.doi.org/10.1002/stem.705
http://dx.doi.org/10.1186/s40880-018-0313-0
http://dx.doi.org/10.1083/jcb.200312045
http://www.ncbi.nlm.nih.gov/pubmed/14993235
http://dx.doi.org/10.1038/embor.2010.61
http://dx.doi.org/10.1038/onc.2015.234
http://dx.doi.org/10.1158/1078-0432.CCR-10-1155
http://www.ncbi.nlm.nih.gov/pubmed/21084391
http://dx.doi.org/10.1128/MCB.00695-08
http://www.ncbi.nlm.nih.gov/pubmed/18559420
http://dx.doi.org/10.1111/j.1582-4934.2011.01302.x
http://dx.doi.org/10.1089/scd.2011.0127
http://www.ncbi.nlm.nih.gov/pubmed/21495906


Cells 2021, 10, 1980 14 of 14

42. Yamazaki, J.; Jelinek, J.; Hisamoto, S.; Tsukamoto, A.; Inaba, M. Dynamic changes in DNA methylation patterns in canine
lymphoma cell lines demonstrated by genome-wide quantitative DNA methylation analysis. Vet. J. 2018, 231, 48–54. [CrossRef]

43. Melnik, S.; Werth, N.; Boeuf, S.; Hahn, E.M.; Gotterbarm, T.; Anton, M.; Richter, W. Impact of c-MYC expression on proliferation,
differentiation, and risk of neoplastic transformation of human mesenchymal stromal cells. Stem Cell Res. Ther. 2019, 10, 73.
[CrossRef]

44. Cowling, V.H.; Chandriani, S.; Whitfield, M.L.; Cole, M.D. A conserved Myc protein domain, MBIV, regulates DNA binding,
apoptosis, transformation, and G2 arrest. Mol. Cell Biol. 2006, 26, 4226–4239. [CrossRef]

45. Nesbit, C.E.; Tersak, J.M.; Prochownik, E.V. MYC oncogenes and human neoplastic disease. Oncogene 1999, 18, 3004–3016.
[CrossRef] [PubMed]

46. Nakagawa, M.; Takizawa, N.; Narita, M.; Ichisaka, T.; Yamanaka, S. Promotion of direct reprogramming by transformation-
deficient Myc. Proc. Natl. Acad. Sci. USA 2010, 107, 14152–14157. [CrossRef]

47. Kim, J.; Woo, A.J.; Chu, J.; Snow, J.W.; Fujiwara, Y.; Kim, C.G.; Cantor, A.B.; Orkin, S.H. A Myc network accounts for similarities
between embryonic stem and cancer cell transcription programs. Cell 2010, 143, 313–324. [CrossRef] [PubMed]

48. Chen, X.; Johns, D.C.; Geiman, D.E.; Marban, E.; Dang, D.T.; Hamlin, G.; Sun, R.; Yang, V.W. Kruppel-like factor 4 (gut-enriched
Kruppel-like factor) inhibits cell proliferation by blocking G1/S progression of the cell cycle. J. Biol. Chem. 2001, 276, 30423–30428.
[CrossRef]

49. Rowl, B.D.; Peeper, D.S. KLF4, p21 and context-dependent opposing forces in cancer. Nat. Rev. Cancer 2006, 6, 11–23.
50. Perdigoto, C.N.; Valdes, V.J.; Bardot, E.S.; Ezhkova, E. Epigenetic regulation of skin: Focus on the Polycomb complex. Cell Mol.

Life Sci. 2012, 69, 2161–2172.
51. Xu, B.; Konze, K.D.; Jin, J.; Wang, G.G. Targeting EZH2 and PRC2 dependence as novel anticancer therapy. Exp. Hematol. 2015, 43,

698–712. [CrossRef]
52. Lee, W.; Teckie, S.; Wiesner, T.; Ran, L.; Granada, C.N.; Lin, M.; Zhu, S.; Cao, Z.; Liang, Y.; Sboner, A.; et al. PRC2 is recurrently

inactivated through EED or SUZ12 loss in malignant peripheral nerve sheath tumors. Nat. Genet. 2014, 46, 1227–1232. [CrossRef]
53. Margueron, R.; Li, G.; Sarma, K.; Blais, A.; Zavadil, J.; Woodcock, C.L.; Dynlacht, B.D.; Reinberg, D. Ezh1 and Ezh2 maintain

repressive chromatin through different mechanisms. Mol. Cell 2008, 32, 503–518. [CrossRef]
54. Tong, A.H.; Tan, J.; Zhang, J.H.; Xu, F.J.; Li, F.Y.; Cao, C.Y. Overexpression of RYBP inhibits proliferation, invasion, and

chemoresistance to cisplatin in anaplastic thyroid cancer cells via the EGFR pathway. J. Biochem. Mol. Toxicol. 2019, 33, e22241.
[CrossRef]

55. Wang, R.; Xue, X.; Wang, Y.; Zhao, H.; Zhang, Y.; Wang, H.; Miao, D. BMI1 Deficiency Results in Female Infertility by Activating
p16/p19 Signaling and Increasing Oxidative Stress. Int. J. Biol. Sci. 2019, 15, 870–881. [CrossRef]

56. Penn, L.J.; Brooks, M.W.; Laufer, E.M.; Land, H. Negative autoregulation of c-myc transcription. EMBO J. 1990, 9, 1113–1121.
[CrossRef]

57. Baird, A.; Barsby, T.; Guest, D.J. Derivation of Canine Induced Pluripotent Stem Cells. Reprod. Domest. Anim. 2015, 50, 669–676.
[CrossRef]

58. Boyer, L.A.; Lee, T.I.; Cole, M.F.; Johnstone, S.E.; Levine, S.S.; Zucker, J.P.; Guenther, M.G.; Kumar, R.M.; Murray, H.L.; Jenner,
R.G.; et al. Core transcriptional regulatory circuitry in human embryonic stem cells. Cell 2005, 122, 947–956. [CrossRef]

59. Tsai, K.L.; Clark, L.A.; Murphy, K.E. Understanding hereditary diseases using the dog and human as companion model systems.
Mamm. Genome 2007, 18, 444–451. [CrossRef]

60. Wayne, R.K.; Ostrander, E.A. Lessons learned from the dog genome. Trends Genet. 2007, 23, 557–567. [CrossRef]
61. Zhang, X.B.; Beard, B.C.; Trobridge, G.D.; Wood, B.L.; Sale, G.E.; Sud, R.; Humphries, R.K.; Kiem, H.P. High incidence of leukemia

in large animals after stem cell gene therapy with a HOXB4-expressing retroviral vector. J. Clin. Investig. 2008, 118, 1502–1510.
[CrossRef]

62. Zhang, X.B.; Schwartz, J.L.; Humphries, R.K.; Kiem, H.P. Effects of HOXB4 overexpression on ex vivo expansion and immortaliza-
tion of hematopoietic cells from different species. Stem Cells 2007, 25, 2074–2081. [CrossRef]

63. Antonchuk, J.; Sauvageau, G.; Humphries, R.K. HOXB4-induced expansion of adult hematopoietic stem cells ex vivo. Cell 2002,
109, 39–45. [CrossRef]

64. Sauvageau, G.; Thorsteinsdottir, U.; Eaves, C.J.; Lawrence, H.J.; Largman, C.; Lansdorp, P.M.; Humphries, R.K. Overexpression of
HOXB4 in hematopoietic cells causes the selective expansion of more primitive populations in vitro and in vivo. Genes Dev. 1995,
9, 1753–1765. [CrossRef]

65. Vaags, A.K.; Rosic-Kablar, S.; Gartley, C.J.; Zheng, Y.Z.; Chesney, A.; Villagomez, D.A.; Kruth, S.A.; Hough, M.R. Derivation
and characterization of canine embryonic stem cell lines with in vitro and in vivo differentiation potential. Stem Cells 2009, 27,
329–340. [CrossRef]

66. Starkey, M.P.; Scase, T.J.; Mellersh, C.S.; Murphy, S. Dogs really are man’s best friend–canine genomics has applications in
veterinary and human medicine! Brief. Funct. Genomic Proteomic 2005, 4, 112–128. [CrossRef]

67. Hytönen, M.K.; Lohi, H. Canine models of human rare disorders. Rare Dis. 2016, 4, e1241362. [CrossRef]
68. Story, B.D.; Miller, M.E.; Bradbury, A.M.; Million, E.D.; Duan, D.; Taghian, T.; Faissler, D.; Fernau, D.; Beecy, S.J.; Gray-Edwards,

H.L. Canine Models of Inherited Musculoskeletal and Neurodegenerative Diseases. Front. Vet. Sci. 2020, 7, 80. [CrossRef]

http://dx.doi.org/10.1016/j.tvjl.2017.11.007
http://dx.doi.org/10.1186/s13287-019-1187-z
http://dx.doi.org/10.1128/MCB.01959-05
http://dx.doi.org/10.1038/sj.onc.1202746
http://www.ncbi.nlm.nih.gov/pubmed/10378696
http://dx.doi.org/10.1073/pnas.1009374107
http://dx.doi.org/10.1016/j.cell.2010.09.010
http://www.ncbi.nlm.nih.gov/pubmed/20946988
http://dx.doi.org/10.1074/jbc.M101194200
http://dx.doi.org/10.1016/j.exphem.2015.05.001
http://dx.doi.org/10.1038/ng.3095
http://dx.doi.org/10.1016/j.molcel.2008.11.004
http://dx.doi.org/10.1002/jbt.22241
http://dx.doi.org/10.7150/ijbs.30488
http://dx.doi.org/10.1002/j.1460-2075.1990.tb08217.x
http://dx.doi.org/10.1111/rda.12562
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://dx.doi.org/10.1007/s00335-007-9037-1
http://dx.doi.org/10.1016/j.tig.2007.08.013
http://dx.doi.org/10.1172/JCI34371
http://dx.doi.org/10.1634/stemcells.2006-0742
http://dx.doi.org/10.1016/S0092-8674(02)00697-9
http://dx.doi.org/10.1101/gad.9.14.1753
http://dx.doi.org/10.1634/stemcells.2008-0433
http://dx.doi.org/10.1093/bfgp/4.2.112
http://dx.doi.org/10.1080/21675511.2016.1241362
http://dx.doi.org/10.3389/fvets.2020.00080

	Introduction
	Materials and Methods
	Ethics Statement
	Cell Culture 
	Generation of iCSFCs
	Cytogenetic Analysis
	Reverse Transcription-Polymerase Chain Reaction
	Cell Growth and Cell Cycle Analysis
	Immunocytochemistry
	Tumor Formation Assay
	Quantitative RT-PCR
	Statistical Analysis

	Results
	Generation of iCSFCs
	L-myc Expression Improved the Proliferation of iCSFCs, Not Promote Tumor Formation
	iCSFCs Maintain Fibroblast Properties In Vitro
	Elevated Expression of Three ES Cell Modules (CORE, PRC, and MYC) in iCSFCs

	Discussion
	Conclusions
	References

