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Abstract

The capability to generate induced pluripotent stem cells (iPSCs) from adult somatic cells,
enabling them to differentiate into any cell type, has been demonstrated in several studies.
In humans and mice, iPSCs have been shown to differentiate into primordial germ cells
(PGCs), spermatozoa, and oocytes. However, research on iPSCs in deer is novel. Despite
the necessity for establishing germplasm banks from endangered cervid species, the collec-
tion and cryopreservation of gametes and embryos have proven complex for this group.
Therefore, the focus of this study was to establish protocols for deriving stable iPSC lines
from Blastocerus dichotomus (Marsh deer) using primary cells derived from antler, adipose
tissue, or skin, with the ultimate goal of producing viable gametes in the future. To achieve
this, two main reprogramming approaches were tested: (1) transfection using PiggyBac
transposons (plasmid PB-TET-MKOS) delivered via electroporation and (2) lentiviral trans-
duction using the STEMCCA system with either human (hOSKM) or murine (mOSKM)
reprogramming factors. Both systems utilized murine embryonic fibroblasts (MEFs) as
feeder cells. The PiggyBac system was further supplemented with a culture medium con-
taining small molecules to aid reprogramming, including a GSK inhibitor, MEK inhibitor,
ALK/TGF inhibitor, and thiazovivin. Initial colony formation was observed; however,
these colonies failed to expand post-selection. Despite these challenges, important insights
were gained that will inform and guide future studies toward the successful generation of
iPSCs in deer.

Keywords: cervids; electroporation; genetic diversity; lentiviral transduction; PiggyBac
transposons; wild animals

1. Introduction
Most Neotropical deer species are experiencing population declines, rendering their

conservation status markedly more critical than that of other mammalian taxa globally.
While approximately 25% of all mammal species are currently classified as threatened
and 15% as data deficient (DD) [1], this situation is more acute for Neotropical deer: 53%
are categorized under a threat level, and 17.6% are classified as DD due to insufficient
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comprehensive studies to ascertain their true conservation status [2]. Declining wild
populations typically face reduced genetic diversity and increased rates of consanguineous
mating (inbreeding), thereby elevating their extinction risk [3,4].

The Marsh deer (Blastocerus dichotomus), one of South America’s largest terrestrial
mammals, has suffered a reduction of approximately 65% in its natural habitat over the past
four decades [5]. Moreover, the species is potentially extinct in countries such as Uruguay
and Peru [6–8]. Beyond habitat loss and fragmentation, other anthropogenic pressures,
including close proximity to domestic livestock (which facilitates pathogen transmission)
and hunting [9], have exacerbated the decline of Marsh deer populations. Consequently, B.
dichotomus is classified as vulnerable (VU) on the International Union for Conservation of
Nature Red List [2].

In this context, the establishment of genome resource banks (GRBs) as repositories
of genetic material such as semen, oocytes, embryos, and somatic cells (e.g., fibroblasts),
alongside the application of assisted reproductive technologies (ARTs), presents promising
strategies for conserving endangered species [10,11]. The relative ease with which tissues
and cells can be acquired and cryopreserved renders them a highly promising source of
biological material. A particularly significant development in this context is the utilization
of induced pluripotent stem cells (iPSCs). These cells are generated by reprogramming
somatic cells to achieve a state of pluripotency analogous to that of embryonic stem cells
(ESCs). Takahashi and Yamanaka [12] pioneered this methodology, successfully producing
iPSCs through the induced expression of four key exogenous transcription factors: Oct4,
Sox2, KLF4, and c-Myc. Advancements in stem cell technology have introduced alternative
methodologies wherein iPSCs can be differentiated into functional gametes (oocytes, sperm,
or spermatids) and, following fertilization, yield healthy animals [13,14].

In mammals, the efficiency of cellular reprogramming exhibits considerable variation
across different cell types, being demonstrably lower in terminally differentiated cells com-
pared to less-differentiated or undifferentiated adult progenitor cells [15,16]. Consequently,
the selection of an appropriate cell source is a critical determinant in the development of
iPSC lines, necessitating careful consideration of factors such as reprogramming amenabil-
ity, tissue accessibility, and the facility of in vitro culture and maintenance.

In cervids, antler-derived stem cells present a unique and compelling opportunity [17].
Antlers, representing a rare instance of complete organ regeneration in mammals, serve as
an invaluable model for investigating mechanisms of scar-free wound healing, resistance
to tumorigenesis despite rapid cell proliferation, and potential therapeutic strategies for
promoting limb regeneration [18]. These osseous structures, which undergo periodic
regeneration from proliferating stem cell populations, typically originate from the frontal
bone (pedicles) of adult male deer; however, in reindeer (Rangifer tarandus), antlers are
present in both sexes [19]. Previous investigations in Cervus elaphus and Dama dama have
demonstrated that the pedicle periosteum harbors cells expressing a panel of established
stem cell markers (e.g., CD9, OCT-4, Nanog, and STRO-1) [20,21]. Nevertheless, to date,
the derivation of iPSC lines from this specific tissue source has not been reported.

Adipose tissue-derived stem cells (ADSCs) represent another promising avenue, as
studies have identified these cells as a highly suitable somatic cell source for the generation
of iPSCs [22]. ADSCs exhibit robust proliferative capacity and have demonstrated superior
efficiency in iPSC line generation when compared to other cell lineages, such as mouse
embryonic fibroblasts or adult neural stem cells. Furthermore, dermal tissue (skin) con-
stitutes a readily accessible source of biological material [23,24]. Significantly, both skin
and adipose tissues can be collected from individuals irrespective of sex or developmental
stage, often through minimally invasive procedures.
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The successful derivation of iPSCs has been achieved in an extensive range of species.
This includes laboratory animals, such as mice [12] and rats [25], and domestic species, like
dogs [26], pigs [27], rabbits [28], sheep [29], horses [30], cattle [31], buffalo [32], quail [33],
chickens [34], and goats [35]. Significantly, this technology has also been applied to various
wild species, including rhesus monkeys (Macaca mulatta) [36], white rhinos (Ceratotherium
simum) [37], mandrills (Mandrillus leucophaeus) [37], snow leopards (Panthera uncia) [38],
Bengal tigers (Panthera tigris) [39], servals (Leptailurus serval) [39], jaguars (Panthera onca) [39],
and bats (Myotis lucifugus) [40], among other mammals, birds, and even amphibians,
reptiles, and fish [41].

Despite these widespread advancements, there are currently no published reports on
iPSC derivation in any cervid species. Given that approximately one-third of global deer
populations are classified as at risk of extinction [2], the development of iPSC lines with the
capacity to differentiate into viable gametes could represent a pivotal conservation strategy.
Therefore, the objective of the present study is to reprogram somatic cells derived from
antlers, adipose, and dermal tissues of B. dichotomus in order to contribute to the conser-
vation of this specific species and to establish a foundational model for iPSC generation
applicable to other deer species.

2. Materials and Methods
This work was evaluated and approved by the Ethics and Animal Welfare Committee

(CEBEA) of the Faculty of Agricultural and Veterinary Sciences (FCAV) of São Paulo State
University (UNESP), Jaboticabal campus, under protocol No. 025986/13. This study
complies with the ethical principles in animal experimentation adopted by the Brazilian
College of Animal Experimentation (COBEA).

2.1. Animal Biopsies

Biopsies were collected from animals at the Marsh Deer Conservation Center (Centro
de Conservação do Cervo-do-Pantanal—CCCP) in Promissão, SP, Brazil, and the Deer
Research and Conservation Centre (Núcleo de Pesquisa e Conservação de Cervídeos-
NUPECCE) at the Department of Animal Science, FCAV-UNESP, Jaboticabal, SP, Brazil.
The animals were anesthetized using a combination of 7.0 mg kg−1 ketamine hydrochloride
(Vetaset®-Fort Dodge, Campinas, Brazil) and 1 mg kg−1 xylazine (Rompun®-Bayer, São
Paulo, Brazil) administered via intramuscular injection using anesthetic darts.

Antler biopsies were obtained from three males, with samples collected 45 to 60 days
after antler growth began, approximately 0.5 cm below the tip. For skin biopsies, tissues
were sampled from two females and one male; the samples were dissected from the
proximal region of the pelvic limb, which had been previously shaved and disinfected
with 70% alcohol, using sterile scissors and tweezers. Additionally, adipose tissue biopsies
were taken from three females from the lateral area of the ear, just below the cartilage.
This alternative site was selected due to the difficulty of safely obtaining fat from more
commonly used regions, such as the caudal or abdominal areas, which are commonly used
in other species [42–44].

2.2. Isolation of Somatic Cells

After collection, the tissues were stored in a cryovial containing McCoy’s solution
(M4892, Sigma-Aldrich, St. Louis, MO, USA) with high concentrations of antibiotic
(500 mg L−1 of gentamicin and 20 mg L−1 of amphotericin B) and kept refrigerated on
ice inside a Styrofoam box. Upon arrival at the laboratory, the tissues were washed four
times in PBS and mechanically separated into pieces of about 2 mm2 using a scalpel blade.
After mechanical breakdown, the cells were enzymatically digested with collagenase I
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(200 U mL−1, Sigma) inside an incubator at 37 ◦C for a period of 3 h for antler and skin and
30 min for fat. After enzymatic digestion, the cells were centrifuged for 5 min at 200 G, and
the pellet was suspended in 10 mL of complete culture medium composed of Dulbecco’s
modified Eagle’s minimal essential medium (DMEM) with high glucose levels (4.5 g L−1),
glutamine (0.6 g L−1), 1% essential amino acids, fetal bovine serum (FBS) in a proportion of
10% v/v, 50 mg L−1 of gentamicin sulfate, and 2 mg L−1 amphotericin B. The sample was
centrifuged again for 5 min at 200 g, and the pellet was resuspended in 5 mL of complete
culture medium containing 10% of FBS. The medium exchange was performed 48 h after
the initial plating to remove non-adherent cells. For the maintenance of the culture, the
medium was exchanged twice a week using complete culture medium supplemented with
10% fetal bovine serum (FBS).

The cells were cultured until they reached about 80% confluence, and, on reaching this
threshold, the cells were detached using 0.25% trypsin, centrifuged, and reseeded into new
flasks. The cells of the second or third passage were cryopreserved in a medium composed
of 80% FBS, 10% dimethyl sulfoxide (DMSO), 10% DMEM, 100 units/mL of penicillin, and
100 ug/mL streptomycin using the slow cooling method (4 h at 4 ◦C, 30 min in nitrogen
steam, and subsequently immersed in liquid nitrogen) and stored in cryogenic cylinders.
At the time of performing the experiments, the cells were thawed in a water bath at 37 ◦C
and cultured. The cells of the fourth and fifth passages were used in further experiments.

2.3. Pluripotency Induction
2.3.1. Electroporation Using the PiggyBac System

The electroporation protocol used for the derivation of iPSC was similar to that
previously used for the derivation of equine iPSC by Nagy and collaborators [30]. Therefore,
to generate iPSC in Marsh deer, we use the system based on transfections with transposon
PiggyBac. The plasmids PB-TET-OSKM (an excisable polycistronic vector with murine
gene sequence), PBCAG-rtTA, pCyL43 PBase, and PB-GFP were performed as previously
described by Nagy and collaborators [30].

The cells were transfected using the electroporator device Neon® (Invitrogen, Carlsbad,
CA, USA), according to the manufacturer’s instructions. For electroporation, we used
5 × 104 cells with a combination of DNA with equal proportions of the four plasmids
(0.25 µg of each) for each well in 6-well plates. These plates were pre-gelatinized (0.1%
gelatin) and plated with murine embryonic fibroblasts (MEFs) inactivated by mitomycin C
for 3 h to serve as “feeders” of the transfected cells.

After transfection, the cells were placed in a medium composed of DMEM (Invit-
rogen, #11960-044), 2 mm glutamax (Invitrogen), 0.1 mm β-mercaptoethanol, 0.1 mm
non-essential amino acids, 1 mM sodium pyruvate, 50 U/mL penicillin/streptomycin,
1000 U/mL leukemia inhibitory factor, 10 ng/mL bFGF, 5 µg/mL insulin, 1.5 µg/mL
doxycycline, 3 µM GSK inhibitor (Stemgent, Beltsville, MD, USA #CHIR99021), 0.5 µM
MEK inhibitor (Stemgent #PD0325901), 2.5 µM ALK/TGF inhibitor (Stemgent #A83-01),
and 1 mm thiazovivin and contained either 10% FBS or 15% KnockOut Serum Replacement
(KSR), depending on the tested group. We also tested two electroporation programs (see
below) using Protocol 1, which consists of a pulse voltage equal to 1400, a pulse width
equal to 20, and a number of pulses equal to 1, or Protocol 2, which consists of a pulse
voltage equal to 1400, a pulse width equal to 30, and a number of pulses equal to 2.

The plasmid PB-GFP, which encodes the green fluorescent protein (GFP), served
as a reporter gene, enabling the quantification of cells that successfully integrated the
plasmid. Protocol 1, employed in this study, was previously validated for iPSC derivation
in equine species [30]. In contrast, Protocol 2 was specifically optimized for the cell type
under investigation in this experiment through systematic evaluation of 24 pre-existing
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electroporation programs on the Neon® Transfection System. These optimization tests
were conducted exclusively with the PB-GFP plasmid to accurately assess the efficiency of
plasmid integration into the cells.

The cells were allocated to distinct experimental groups based on the electroporation
protocol and culture medium composition: (G1) Protocol 1 with a medium supplemented
with fetal bovine serum (FBS); (G2) Protocol 1 with a medium supplemented with Knock-
Out™ Serum Replacement (KSR); (G3) Protocol 2 with a medium supplemented with FBS;
and (G4) Protocol 2 with a medium supplemented with KSR. Following transfection, the
cell culture plates were maintained for a minimum of 35 days to monitor for the emergence
of colonies.

2.3.2. Lentiviral Transduction Using the STEMCCA System

The induction of reprogramming was performed according to the protocol previously
described by Bressan and collaborators [45] for bovine cell lines. For viral production,
lipofection (Lipofectamine 3000, Life Technologies, Carlsbad, CA, USA) was used in 293FT
cells, which were plated in 100 mm culture plates at a concentration of 5 × 106 cells,
presenting 80% confluence at the time of transfection. A total of 12 µg of the STEMCCA
excisable polycistronic lentiviral vectors (murine or human factors), 2 µg of the helper
vectors TAT, REV, and Hgpm2, and 2.4 µg of VSVG were used per plate.

The cells underwent lipofection for a period of 12 to 16 h (overnight), after which the
transfection medium was replaced. Subsequently, at 24, 48, and 72 h post-lipofection, the
conditioned medium containing lentiviral particles was collected, filtered, and utilized for
transduction. For this, Marsh deer cells were cultured at a density of 2 × 105 cells per
well in 6-well plates and then transduced with the STEMCCA lentiviral vector, encoding
either human (hOSKM) or murine (mOSKM) reprogramming factors, in the presence of
8 µg/mL polybrene (hexadimethrine bromide, Sigma). Five to six days post-transduction,
the cells were enzymatically detached using TrypLE™ (Life Technologies), and 1.25 × 104

cells were transferred onto 6-well plates containing mitotically inactivated mouse embryonic
fibroblasts (MEFs). These cells were subsequently maintained in a reprogramming culture
medium composed of DMEM/F12 (Invitrogen) supplemented with 20% KnockOut™ Serum
Replacement (KSR, Invitrogen), 2 mM L-glutamine (Invitrogen), 1% non-essential amino acids
(Invitrogen), 0.055 mM β-mercaptoethanol (Invitrogen), 10 ng/mL basic fibroblast growth
factor (bFGF, Sigma), and standard antibiotics. The culture medium was refreshed every
two days.

The experimental design consisted of two main groups based on the origin of the re-
programming factors: one group was transduced with human STEMCCA factors (hOSKM)
and another with murine STEMCCA factors (mOSKM). Following transduction, the cell
culture plates were maintained for a minimum of 35 days to observe colony formation. To
assess the efficacy of the lentiviral delivery system in the target cells, one of the skin cell
lines was transduced solely with a GFP reporter gene. Forty-eight hours post-transduction,
these GFP-transduced cells were enzymatically detached using TrypLE™ (Life Technolo-
gies) and subsequently analyzed by flow cytometry (BD FACSAria™ Cell Sorters, San Jose,
CA, USA) to quantify the transduction efficiency.

3. Results
A total of twelve attempts to induce pluripotency via electroporation were conducted

in six-well plates, each containing five wells with transfected cells and one negative control.
These attempts were distributed as follows (Table 1): five using Protocol 1 with FBS-
containing medium (three for antler-derived cells, one for adipose-derived cells, and one
for skin-derived cells); three using Protocol 2 with FBS-containing medium (two for antler-
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derived cells and one for adipose-derived cells); one using Protocol 1 with KSR-containing
medium (antler-derived cells); and three using Protocol 2 with KSR-containing medium
(two for antler-derived cells and one for adipose-derived cells).

Table 1. Overview of reprogramming attempts, specifying the number of trials for each technique on
cells derived from antler, fat, and skin.

Cell Line

Electroporation Using PiggyBac Lentiviral with
STEMCCA Vector

FBS KSR
hOSKM mOSKM

Protocol 1 * Protocol 2 ** Protocol 1 * Protocol 2 **

Antler 3 2 1 2 1 1

Fat 1 1 1 1 1

Skin 1 2 2
* Protocol 1 = pulse voltage: 1400, pulse amplitude: 20, number of pulses: 1; ** Protocol 2 = pulse voltage: 1400,
pulse amplitude: 30, and number of pulses: 2; hOSKM = STEMCCA vector containing human OSKM factors;
mOSKM = STEMCCA vector containing murine OSKM factors.

Initial attempts to induce pluripotency utilized Protocol 1, as previously described for
equine cells [30], which yielded approximately 40% of GFP-positive cells. However, due to
the absence of colonies that could be expanded into stable iPSC lines and a lower trans-
fection efficiency (GFP-positive cells) compared to that observed in horses (approximately
90%), protocol optimization was undertaken. The implementation of Protocol 2 resulted in
an approximate 20% increase in GFP-positive cells, reaching around 60%.

Following these attempts with Protocol 2, which still did not yield iPSC lines, FBS was
replaced with the KnockOut Serum Replacement (KSR).

Despite these efforts and protocol modifications, stable iPSC lines could not be gener-
ated. Approximately 20 days post-transfection, emergent colonies were observed (Figure 1),
some exhibiting irregular morphology (Figure 1A), with most being GFP-positive. These
colonies were manually selected, dissected into four pieces using a scalpel blade, and
transferred to new plates with feeder cells.

A B

Figure 1. Photomicrography illustrating the colonies obtained using the protocol with PiggyBac
transposons. (A) Irregular colony obtained from antler cells (100× magnification). (B) Regular colony
obtained from fat cells (40× magnification).

For attempts utilizing the STEMCCA lentiviral vector system, flow cytometry analysis
of GFP reporter gene expression revealed results consistent with those previously observed
using PiggyBac electroporation, with approximately 50% of cells expressing the GFP protein
(Figure 2). In this lentiviral approach, each sample type (two skin, one antler, and one
adipose-derived) was tested in a six-well plate format. Within each plate, three wells were
dedicated to transduction with human OSKM factors, and three wells were used for murine
OSKM factors (Table 1).
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Figure 2. Flow cytometry analysis demonstrated that 50.3% of cells exhibited GFP reporter gene
expression.

4. Discussion
Given the lack of colony formation during the initial iPSC line generation via the

PiggyBac system, the first step was to optimize the electroporation protocol. Following
these attempts with a new protocol of electroporation (Protocol 2), which still did not yield
iPSC lines, FBS was replaced with the KnockOut Serum Replacement (KSR). Previous
studies have demonstrated that KSR can significantly enhance the reprogramming effi-
ciency and may even facilitate the conversion of partially reprogrammed iPSCs into a fully
reprogrammed state [46,47]. Conversely, FBS used during the reprogramming phase can
exert deleterious effects, such as altering the activities of H3K9 methyltransferases and
demethylases, due to the presence of Bone Morphogenetic Protein (BMP) family growth
factors in its composition [48].

KSR contains components such as thiamine and vitamin C, which are known to favor
reprogramming. Vitamin C, in particular, has been extensively studied in the context of iPSC
reprogramming. It possesses antioxidant properties [49], prevents the silencing of the Dlk1-
Dio3 locus (which can be compromised by FBS, thereby impairing the generation of fully
reprogrammed iPSCs from adult cells) [50], is linked to active DNA demethylation [51],
and influences other epigenetic mechanisms [52]. Its application has led to improved
iPSC quality in murine models, as assessed by the tetraploid complementation assay, an
improvement attributed to a reduction in DNA methylation aberrations [50].

However, no subsequent cell growth was observed after selection and passage when
KSR was used in Marsh deer cells. It is plausible that these cells underwent only partial
reprogramming or became refractory to complete reprogramming due to various factors,
including an inability to undergo mesenchymal-to-epithelial transition (MET), aberrant
activation of differentiation-associated genes, or a failure to sustain pluripotency gene
expression [53].

Despite applying various Marsh deer tissue sources, our attempts to generate iPSC
lines using the PiggyBac protocol from Nagy et al. [30] were unsuccessful. Multiple studies
confirm that the somatic cell source significantly influences the efficiency and fidelity of
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reprogramming into induced pluripotent stem cells (iPSCs) [54–57]. Indeed, the original
protocol by Nagy et al. [30] was only effective on fetal fibroblasts, whereas it failed on
adult fibroblasts (Smith, personal communication). However, obtaining fetal fibroblasts
from Marsh deer presents significant logistical challenges and is considered an impractical
strategy for establishing germplasm banks of this species.

For cellular reprogramming with the lentiviral system, both murine and human
factors were tested. While previous studies have indicated that bovine cells reprogram
more successfully with murine factors [45], equine cells show a preference for human
factors [58]. Despite transduction with both human and murine OSKM vectors, no colonies
were formed by Marsh deer cells.

The challenges encountered in generating deer iPSCs were expected, given the well-
documented difficulties in establishing pluripotent cell lines from domestic ungulates.
Success in obtaining robust embryonic stem cell (ESC) lines from these species has been
limited [59,60]. Similarly, for iPSCs, numerous studies report significant obstacles [61–63].
These include failures in silencing exogenous transgene expression post-reprogramming,
difficulties in maintaining cell cultures for extended periods, and the incomplete characteri-
zation of derived lines, often failing to meet all pluripotency criteria, particularly in vivo
validation. Replicating culture conditions successfully employed for murine or human cells
has not yielded comparable results in domestic ungulates, and identifying the optimal set
of reprogramming factors for these species remains a major challenge [64].

Notably, iPSCs generated using the canonical Yamanaka factors (Oct4, Sox2, c-Myc,
and Klf4, commonly referred to as OSKM) exhibit higher rates of aberrant DNA methylation
compared to cells derived via somatic cell nuclear transfer [65]. Consequently, an efficient
and reliable strategy for iPSC generation might involve the incorporation of additional or
alternative expression factors. Supporting this, Wang and collaborators [66] demonstrated
accelerated reprogramming of both murine and human fibroblasts by co-expressing OSKM
factors with two nuclear hormone receptors, Rarc and Lrh1. This approach significantly
shortened the reprogramming timeline from the typical 3–4 weeks to 4–5 days. Further
evidence comes from Nie and collaborators [67], who observed no colony formation when
attempting to reprogram mature murine adipocytes using only OSKM factors delivered
via the PiggyBac system. However, upon employing the six-factor combination (OSKM
plus Lrh1 and Rarc), as described by Wang and collaborators [66], colonies began to
emerge from day 16 onward, with 86% of these successfully expanding into stable cell
lines. The supplementary factors Lrh1 and Rarc are known to upregulate the expression
of key pluripotency genes Oct4 and Nanog, thereby altering reprogramming kinetics and
improving the efficiency of achieving a fully reprogrammed state.

In several species, OSKM alone has proven insufficient to induce pluripotency, neces-
sitating the inclusion of additional factors. For instance, in cattle [31], wild felids such as
the snow leopard [38], Bengal tiger, serval, and jaguar [39], as well as in the drill, Northern
White Rhinoceros [37], and Ryukyu spiny rat [68], the addition of NANOG to the retroviral
induction cocktail was required. Consistent with observations in our experiment, some
of these studies reported initial colony formation using OSKM factors; however, these
colonies could not be sustained through subsequent passages. In these cases, the addition
of NANOG led to large, circular colonies that were expanded over multiple passages,
establishing stable iPSC lines. The pluripotency of these lines was subsequently validated
through in vitro and in vivo assays.

Similarly, Talluri and collaborators [69], employing the PiggyBac transposon system
for bovine fetal fibroblasts, failed to generate iPSC lines using only OSKM factors, requir-
ing the co-expression of both NANOG and LIN28 for successful reprogramming. These
same factors [28] were also essential for reprogramming Northern White Rhinoceros cells
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via electroporation-mediated transduction [70]. West and collaborators [71] utilized this
expanded cocktail to produce porcine iPSCs, and, notably, these lines demonstrated the
capacity to contribute to chimeric offspring. In avian species, such as the Okinawa rail
and Blakiston’s fish owl, reprogramming with OSKM factors delivered via PiggyBac trans-
posase transduction was achieved using a modified OCT3/4 (M3O), plus the addition of
NANOG, LIN28, and KLF2 [72].

However, the necessity to add or modify exogenous reprogramming factors is not
attributable to a single determinant, as this requirement varies depending on the cell type,
reprogramming methodology, culture medium composition, and other variables. For
example, Kawaguchi and collaborators [73] successfully generated stable bovine iPSC lines
from adipose-derived cells using the PiggyBac system with only OSKM factors. These lines
were capable of contributing to the inner cell mass of host blastocysts and forming chimeric
fetuses without the need for exogenous NANOG. However, when embryonic fibroblasts
were transfected under identical conditions, the emergent colonies failed to establish stable
cell lines capable of sustained propagation.

Another noteworthy observation is the apparently greater reprogramming efficiency
achieved when employing two separate vectors, one encoding Oct4, Klf4, and Sox2 (OKS)
and another encoding c-Myc, compared to a single polycistronic vector expressing all four
factors (OSKM) [74]. In the aforementioned study on cattle by Kawaguchi and collabora-
tors [73], it was reported that transfection with a single OSKM vector failed to yield colonies
from adipose-derived cells. In contrast, co-transfection with separate OKS and c-Myc vec-
tors resulted in the generation of iPSC lines with an efficiency of approximately 0.01%.
Consequently, many specific aspects contribute to the successful generation of stable and
reliable iPSC lines. This multiplicity of factors influencing cellular reprogramming, coupled
with the gaps in fundamental biological knowledge regarding wild animals, highlights the
considerable challenge associated with generating iPSC lines for these species. Extensive
testing and research are imperative before the ultimate goal can be achieved, particularly
when considering the maximization of germplasm utilization from endangered species.
Future studies may deepen our understanding of the mechanisms and optimize protocols
for producing stable and reliable iPSC lines in cervid species.

Furthermore, it is also of strong relevance to wildlife species to explore not only alter-
native combinations of transcription factors and culture medium components but also safer
vector delivery methods. An aspect of particular relevance in this context is the mitigation
of genomic risks associated with integrating vectors. The generation of genome-unaltered
(footprint-free) cell lines is a prerequisite for conservation biology, as it ensures the genetic
integrity necessary for future applications in reproductive biotechnologies, such as in vitro
gametogenesis. Integrating vectors, like retroviruses and lentiviruses, carry inherent risks
of insertional mutagenesis and, therefore, may not represent the primary choice [75]. The
PiggyBac system, being excisable, offers an intermediate alternative; however, the possibil-
ity of imperfect excision or DNA repair errors necessitates rigorous genomic validation. In
this context, non-integrating methodologies, such as the use of Sendai virus or synthetic
mRNA, which induce pluripotency without modifying the genome [16,75], emerge as
highly promising approaches for the future derivation of iPSC lines from wild animals.

5. Conclusions
To our knowledge, this study represents the first report in the literature on the utiliza-

tion of antler-derived cells for cellular reprogramming to a pluripotent state. Although
stable iPSC colonies were not obtained, our study systematically documented the initial
attempts and obstacles encountered in reprogramming cells from a wild, endangered, and
non-model species, such as the Marsh deer (Blastocerus dichotomus). The initial stages,
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including the achievement of Marsh deer cells and the exploration of diverse methodologi-
cal approaches (encompassing variations in culture medium with FBS or KSR, the use of
transposon-based or lentiviral vectors, and different genetic material delivery methods
such as electroporation or lentiviral transduction), form an essential foundation for refining
future studies and achieving more advanced outcomes. Furthermore, the low transfection
efficiency observed, even with optimized parameters, suggests that effective vector delivery
remains a significant challenge that needs to be overcome for successful reprogramming in
this species. Consequently, future investigations can build upon the findings of this work
to propose optimizations, such as the employment of different exogenous transcription
factors and alternative culture medium supplementation.
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