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Abstract

Background: Few studies have investigated the generation of induced pluripotent
stem cells (iPSCs) derived from human primary chorionic villi (CV) cells. The present
study aimed to explore an optimal electroporation (EP) condition for generating non-
integrated iPSCs from CV cells (CV-iPSCs).

Methods: The EGFP plasmid was transfected into CV cells under different EP condi-
tions to evaluate cell adherence and the rate of EGFP positive cells. Subsequently, CV
cells were transfected with the pEP4-E02S-ET2K and pCEP4-miR-302-367 plasmids
under optimal EP conditions. Finally, CV-iPSC pluripotency, karyotype analysis, and
differentiation ability were investigated.

Results: Following EP for 48 h under different conditions, different confluency, and
transfection efficiency were observed in CV cells. Higher cell density was observed
in CV cells exposed to 200 V for 100 s, while higher transfection efficiency was
obtained in cells electroporated at a pulse of 300 V for 300 s. To generate typical
primitive iPSCs, CV cells were transfected with pEP4-E02S-ET2K and pCEP4-miR-
302-367 plasmids using EP and were then cultured in induction medium for 20 days
under selected conditions. Subsequently, monoclonal iPSCs were isolated and were
evaluated pluripotency with AP positive staining, the expression of OCT4, SOX2, and
NANOG in vitro and the formation of three germ layer teratomas in vivo.
Conclusion: CV-iPSCs were successfully established under the conditions of 100 pl
shock cup and EP pulse of 200 V for 300 s for two times. This may provide a novel

strategy for investigating the pathogenesis of several diseases and gene therapy.
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1 | INTRODUCTION

In 2006, Yamanaka et al. used reprogramming technology to induce
the transformation of murine and human fibroblasts into a type of
stem cells that maintained their self-renewal ability and exhibited
multidirectional differentiation potential. These cells are widely
known as pluripotent stem cells (PSCs), also called induced plu-
ripotent stem cells (iPSCs).%? iPSCs mimic human embryonic stem
cells (ESCs) in morphology and function and both cell types exhibit
pluripotent differentiation ability, which makes them easy to dif-
ferentiate into several cell types and tissues. Compared with ESCs,
iPSCs can directly enter into the state of PSCs from somatic cells.
Furthermore, since there are several sources and simple ways to
isolate iPSCs, it is easy to obtain iPSCs with specific genotypes even
from the patients themselves, without ethical dilemmas. To date,
fibroblasts and keratinocytes from the skin,?® adipose-derived
stem ceIIs,4 peripheral blood ceIIs,5 amniotic quid,6 urine ceIIs,7 and
extra-embryonic tissues such as the placenta, umbilical cord, and
amniotic mesenchymal stem cells®? have been successfully used to
generated iPSCs.

However, the number of reports on iPSCs derived from human
primary chorionic villi (CV) cells is limited and these reports are
mainly focus on the generation of lentiviral- or retroviral-induced
iPSCs.1%13 Due to the random insertion of viral genes into the cell
genome, the risk of genome integration is high.}**° Therefore, non-
integrated iPSCs are considered to be the future trend of stem cell
applications and regenerative medicine, since the risk of integrat-
ing foreign genes is limited. Transfection by electroporation (EP)
acts via enhancing cell membrane permeability in a solution under
a transient strong electric field, thus promoting the introduction
of charged foreign substances into the cells. EP offers several
advantages, including versatile application, low cytotoxicity, and
simple operation, compared with other transfection methods.¢
Furthermore, EP can be used to transfect cells with different mole-
cules such as DNA and RNA fragments, plasmids, and recombinant
proteins, by utilizing a single apparatus.!” Additionally, EP limits the
risk of gene integration to obtain non-integrated iPSCs.*® However,
during EP, the voltage of the electric pulses and the duration of
the electric shock are important factors that can affect the trans-
fection efficiency and the energy of the electric field. Therefore,
excessive electric field energy can reduce cell survival due to cell
membrane destruction. The higher the voltage pulses and the lon-
ger the duration, the greater the damage to the cells. Currently,
there is no efficient method for transforming human CV cells into
non-integrated iPSCs.

The present study aimed to explore the optimal EP conditions
for transfecting human CV cells to generate non-integrated iPSCs,
thus providing novel insights into stem cell research and regenera-
tive medicine.

2 | METHODS AND MATERIALS

2.1 | Separation and culture of chorionic villi cells
The CV tissues used in the current study were isolated from abor-
tion or prenatal diagnostic specimens at the Reproductive Center and
the Prenatal Diagnosis Center of the First Affiliated Hospital of the
Hainan Medical University. All patients participated voluntarily in the
current study and provided signed informed consent. The study pro-
tocol was approved by the Ethics Committee of the First Affiliated
Hospital of the Hainan Medical University. The CV tissues were ob-
tained using B-ultrasound-guided puncture under aseptic conditions
and were isolated with ophthalmic forceps on a sterile clean bench.
Maternal tissues and blood clots were discarded. Subsequently, the
isolated CV tissues were digested into a single cell suspension using
0.25% trypsin-EDTA solution and collagenase |. Cells were washed
twice with PBS, the cell pellet was retained and then resuspended in
CHANG Amnio™ medium (Irvine Scientific, Inc.). Finally, cells were
cultured at 37°C in a humidified incubator with 5% CO,,.

2.2 | Exploration of electric transfer conditions

To obtain a stable and efficient induction system, three conditions
with optimized voltage pulse and shock duration were set up, accord-
ing to the manufacturer's instructions (Multiporator®; Eppendorf).
The EP conditions were as follows: (i) 200 V pulse for 100 us, two
electric shocks; (ii) 200 V pulse for 300 us, two electric shocks; and
(iii) 300 V pulse for 300 ps, two electric shocks. The electroporator
modes were set up for eukaryotic cells, while CV cells at passage two
were used for subsequent experiments. CV cells were first digested
with 0.25% trypsin-EDTA solution, centrifuged and resuspend in
DPBS (Gibco, Inc.) at a density of 1.2 x 10° cells/ml. Subsequently, the
cell suspension was supplemented with 5 pg EGFP plasmid (Addgene,
Inc.) and mixed thoroughly. Transfection was carried out according to
the EP conditions set above. Following EP, the cells were seeded into
a 6-well plate and cultured at 37°C in a humidified incubator with 5%
CO,. The cell survival rate and the expression levels of the green fluo-

rescent protein were measured at 48 h following transfection.

2.3 | Generation of iPSCs from chorionic villi cells
(CV-iPSCs)

Chorionic villi cells at passage two (P2) were resuspend in DPBS at a
density of 1.2 x 10° cells/ml. Subsequently, the cell suspension was
supplemented with 6 pg pEP4-E02S-ET2K (Addgene, Inc.) and 4 pg
pCEP4-microRNA(miR)-302-367 (donated by Guangzhou Institutes
of Biomedicine and Health, Chinese Academy of Sciences), followed
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by thorough mixing. Plasmid pEP4-E02S-ET2K carries three tran-
scription factors, OCT4, SOX2 and KLF4, as well as plasmid marker
genes such as oriP, EBNA-1 and SV40, and pCEP4-miR-302-367 car-
ries miR-302, oriP, and EBNA-1. The cell transfection was carried out
by EP as described above. CV cells were seeded into a 6-well plate
pre-coated with Matrigel™ (BD Biosciences) in 2 ml CHANG Amnio™
medium (FUJIFILM Irvine Scientific, Inc.) and maintained at 37°C in
a humidified incubator with 5% CO,. Following incubation for 24 h,
the CHANG Amnio™ medium was replaced in well-adhered cells.
When cells reached ~40% confluency, the medium was replaced
with mTeSR™1 induction medium (Stemcell Technologies, Inc.) sup-
plemented with four small molecule inhibitors (4i), namely 0.5 pmol/L
A-83-01, 0.5 pmol/L thiazovivin, 3 pmol/L CHIR99021, and 1 pmol/L
PD0325901. The induction medium was changed every day. When
5-8 colonies with typical ESC-like compact morphology were formed,
the mTeSR™1 induction medium was replaced with mTeSR™1 mainte-
nance medium (Stemcell Technologies, Inc.).

24 |
iPSCs

Selection, purification, and subculture of CV-

When ESC-like colonies were formed, occupying the 1/2 of view of the
low-power inverted microscope, cells with high nuclear to cytoplasmic
ratio, tightly arranged and with smooth and clear edges were picked out
under a stereo microscope using the mechanical segmentation method.
The above cells were seeded into culture dishes pre-coated with
Matrigel™ in mTeSR™1 medium. For purification, cell clones in the early
passage were isolated using the mechanical segmentation method. At
a later stage, when few differentiated cells covering the 50%-80% of
the well dish were observed, these cells were digested with 0.5 mM
EDTA and were then inoculated into culture dishes pre-coated with
Matrigel™ at a ratio of 1:3 for further expansion. Alternatively, cells

were stored at -80°C in a controlled freezer for further use.

2.5 | Alkaline phosphatase staining

Following cell isolation, the remaining cell clones were stained with al-
kaline phosphatase (AP) staining. Briefly, the old medium was aspirated,
cells were washed twice with PBS and fixed with 4% paraformalde-
hyde (PFA) for 30 min at room temperature. Subsequently, PFA was
removed, the cells were washed twice with TBS-Tween-20 (TBST) and
equilibrated with 2 ml AP buffer for 5 min at room temperature. Cells
were then stained with 1.5 ml AP color developing solution for 30 min
in dark. Following incubation, the solution was removed, and cells were

washed twice with PBS and observed under an inverted microscope.

2.6 | Immunofluorescence staining to detect the
expression levels of iPSC pluripotency-related markers

When cell density reached ~60%, the cells were washed twice with
PBS and fixed with 4% PFA for 30 min at room temperature. After

PFA was removed, the cells were washed again twice with PBS and
permeated with 0.2% Triton X-100 for 30 min at room tempera-
ture. Following blocking with 5% BSA for 1 h at room temperature,
cells were incubated with primary antibodies diluted in 5% BSA (di-
lution, 1:200) at 4°C overnight. The following primary antibodies
were used in the current study: Anti-octamer-binding transcription
factor 4 (OCT4; cat. no. ab19857), anti-stage-specific embryonic
antigen-4 (SSEA4; cat. no. ab16287; both from Abcam), anti-TRA-
1-60 (cat. no. MAB4360), and anti-TRA-1-81 (cat. no. MAB4381;
both from MilliporeSigma). The next day, the cells were washed
thrice with PBST followed by incubation with the corresponding
secondary antibodies (dilution, 1:1000 in PBST) for 1 h at room
temperature in the dark. Following washing thrice with PBST, a
DAPI solution was used to stain cell nuclei for 5 min in the dark.
After DAPI solution was removed, the wells were rinsed twice
with PBS, and the fluorescence-stained cells were observed under
a fluorescence microscope (BX51 system microscope; Olympus
Corporation).

27 |
qPCR)

Reverse transcription-quantitative PCR (RT-

Untransfected primitive CV cells and iPSCs at passage five were col-
lected, and total RNA was extracted using a TRIzol® reagent (cat. no.
15596018; Invitrogen, Thermo Fisher Scientific, Inc.). Subsequently,
total RNA was reverse transcribed into cDNA according to the man-
ufacturer's instructions. RT-qPCR was carried out using the SYBR®
Premix Ex Tag TM Il kit (cat. no. RR820A; Takara Bio, Inc.) on the
Agilent Mx3000P system (Mxpro-Mx3000P; Agilent Technologies,
Inc.). The thermocycling conditions used were as follows: 95°C for
5 min, followed by 40 cycles at 95°C for 40's, 60°C for 30 s, and 72°C
for 30 s, and finally 72°C for 7 min. The primer sequences of sex-de-
termining region Y-box 2 (SOX2), OCT4, NANOG, and GAPDH are
listed in Table 1.

2.8 | Karyotype analysis

The cytogenetic chromosome analysis of CVcells and CV-iPSCs
were performed using the protocol provided by the International
System for Human Cytogenomic Nomenclature 2016 (ISCN 2016).
For each sample, 20 cells were counted under a microscope and
scanning was carried out on a chromosome automatic scanning

analysis system.

2.9 | Non-integration analysis

The genomic DNA of P2 CV cells, P11 CV-iPSCs, and CV cells on
day 3 after electroporation were extracted using TIANamp Genomic
DNA kit (cat. no. DP304-02, TIANGEN, Inc.) according to the man-
ufacturer's protocol. Exogenous gene fragments was amplified by
PCR (see Table 1 for PCR primer sequences), then using 1% agarose
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TABLE 1 Sequence of gene primers
Gene name Forward primer Reverse primer Application
SOX2 CCCAGCAGACTTCACATGT CCTCCCATTTCCCTCGTTTT RT-gPCR
OCT4 CCTCACTTCACTGCACTGTA CAGGTTTTCTTTCCCTAGCT
NANOG TGAACCTCAGCTACAAACAG TGGTGGTAGGAAGAGTAAAG
GAPDH GGTGCTGAGTATGTCGTGGA CCTTCCACAATGCCAAAGTT
OriP TTCCACGAGGGTAGTGAACC TCGGGGGTGTTAGAGACAAC PCR
EBNA-1 ATCGTCAAAGCTGCACACAG CCCAGGAGTCCCAGTAGTCA
miR-302-367 TTTCCAAAATGTCGTAATAACCCCG CTCCCAAAGAGTCCTGTTCTGTCCT
OCT4 AGTGAGAGGCAACCTGGAGA AGGAACTGCTTCCTTCACGA
SOX2 ACCAGCTCGCAGACCTACAT CCCCCTGAACCTGAAACATA
KLF4 CCCACACAGGTGAGAAACCT CCCCCTGAACCTGAAACATA
GAPDH GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT
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FIGURE 1 Cell status and the positive of GFP (x100, 48 h). (A-C) The adherent state of CV cells after 48 h of electroporation under
three different conditions. (A'-C') The positive of GFP protein in CV cells after 48 h of electroporation under three different conditions. (D).

Transfection efficiency under three different conditions, **p < 0.01

gel electrophoresis to detect PCR products. PCR amplification sys-
tem used were as follows: Tag-HS PCR Forest Mix (2X) (cat. no.
EG15141, Yugong Biolabs, Inc.) for 12.5 pl, forward and reverse each
primer for 0.5 pl, DNA for 500 ng/25 pl, ddH20 was supplemented
to 25 ul. The PCR amplification program used were as follows: pre-
denaturation at 94°C for 5 min, denaturation at 94°C for 10 s, anneal-
ing at 60°C for 30 s, extension at 68°C for 1 min, a total of 35 cycles,
and a final extension at 72°C for 5 min. The ddH,0 and P2 CV cells
were used as negative controls, and the genomic DNA of CV cells of

D3 after electroporation was used as positive control.

2.10 | Teratoma formation

For in vivo differentiation, iPSCs were seeded into a 6-well plate
pre-coated with Matrigel™. When reached 70%-80% confluency,
cells were digested with dispase, resuspended in Matrigel™ solution
diluted in DMEM/F12 at a ratio of 1:3 and were immediately sub-
cutaneously injected into NOD-SCID mice. After 4-6 weeks, when
the developed teratomas reached a critical volume of >1 cm?®, the

mice were sacrificed, and teratomas were isolated. Subsequently,
teratomas were embedded in paraffin and stained with hema-
toxylin and eosin (HE). Typical cells in the inner, middle, and outer
germ layers were analyzed under a microscope. The study proto-

col was approved by the Ethics Committee of the Hainan Medical

University.
3 | RESULTS
3.1 | Cell morphology and GFP protein expression

after transfection under different EP conditions

CV cells transfected using EP under three different conditions
were all adhered at 48 h. All cells exhibited a short spindle-shaped
morphology with different confluency (Figure 1A-C, and A-C').
The cell confluency in the 200 V + 100 ps, 200 V + 300 ps, and
300 V + 300 ps groups were ~50%, 30%, and 10%, respectively.
The transfection efficiency (GFP positive cells/total adhered cells)
in the 300 V + 300 ps group was 36.9%, which was significantly



LONGET AL.

FIGURE 2 Cell morphology and AP staining during the induction of CV-iPSCs. (A-D) The cell morphology during the induction of iPSCs
from CV cells in D1, D3, D10, and D20, respectively. Bar = 200 pm (A-C) or 500 pm (D). (E) AP staining of CV-iPSCs clones

higher compared with the 200 V + 100 us (4.6%) and 200 V + 300 ps
(23.7%) groups (Figure 1D). Based on the above findings, the EP con-
dition of 200 V + 300 pus was applied to transfect CV cells to gener-
ate iPSCs.

3.2 | Cell morphology and AP staining during the
transformation of CV cells into iPSCs

When reached ~70% confluency, CV cells were digested and
counted. Both pEP4-E02S-ET2K and pCEP4-miR-302-367 plas-
mids were introduced into cells by EP at voltage pulse of 200 V for
300 ps. Since several cells were damaged and died due to EP, only
few cells adhered to the wall on the second day after EP, while
more dead cells were observed, resulting to a confluency of only
~10%, these cells defined as D1 cells (Figure 2A). On D3, cells were
resulting to a confluency of only ~30% (Figure 2B). Following incu-
bation into inducing medium for 10 days, dense cell clusters were
observed, while cells exhibited short spindle or round morphol-
ogy (Figure 2C). After culturing for ~20 days, typical ESC colonies
began to appear, characterized by higher nucleus-to-cytoplasm
ratio, tight and uniform cell arrangement, and clear, smooth and
gradually expending clone edges (Figure 2D). At this time point,
the cell clones were isolated, purified, and sub-cultured or stained
with AP. Staining results showed that they were positive for AP
(Figure 2E).

3.3 | Cell morphology of iPSC clones before and
after passage

When the size of the iPSC-transformed typical ESC colonies oc-
cupied 1/2 of the microscope low-power field and had a particular
thickness, the clones were isolated, purified, and sub-cultured using
a mechanical method. When clones reached 50%-80% confluency
with few differentiated cells, iPSCs were sub-cultured following di-
gestion with EDTA. No differences were observed in iPSC morphol-
ogy between cells purified by mechanical method (Figure 3A,B) and
EDTA digestion (Figure 3C,A"). When reached 70%-90% confluency,
iPSCs were cryopreserved using the programmed freezing method.
The frozen cells were recovered using a quick-thawing method.
However, no differences were observed in iPSC morphology prior
freezing and after thawing (Figure 3B',C').

3.4 | Karyotype and non-integration analysis of
primitive CV cells and CV-iPSCs

The karyotype analysis of primitive CV cells and CV-iPSCs after pas-
sage seven were detected. The results showed that CV-iPSCs exhib-
ited the same normal karyotype as primitive CV cells (Figure 4A,B).
Next, the absence of the reprogramming vectors were tested by
PCR analysis and agarose gel electrophoresis, the results showed
that the P2 of CV cells and the P11 of CV-iPSCs did not express
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FIGURE 3 Morphology of CV-iPSCs. (A) The morphology of CV-iPSCs before mechanical purification. (B) The morphology of CV-iPSCs
after mechanical purification. (C) The morphology of CV-iPSCs before the digestion method. (A') The morphology of CV-iPSCs after the
digestion method (B') The morphology of CV-iPSCs before programmed freezing. (C') The morphology of CV-iPSCs after thawing culture

the exogenous genes SOX2, KLF4 OCT4, miR-302-367, orip, and
EBNA-1 (Figure 4C), indicating that the plasmids were not integrated
into the genomic DNA of CV-iPSCs cells, and the integrity of the
genome was verified.

3.5 | Expression levels of pluripotency-related
markers in CV-iPSCs

To evaluate the pluripotency of CV-iPSCs, the expression levels of
the pluripotency-related markers OCT-4, SSEA-4, TRA-1-60, and
TRA-1-81 were detected in CV-iPSCs using immunofluorescence
staining. The results demonstrated that cells were positive for all the
aforementioned markers (Figure 5A), thus indicating that CV-iPSCs
exhibited the pluripotent features of iPSCs. RT-qPCR analysis fur-
ther verified that the expression levels of SOX2, OCT4, and NANOG
were significantly upregulated in CV-iPSCs compared with primitive
CV cells (Figure 5B).

3.6 | Evaluation of the differentiation ability of
CV-iPSCs

Since CV-iPSCs showed pluripotent characteristics in vitro, the
current study aimed to further explore the differentiation ability
of CV-iPSCs in vivo. Therefore, treated CV-iPSCs were subcutane-
ously injected into NOD-SCID mice. The results showed that all the
three germ layers, namely the endoderm, the mesoderm, and the

ectoderm, were composed of the typical cells of the respiratory
epithelium, adipose and cartilage tissues, and neuroepithelial cells,
respectively (Figure 6).

4 | DISCUSSION

The iPSCs are considered as potential cell models for studying the

regulation of cell differentiation,'? disease pathogenesis,8'20’24

25,26 27-29

organ

stem cell therapy, 30-34

regeneration, and drug screening.
Efficient and safe induction of CV cells is the key approach for
the establishment and later application of iPSCs. The pEP4-E02S-
ET2K plasmid, encompassing the human OCT4, SOX2, SV4 OLT, and
KLF4 genes, used in the present study combined with the pCEP4-
miR-302-367 plasmid, encompassing the miR-302/367 sequences,
do not carry c-Myc oncogene, which exhibits carcinogenic effects.
Therefore, c-Myc-mediated tumor formation and gene mutation are

partially avoided,3>3¢

while at the same time reprogramming effi-
ciency can be improved.®’ In addition, four small molecule inhibitors
were added during the induction process, thus further improving in-
duction efficiency.38’40

In the present study, EP was used to transfer the aforementioned
plasmids into cells, eventually avoiding the risk of integration into
host genome.'*!> However, the voltage electric pulse and the dura-
tion of the electric shock are key factors that affect the EP efficiency
and the energy of the electric field. The greater the pulse voltage and
the longer the duration, the greater the damage to the cells. Herein,

using the same EP cup mode, CV cell transfection by EP at 200 V
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FIGURE 4 Karyotype and non-integration analysis. (A) The karyotype of primitive CV cells (cells before transfection). (B) The karyotype
of CV-iPSCs after passage seven. (C) Non-integration analysis of CV cells and CV-iPSCs. The P2 CV cells and ddH,O were regarded as
negative control, and D3 cells after transfection (CV-D3) as positive control
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FIGURE 5 Expression of pluripotent marker in CV-iPSCs. (A) The expression of pluripotent marker OCT4, SSEA4, TRA-1-60, and TRA-
1-81 in CV-iPSCs by immunofluorescence staining (x1000). DAPI stained the nucleus (Blue). (B) The expression of pluripotent marker OCT4,

SSEA4, TRA-1-60, and TRA-1-81 in CV-iPSCs by RT-qPCR
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FIGURE 6 Teratoma formation of CV-iPSCs. Left: the view of mice anatomy. Right: the HE staining of typical cells of three germ layers

endoderm, mesoderm, and ectoderm, respectively (x100)

for 300 ps showed higher cell transfection efficiency and survival
rate. Although, the cell transfection efficiency in the 300 V + 300 ps
EP group was higher, the cell survival rate was however reduced.
Therefore, EP at 200 V for 300 us with two electric shocks were
recommended for the efficient transformation of human CV cells to
iPSCs.

The isolated and purified CV-iPSCs were stably sub-
cultured under the feeder- and serum-free culture system of
Matrigel™ + mTeSR™1. CV-iPSCs showed a clone morphology similar
to ESCs. Following continuous proliferation and sub-culture in vitro,
CV-iPSCs maintained the same normal karyotype as the original CV
cells and could consistently express the cell pluripotency markers
OCT4, SSEA-4, TRA-1-60, and TRA-1-81. Additionally, cells showed
positive AP staining, thus further supporting the pluripotency of CV-
iPSCs. Furthermore, CV-iPSCs were injected into NOD-SCID mice
resulting in the development of teratomas, thus suggesting that CV-
iPSCs could differentiate into cells of all three germ layers.

In conclusion, the current study suggested that human CV cells
could be transformed into non-integrated iPSCs exhibiting multidi-
rectional differentiation potential. CV cell-derived iPSCs exhibited
the same advantages with CV cells. On the one hand, CV cell-derived

iPSCs can carry disease-specific genes, and therefore cell models
from disease genotypes to phenotypes can be established in vitro.
On the other hand, compared with cells derived from amniotic fluid,
fetal skin fibroblasts, and lymphocytes, CV cells can be transformed
into iPSCs in a shorter time, thus providing time for the autologous
transplantation of fetal cells. Overall, these cells show irreplaceable
advantages for their possible clinical application. Furthermore, the in-
duction conditions selected in the present study could provide novel
insights into the easy generation of iPSCs from CV cells and new di-
rections for the further application of stem cells in clinical practice.
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