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Human embryonic stem cells (hESCs) are pluripotent cells widely used in conventional and regenerative medicine
due to their ability to self-renew, proliferate and differentiate. Recently, genetic modification of stem cells using genome
editing is the most advanced technique for treating hereditary diseases. Nevertheless, the low transfection efficiency
of hESCs using enzymatic methods is still limited in #n vitro preclinical research. To overcome these limitations, we
have developed transfection methods using non-enzymatic treatments on hESCs. In this study, hESCs were transfected
following enzymatic (TrypLE and trypsin) and non-enzymatic treatment ethylenediaminetetraacetic acid (EDTA) to
increase transfection efficiency. Flow cytometric analysis using an enhanced green fluorescent protein vector showed
a significantly increased transfection efficiency of EDTA method compared to standard enzyme method. In addition,
the EDTA approach maintained stable cell viability and recovery rate of hESCs after transfection. Also, metabolic
activity by using Extracellular Flux Analyzer revealed that EDTA method maintained as similar levels of cell function-
ality as normal group comparing with enzymatic groups. These results suggest that transfection using EDTA is a more
efficient and safe substitute for transfection than the use of standard enzymatic methods.
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Introduction the inner cell mass of human blastocysts and exhibit un-
limited self-renewal in addition to several cell differ-
Human embryonic stem cells (hESCs) are isolated from entiation characteristics (1, 2). hESCs with these charac-

terizations are used in basic and clinical medicine studies,

especially in vivo/in vitro cell transplantation, toxicity
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o o ) specific gene expression during differentiation (6-9). Thus,
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there is a critical risk of mutation or teratoma formation
after inserting the viral gene (14). Therefore, chemical
transfection reagents and electroporation methods have
been developed and used for hESCs research.

Unfortunately, transfection efficiency of hESC is still
much lower than that of somatic cells because of its char-
acteristic of growing compact colonies. Various methods
(e.g. trypsin adaptation (10) and DMSO treatment (15)
have been suggested to improve hESC transfection effi-
ciency for transgenic applications, but these methods carry
a risk of causing karyotypic abnormality and decreased
cell viability (16-18). Therefore, there is a need to develop
alternative technologies to successfully improve the trans-
fection efficiency of hESCs.

Ethylenediaminetetraacetic acid (EDTA) is a chelating
agent that binds metallic ions and loosens the cell-cell
junctions to increase the contact surface. Recently, it has
been reported that hESC can be successfully passaged us-
ing non-enzymatic reagent EDTA with better cell viability
compared with other methods, without risk of karyotypic
abnormality (19). With this background, we proposed that
EDTA method has potential for application in genetic
modification of hESCs.

In this study, we evaluated the EDTA as a new trans-
fection method and confirmed both improved transfection
efficiency and stable cell viability on hESCs. These results
demonstrate that usage of EDTA is safe substitute for
transfection than that of enzymatic methods.

Materials and Methods

hES cell culture in feeder-free condition

H9 hESC (Wicell, WI) was cultured on vitronectin-
coated 100 @ plates in essential 8 media (Thermo Fisher
Scientific) at 37°C in 5% CO,. To adapt on feeder-free
condition, hESCs on mouse embryonic fibroblasts were
transferred to vitronectin-coated plates and passaged 5~6
times to remove mouse embryonic fibroblasts. hESCs were
detached by using EDTA (0.1 mM) in phosphate buffered
saline (PBS) without Ca’*/Mg*" and transferred new cul-
ture plates. Passaging of hESC is performed twice per
week and media change was changed daily.

Immunocytochemistry of hESC

hESCs were fixed with 4% paraformaldehyde for 20 mi-
nutes and then permeabilized with 0.1% Triton X-100 in
PBS for 5 min. After a treatment with 5% normal goat
serum for 30 min, the cells were incubated with primary
antibodies against one of the pluripotency markers mouse
anti-Oct-4 (Santa Cruz Biotechnology Inc., CA, 1:250) and

rabbit anti-Nanog (Santa Cruz Biotechnology Inc, 1:250),
for 18 h at 4°C. The cells were then washed 3 times with
PBS and incubated with Alexa Fluor 488- conjugated sec-
ondary antibodies (Invitrogen, NY, 1:1000) for 1 h. After
washing 3 times with PBS, DAPI (Invitrogen) staining was
performed for 5 minutes. The samples were immediately
imaged using epi-fluorescence microscopes (Nikon TE
2000-U, Nikon, Japan).

Karyotyping

In order to analyze the hESC chromosome normality,
H9 hESC was cultured from passage 54 and H9 hESC
(passage 68) was karyotyped by Gendix Inc in Seoul,
Korea. hESCs confluence in 100 @ vitronectin-coated dish
was ~90% to analyze chromosome normality.

Lipofection assay

Lipofectamine 2000 was used following instructions.
GFP-expressing vector was used to pmaxGFP containing
4D-nucleofector kit (Lonza; Walkersville, MD). The DNA
complex was consisted of 2 xg plasmid DNA and 100 #1
Opti-MEM (Invitrogen) per well. And after that, DNA
complex was added to lipofectamine complex at a 1:1 ratio
and DNA-lipid complex was incubated for 5 minutes at
RT. hESCs on vitronectin-coated plates were pre-treated
for 5 minutes prior to lipofection during DNA-lipid com-
plex incubation in RT. Each well was washed by PBS and
10 mM EDTA in PBS without Ca’"/Mg’", 0.5x TrypLE
and 0.025% trypsin (Invitrogen) were treated each well for
S minutes. And dissociation reagents were replaced with
essential 8 media gently. 250 1 of DNA-lipid complex
was added per well and incubated for 24 hours at 37°C
in 5% CO,. Then transfected cells were analyzed by using
fluorescence microscope and fluorescence activated cell
sorting (FACS) analysis to quantify the transfected cell
amounts.

Electroporation assay

hES cells were treated with the ROCK inhibitor
Y-27632 1 h and harvested using TrypLE. We used the
P3 Primary Cell 4D-Nucleofector® X-Kit L (Lonza) and
applied 4D-nucleofector device (Lonza). We transfected
8x10° cells/ml with 2 «g of pmaxGFP vector (Lonza).
Harvested cells were re-suspended using 100 /1 of nucleo-
fector solution containing pmaxGFP vector and 100 «1 of
mastermix was carried into cuvette. After electroporation,
1 ml of pre-warmed media was added into cuvette and
mixed by gently pipetting up and down 2~3 times before
incubation (24 hours at 37°C in 5% CQO,). Depending on
cell density, re-suspended cells were seeded onto vi-
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tronectin-coated plates and analyzed at least 4~8 hours
later. Transfected cell amounts were also quantified using
FACS analysis.

Flow cytometry analysis

Transfected cells were treated with the ROCK inhibitor
Y-27632 (10 mM) for 1 hour to increase cell survival be-
fore dissociation. Cells were washed by PBS and by using
TrypLE for 3~5 minutes at 37°C in 5% CO,, cells were
dissociated to create a single cell suspension state. Cells
were re-suspended in Ca*"/Mg’*-free PBS containing 5%
fetal bovine serum (Invitrogen). Re-suspended single cells
were analyzed on a FACSCalibur system (BD Biosciences;
San Jose, CA) by applying BD CellQuest software.

Cell viability & recovery rate

Cell viability measurement using 0.4% trypan blue sol-
ution (Gibco BRL, MD) was performed by standard
solution. Trypan blue solution was mixed with 1:1 ratio,
using 10 «1 of stain to 10 1 of cell suspension. Mixed
sample was loaded into a Neubauer hemocytometer and
counted with a light microscope (Nikon). And after trans-
fection, cell counting was performed to make single cell
by TrypLE. And respective cells were calculated the per-
centage of viability/recovery.

Glycolytic extracellular acidification rate analysis

Glycolysis and glycolytic capacity were determined for
PC3M and PCS cells using the Seahorse Extracellular
Flux (XF-96) analyzer (Seahorse Bioscience, Chicopee,
MA). Cells were cultured for 2 hours in the absence of
glucose. Three sequential injections of D-glucose (2 g/L),
oligomycin (1 M), and 2-Deoxyglucose (100 mM) pro-
vided extracellular acdification (ECAR) associated with
glycolysis, the maxiumum glycolytic capacity, and non-
glycolytic ECAR. Glycolysis was defined as ECAR follow-
ing the addition of D-glucose and maximum glycolytic ca-
pacity was defined as ECAR following the addition
oligomycin. ECAR following treatment with 2-Deoxyglu-
cose is associated with non-glycolytic activity.

Real-time polymerase chain reaction

Total RNA was extracted using TRI reagent (Sigma) ac-
cording to the manufacturer's instructions. First-strand
cDNA was synthesized from 1 g of RNA using the
iScript ¢cDNA Synthesis kit (Bio-Rad, Hercules, CA).
c¢DNA from various cell samples were amplified by re-
al-time quantitative PCR (Q-PCR) with specific primers
(PKM2: 5-TCGGAGGTTTGATGAAAT-3 and 5’-TCTCC
AGCATCTGA GTAG-3’; LDHA: 5-GGTTGAGAGTGCT

TATGA-3’ and 5-AACACTAAGGAAGACATCA-3’; GLU
T1: 5-AGTATGTGGAGCAACTGTGT-3’ and 5-TTGAA
GTAGGTGAAGATGAAGAAC-3’; HK1: 5-GGTGAAATC
GTCCGCAAC-3’ and 5-CCCGGGTCTTCATCGTC-3’)
and the data was normalized GAPDH (5-CCTCAACTAC
ATGGTTTACA-3 and 5-CTCCTGGAAGATGGTGAT-3).

Statistical analysis

One-way analysis of variance (ANOVA) followed by the
Tukey HSD test was performed in SPSS Statistics (version
16). Experimental data were checked to determine if there
was a significant difference. The level for statistical sig-
nificance was set at the 0.05 and 0.01. All data are shown
as meanz*standard error.

Results

Karyotyping analysis during hESC passaging and
characterization of hESCs

Immunocytochemistry assay was performed in order to
identify pluripotency of H9 cell line that passaged by
EDTA. Consequently, H9 hESCs were expressed Oct4 and
Nanog grew on a feeder layer (Supplemental Fig. 1). And,
by using this characterized cell line, H9 feeder-free hESCs
(passage 68) that passaged more than 10 times by EDTA
had a normal karyotype (Supplemental Fig. 2).

Comparison of transfection methods to improve
transfection efficiency using enzymatic and
non-enzymatic reagents

Feeder-free hESCs were passaged at least 5 to 6 times
to remove the Mouse embryonic fibroblasts (MEFs). In or-
der to improve hESC transfection efficiency, we developed
a method to loosen cell-cell junctions of hESCs using tryp-
sin, TrypLE and EDTA.

After pre-treatment with Lipofectamine 2000 for 5 mi-
nutes, transfection groups were divided into normal
(untreated), trypsin, TrypLE, and EDTA groups.
Lipofection was performed for 24 hours using the
DNA-lipid complex and transfection efficiencies of re-
spective groups were compared. We confirmed fluorescein
isothiocyanate (FITC) expression by transfected hESCs in
each group using a fluorescence microscope. The quantity
of transfected cells showing florescence was quantified us-
ing fluorescence-activated cell sorting (FACS) analysis. As
shown in Fig. 1B, transfection efficiencies were calculated
respectively (normal: 6.17£1.4%, trypsin: 15.21%+1.6%,
TrypLE: 18.95%0.67%, and EDTA: 23.81%+2.83%). All
pre-treated groups showed higher transfection efficiency
compared with the normal group. Of note, the transfection
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Fig. 1. Comparison of electroporation groups of hESCs (H9) using GFP-fluorescence (green) microscope (A). FACS analysis data of lipofection
(B) and electroporation (C). Scale bar: 100 /m; Data represent the mean+SD. *p<0.05, **p<0.01.

efficiency of EDTA group was very similar to that of
TrypLE group.

Cell detachment was performed using trypsin, TrypLE,
and EDTA groups to perform electroporation, whereas in
the normal group the cells were mechanically detached us-
ing a glass pipette. Transfection efficiency was confirmed
at 24 hours after transfection by identifying the FITC-ex-
pressing transfected cells (Fig. 1A) and by calculating ex-
pression rates using FACS, as shown in Fig. 1C (normal:
22.91%8.17%, trypsin: 36.6x1.98%, TrypLE: 45.34+1.69%,
and EDTA: 53.71+4.46%). Similar to the results obtained
with lipofection, all treated groups showed higher trans-
fection efficiency, with similar values obtained for EDTA
and TrypLE groups.

Non-enzymatic reagent increases cell viability and
recovery compared with enzymatic reagents

Once cells are transfected, cell damage is inevitable and
most transfected cells are hard to attach compared with
normal group. Cell viability is essential for cell main-
tenance after transfection. Therefore, we analyzed cell sur-
vival rate and cell recovery in each group after trans-
fection.

To assess hESC recovery after transfection, hESCs in
each group were quantified using a low-magnification mi-
croscopic image (x40) after 24 hours of re-attachment
(Fig. 2A). The trypsin group showed the lowest cell recov-
ery, while EDTA group showed a similar rate as the nor-
mal group. Additionally, cell survival rates after trans-
fection were calculated using cell counting kit-8. As shown
in Fig. 2B, trypsin and TrypLE groups showed low surviv-
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Fig. 2. Bright field image indicating cell re-attachment after transfection (A). Lipofection transfected cell viability (B) and electroporation
transfected cell viability (C). Data were normalized to normal control as 100%. Scale bar: 50 /zm; Data represent the mean+SD. *p<0.05,
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al rate (trypsin: 13.36% and TrypLE: 38.46%) compared
with normal group; however, EDTA (64.78%) group ex-
hibited increased survival rate after lipofection trans-
fection. In addition, EDTA group (89.9%) showed a sim-
ilar cell survival rate after electroporation to that of nor-
mal group as compared to other enzymatic groups
(trypsin: 3.97% and TrypLE: 68.85%), as shown in Fig.
2C. These results imply that EDTA method causes less
damage to hESCs and efficient re-attachment than other
enzymatic methods after transfection.

Glycolytic extracellular acidification rate analysis

In order to determine the metabolic functionality of in
hESCs in each group, glycolytic extracellular acidification
(ECAR) was also analyzed by Extracellular Flux Analyzer
(Fig. 3A). In the presence of glucose, glycolytic acid-
ification of the extracellular space in EDTA group oc-
curred at similar rate to normal group as compared to the
other groups (Fig. 3B). In addition, glycolytic capacity,
which is the ability of the glycolytic pathway to upregulate
in time of energy need, was assessed after the addition of
oligomycin that is a specific inhibitor of the mitochondrial
ATP synthase. Glycolytic capacity was also similar in
EDTA group to normal group as compared with the other
groups (Fig. 3B). The addition of 2-deoxyglucose (2-DG),
an inhibitor of glycolysis, was used to confirm that the

ECAR measured was a result of glycolytic metabolism.
ECAR was restored to non-glycolytic levels in both cell
lines following 2-DG treatment. Collectively, these results
indicate that EDTA has the least stress on metabolic func-
tion, compared to other enzymatic treatments.

Discussion

Undifferentiated hESCs and hESC-derived differ-
entiated cells can be used as cell therapy in conventional
and regenerative medicine studies. Hence, transgenic
methods have been developed to induce stable expression
after specific gene insertion. Several gene transfection
methods have been reported, using lipofection, electro-
poration, or viral vectors to insert specific genes into tar-
get cells. Among these, lipofection has the advantage of
maintaining cell viability and functionality, however, the
transfection efficiency of hESCs is inadequate. Electropo-
ration method shows high transfection efficiency, but cell
survival rate is low due to cell damage during transfection
(10, 16, 20). As an alternative, to reduce cell damage and
improve transfection efficiency, several alternatives such
as treatment with DMSO, culture condition modifications,
and amendments to transfection protocol have been sug-
gested (10, 15), but these methods have proved inadequate
to improve transfection efficiency.
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Fig. 3. Extracellular acidification rate (ECAR) comparing with lipofection groups (Normal, EDTA, TrypLE and trypsin) (A). Data between
EDTA and TrypLE groups represent the mean+SD. **p<0.01. Extracellular acidification rate (ECAR) comparing with lipofection groups
(EDTA, TrypLE and trypsin) (B). Mean glycolytic ECAR and glycolytic capacity+SD. *p<0.05, **p<0.01.

EDTA plays a role in loosening cell-to-cell junctions in
hESCs during passaging. Compared with the commonly
used, enzymatic, TrypLE method, EDTA treatment has an
advantage of causing lesser cell damage, showing a high
cell survival rate during passaging as well as normal kar-
yotype even after long-term cell culture (Supplemental
Fig. 2). In addition, EDTA passaged hESCs-derived EBs
had a pluripotency (Supplemental Fig. 1). Based on this
background, we evaluated the feasibility of EDTA treat-
ment to improve gene transfection efficiency in hESCs.

After lipofection using lipofectamine 2000, we observed
improved transfection efficiency (Fig. 1B). Since dis-

sociation factors such as EDTA act via loosening the tight
junctions between hESC cell surfaces, we proposed that
treatment with a dissociation factor would improve hESC
transfection efficiency. Electroporation was conducted in
addition to treatment with trypsin, EDTA, and TrypLE,
which are agents generally used for cell detachment.
Electroporation showed no significant difference in trans-
fection efficiencies between normal and EDTA groups
(Fig. 1C). These results imply that enzymatic reagents can
be substituted by non-enzymatic ones during transfection.

Nevertheless, chemical reagents such as trypsin and
TrypLE not only play a role in loosening cell adhesions
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but also affect hES cell conditions, especially cell metabo-
lism (21). Therefore, to evaluate the hES cell condition af-
ter treatment with dissociation reagents, cell viability and
recovery were confirmed in each treated group. As shown
in Fig. 2B and C, cell survival rates of trypsin and TrypLE
groups were significantly decreased compared with other
groups. Moreover, cell recovery after 24 hours of trans-
fection indirectly showed hESC damage caused by trypsin
and TrypLE. In contrast, EDTA group showed stable cell
viability and steady cell re-attachment after transfection
(Fig. 2B and C). These results are consistent with previous
reports regarding beneficial effects of EDTA on hESC pas-
saging, where EDTA functions as a calcium chelator, re-
moving Ca’’ ions and thereby loosening intercellular
junctions, which consequently increases the cell surface
area without causing damage to the cell. In addition, gly-
colytic extracellular acidification rate was analyzed to
evaluate the mitochondrial functionality of transfected
hESCs. ECAR results showed that the EDTA group had
similar levels to that of the normal group in terms of gly-
colytic function and EDTA, also, showed that EDTA
group had higher levels than any other 2 groups on each
injection stage (Fig. 3). The mRNA levels of LDHA,
PKM2, GLUT1 and HKI1 also supported the increased mi-
tochondrial function in EDTA group (Supplemental Fig.
3). With this background, we proposed that EDTA could
serve as an efficient and stable transfection tool for
hESCs.

Though TrypLE is commonly used for transfection and
cell passaging, the risk of genetic abnormalities as well as
cell death or damage to cell functionality is a matter of
concern, rendering the method unsuitable for regenerative
medicine studies. So, we demonstrated higher cell viability
and cell recovery rates using EDTA. EDTA is safe and
easy to use for cell maintenance and genetic modification
as compared to enzymatic reagents. Furthermore, EDTA
affects less damage than other dissociation factors to the
mitochondrial respiratory functionality in cell. The results
of this study demonstrate that EDTA is not only a suitable
substitute but also overcomes the drawbacks of enzymatic
reagents. Thus, EDTA treatment has potential applica-
tions in the development of cell therapy products and re-
generative medicine studies.
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Nanog

Fig. S1. Characterization of hESCs passaged by EDTA. Immunocytochemistry for stem cell-specific marker expression Nanog (green) and
Oct4 (green); nuclei stained with DAPI (blue) and merged images.
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Fig. S2. Karyotype analysis of hESC. hES cell line (H9 passage 68) maintains a normal karyotype. A normal karyotype was observed for

all analyzed nuclei.
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