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Abstract

Mouse embryonic stem cells (ESCs) can be transfected by electroporation, liposomal reagents,
and viral transduction methods. The cationic polymer polyethylenimine (PEI) has been shown to
transfect a variety of differentiated mammalian cell types, including mouse ESCs, but existing
methods require the use of additional equipment that is not readily accessible to most labs. Here
we describe conditions that permit for the efficient transfection of mouse ESCs with low
cytotoxicity and without the need for specialized equipment. Our goal was to devise a protocol for
the PEI-mediated transfection of mouse ESCs that was comparable in ease to commercial
transfection reagents. For these studies, we compared PEI transfection efficiency and cytotoxicity
to a well-known liposomal transfection reagent, Lipofectamine2000™ (LF2K), using fluorescence
microscopy, flow cytometry, cell viability assays, and western blotting. We provide evidence that
PEI transfection of mouse ESCs compares favorably to LF2K. Our optimized protocol for
efficient transfection of mouse ESCs with PEI is detailed in this report.
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Introduction

Gene delivery systems are commonly used to transfect mammalian cells both transiently and
stably for downstream analyses [1]. Transfection efficiency is celltype specific and generally
depends on the reagent. The most common techniques utilize liposomes, viruses, chemicals,
and electroporation. Regardless of the gene delivery system, two critical goals are achieving
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high transfection efficiency and minimizing cytotoxicity. For mouse embryonic stem cells
(ESCs), lipid-based reagents, such as Lipofectamine2000™ (LF2K), are often used because
they meet both of these criteria. Despite their effectiveness, the cost of commercial lipid-
based reagents can be a limiting factor for labs that work with mouse ESCs.

Linear 25 kDa polyethylenimine (PEI) is a relatively inexpensive cationic polymer that has
been shown to be a suitable transfection reagent for several types of differentiated
mammalian cells used in many labs, including but not limited to human embryonic kidney
cells (HEK293) [2-6], African green monkey kidney cells (Cos-7), human cervical epithelial
carcinoma cells (HeLa) [7], and human embryonal carcinoma cells (NCCIT) [2].
Comparative studies have been performed to assay PEI transfection efficiency compared to
liposomal gene delivery, electroporation, and other chemical reagents [2, 3, 7]. While PEI
has been used in many cell types, its utility has only begun to be demonstrated for mouse
ESCs [8, 9].

In this study, we set out to determine if PEI could be used for transfection of mouse ESCs in
a manner similar to LF2K, and if so, to optimize the transfection conditions. By using LF2K
transfection conditions, and then adjusting a number of the parameters, such as the amount
of plasmid DNA, the concentration of PEI, the serum concentration, the final volume, and
the order of component addition, we were able to determine the optimal transfection
efficiency combined with low cytotoxicity. Flow cytometry was used to quantify the
percentage of ESCs transfected with green fluorescent protein (GFP) using both LF2K and
PEI. We also used Western blotting to show the efficient transfection and expression of
unrelated plasmids. To ensure that the pluripotency of the ESCs remained unaffected by
transfection, we measured the expression of both Oct4 (Pou5f1) and Nanog by RT-qPCR.
While LF2K transfects ESCs with high efficiency and low cytotoxicity, PEI also transfects
ESCs with high efficiency, maintains the expression of Oct4 and Nanog, while having the
added benefit being slightly less toxic to ESCs. The protocol we developed for using cost-
effective PEI results in approximately 34% of mouse ESCs being transfected, making PEI
an alternative transfection reagent for mouse ESCs that performs comparably to commercial
reagents such as LF2K.

Materials and Methods

Cell Culture

Microscopy

Feeder-free wild-type mouse ESCs (E14K) were grown on 0.1% gelatin-coated plates with
high glucose DMEM (Invitrogen) supplemented with 15% fetal bovine serum (HyClone),
1% non-essential amino acids, 1% sodium pyruvate, 1% Lglutamine, 1% penicillin/
streptomycin (Gibco) 55 pM 2-mercaptoethanol, and 1000 units/mL recombinant leukemia
inhibitory factor (LIF) [10] or ESGRO (Millipore). Media was replenished every other day.

ESCs were visualized 24 hours post transfection using an Advanced Microscopy Group
(AMG) Evos fluorescent microscope. Images presented in this manuscript are under 10-fold
magnification using either transmitted light or a green fluorescent protein filter.
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Flow Cytometry

Twenty-four hours post-transfection, ESCs were washed once with PBS, trypsinized, and
centrifuged at 1500 rpm for 2 min. ESCs were resuspended in PBS supplemented with 0.1
mM EDTA to prevent clumping. A BD Accuri C6 flow cytometer was used to detect 2 g
pMaxGFP transfected in WT mESCs. The detection threshold was set using a ddH»0 blank
run to eliminate spurious events. 200,000 events were collected per sample. Gating was
based on untransfected ESCs and percent transfected ESCs were calculated after the gating
was set. Each sample was assayed in triplicate.

Transfection Reagents

Linear polyethylenimine was obtained from Polysciences, Inc. (cat. no. 23966). A stock
solution of 40 uM PEI was prepared in 25 mM HEPES buffer [140 mM NacCl, 1.5 mM
NayHPOy, and pH adjusted to 7.05 using 5N NaOH]. The solution was sterilized through a
0.2 uM filter and stored at —20°C. Lipofectamine2000™ was purchased from Life
Technologies (cat. no. 11668027).

Lipofectamine2000™ Transfection Protocol

The ESC transfection protocol, provided by Dr. Brad Doble (McMaster University), was
adapted from [11]. 2 pg DNA was diluted in 50 uL Opti-MEM and 4 uL LF2K was diluted
in 46 pL Opti-MEM per transfection reaction for a 6-well plate. LF2K:Opti-MEM was
incubated at room temperature for 5 min. DNA:Opti- MEM was combined with LF2K:Opti-
MEM and incubated at room temperature for 20 min. During the DNA:LF2K:Opti-MEM
incubation, 10 cm confluent dishes of wild-type mouse ESCs were trypsinized and
centrifuged at 1500 rpm for 2 min. Cells were resuspended in complete ESC growth media
and live cells were counted using 0.4% Trypan Blue and a Countess Automated Cell
Counter (Invitrogen). 1 x 108 cells per 6-well transfection reaction were aliquoted and
centrifuged at 1500 rpm for 2 min. ESCs were resuspended in the DNA:LF2K:Opti-MEM
mixture. The transfection reaction was plated in a 6-well plate with complete ESC media.

Modified PEI Transfection Protocol

1 x 106 cells per 6-well transfection reaction were aliquoted and centrifuged at 1500 rpm for
2 min. ESCs were immediately resuspended in 300 pL Opti-MEM and mixed by pipetting. 2
ug plasmid DNA then added to cells and gently mixed. 100 uL PEI added to
ESC:DNA:Opti-MEM mixture and mixed by gentle pipetting, then incubated at room
temperature for 30 min. ESC:DNA:Opti-MEM mixture was then added to single well of 6-
well plate.

Protein Isolation and Western Blot

Protein expression in LF2K and PEI-transfected ESCs was compared by Western blotting.
ESCs were transfected with 200 ng pMaxGFP and 1800 ng Gsk-3p pDEST40. ESCs were
resuspended in lysis buffer (137 mM NaCl, 10 mM Tris, pH 7.4, 1% Nonidet P-40)
containing protease inhibitor cocktail (1:100 Sigma) and lysed by vigorous vortexing.
Lysates were electrophoresed (25 pg/lane) through 7.5% Tris/Tricine gels and transferred
onto nitrocellulose membranes at 100V for 1 h. Blots were blocked for 1 h with either 5%
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milk (V5 antibody)/TBST (150 mM NaCl, 50 mM Tris, pH 7.4, 0.1% Tween) or 5% BSA
(tubulin)/TBST. Blots were incubated in primary antibody diluted in 5% milk/TBST or 5%
BSA/TBST for 22 h at 4°C. Anti-V5 mouse mAb (Invitrogen cat. no. R960-25) was diluted
1:5000 and anti-tubulin rabbit mAb (Cell Signaling Technologies cat. no. 2125) was diluted
1:1000. Blots were incubated in anti-mouse or anti-rabbit IgG HRP secondary antibody (GE
Healthcare) diluted 1:5000 in 5% milk/TBS or 5% BSA/TBST for 30 min. Proteins were
visualized using ECL Plus detection reagents (GE Healthcare). Blots were stripped in a
buffer consisting of 2% SDS, 62.5 mM Tris-HCI. pH 6.7, and 100 mM 2-mercaptoethanol at
55°C for 30 min followed by repeated rinsing with TBST prior to reprobing with antibody.

RNA Isolation, cDNA Synthesis and Quantitative RT-gPCR

Results

To test mouse ESC pluripotency post-transfection, ESCs were transfected with 2 ug
pMaxGFP using either PEI or LF2K. Transfected ESCs were pelleted 48- hours post
transfection. Total RNA was isolated using the mirVana miRNA Isolation Kit (Ambion)
following the manufacturer’s protocol. Complementary DNA was synthesized with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the
manufacturer’s protocol. Quantitative RT-PCR was performed using a StepOne machine
(Applied Biosystems). Reactions were prepared using TagMan® assays for Pou5f1
(MmO03053917_g1) or Nanog (Mm02384862-g1) and TagMan® Gene Expression master
mix (Applied Biosystems). Three biological replicates and three technical replicates were
used to compare PEI and LF2K transfected cells to untransfected cells. Threshold cycle
values were normalized to a mouse GAPDH endogenous control (Mm99999915 g1). P-
values were calculated using Data Assist software (Applied Biosystems).

Since our lab routinely uses PEI to efficiently transfect standard cell lines, such as
HEK-293T [12], HeLa and Neuro2A (unpublished data), we wanted to see if PEI could also
be used to transfect mouse ESCs. A protocol for efficiently transfecting mouse ESCs, our
lab has been using a LF2K protocol adapted from Bugeon et. al. To determine if PEI could
replace LF2K for transfecting mouse ESCs, we began by simply replacing LF2K with PEI in
the modified Bugeon et. al protocol. To assess mouse ESC transfection efficiency, our assay
initially consisted of visualizing GFP expression in live cells via microscopy 24-hours post-
transfection. We included LF2K-transfected ESCs as a positive control.

We incubated 2 pg pMaxGFP plasmid DNA with either PEI or LF2K. Compared to
untransfected ESCs (Fig. 1A), LF2K transfections yielded a high percentage of GFP-
positive cells (Fig. 1B). Substitution of PEI for LF2K did not result in any GFP-positive
cells (Fig. 1C). However, when we increased the amount of PEI by 4-fold, some ESCs
fluoresced green, indicating that it was indeed possible to transfect mouse ESCs using PEI
(Fig. 1D). This result suggested that, with optimization, we might be able to achieve
increased transfection efficiency with PEI in mouse ESCs. After empirically determining the
optimal conditions for PEI transfections, we visualized roughly the same number of
transfected cells as seen with LF2K (Fig. 1E).
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Microscopy confirmed that transfections with PEI were feasible, but in order to quantify and
compare the cytotoxicity between PEI and LF2K, we counted the number of live cells 24-
hours post transfection by performing trypan blue dye exclusion assays using a Countess
Automated Cell Counter. Transfection of 1 x 108 ESCs with either LF2K or PEI results in
small but significant effects on cell viability. Our data indicated that 24-hours post-
transfection, 72% of cells that were exposed to LF2K were alive and 84% of cells exposed
to PEI were alive (Fig. 1F). These data indicate that the PEI reagent does not affect mouse
ESC viability, and is actually slightly less toxic than LF2K.

Our goal was to increase transfection efficiency, while keeping cytotoxicity low. As such,
we adjusted the conditions as follows:

° The amount of DNA was increased from 2 ug to 4 ug

° Serum starvation was applied (3.5 hours prior to transfection and/or plating
ESCs in 0% serum, reduced serum, or complete media)

° PEI levels were varied further (1:20 — 1:2 in Opti-MEM)
° The final volume of transfection mixture was varied (50 uL — 400 uL)
° The order of combining DNA, PEI, and ESCs was varied

We found that using more than 2 pug of DNA was toxic to ESCs. Therefore, the optimized
protocol included no more than 2 g of DNA total. We also found that serum starvation
prior to transfection was not healthy for the cells, even when plated in complete medium
overnight. Therefore, ESCs were grown in Opti-MEM for no more than 30 minutes prior to
the application of the PEI:DNA complexes, and plated in complete medium overnight to
maintain cell viability. It was also not healthy for mouse ESCs to be exposed to more than
1:4 of PEI in Opti-MEM, as cytotoxicity greatly increased. We found that the optimal
procedure was to resuspend the ESCs in Opti-MEM first, add the DNA next, and lastly add
PEI. Most importantly, we discovered that preparing PEI in a larger final volume, while
keeping the cell number constant (1 x 108 per well of a 6-well plate), greatly increased the
transfection efficiency while avoiding cytotoxicity. The optimal transfection efficiency with
PEI resulted from the stepwise combining 1 x 108 ESCs resuspended in 300 pL Opti-MEM,
followed by the addition of 2 ug pMaxGFP, then 100 pL PEI.

We performed flow cytometry to quantify the relative transfection efficiencies of PEI and
LF2K using these optimized conditions. Using untransfected ESCs to gate for GFP-positive
cells (Fig. 2A), we found that transfection with LF2K resulted in an average of 77.7% of
GFP-positive ESCs (Fig. 2B). PEI-transfected cells, when substituted for LF2K in the same
protocol, resulted in only 0.3% of GFP-positive ESCs (Fig. 2C), which was virtually the
same percentage as untransfected ESCs (0.6%) (Fig. 2A). Increasing PEI 4-fold only
increased the amount of GFP-positive ESCs to 2.1% (Fig. 2D). Once we completed our
empirically determined optimization for PEI, the new protocol resulted in 34.0% of ESCs
being GFP-positive (Fig. 2E), and this compared to a 77.7% transfection efficiency with
LF2K (Fig. 2F).
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We next wanted to demonstrate that PEI transfections of mouse ESCs were not limited to
pMaxGFP. Therefore, mouse ESCs were transfected with mammalian expression constructs
encoding V5-tagged glycogen synthase kinase-3p (Gsk-3p) [13] and amyloid precursor
protein (APP). Western blotting using a V5 antibody shows that the expression of Gsk-3 is
comparable between PEI and LF2K, while APP was expressed at a lower level with PEI
compared to LF2K (Fig. 3).

Finally, we wished to verify that transfection of mouse ESCs with PEI did not affect the
pluripotency of the stem cells. Therefore, we used quantitative RT-PCR to detect the
expression of endogenous Oct4 (Pou5f1) and Nanog, markers of ESC pluripotency [14]. We
found that Oct4 expression 48-hours post PEI transfection is very similar to untransfected
WT ESCs (less than 5% difference), while Nanog expression is actually higher than
untransfected ESCs. Surprisingly, we found that Oct4 and Nanog expression were reduced
by approximately 30% and 45%, respectively, in ESCs transfected with LF2K (Fig. 4). In
summary, PEI does not appear to affect the pluripotent characteristic of ESCs, and we
conclude that the ESCs remain undifferentiated post transfection.

Discussion

The use of mouse ESCs as an in vitro model is becoming more commonplace as a priority
has been placed on understanding the fundamental aspects regulating the maintenance of
pluripotency due to the implications for the future of regenerative medicine [15]. Also
driving the increased use of mouse ESCs is the growing number of cell lines containing
genetic deletions [16]. While reagents capable of efficiently transfecting mouse ESCs are
commercially available, one drawback for labs performing large-scale screens, or for labs
with limited funds, is the cost of these reagents. It is in this context that we present our
optimized protocol for transfecting mouse ESCs efficiently and inexpensively.

PEI alone has been shown to transfect other types of murine stem cells, including
mesenchymal stem cells [17-32] and neural stem cells [26, 33], but we are unaware of any
reports demonstrating the successful use of PEI alone in mouse ESCs. One group set out to
compare PEI chemical transfection efficiencies to nucelofection in mammalian cell lineages.
While they found that mouse ESCs could be transfected with 62% efficiency and 66%
viability by nucelofection of 2 ug pMaxGFP, they reported an inability to transfect ESCs
using PEI due to high cytotoxicity and/or senescence post transfection [3]. We did not
encounter any issues with either cytotoxicity or senescence. In fact, using the conditions
presented here, PEI can transfect mouse ESCs with minimal cell death after reagent
exposure. In addition, we demonstrated that successful transfection of mouse ESCs does not
affect expression of Oct4 (Pou5f1) nor Nanog, an important markers for pluripotency of
ESCs [14]. Another group further demonstrated that nucleofection transfected mouse ESCs
with higher efficiency than electroporation. Nucleofection of mMESCs with eGFP resulted in
63.66% transfection efficiency, compared with only 6.41% transfected cells with
electroporation. Nucleofection also proved more efficient than electroporation in producing
stable cell lines [34]. An important technical note is that, similar to a previous report
optimizing PEI for the transfection of HelLa cells [38], reconstituted PEI should be kept
frozen until ready for usage, as the efficiency of transfection dissipates over time if
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refrigerated. Frozen stocks of PEI do not show any reduction in transfection efficiency after
prolonged storage (data not shown).

Our protocol is not the first to show that PEI can successfully transfect mouse ESCs. One
group has devised a method to transfect mouse ESCs using magnetofection [8], which
combines PEI with superparamagnetic iron oxide to deliver plasmid DNA into ESCs. The
vector/iron oxide complex is coated with PEI, and a magnetic force is applied to cells,
facilitating transfection to occur [35-37]. Magnetofection was compared to a liposomal-
based transfection reagent, FUGENE 6, and it was shown that FUGENE 6 transfects an
average of 15% ESCs, while magnetofection transfected ESCs with an average of 45%
efficiency [8], which is similar to our protocol using PEI alone. In addition, PEI has been
shown to transfect mouse ESCs using a microfluidic hydrodynamic focusing device to
prepare PEl/plasmid DNA complexes [9]. While the use of PEI for transfecting mouse ESCs
is not entirely novel, the protocol we have devised has the added advantages of being it is
less time-consuming, less costly, and overall less complicated than using magnetofection
and microfluidic hydrodynamic focusing in combination with PEI.

PEI transfection of mouse ESCs has several practical advantages over commercially
available lipid-based transfection reagents. Two grams of PEI (~$100) supplies enough
reagent for 2 liters of solution, or 20,000 reactions (at 100 pL per 1 reaction of a 6-well
plate). For the same price as a 1 mL vial of LF2K (250 reactions), we are able to perform
approximately 82,000 PEI reactions. Not only is PEI a cost-efficient alternative, the protocol
that we have devised is simple and produces results faster than the recommended protocol
for LF2K. Previous ESC protocols required plating 24-hours before transfection, followed
by transfection the following day, then waiting 24 — 48 hours before visualization and
analysis. This resulted in a 3- to 4-day long transfection procedure. In our protocol, we
transfect and plate the cells in the same day, visualizing and analyzing 24 — 48 hours later.
We used a 24-hour time frame in our experiments, showing it is sufficient for the detection
of transfected plasmids in ESCs. In addition, both the manufacturer’s protocol for LF2K and
the modified Bugeon et. al protocol requires preparing DNA and LF2K complexes prior to
the resuspension of cells. Our protocol simplifies this step, requiring only the direct addition
of DNA and PEI to cells in suspension, limiting the need for any excess materials or
instruments, and making the process simpler for large-scale reactions. Lastly, using PEI does
not appear to reduce the expression of pluripotency-related genes in ESCs [14]. The
maintenance of undifferentiated ESCs post-transfection is critically important for most
downstream analyses, as well as for the creation of stable cell lines, making PEI a
particularly suitable transfection reagent for mouse ESCs. It is our hope that this protocol for
mouse ESC transfection by PEI can be applicable to many labs as a cost-efficient
transfection alternative to more expensive commercial reagents.
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Abbreviations

ESCs Embryonic stem cells

PEI Polyethylenimine

LF2K Lipofectamine 2000™

GFP green fluorescent protein

HEK-293T human embryonic kidney 293T cells
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Figure 1.

Initial optimization of PEI transfection conditions. Mouse ESCs were visualized by
fluorescence microscopy 24-hours after transfection with either LF2K or PEI. All images are
shown at 10x magnification under either transmitted (top) or GFP filter (bottom). All cells
were transfected with 2 pg pMaxGFP for visual analysis of transfection efficiency. (A)
Untransfected WT mouse ESCs were used as a reference for ESC morphology. (B) LF2K-
transfected ESCs were less in number than the untransfected ESCs, but displayed high
transfection efficiency. (C) Substitution of PEI for LF2K with the modified Bugeon €t. al
protocol did not result in any GFP-positive cells. (D) Increasing the amount of PEI 4-fold
resulted in some GFP-positive cells. (E) Optimized PEI transfection resulted in many GFP-
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positive cells, and a few more adhered cells than LF2K post transfection. (F) This graph
represents the percent of live cells 24-hours after reagent exposure (n=3 independent
transfections for each condition). The xaxis lists the conditions compared in this manuscript
and the y-axis represents the percentage of total live cells. Error bars represent standard error
of the mean (SEM).
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Figure 2.

Quantification of transfected cells. This data represents flow cytometry analysis of WT
mouse ESCs transfected with 2 pg pMaxGFP. All analyses were performed on 3
independent ESC transfections. For images A — E, the x-axis represents fluorescence and the
y-axis represents the number of cells detected at a certain fluorescence by the flow
cytometer. (A) Untransfected mouse ESCs were used as a reference and the gating was set
such that 0.6% of cells were untransfected. (B) LF2K transfection efficiency averaged
77.7% (n=3). (C) PEI substituted in the LF2K protocol resulted in 0.3% transfected cells
(n=3). (D) Increasing the PEI concentration achieved an average of 2.1% transfected ESCs
(n=3). (E) The optimized PEI protocol achieved 34% transfected ESCs (n=3). (F) This
graph shows the percentage of GFP+ cells determined in (A-E). The x-axis represents the
conditions compared in this manuscript, and the y-axis represents percent transfection as
determined by flow cytometry. Error bars represent the standard error of the mean (SEM).
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Figure 3.
Confirmed transfection of additional mammalian expression constructs. Western blot

analysis confirmed PEI transfection of mouse ESCs transfected with VV5-tagged (Gsk-3p
pDEST40) and V5-tagged APP (APP pDEST40) using either LF2K or the optimized PEI
protocol. Tubulin expression served as a loading control.
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Figure 4.

Effect of transfection on ESC pluripotency. Quantitative RT-PCR of (A) Oct4 (Pou5f1) and
Nanog(B), comparing untransfected ESCs with ESCs transfected with pMaxGFP using
either PEI or LF2K. Gapdh served as the internal control for quantification. Asterisks
represent p<0.05; Student’s t-test.
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Figure 5.
Diagram of transfection scheme. This transfection schematic illustrates the ease of

transfecting mouse ESCs with PEI.
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