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ABSTRACT

Efficient non-viral gene delivery is highly desirable
but often unattainable with some cell-types. We re-
port here that non-viral DNA polyplexes can effi-
ciently transfect differentiated neuronal and stem
cells. Polyplex transfection centrifugation protocols
was enhanced by including a simultaneous treat-
ment with a DOPE/CHEMS lipid suspension and a
microtubule inhibitor, Tubastatin A. Lipoplex trans-
fection protocols were not improved by this treat-
ment. This mechanism of action was unravelled by
systematically identifying and rationally mitigating
barriers limiting high transfection efficiency, allowing
unexpected improvements in the transfection of mes-
enchymal stem cells (MSC), primary neuron and sev-
eral hard-to-transfect cell types beyond what are cur-
rently achievable using cationic polymers. The opti-
mized formulation and method achieved high trans-
fection efficiency with no adverse effects on cell vi-
ability, cell proliferation or differentiation. High effi-
ciency modification of MSC for cytokine overexpres-
sion, efficient generation of dopaminergic neuron us-
ing neural stem cells and enhanced genome editing
with CRISPR-Cas9 were demonstrated. In summary,
this study described a cost-effective method for ef-
ficient, rapid and scalable workflow for ex vivo gene
delivery using a myriad of nucleic acids including
plasmid DNA, mRNA, siRNA and shRNA.

INTRODUCTION

Gene delivery is extremely useful for investigating and
manipulating cellular processes. Numerous preclinical and
clinical studies have now shown that ex vivo genetic modifi-
cation of human cells significantly improved their therapeu-

tic potentials (1,2). To date, the vast majority of academic
and clinical labs has exploited viral vectors as efficient nu-
cleic acid delivery vehicles both in vitro and in vivo (3). While
virus mediated gene delivery is highly efficient, the major
drawback is the random integration of virus vector into the
host genome, which may interrupt essential gene expres-
sion and cellular processes (3). The preparation procedure is
both labor intensive and technically demanding, thus pose
a challenge to scale up with increasing number of trans-
genes. For these reasons, much efforts have been made to de-
velop non-viral transfection methods. Many cell lines can be
transfected at relatively high efficiency with cationic poly-
mers, but stem cells (1,4–6) and post-mitotic cells (7,8) are
known to be recalcitrant (0–35% transfection efficiency).

Recent efforts to improve transfection of hard-to-
transfect cell types by optimizing protocols using cationic
polymer have met with limited success (9). Attempts have
been made to identify the underlying mechanisms limiting
efficient transfection in post-mitotic cells. A prevailing idea
of why post-mitotic, differentiated cells including neuronal
cells are difficult to transfect using non-viral polymer com-
plexed with nucleic acids (polyplex) is presumed to be due
to the inability of the nucleic acids to be internalized (10).
It is believed that the lack of nuclear membrane breakdown
in non-dividing cells is another important reason for poor
transfection efficiency (11). However, even at high rate of
cell division, the efficiencies of polymer based transfection
of stem cells are typically poor (5,12). The low efficiency of
polymer based method has led to the adoption of electro-
poration as a gene delivery method (4,6). While high trans-
fection can be achieved with electroporation, a major draw-
back is the low cell viability post-transfection and the issue
of scalability (6,12). Other physical methods including, mi-
croinjection, gene gun, electroporation, sonoporation, laser
(2) and cell deformation (13,14) are attractive alternatives
but require specialized setups.

To date, the goal of attaining high transfection efficiency
in hard-to-transfect cell types using non-viral carriers re-
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main elusive and efforts to produce even more novel poly-
mers to enhance transfection continues (5,8,15). Here, we
describe the development of a formulation and protocol us-
ing cationic polymers to efficiently transfect a variety of
hard-to-transfect cell types. We speculated that by tempo-
rally re-configuring the intracellular trafficking of the ge-
netic cargo from early endosomal compartment and sta-
bilizing the microtubule network simultaneously may re-
sult in significant enhancement of transfection with DNA
polyplexes. This study also provides useful insights into the
rational design of scalable approaches for high efficiency
of non-viral gene transfection using off-the-shelf cationic
polymers.

MATERIALS AND METHODS

Cell culture

Neuro2A (ATCC: CCL-131TM) stably expressed
GFR�2a, A375 (ATCC, CRL-1619) and MDA-MB-231
cell line (ATCC, HTB-26) were cultured and maintained
following manufacturer’s instructions. To generate dif-
ferentiated cell lines, Neuro2A cells were differentiated
with 50 ng/ml glial cell-line derived neurotrophic factor,
GDNF (Biosource, Camarillo, CA, USA), or 10 �M all
trans retinoic acid, RA (Sigma, St. Louis, MO, USA)
in DMEM supplemented with 1% FBS for 48 h prior
transfection. Rat primary cortical neurons were isolated
and maintained in Neurobasal media supplemented with
B-27 (Invitrogen).Non-neuronal cells comprise <0.5% of
the cell population of neurons. On DIV 3 (3 days in vitro),
primary neurons were transfected. Human adult bone
marrow mesenchymal stem cells (RoosterBio) and NSF-60
cell line (400301-SF, Cell Line Service) were cultured
and maintained according to manufacturer’s instruction.
Neural stem cells were derived from embryonic stem cells
as described by Zhang et al. (16). Human dermal fibroblast
was purchased from Cell Applications and cultured as
instructed.

Transfection procedure

Plasmid DNA expressing EGFP (5600 bp pIRES-EGFP-
EV71, pDNA) was purified according to manufacturer’s
instruction (Geneaid Biotech, Taiwan). For each well (24-
well plate format), 1 mg/ml of LPEI (25-kDa; Polyscience,
USA) was added to pDNA in 25 mM HEPES buffer at dif-
ferent N/P ratios and incubated at room temperature for
15 min. The final volume of the DNA complex is 50 �l.
The N/P ratio (molar ratio of PEI nitrogen to pDNA phos-
phate) was calculated based on the PEI content and size
of plasmid. The positive charge of PEI is due the nitro-
gen groups present in NHCH2CH2 (43 g/mol). The neg-
ative charge of pDNA is due to the presence of phosphate
group in the deoxyribose nucleotide. The average molecu-
lar weight of the nucleotides is assumed to be 330 g/mol
(17). LPEI/pDNA complex was then added to complete
medium (1:10) to prepare the transfection mixture. The cul-
ture media was removed and replaced with the transfec-
tion mixture, with or without centrifugation. Cells were in-
cubated for 48 h before analysis. For transfection of dif-
ferentiated cells, transfection mixture was replaced with

DMEM (1% FBS) containing corresponding differentia-
tion reagent. To improve transfection in differentiated neu-
rons, DOPE/CHEMS and Tubastatin A were used. Lipid
film comprising DOPE/CHEMS (9:2 molar ratio) (Polar
Avanti Lipid, Alabaster), was formed at the bottom of
glass tube after evaporation of the solvent, chloroform.
The lipid film was reconstituted in 25 mM HEPES buffer
and sonicated for 2 min in a bath-type sonicator (Brand-
son 2200). The lipid solution was added to the cell cul-
ture at various periods of time post-transfection. Tubas-
tatin A was purchased from Bio Vision, SF, USA. One hour
post-transfection, Tubastatin A (5 or 16 �M) was added
to the culture media. The inhibitor containing media were
replaced by fresh media 24 h later. Transfection efficiency
(percentage of EGFP positive cells) was quantified either
through cell counting with ImageJ (http://rsb.info.nih.gov/
ij/) or FACS analysis after incubation for indicated periods.

Flow cytometry analysis

After transfection, the cells were trypsinized, centrifuged
and re-suspended in PBS. Cell clumps were removed by fil-
tering through 40 �m mesh. The percentage of cells express-
ing EGFP was quantified by FACS (BD FACSCanto, BD
Biosciences) and the raw data was analyzed using WinMDI
(V2.9). At least 10 000 cells were analyzed per sample.

Imaging studies

FITC- and Rho-pDNA were prepared according to man-
ufacturer recommendation (Mirus Bio, USA). Expression
of EGFP was observed in cells transfected with fluores-
cently labeled pDNA. FITC- or Rho-pDNA was used
for visualization of internalized polyplex. Four hour post-
transfection, the extracellular fluorescence of FITC or Rho-
pDNA was quenched with EtBr (20 �g/ml) or 0.4% try-
pan blue respectively. Cell images were taken before and af-
ter quenching with an inverted Zeiss microscrope equipped
with fluorescence detection (Zeiss cell observer Z1). The
images were processed with Axio Vision Rel. 4.7. Quench-
ing efficiency of trypan blue was examined. To study co-
localization of Rho-pDNA and the acidic compartment,
cells were incubated with lysotracker green DND-26 (50
nM) for 5 min. Images were captured with a Zeiss confo-
cal microscopy (LSM710, Oberkochen, Germany) or EVOS
FL cell imaging system (ThermoScientific). Colocalized
pixel was analyzed with Zeiss ZEN software (v2010).

Human GCSF modification of mesenchymal stem cell

One day prior to transfection, 60 000 human BM MSC were
seeded in the tissue culture plate (24-well format). Cells were
modified with complexes of Turbofect (ThermoScientific)
with 200 ng Human Granulocyte Colony Stimulating Fac-
tor (GCSF) expression vector (SC306744, Origene) or 500
ng mRNA (Trilink). Following centrifugation, the transfec-
tion mixtures were replaced with fresh media in the presence
or absence of DOPE/CHEMS and 10 �M Tubastatin A.
The non-modified and modified MSC was then subjected
to the following analysis:
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Western blot: One day post-transfection, cells were har-
vested and lysed with lysis buffer (150 mM sodium chlo-
ride, 1.0% NP-40, 50 mM Tris pH 8.0) supplemented with
protease inhibitor cocktail (Roche). Twenty microgram of
the whole cell lysate were resolved on 8% polyacrylamide
sodium dodecyl sulfate gels and analyzed by means of im-
munoblotting with goat anti-human GCSF (AF-214-NA,
R&D systems) and mouse anti �-tubulin, respectively.

Elisa: GCSF levels in the conditioned media were deter-
mined with the use of the Human GCSF Quantikine ELISA
Kit (SCS50, R&D Systems). To ensure that the modifica-
tion of MSC did not affect the expression of other cytokine,
VEGF levels of the conditioned media of non-modified and
modified MSC were compared. The VEGF levels were mea-
sured by the Human VEGF PicoKine ELISA Kit (My-
Biosource).

Proliferation assay: The bioactivity of GCSF secreted
by MSC was assayed based on the proliferative activity of
GCSF-dependent NFS60 cells. NSF60 cells were washed
twice with sterile PBS and then resuspended in serum
free RPMI 1640 medium. The conditioned media of non-
modified and modified MSC was added to the NSF60 cul-
ture (100× dilution of the conditioned media). After 3 days
incubation, the cell number of NSF-60 was determined with
NC-3000 cell viability analyzer following manufacturer’s in-
struction (Chemometec).

RESULTS

Preferential localization of pDNA in acidic compartments in
differentiated cells

We used neuronal development as a model to initially iden-
tify and mitigate critical barriers to polymer-based transfec-
tion. Neuronal cells are exceptionally sensitive to changes
in environment (7) and hence, serve to define experimen-
tal parameters that would be useful for other cell types. As
expected, the prolonged exposure of neuronal cells to poly-
plex at high N/P ratios reduced cell viability (Supplemen-
tary Figure S1A). However, attempts to shorten the period
of exposure so as to reduce toxicity, substantially reduced
transfection efficiency (Supplementary Figure S1B). Low
speed centrifugation (18) resulted in transfection efficiency
comparable to prolonged periods of incubation with poly-
plex (Supplementary Figure S1C) with no significant cell
death (Supplementary Figure S2A and B). This workflow
was then used for all subsequent studies.

Differentiated neuronal cells are known to be recalcitrant
to transfection using cationic polymers (7) and this was ob-
vious when compared to the native undifferentiated cells
(Figure 1A). This contrast in transfection efficiencies raised
the interesting possibility that the mechanism of uptake of
DNA may be different with distinct states of the cells. In
order to test the hypothesis that inefficient transfection in
differentiated cells may simply be due to the lack of DNA
uptake, qualitative image analyses was used to examine the
presence of intracellular fluorescence of Rhodamine labeled
plasmid DNA (Rho-pDNA) in both native and differenti-
ated cells (Supplementary Figures S3 and S4). The amounts
of intracellular pDNA in native and differentiated cells were
comparable, as measured by quantitative PCR after dissoci-
ation of pDNA from polyplex (Supplementary Figures S5–

S7), indicative that the internalization processes may not
pose a significant barrier in transfection.

In order to test the hypothesis that the trafficking
mechanism/s may have altered when cells were differenti-
ated, we exploited the pH sensitive property of fluorescein
(19) to examine the intracellular localization of pDNA. Dis-
tinct fluorescence was observed in majority of native cells
but significantly reduced in differentiated cells transfected
with polyplex containing FITC-pDNA (Figure 1B). The de-
tection of intracellular Rho-pDNA (pH insensitive) in both
the native and differentiated cells suggested that pDNA
were uptaken similarly (Supplementary Figure S4). Inter-
estingly, the percentage of cells containing FITC- or Rho-
pDNA was comparable in native cells but the FITC/Rho
ratio was significantly lower in differentiated cells (Figure
1C), suggesting that polyplex was sequestered efficiently in
acidic compartments in the differentiated cells. Similar ob-
servations were found in NG108 neuronal model and pri-
mary cortical neurons (Supplementary Figure S8).

To further validate the observation of pDNA residing in
acidic compartment in differentiated cells, co-localization
of pDNA with lysotracker green labeled acidic compart-
ment was visualized using confocal imaging. Rho-pDNA
was found to be localized to the acidic compartment as early
as 2 h post-transfection and increased over time (Supple-
mentary Figure S9).

Re-routing from acidic compartment resulting in enhanced
transfection

Next, we speculated that the transfection efficiency should
be enhanced by facilitating the escape of polyplex from the
acidic compartment. As predicted, the addition of pH sensi-
tive DOPE/CHEMS (20) resulted in significant augmenta-
tion of transfection efficiency in differentiated neurons (Fig-
ure 2). Confocal microscopy of labelled DNA (Supplemen-
tary Figure S10) revealed the effect of DOPE/CHEM in fa-
cilitating the escape from these acidic compartments. No-
tably, the effect of DOPE/CHEMS was temporal, where
the optimal effect was achieved when the reagent was added
soon after the cells were exposed to the polyplex (Supple-
mentary Figure S11). It is also worthy to note that chloro-
quine, a lysosomotropic compound known to inhibit fu-
sion of the endosome and reduce enzymatic degradation of
DNA by buffering the vesicular interior (21), was highly cy-
totoxic and less effective than DOPE/CHEMS. Similarly,
PLUS™ Reagent and INF7 fusogenic peptide were not as
effective in enhancing transfection either used immediately
after the cells were exposed to the polyplex (Supplementary
Figure S12) or when used together with the polyplex (Sup-
plementary Figure S13).

Improved intracellular trafficking of polyplex resulting in ef-
ficient transfection

Microtubule mediated transportation is known to be in-
volved in the trafficking of polyplex to the nucleus (22).
We next explored the influence of chemotherapeutic medi-
ators of intracellular trafficking as a strategy to further en-
hance transfection efficiency. In particular, Tubastatin A, a
histone deacetylase-6 (HDAC6) inhibitor which enhances
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Figure 1. Native but not differentiated neuronal cells were transfected with high efficiencies. (A) Cells were differentiated with either GDNF, RA or FSK,
48 h prior to transfection. Cells were transfected with LPEI/2 �g pDNA at N/P = 10. Following centrifugation, transfection mixture was replaced with
fresh media. Representative images were acquired 48 h later. Cells bearing neurites twice the cell body length were considered as differentiated. Transfection
efficiency was measured using FACS. Results were presented as mean ± SD (n = 4). (B) Native and differentiated (RA) Neuro2A cells were transfected with
LPEI/FITC-pDNA. EtBr/1xPBS (20 �g/ml, quenching reagent) was added 4 h post-transfection. Images were taken before and after (+EtBr) quenching.
Bar represents 5 �m. (C) Cells were transfected with LPEI/FITC- or Rho-pDNA. EtBr and 0.4% Trypan blue were added (4 or 24 h post-transfection) to
quench the extracellular FITC and Rho fluorescence, respectively. Percentages of cells with internalized labeled-pDNA (normalized to the total number of
cells per image) were obtained through cell counting. Results were presented as mean ± SEM. Significant differences between the points were calculated
using two tailed Student’s t-test. **P < 0.005.

microtubule mediated intracellular transport of cargo was
evaluated (22). The co-administration of DOPE/CHEMS
and Tubastatin A resulted in the remarkable increase in the
number of EGFP positive differentiated neuronal cells (∼
70%, Figure 3A).

Additionally, Trichostatin A, an alternative HDAC6 in-
hibitor (HDAC6i), similarly enhanced transfection effi-
ciency in the presence of DOPE/CHEMS (Supplementary
Figure S14). A time course study revealed that exposure of
differentiated neuronal cells to DOPE/CHEMS and Tubas-
tatin A for at least 12 h was required for high transfec-
tion efficiency (Supplementary Figure S15). Next, the ef-
fects of DOPE/CHEM and Tubastatin A were examined
using primary cortical neurons in vitro. Remarkably, close
to 80% of these post-mitotic cortical neurons were trans-
fected (Supplementary Figure S16) without significant cy-
totoxicity (Figure 3B). It should be noted that high trans-
fection efficiency occurred when these reagents were added
immediately after transfection (Figure 3C).

In order to provide further evidence of the contribution
of microtubular stability to the increase in transfection ef-
ficiency, the effects of various HDACi on tubulin acetyla-
tion and transfection were examined. In line with previous
reports (23), HDAC6 targeted small molecules (Tubastatin
A, TSA, Varinostat/SAHA) and paclitaxel but not Enti-
nostat or Tacedenaline markedly enhanced tubulin acetyla-
tion (Figure 4A). As expected, the efficiency of transfection
was enhanced when cells were treated with DOPE/CHEMS
and small molecules that induced tubulin acetylation (Fig-
ure 4B).

HDAC6 inhibition is known to affect microtubule dy-
namics in non-neuronal cells and neurite outgrowth in neu-
ronal cells (24). Thus, the possibility of long term ad-
verse effects of Tubastatin A on cellular processes of neu-
ronal cells including microtubule dynamics, neurogenesis
and global cellular metabolism were evaluated. Evidently,
tubulin acetylation was transient (<24 h) on removal of
Tubastatin A (Figure 4C). With the transfection protocol
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Figure 2. Addition of DOPE/CHEMS significantly enhanced transfection. (A) Polyplex of LPEI/pDNA (N/P = 10, 2 �g of pDNA) was added to dif-
ferentiated Neuro2A cells (10 �M RA) and centrifuged at 280 g (5 min). After which, transfection mixture was replaced with fresh media. One hour
post-transfection, 50 �l of 25mM HEPES (–) or 12 �g of DOPE/CHEMS prepared at 9:2 molar ratio in 25 mM HEPES (+) was added to the culture
medium. Twenty-four hours later, transfection efficiency was analyzed by counting the fluorescent and bright field images. To determine the transfection
efficiency of the differentiated population, cells bearing neurites twice the cell body length were counted. Transfection efficiency was calculated as the
percentage of EGFP positive cells normalized to the total number of differentiated cells per image. Data are shown as mean ± SEM of biological tripli-
cates. Significant differences between data points were calculated using two tailed Student’s t-test. **P < 0.005. (B) Representative images captured (20x
magnification) at the end of incubation were presented.

Figure 3. Enhanced trafficking and endosomal escape of polyplex greatly improved transfection. Cells were transfected with LPEI/pDNA using low speed
centrifugation procedure. Post-transfection, DOPE/CHEMS and/or Tubastatin A were added to the culture medium. (A) One day post-transfection,
bright field and fluorescent images of the native and differentiated (RA) Neuro2A cells were taken for cell counting. For differentiated cells, the analysis
excluded non differentiated cells. Transfection efficiency was calculated as the percentage of EGFP+ cells normalized to the total number of differentiated
cells per image. Data presented as mean ± SEM (n = 4). Representative images of differentiated cells were presented. (B) One day post-transfection,
cell viability of the primary cortical neurons was obtained by counting total number of cells per bright field image and normalized to control (polyplex
only). Data presented group mean ± SEM (n = 4). (C) In the presence of DOPE/CHEMS, Tubastatin A was added to the primary cortical neurons culture
immediately, 1, 2 or 3 h post-transfection. Transfection efficiency was quantified by FACS analysis 24 h later and presented as mean ± SD, n = 3. Significant
differences in transfection efficiencies were calculated using two tailed Student’s t-test. *P < 0.05; **P < 0.005.
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Figure 4. Effect of HDAC6 inhibition on the microtubule stabilization is specific and temporal. (A) Cells were treated with HDACi and Palitaxel at the
indicated concentration. (B) Differentiated Neuro2A cells (RA) were exposed to various HDAC inhibitors and Paclitaxel for 2 h. Cells were then fixed
with 4% formaldehyde and co-stained for acetylated �-tubulin (Green) and �-tubulin (Red). Confocal images were shown (100× magnification). (C)
Differentiated Neuro2A cells were transfected in the presence of DOPE/CHEMS and various microtubule stabilizers for 12 h. Cell treated with only
DOPE/CHEMS served as the control. Transfection efficiency was quantified by FACS analysis 48 h later and presented as mean ± SD (n = 3). Significant
differences in transfection efficiencies between control and HDACi/Palitaxel treated cultures were calculated using the two tailed Student’s t-test. *P <

0.05; **P < 0.005. (D) Neuro2A cells were treated with Tubastatin A for 12 h (0 h washout) and the media was then replaced with complete media. At
various time points, cells were fixed with 4% formaldehyde and stained for acetylated �-tubulin (green) and nucleus (Hoechst stain, blue). Cells not treated
with Tubastatin A were used as a control. Representative images were shown. Bar represents 20 �m.

used herein no significant long term changes were observed
on the ability of the cells to differentiate (Supplementary
Figure S17) or on global metabolism (Supplementary Fig-
ure S18).

Enhanced transfection efficiencies in a broad spectrum of cell
types

We next extended the study to include other cell types
known to be recalcitrant to polymer based transfection.
Similar to the findings with differentiated neuron, major-
ity of the MSC in the culture showed efficient uptake of
pDNA (Figure 5A and B), indicating that the internal-
ization process is unlikely to pose a significant barrier in
transfection. Similarly, the intracellular pDNA was local-
ized to acidic compartments in MSC and re-routing from
acidic compartment significantly enhanced transfection us-
ing DOPE/CHEMS. Furthermore, the co-administration

of DOPE/CHEMS and Tubastatin A resulted in a highly
significant increase in the number of EGFP positive MSC
(∼70%, Figure 5C), which was not due to low speed de-
position of polyplexes. Hence, using the method and the
formulation of DOPE/CHEMS/HDAC6i, MSC was suc-
cessfully transfected with high efficiency. In order to ad-
dress the possibility that MSCs phenotype may have been
altered by transfection with polyplex and the treatment
with DOPE/CHEMS/HDAC6i, cells were transfected with
a plasmid encoding HSV1-Thymidine kinase and subse-
quently analyzed for changes in biochemical marker expres-
sions. No significant changes were observed with the expres-
sions of the haematopoietic markers (CD14, CD20, CD34
and CD45) and other MSC markers (Supplementary Figure
S19). These genetically modified cells were also able to dif-
ferentiate into different lineages, similar to that of the native,
non-transfected MSC cells (Supplementary Figure S19B).
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Figure 5. Mesenchymal stem cells were efficiently transfected in the presence of DOPE/CHEMS and HDACi. (A) MSCs were transfected with Rho-pDNA
polyplexes (complexation of 350 ng Rho-pDNA at the ratio of 1 �g pDNA to 2 �l Turbofect) using low speed centrifugation. Four hour post-transfection,
the media was replaced with 0.4% trypan blue/1× PBS. Cell images were taken before (–) and after (+) quenching with 0.4% trypan blue. Bar represents 200
�m. (B) Polyplex of Turbofect/pDNA (350 ng of pDNA) was added to MSC and centrifuged at 280 g (5 min). At various time points, post-transfection,
cells were treated with pAA/DNAse to effectively remove extracellular pDNA. Following trypsinization, cells were collected for pAA/urea lysis buffer
treatment. The absolute copy numbers of EGFP DNA was quantified using the standards by real-time qPCR. Bar graph shows Log10 mean and ± SEM
(n = 4). (C) MSC was transfected with Turbofect/pDNA in the presence or absence of DOPE/CHEMS plus 10 �M Tubastatin A. After twenty four hours
incubation, transfection efficiency (percentage of EGFP+ cells normalized to the total number of cells) was acquired using FACS. Results were presented
as mean ± SD (n = 3). Significant differences between data points were calculated using two tailed Student’s t-test. **P < 0.005.

Another cell type, mouse embryonic fibroblast (MEF)
cells, are also known to be poorly transfected by poly-
plex (25). The transfection efficiencies using various poly-
mers in MEF were evaluated in the presence or absence
of DOPE/CHEMS and HDAC6i, (Supplementary Figure
S20A). The combinatorial effect of DOPE/CHEMS and
Tubastatin A was also found to enhance the transfection
efficiencies of a number of commercially available polymers
beside LPEI. Interestingly, certain polymers (eg. Jetprime)
were superior in comparison to the others, suggesting that
the structure or chemical property of polymers may fur-
ther contribute to the transfection outcome. It is known
that the DNA polyplexes and lipoplexes (lipid/DNA com-
plexes) transfection proceed through mechanisms that are
fundamentally different during endosomal escape (26). As
the method was designed to facilitate the escape of DNA
polyplexes from the endosome, it was not surprising that
DOPE/CHEMS did not enhance lipid (X-tremeGene 9 and

Fugene) based transfection effectively. Hence, the addition
of DOPE/CHEMS and HDAC6i only resulted in the mod-
erate improvement of transfection with lipid based carriers
(Supplementary Figure S20B).

Extending the principle findings further, significant en-
hancements of transfection were also observed with other
cell types including cancer cell lines (Supplementary Fig-
ure S21), neural stem cells (NSC) and human dermal fi-
broblast (Figure 6A and B). The extent of enhancements in
transfection efficiencies varied between cell types and poly-
mers used. Delivery of mRNA has several advantages over
pDNA which include adjustable and rapid expression of
transgenes, avoiding integration into host genome and cell
cycle dependent transfection effects (27,28). A pronounced
enhancement in transfection was observed with the addi-
tion of DOPE/CHEMS and Tubastatin, resulting in ∼90%
of MSC expressing EGFP with low amounts of mRNA
used (Figure 6C). This effect was likely to be due solely
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Figure 6. Coordinating endosomal escape and intracellular trafficking for efficient ex vivo modification. (A) Neural stem cells (16) were transfected with
Transficient/pmaxGFP (MBL International Corp./Lonza) at various amount of DNA. Cells were transfected following manufacturer’s instruction or
centrifugation procedure. Following centrifugation, cells were treated with DOPE/CHEMS and 10 �M Tubastatin A. Data presented as mean ± SD (n =
3). For cells transfected at >250 ng of pDNA (manufacturer’s instruction), transfection efficiencies were not analyzed due to the low remaining cell num-
ber. (B) Human dermal fibroblast (Cell Applications) was transfected with Transficient/500 ng pmaxGFP using centrifugation procedure, with or without
DOPE/CHEMS plus 10 �M Tubastatin A. Data presented as mean ± SD (n = 3). Representative images are presented. Significant differences in transfec-
tion efficiencies were calculated using two tailed Student’s t-test. **P < 0.005. (C) Complexes of Transficient/EGFP mRNA (Trilink), at various amount,
were prepared. MSC were transfected using manufacturer protocol or centrifugation method. After centrifugation, cells were treated with DOPE/CHEMS
plus Tubastatin A (10 �M). Data presented as mean of biological duplicates. Representative images are presented. In all cases, transfection efficiency was
acquired with FACS, 24 h post-transfection. Transfection efficiency was calculated as the percentage of EGFP+ cells normalized to the total number of
cells as quantified by FACS.

to the effect of DOPE/CHEMS as the addition of another
HDAC6i alone was modest in enhancing mRNA transfec-
tion (Supplementary Figure S22).

Efficient genetic modification of mammalian cells

Next, we examined the functional consequences of in-
creased transfection efficiency in the modification of MSC
for cytokine production (29,30), in differentiation of neu-
ral stem cells (NSC) into dopaminergic neuron (31) and in
genome targeted editing using CRISPR/Cas9 (13,32).

MSC was transfected with GCSF in the presence or ab-
sence of DOPE/CHEMS and HDACi as described above.
The GCSF level in cellular lysates and conditioned media
was determined with immunoblot and Elisa analysis, re-
spectively. The MSC-GCSF lysate showed two bands that
were smaller than the predicted size of 18.8 kDa, proba-
bly due to proteolytic cleavage (33). Interestingly, the pres-

ence of fusogenic lipid and HDACi significantly enhanced
the expression of all three forms of GCSF (Figure 7A). The
enhancing effect was further confirmed by Elisa measure-
ments (Figure 7B). Furthermore, the method resulted in 26-
fold higher GCSF expression in comparison to the trans-
fection using Lipofectamine 3000. We have also shown that
this method is highly efficient in mRNA delivery as indi-
cated by the exceptionally high expression of GCSF. The
bioactivity of GCSF produced by MSC was determined
with the proliferative stimulation with GCSF dependent
NSF60 cell line (34). The proliferative activity of NSF60
cells was highly correlated to the GCSF level in the con-
ditioned media (Figure 7B and C). In a similar fashion,
improved functional outcomes were observed in the differ-
entiation of NSC into dopaminergic neuron (Supplemen-
tary Figure S23) and genome editing (Supplementary Fig-
ure S24) with transfections carried out in the presence of
DOPE/CHEMS and HDACi.
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Figure 7. High productivity of GCSF-MSC generated with polymer based method. MSC were transfected with 200 ng GCSF DNA or 500 ng mRNA com-
plexed with Turbofect or Lipofectamine using centrifugation method or manufacturer’s instruction, respectively. Following centrifugation, the transfection
mixture was replaced with media with or without DOPE/CHEMS plus 10 �M Tubastatin A. (A) One day later, the cells were lysed for immunoblotting
analysis. (B) The GCSF level in the conditioned media was determined with Elisa analysis. Significant differences in GCSF level (ng/ml) were calculated
using the two tailed Student’s t-test. *P < 0.05. (C) To access the bioactivity of GCSF, the conditioned media was collected and diluted by 100 times
in NSF60 culture (in serum free RPMI). After 3 day stimulation, the number of NSF60 was counted using automated cell counter (chemometec). Data
presented as mean ± SD of biological triplicates. Significant differences in conditioned media from the transfected and non transfected cultures were
calculated using the two tailed Student’s t-test. *P < 0.05; **P < 0.005.

DISCUSSION

This study demonstrated the use of a scalable formulation
and protocol that significantly enhanced the transfection ef-
ficiencies of a variety of polymers and in a variety of cells,
including differentiated neuronal cell-lines, primary cortical
neurons, NSC, fibroblast and MSC. The consequences of
enhanced transfection were demonstrated in the significant
functional improvements in cytotoxicity of modified MSC
to cancer cells, the generation of dopaminergic neuron from
NSC and in genome editing with CRISPR-Cas9. The ratio-
nale underlying the design of the formulation was to facil-
itate endosomal escape and enhance microtubule mediated
trafficking in a temporally controlled manner using specific
reagents.

It was thought that internalization of polyplex posed a
significant barrier restricting high transfection efficiency in
a variety of ‘hard-to-transfect cell including differentiated
neuronal cells and attempts to increase the uptake of poly-
plex only resulted in marginal improvements in the number
of neuron transfected (10). Unexpectedly, we found that the
uptake of pDNA in the native and differentiated neuronal

cells were not significantly different, an observation incon-
sistent with this hypothesis. Similarly, pDNA was found to
be accumulated in MSC despite the low number of cells
transfected, indicative that internalization of polyplex may
not be a significant barrier to transfection.

It is well documented that endosomal escape of DNA
complexes appeared to be a bottleneck for successful de-
livery and transfection (35–37). Efforts to improve endoso-
mal escape of polyplexes through functionalization of poly-
mers with fusogenic peptides (10), co-polymers (37) and
liposomes such as DOPE/CHEMS (lipopolyplex) (38,39)
have been described. Unlike the previous studies, we ap-
proached by direct influence of acidic compartment with
DOPE/CHEMS. This is the first study, to our knowledge,
to demonstrate effects of DOPE/CHEMS, a mixture of pH-
sensitive lipids which is stable at extracellular pH but fu-
sogenic at endosomal pH (40,41), in enhancing polyplexes
but not lipoplexes mediated transfection. The localization
of pDNA to acidic compartment in differentiated neurons
is consistent with previous report (42) and re-routing with
DOPE/CHEMS enhanced transfection. Our approach is
coherent with prior studies that demonstrated fusion of li-
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posomes (43) and intracellular acidic compartment (44) as
a critical step in cytoplasmic delivery of their content. Simi-
larly, by directly adding DOPE/CHEMS to many other cell
types including stem cells and cell lines, significantly higher
levels of transfection were observed.

Cytoplasmic trafficking of polyplex to the nucleus is de-
pendent on microtubules and is mediated by dynein and ki-
nesin motors (22,45–47). The coordinated efficient endoso-
mal escape using fusogenic lipids with the stabilization of
the microtubule network serves as an attractive synergistic
strategy for enhancing polymer-mediated transfection. Ev-
idently, high transfection efficiencies were observed in vari-
ous cell types and with various polymers examined by such a
rational approach. Consistent with other reports, stabiliza-
tion of microtubule with HDACi had no effect on lipoplex
transfection (48). In contrast, depolymerization of micro-
tubule has been shown to enhance lipoplex transfection by
inhibition of transport of lipoplex to lysosomes (48,49).
These data suggest that the lipoplex and polyplex utilize
different mechanisms of endosomal escape and distinct cy-
toskeleton trafficking pathway.

While the enhancement in transfection was obvious in a
variety of cell types, one anomalous observation remained
yet to be explained. It is puzzling that almost 100% of the
cells internalized DNA but yet the number of cells express-
ing the transgenes was lower. This may be due to the exis-
tence of other barriers yet to be characterized, poor acces-
sibility of DNA/mRNA by transcription/translation com-
plex (50), heterogeneity in the cell population and may also
be dependent on the cell cycle, an issue previously suggested
(11,51), where dramatic differences in transfection were ob-
served (11). It is now known that besides histones as the
major substrates, many cellular proteins are acetylated by
HDAC (52) and that changes in acetylation of these non-
histone proteins are known to have diverse cellular effects
(53). An intriguing possibility arising from this study is that
besides stabilizing the microtubule network by inhibiting
�-tubulin deactylase, HDAC6i may also have other yet to
be characterized mechanisms of action, resulting in the en-
hancement of transfection.

This study described a useful tool to enhance the delivery
of nucleid acids to hard-to-transfect cells with off-the shelf
reagents, avoiding the use of virus. Our method is useful for
polymer based ex vivo gene modification where scalable and
safe gene carrier is required for modification of a variety
of cells including, MSC and human fibroblast (54,55). It is
also worthy to note that this method significantly enhanced
mRNA transfection, a promising, footprint-free strategy
for ex vivo gene therapy (27,28). It has not escape our no-
tice that the chemosensitizing effect of HDAC6 inhibition
in transformed but not normal cells (56) may be exploited
to achieve a synergistic therapeutic effect with the enhanced
expression of a relevant transgene, an issue yet to be inves-
tigated.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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