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Abstract
Introduction  Plasmid DNA (pDNA) must be delivered into the nucleus for transgene expression in mammalian cells. The 
entry may happen passively during the nuclear envelope breakdown and reformation in dividing cells or actively through the 
nuclear pore complexes. The goal of this study was to investigate the relative importance of these two pathways for pDNA 
nuclear entry and subsequent gene expression.
Methods  To measure nuclear entry of pDNA encoding enhanced green florescence protein (EGFP) in electrotransfected cells, 
we developed a sensitive technique for quantitative analysis of pDNA in the nuclei, based on a hybridization probe for pDNA 
detection at the single molecule level and automatic image analysis. In matched experiments, we used an mRNA targeted 
hybridization probe to quantify reporter mRNA expression per cell, and flow cytometry to quantify expression of EGFP.
Results  We discovered two distinct patterns of pDNA distribution in the nuclei: punctate and diffuse, which were dominant 
in arrested and unarrested cells, respectively. The cell cycle arrest decreased diffuse pDNA and increased punctate pDNA. 
Its net effect was a decrease in the total intranuclear pDNA. Additionally, the cell cycle arrest increased the reporter mRNA 
synthesis but had no substantial impact on reporter protein expression.
Conclusion  Results from the study demonstrated that the efficient nuclear entry of pDNA during cell division did not neces-
sarily lead to a high level of transgene expression. They also suggested that the punctate pDNA was more transcriptionally 
active than diffuse pDNA in the nuclei. These data will be useful in future studies for understanding mechanisms of nonviral 
gene delivery.
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Introduction

Nonviral technologies have been widely used for deliv-
ery of plasmid DNA (pDNA) to cell nuclei for transgene 
expression [3, 9]. The delivery involves transport of pDNA 
across various physiological barriers. Among them, the 
nuclear envelope is a common barrier that has been limit-
ing the efficiency of nonviral gene delivery in the past few 
decades [1]. Two mechanisms of pDNA nuclear entry are 
known in the literature although the details remain a target 
of investigation: passive inclusion during nuclear envelope 

breakdown (NEBD) and reformation in dividing cells, and 
active transport through nuclear pore complexes (NPCs) that 
is independent of cell division [7, 11, 19, 27].

Nuclear entry of non-virally electrotransfected DNA is 
generally considered more efficient in dividing cells than 
non-dividing ones. The consideration is supported by obser-
vations in previous studies. For example, transgene expres-
sion is often increased upon cell division [14, 22, 24], or 
when the nuclear envelope of electrotransfected cells is dis-
assembled during or shortly after DNA electrotransfection 
[4, 5, 16, 31]. The cell division also leads to an increase in 
the intranuclear DNA [25]. While these studies suggest that 
cell division increases nuclear entry of DNA, the extent of 
this effect and the methodologies used to observe it vary 
greatly among different studies. The variation makes it 
difficult to come to a generalizable understanding of how 
important the cell division is for the nuclear entry of DNA 
and thus the success of nonviral DNA electrotransfection. To 
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address this uncertainty, we explored amplified hybridiza-
tion probes for single DNA molecule detection and devel-
oped tools for automatic image analysis. They were used to 
characterize nuclear entry of pDNA post electrotransfection 
and its correlations to transcription and translation in divid-
ing and non-dividing cells.

Materials and Methods

Cell Lines and Cell Culture

COS7, an African green monkey fibroblast-like kidney cell 
line, and HCT116, a human colorectal carcinoma cell line, 
and C2C12, a mouse myoblast cell line were obtained from 
the Duke University Cell Culture Facility (CCF). COS7 and 
C2C12 cells were cultured in DMEM (Gibco 11995-065) 
and HCT116 cells were cultured in McCoy’s 5A medium 
(Gibco 16600-082). Both mediums were supplemented 
with 10% (v/v) bovine calf serum (Cytvia SH3007204) and 
1% penicillin–streptomycin (Gibco 15140-122). Cells were 
incubated at 37 °C in 5% CO2. Cells were passaged every 
2–3 days and were not allowed to reach confluence.

Plasmids and Oligonucleotides

Plasmid pEGFP-N1 referred to as pEGFP was obtained 
from Nova Lifetech Inc. pMC.CMV-GFP-SV40PolyA was 
obtained from System Biosciences (SBI). pcDNA3.1(+)/
Luc2=tdT, referred to as pLuc, was a gift from Christopher 
Contag (Addgene plasmid no. 32904). mCherry-LaminA-
C-18 was a gift from Michael Davidson (Addgene plasmid 
no. 55068). All plasmids contained SV40, a DNA nuclear 
targeting sequence (DTS) that can facilitate pDNA nuclear 
entry [1]. Some pDNA samples were covalently labeled 
with Cy5 using the Label IT® kit (Mirus). The Label IT® 
reagent volume to DNA mass ratio was chosen to be 0.3 
μL/μg, which led to one label for every 70–200 base pairs 
(Mirus). Primers for detection of pEGFP using qPCR were 
purchased from IDT, they are 5′-TGA​ACC​GTC​AGA​TCC​
GCT​AG-3′ (forward) and 5′-GCT​GAA​CTT​GTG​GCC​GTT​
TA-3′ (reverse). We also validated a hybridization probe, 
Probe-EGFP-O4-Sense-C1 (ACD 1040801-C1), for pEGFP 
detection, and used another hybridization probe, Probe-
EGFP-C2 (ACD 400281-C2), for detection of EGFP mRNA. 
Both probes were purchased from Advanced Cell Diagnos-
tics (ACD).

Cell‑Cycle Arrest

The cell-cycle was arrested by either thymidine or mimo-
sine treatment. For thymidine mediated arrest, one million 
cells were plated and incubated for 24 h before treatment 

with thymidine (Sigma T1895). In the single-block of cell-
cycle group, the treatment was at 2.5 mM for 18 h. In the 
double-block group, the cells were treated at 2 mM for 18 h, 
released in full medium for 8 h, and treated again for another 
18 h. Following either procedure, the cell-cycle arrest was 
confirmed by flow cytometry analysis. To perform mimosine 
mediated arrest, approximately 2 million cells were plated 
in a 10-cm cell culture dish and incubated for 24 h upon 
which cells were 50–70% confluent. Cells were then treated 
with 400 μM l-mimosine (Sigma M0253) for 24 h. In all 
experiments, the untreated cells were prepared under the 
same conditions in parallel with the thymidine or mimosine 
treated cells.

Electrotransfection

Before transfection, the cells were detached from culture 
plates using 0.25% trypsin (Gibco 1505-057), split into ali-
quots of 1 × 106 cells, and washed with DPBS (Gibco 14190-
144). For each electrotransfection, 1 × 106 cells were resus-
pended in 100 μL of pulsing buffer, consisting of 2 μg pDNA 
in OptiMEM reduced serum medium + GlutaMAX (Gibco 
51985-034), and transferred to a 4 mm gap electroporation 
cuvette (Genesee 40-102). An electric pulse sequence was 
applied to cells (2 pulses at 150 V for COS7 and HCT116 
cells, 250 V for C2C12 cells, 10 ms duration, and 0.1 Hz 
frequency) using an ECM 830 square wave electroporation 
system (BTX). Cells were then immediately mixed with the 
full medium (1 mL) that had been prewarmed to 37 °C, and 
seeded in either 6-well plates or #1.5 glass bottom dishes 
(Cellvis D35-20-1.5-N). In some groups, the full medium 
was supplemented with thymidine or mimosine at the same 
concentration as that used in the cell cycle arrest protocol. 
All cells were incubated for 16 or 24 h prior to fluorescence 
microscopy and flow cytometry analyses. The pulsing condi-
tions described above were also used to deliver two plasmids 
into COS7 cells. Briefly, 5 million cells were first pulsed 
with 12.5 μg of a plasmid encoding mCherry-LaminA-C-18, 
and incubated for 7 h before being replaced in the DMEM 
with 400 μM mimosine. The cells were then incubated for 
24 h, electrotransfected with Cy5-pEGFP. After 16 h, sam-
ples were washed with DPBS, fixed with 3% PFA in DPBS 
for 15 min at room temperature, and stained with 10 μg/μL 
Hoechst (Thermo Fisher Scientific H1399) for 10 min at 
room temperature. The samples were protected from light 
prior to microcopy analysis.

In Situ Hybridization with RNA and DNA Probes

The hybridization was performed in cells electrotransfected 
with unlabeled pEGFP. Cultured cell samples were washed 
with DPBS, fixed with 4% PFA in DPBS, then prepared 
according to the RNAscope Multiplex Fluorescent Reagent 
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Kit v2 user manual (ACD) with some modifications. All 
reagents were supplied in the RNAscope Multiplex Fluores-
cent Reagent Kit v2 (ACD 323100) unless otherwise stated. 
Fixed cell samples were first incubated with hydrogen per-
oxide for 10 min at room temperature, then washed with 
ultrapure distilled water (Invitrogen 10977-015).

To analyze pEGFP in cells, the samples were incubated 
with RNA digestion buffer (25 μg/mL RNase A in 1 × Tris-
buffered saline with 0.05% TWEEN 20) (Sigma P2287) 
for 30 min at 37 °C then washed twice with DPBS [10]. 
Then, the samples were treated with protease III for 10 
min at room temperature before washing twice with DPBS. 
Samples were incubated in prewarmed DNA denaturation 
buffer [75% formamide (Roche 11814320001) in 2 × SSC 
(Invitrogen 15557-044)] for 5 min at 75 °C to increase 
hybridization efficiency [32], washed once with DPBS, 
then incubated with Probe-EGFP-O4-Sense-C1 for 4 h at 
40 °C. To analyze EGFP mRNA in cells, the samples were 
incubated with Probe-EGFP-C2 for 2 h at 40 °C. After 
probe hybridization in both cases, the samples were washed 
twice with RNAscope wash buffer, incubated in 5 × SSC 
overnight at 4 °C. All samples were then incubated with 
two hybridization probe amplifiers successively for 30 min, 
then with a third amplifier for 15 min, all at 40 °C, wash-
ing with RNAscope wash buffer between incubations. After 
amplification, probe fluorescence signal was developed by 
incubating first with HRP for 15 min, then with Opal 690 
(Akoya FP1497001KT) diluted 1:1500 in TSA buffer for 30 
min both at 40 °C, washing with the RNAscope wash buffer 
after each incubation. Samples were then stained with 10 μg/
μL Hoechst for 10 min at room temperature, protected from 
light prior to microcopy analysis.

Fluorescence Microscopy and Image Analysis

Fluorescence images for mRNA and pDNA analyses were 
taken using an Andor Dragonfly spinning disk confocal plus 
microscope equipped with a × 63 oil objective and a 40 μm 
pinhole disk or with an Axio Observer microscope equipped 
with a × 40 air objective for widefield images. The super-
resolution radial fluctuations (SRRF) algorithm as imple-
mented in Andor’s Fusion software was used to acquire 
super-resolution images with 120–150 nm spatial resolution. 
Two channel images were acquired for all samples, one for 
Hoechst stained nuclei (405 nm laser, 10 ms excitation, 10% 
power, 450/50 nm emission filter) and the other for pDNA or 
mRNA labeled with either Cy5 or Opal690 (637 nm laser, 
10 ms excitation, 7% power, 700/75 nm emission filter). All 
images were optical slices; and each of them was chosen to 
be near the central plane of most cell nuclei in the field of 
view. Out of focus nuclei were excluded automatically or 
manually based on the Hoechst signal.

Image analysis was performed with CellProfiler. For 
automatic analysis, we developed a procedure to quantify 
intranuclear pDNA outlined in Fig. 1a. Nuclei were iden-
tified as objects in the Hoechst channel 150–600 pixels 
(~7–29 μm) in diameter after thresholding with the robust 
background method and smoothing to avoid objects with 
excessively jagged edges. The size range was set empiri-
cally, based on the lowest and highest diameters of the 
nuclei observed in a small subset of images. Out-of-focus 
nuclei were then filtered out based on form factor, defined 
as 4�(area)∕perimeter2 . In-focus nuclei had a distinct Hoe-
chst outline resulting in an object with smooth perimeter 
and a form factor between 0.7 and 1, whereas out-of-focus 
nuclei had a more jagged perimeter resulting in a form factor 
less than 0.6. To exclude out-of-focus nuclei automatically, 
nucleus objects with a form factor less than 0.6 were dis-
carded. In-focus nuclei were then split into an edge region 
and inner region. To do so, nuclei were split into eight con-
centric rings, scaled based on the object size, and the outer-
most ring was considered the nuclear edge while the com-
bined area of the remaining rings were considered the inner 
nucleus (see Fig. 1b). In parallel to nucleus segmentation, 
pDNA images in far red channel were processed. First, back-
ground of these images was subtracted based on measured 
intensity of negative control images (samples electrotrans-
fected with no plasmid or with pLuc, a plasmid not recog-
nized by the hybridization probe) captured with the same 
parameters in far red channel. Then, pDNA punctates were 
detected as objects 4–40 pixels (190–1900 nm) in diameter 
with intensity greater than a manually set threshold. The 
size range was determined empirically, based on measure-
ments of visually distinguished punctates, and the threshold 
was set by trial-and-error to distinguish punctate DNA from 
surrounding diffuse DNA in a small subset of images (see 
Fig. 1b). The outputs were the integrated fluorescence inten-
sities of punctate and diffuse signals of pDNA per nuclear 
section, respectively, as well as the number of punctates per 
nuclear section.

The process used to quantify mRNA is outlined in 
Fig. 1c. Nuclei were detected as in pDNA quantification, 
then nuclear objects were expanded until touching to create 
a mosaic in which each region corresponds to a single cell 
(see Fig. 1d). In parallel, mRNA images were background 
subtracted, then integrated fluorescence intensity of mRNA 
signal per cell region was measured.

Widefield fluorescence microscopy was used to image 
samples prepared with the Click-iT RNA Alexa Fluor 594 
Imaging kit (Invitrogen C10330) and automated image 
analysis was used to quantify total RNA signal per cell. 
These images were quantified in the same way as images 
for mRNA quantification—nuclei were segmented and 
expanded to identify cell regions, then total RNA was quan-
tified as integrated fluorescence intensity per region.
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Fig. 1   Super-resolution confocal imaging and image analysis for 
pDNA nuclear entry and reporter mRNA expression. It shows the 
procedures used for quantification of nuclear pDNA signals (a, b), 
and reporter mRNA per cell (c, d). a Flow chart for image analy-
sis for pDNA quantification. b Illustration of imaging experiment 
for nuclear pDNA quantification in three steps. (i) Image acquisi-
tion. Nuclei and pEGFP in fixed cells were labeled with Hoechst 
dye (blue) and the DNA hybridization probe (red), respectively. The 
image was acquired with super resolution confocal microscopy. Scale 
bar 10 µm. (ii) Image segmentation. Using CellProfiler, nuclei were 
segmented and the area within each nucleus was divided into two 
regions: internal and edge. pDNA on the edge (red) must be excluded 
because it was uncertain whether the pDNA was beyond the nuclear 
envelope. Only the internal pDNA (green) was considered in the 
nuclear entry analysis. (iii) Mask generation for punctate pDNA. Two 
patterns of inner pDNA distribution were observed: punctate and dif-
fuse. Individual punctates were identified based on signal intensity 

level and size of pixel clusters. These objects were then used to gen-
erate masks for internal punctate (yellow) and edge or external punc-
tate (magenta) to separate the total pDNA signals within the nucleus 
into punctate and diffuse signals. After background subtraction, fluo-
rescence intensities of different pDNA signals and number of punc-
tates were quantified separately in individual nuclei. c Flow chart for 
image analysis for mRNA quantification. d Illustration of imaging 
experiment for reporter mRNA quantification. (i) Image acquisition. 
Nuclei and EGFP mRNA in fixed cells were labeled with Hoechst 
dye (blue) and the RNA hybridization probe (red), respectively. The 
image was acquired with super resolution confocal microscopy. Scale 
bar 50 µm. (ii) Using CellProfiler, the nuclei were segmented then 
expanded until borders of all nucleus-derived objects were in contact. 
This split the image into a mosaic in which each region contained 
only one nucleus. After background subtraction, integrated fluores-
cence intensity of mRNA signals in each region was used as an esti-
mation for the amount of EGFP mRNA per cell
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Flow Cytometry

For transgene expression and cell density analyses, pEGFP 
electrotransfected cells and matched controls were washed 
with DPBS and collected at 24 h post electrotransfection, 
resuspended in 1 to 1.2 mL DMEM, and acquired for flow 
cytometry analysis (NovoCyte 1050 flow cytometer and the 
companion software NovoExpress). 30,000 Single cells were 
run for each sample. Single cell gates were set using untrans-
fected control samples based on forward and side scattered 
light. EGFP signal was detected at 488 nm excitation and 
the gate for distinguishing EGFP positive cells was set using 
untransfected control samples. Transgene expression was 
evaluated with two metrics: electrotransfection efficiency, 
defined as the percent of viable cells positive for EGFP sig-
nal, and expression level, defined as the geometric mean of 
EGFP intensity in the positive population. The cell density 
in each sample was calculated as the number of cells per unit 
volume of cell suspension.

For analysis of cell proliferation, mimosine treated or 
untreated cells were electrotransfected with pLuc (a plas-
mid without fluorescent transgene products to avoid inter-
ference with the assay readout), then incubated in the full 
mediums supplemented with 2 mM EdU for 16 h. For cells 
in the treated groups, the mediums were also supplemented 
with mimosine (400 μM) to maintain the state of cell-cycle 
arrest. At the end of the incubation, the cells were stained 
with a fluorescent marker using Click-iT Plus EdU Alexa 
Fluor 488 Flow Cytometry Assay Kit according to manufac-
turer's instructions (Invitrogen C10632). Briefly, cells were 
fixed and permeabilized with the reagents included in the kit, 

washed intermittently with 1% BSA in PBS. A click reac-
tion was then performed to attach Alexa Fluor 488 to EdU 
incorporated by cells during the 16-h incubation, followed 
by subsequent washing with the provided permeabilization 
and wash reagent before flow cytometry analysis. EdU was 
detected at 488 nm excitation and the gates for distinguish-
ing single cells and EdU negative cells were established on 
matched control samples that were incubated without EdU. 
Gates for stages of proliferation were set based on two appar-
ent peaks and the space between them (see Fig. 2). The lower 
intensity peak aligned with no EdU control samples and cor-
responds to the cell-cycle arrested cells with no EdU incor-
poration, while the higher intensity peak represents cells that 
had undergone at least one full S phase and incorporated 
the most EdU, classified as late S phase/divided cells. The 
space between the two peaks with ascending EdU intensity 
corresponds to early/mid S phase. The analysis above could 
not be performed after cell-cycle arrest with the thymidine 
treatment, because of the similarities in chemical structures 
between thymidine and EdU. Since we could not verify the 
percent of non-dividing cells in thymidine treated group, 
mimosine treatment was mainly used to block cell division 
in the current study.

Total RNA Synthesis and Total Protein Level 
Measurement

For quantification of total RNA synthesis in untrans-
fected cells, samples were prepared with the Click-iT 
RNA Alexa Fluor 594 Imaging kit (Invitrogen C10330) 
according to manufacturer’s instructions. Briefly, cell 

Fig. 2   Quantification of cell proliferation with EdU. COS7 cells were 
plated and pretreated with mimosine for 24 h or untreated (control), 
followed by electrotransfection of pLuc and incubation with EdU 
for 16 h. The medium was supplemented with mimosine for the pre-
treated group or nothing for the untreated group. At the end of the 

incubation, the cells were analyzed with flow cytometry. The histo-
grams of EdU signal were used to quantify the percentages of cells 
in G0/G1 phase, early S phase, and late S phase/fully divided, respec-
tively, during the 16-h incubation
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cycle arrested and unarrested cells were incubated with 
0.2 mM 5-ethynyl uridine (EU) solution for 16 h, and 
the solution was supplemented with 400 µM mimosine in 
the cell cycle arrested group. Cells were then fixed with 
10% formalin, permeabilized with 0.5% Triton X-100, and 
incubated with the reaction cocktail prescribed to attach 
Alexa Fluor 594 to EU incorporated into RNA during 
the 16-h synthesis. Before imaging, the nuclei of cells 
were stained with 10 μg/μL Hoechst for 10 min at room 
temperature. Cells incubated with no EU were used as a 
negative control.

To measure the total protein content, cells were cul-
tured for 48 h with or without treatment with 400 µM 
mimosine, then trypsinized, counted, and aliquoted such 
that each experimental group had an identical number of 
cells. Cells were pelleted by centrifuging at 280 × g for 
5 min and then re-suspended in 250 µL lysis buffer—1% 
(v/v) Triton X-100, 50 mM Tris, pH 7.5, 750 mM NaCl, 
5 mM EDTA, with 1:100 diluted protease inhibitor cock-
tail (Sigma-Aldrich P8340) added just before using. Cells 
were incubated on ice for 5 min and at room temperature 
for 10 min, vortexing every 5 min. Lysed cells were then 
centrifuged at 17,000 × g for 30 min. Lysate supernatant 
was collected and the Pierce BCA Protein Assay Kit 
(Thermo Scientific 23227) was used according to manu-
facturer’s instructions to quantify total protein per cell. 
Briefly, 25 µL of each standard (working range = 20–2000 
µg/mL) or experimental sample was pipetted into wells 
of a 96 well plate, followed by the addition of 200 µL 
working reagent and incubation at 37°C for 30 min. A 
plate reader was then used to measure the absorbance of 
all samples at 562 nm. A standard curve was prepared and 
used to convert blank subtracted absorbance readings to 
protein concentrations (µg per million cells).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 
software. Mann–Whitney U test was used to determine 
the significance of differences between two experimental 
groups, and the Kolmogorov–Smirnov test was used to 
determine the significance of differences between two his-
tograms. For all statistical analyses, a difference was con-
sidered to be statistically significant if P < 0.05. In data from 
imaging experiments, we noted the presence of outliers in 
terms of total intranuclear fluorescence intensity and pDNA 
punctate numbers. These outliers were likely to be caused 
by signals from dead cell contaminations even after sam-
ple washing. The outliers were identified using the ROUT 
method as previously described [26], with Q = 1%, and 
excluded from data analysis.

Results

Nuclear Entry of pDNA in Cell‑Cycle Arrested 
and Unarrested Cells

COS7 cells were equally divided into two groups. The cell-
cycle was unarrested in one group, and arrested in another 
group by treatment with mimosine. Then, the cells were 
electrotransfected with pEGFP and incubated for 16 h before 
being fixed and stained with a DNA hybridization probe for 
pEGFP. After amplification of the probe signal, the level 
of intranuclear pEGFP was quantified with super-resolution 
confocal microscopy and image analysis. We observed that 
the arrested cells were larger than untreated ones, which was 
consistent with previous observations where the cell cycle is 
arrested with other chemicals [5]. The pEGFP signal distrib-
uted within the cell nuclei with a broad range of intensity, 
and two distinct patterns: diffuse and punctate. The diffuse 
signal spread homogeneously throughout the nucleus; and 
the punctate signal was discontinuous and had diameters of 
190–1900 nm (Fig. 3a). Additionally, the DNA punctates 
were brighter than diffuse DNA, allowing the patterns to 
be quantified separately in automated image analysis (see 
Fig. 1b). Interestingly, we also captured the nuclear entry 
process of pEGFP in some images, where DNA molecules 
were elongated when passing the nuclear envelope, presum-
ably through the nuclear pore complexes (Fig. 3a).

The cell-cycle arrested cells tended to have more punc-
tate, less diffuse, and lower overall signal intensity per 
nucleus compared with the unarrested cells (Fig. 3b–d). 
The difference in the histogram of each signal type between 
arrested and unarrested cells was statistically significant 
in five out of six independent repeats (P < 0.05, Kolmogo-
rov–Smirnov test) (data not shown). For each paired-exper-
iment, we also quantified the median fluorescence intensity 

Fig. 3   Quantitative analysis of DNA nuclear entry in cell-cycle 
arrested and unarrested cells. COS7 cells pretreated with mimosine 
for 24 h and untreated controls were electrotransfected with pEGFP 
followed by incubation for 16 h in the full medium with and without 
continued mimosine treatment, respectively. Thereafter, the cells were 
fixed and stained with the Hoechst dye (blue) for nuclei and the DNA 
probe (red) for pEGFP. Images at the central  plane of > 25 nuclei 
were acquired with confocal microscopy in each group, with a total of 
245 nuclei for the treated cells and 443 nuclei for the untreated cells 
across 6 independent repeats. a Typical super-resolution images of 
pDNA distributions in (i) untreated cells, and (ii) mimosine treated 
cells. Scale bars 10 µm. The magnified region in (i) shows an elon-
gated pDNA molecule  across the nuclear envelope. b–d Distribu-
tions of fluorescence intensity per nucleus for pEGFP signals in 
mimosine treated and untreated cells quantified in a typical experi-
ment (n > 25). Bin widths are 5 au in b, c, and 2 au in d. e–g Medians 
from the histograms normalized by the data from the untreated cells 
in six independent repeats. The intensities were quantified separately 
for total pEGFP signal (b, e), diffuse signal (c, f), and punctate signal 
(d, g), respectively. *P < 0.05; n = 6; Mann–Whitney U test

◂
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among the cell-cycle arrested cells, and normalized it by 
that among the unarrested cells. The means of the normal-
ized data from six independent repeats were 0.56 for total 
pEGFP signal, 0.42 for diffuse signal, and 3.58 for punctate 
signal (Fig. 3e–g); the differences were statistically signifi-
cant (P < 0.05). Since the signal intensity was correlated to 
the amount of pEGFP per nucleus, the data above indicated 
that the cell-cycle arrested cells had more punctate pEGFP, 
less diffuse pEGFP, and lower amount of total pEGFP per 
nucleus, compared to the unarrested ones.

To determine if the formation of two distinct pDNA pat-
terns was a universal phenomenon, we repeated the same 
experiment as above using HCT116 and C2C12 cells. 
Indeed, both diffuse and punctate patterns of pEGFP were 

observed in these cell types (Fig. 4). To validate the observa-
tions of pEGFP in the nucleus based on quantitative image 
analysis, we performed two negative control experiments 
following the same procedures as above, except that the cells 
were either electrotransfected with pLuc—a plasmid that 
could not be hybridized with the DNA probe—or untrans-
fected with plasmids. Typical images of cells in control and 
experimental groups are shown in Fig. 5. In pLuc electro-
transfected cells, no diffuse fluorescence was observed after 
staining with the DNA probe. Additionally, we observed 
that 84% of the nuclei had no fluorescence punctates, 15% 
of them had a single punctate, and 1% of them had two punc-
tates. The data indicated that a majority of the control nuclei 
did not show signals from the DNA probe. In untransfected 

Fig. 4   Diffuse and punctate DNA patterns in different cell types. 
Untreated cells were electrotransfected with pEGFP followed by incu-
bation for 16 h in the full medium. Thereafter, the cells were fixed 
and stained with the Hoechst dye (blue) for nuclei and the DNA 
hybridization probe (red) for pEGFP. The images show the optical 
sections near the central  plane of nuclei in confocal microscopy for 
different samples. In the left column, Hoechst and the DNA probe 

signals are overlaid, and in the right column, the same regions of cells 
with the signal from DNA probe only are shown to emphasize DNA 
distribution patterns. Some punctate examples are indicated with yel-
low arrows. The images from COS7, HCT116, and C2C12 cells are 
shown in the top, the middle, and the bottom rows, respectively. Scale 
bars 10 µm
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cells, similar results were observed (data not shown). The 
punctate signal in the control groups might be caused by 
non-specific binding of the probe to nuclear structures that 
could not be washed away after cell staining. In addition 
to the punctate number measurement, we set the maximum 
fluorescence intensity in the control nuclei without punctates 
as the background threshold, and compared it with data in 
different experimental groups. We observed that the fluo-
rescence intensity per nucleus was higher than the thresh-
old in > 99% of pEGFP electrotransfected cells. Together, 
the data above indicated that the nuclear entry of pEGFP 
occurred in the majority of the cells post electrotransfection, 
independent of the cell-cycle arrest.

Next, we determined if the release of cells from the 
cell-cycle arrest could affect the nuclear entry of pDNA. 
The experimental design was similar to the experiments 
described above. The only difference was that the cells were 
not treated with mimosine post electrotransfection in one 
of the groups, releasing the cell-cycle arrest. We observed 
that the median intensity of total DNA signal per nucleus 
was higher in the released group than the unreleased one, 
mainly due to the increase in the diffuse signal. Quantita-
tively, the median intensities of diffuse and punctate DNA 
signals in the released cells were 3.4 times and 3.1 times as 
high as those of the unreleased cells, respectively, in one 
experiment; or 2.3 and 1.0, respectively, in an independent 
repeat (Fig. 6). The data suggest that the inhibitory effect of 
the mimosine treatment on DNA nuclear entry is reversible.

To better understand the data discussed above, we also 
quantified the total amount of cells divided over a period 
of 16 h post electrotransfection of pLuc using the EdU 
assay. Our data showed that 85.6% of the mimosine treated 
cells were arrested in the G0/G1 phase, and less than 1% 
of them reached the late S phase or fully divided (Fig. 2), 
indicating that the NEBD occurred only in a tiny fraction 
of the mimosine treated cells. In the untreated group, at 

least 80% of the cells reached the late S phase or fully 
divided in the 16-h period.

The intranuclear signals of pDNA discussed above were 
investigated after the cells were fixed and stained with the 
DNA probe. We also performed the nuclear entry experi-
ments using Cy5 labeled pDNA (Cy5-pDNA), a commonly 
employed technique for visualization of pDNA in both live 
and fixed cells. We electrotransfected COS7 cells with 
Cy5-pEGFP in both mimosine treated and untreated cells, 
and compared Cy5 signals in the nuclei at 16 h post elec-
trotransfection, using the same methods as those described 
above for the DNA probe detection and analysis. The Cy5 
signals could be observed as single or small clusters (i.e., 
punctates) of pixels. Most punctates were less than 480 
nm in size and with a small range of fluorescence intensity 
(Fig. 7), which differed from the fluorescence signals from 
the DNA probes (Fig. 3a). Thus, we chose to quantify the 
pDNA signal as the total number of Cy5 positive pixels 
instead of Cy5 fluorescence intensity per nucleus. The 
median number of Cy5-pDNA positive pixels per nucleus 
in mimosine treated cells was 1.49 times as high as that in 
untreated controls (Table 1). The observation was quali-
tatively consistent with the punctate signals of the DNA 
probe for pDNA without Cy5 label (Fig. 3g). However, the 
diffuse signal of Cy5-pDNA was rarely observed in both 
mimosine treated and untreated groups. The observations 
were similar when the study was repeated with different 
pDNA and cell preparations: (a) electrotransfection of 
Cy5 labeled pMC.CMV-GFP-SV40PolyA into COS7 cells 
untreated or treated with mimosine or thymidine (the treat-
ment led to cell-cycle arrest at G1/S) [5], and (b) electro-
transfection of Cy5 labeled pEGFP into mimosine treated 
or untreated HCT116 cells (see Table 1). These obser-
vations demonstrated that only the punctate signals from 
Cy5-pDNA could be detected under a fluorescence micro-
scope (see Fig. 7); the fluorescence signals of the diffuse 

Fig. 5   DNA probe signal in negative controls. Untreated COS7 cells 
were electrotransfected with no plasmid (left), pLuc (middle), or 
pEGFP (right) then cultured for 16 h in full medium. Cells were then 

fixed and stained with Hoechst and a DNA hybridization probe for 
pEGFP. Images show the optical sections near the central  plane of 
nuclei in confocal microscopy for different samples. Scale bar 10 µm
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Fig. 6   Effects of release from cell-cycle arrest on nuclear entry of 
pDNA. COS7 cells were pretreated with mimosine for 24 h, followed 
by electrotransfection of pEGFP and incubation for another 16 h. The 
incubation medium was supplemented with mimosine in the con-
tinued arrest group (Mimosine) or nothing to release the cells from 
the cell-cycle arrest (Mim + R). At the end of incubation, the cells 
were fixed and stained with Hoechst dye for nuclei and DNA probe 
for pEGFP. The histograms for pEGFP signal intensity per nucleus 

were obtained with confocal microscopy and image analysis. The 
panels show the data from two independent repeats. a Total pEGFP 
signals, b diffuse signals, and c punctate signals. The bin widths in 
all plots are 5 au. The differences between the two groups (Mimo-
sine vs. Mim + R) were significant for the total and diffuse signals in 
both experimental repeats (P < 0.05), but the P value was < 0.05 only 
in one of the repeats for the punctate signals (Kolmogorov–Smirnov 
test, n > 40 per group in each repeat)

Fig. 7   Typical super-resolution images of Cy5-pEGFP in cells. COS7 
cells were treated with mimosine (400 µM, 24 h) or untreated, fol-
lowed by electrotransfection of Cy5-pEGFP. Then, cells in the two 
groups were incubated for 16 h in the medium supplemented with 

mimosine (400 µM) and nothing (untreated), respectively. Cy5-
pEGFP signals in cell nuclei were visible under the super-resolution 
microscope as single isolated pixels or small clusters of pixels (less 
than 10)
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Cy5-pDNA were likely to be too weak to be detected with 
the method used in our study.

Our next experiment was to determine if punctate pDNA 
detected in cell nuclei was truly within the cell nucleus. We 
used COS7 cells overexpressing mCherry-Lamin-A-C-18 in 
the electrotransfection experiment, allowing us to visual-
ize the inner boundary of each nucleus. We found that a 
majority of Cy5-pDNA detected near the central plane of 
cell nuclei in all confocal images were not associated with 
invaginations or wrinkles of the nuclear envelope [13] (see 
Fig. 8). On the other hand, co-localization of Cy5-pDNA 

with the inner boundary of nuclei was observed more com-
monly on the smooth edge of the nuclei than in the nuclear 
envelope invaginations, and in many instances, the Cy5-
pDNA appeared elongated through the nuclear envelope. 
All signals at the edge were excluded in our image analysis. 
Therefore, the data reported in Table 1 were numbers of 
pixels with intranuclear Cy5-pDNA.

Transgene Expression in Cell‑Cycle Arrested 
and Unarrested Cells

The mRNA level per cell was quantified to evaluate effects 
of the mimosine treatment on transcription of EGFP using 
an imaging approach similar to that for intranuclear pDNA 
quantification (see Fig. 1d). Specifically, COS7 cells in one 
group were treated with mimosine for 24 h prior to elec-
trotransfection of unlabeled pEGFP, and 16 h post electro-
transfection. The cells in the other group were untreated 
controls. All cells were stained with a hybridization probe 
for the mRNA and examined under a confocal microscope 
(Fig. 9a). Distributions of mRNA intensity per cell within 
a typical sample are shown in Fig. 9b. The distributions 
in all three experimental repeats were significantly dif-
ferent between untreated and mimosine treated samples 
(P < 0.05, Kolmogorov–Smirnov test) (data not shown). 
The medians of mRNA signal intensity per cell in the 
cell-cycle arrested samples were 2.1–6.5 times as high as 
the unarrested ones in three independent repeats (Fig. 9b, 
c). Considering the lower amount of intranuclear pEGFP 
observed in the cell-cycle arrested cells, the mRNA data 
suggest that the rate of EGFP transcription is higher in 

Table 1   Ratios of Cy5-pDNA positive pixel numbers between cell-
cycle arrested and unarrested cells

Each cell type was divided into two groups. Cell-cycle was arrested 
in the first group with either thymidine or mimosine treatment for 
24 h, and unarrested in the second group. Cells in both groups were 
electrotransfected with Cy5 labeled pEGFP or pMC.CMV-GFP-
SV40PolyA (pMC) and incubated for 16 h. The medium was sup-
plemented with thymidine or mimosine in the first group and noth-
ing in the second group. At the end of incubation, the number of Cy5 
positive pixels per nucleus was quantified in all cells. For each pair of 
groups, the ratio of the median numbers between cell-cycle arrested 
and unarrested cells was calculated

Treatment Cell type Plasmid Pixel 
number 
ratio

Mimosine COS7 pEGFP 1.49
Mimosine HCT116 pEGFP 4.44
Mimosine COS7 pMC 1.04
Thymidine COS7 pMC 1.74

Fig. 8   Visualization of punctate pDNA and nuclear envelope. COS7 
cells overexpressing mCherry LaminA-C-18 (white) were treated 
with mimosine (400 µM, 24 h), followed by electrotransfection of 
Cy5 labeled pEGFP (red). Then, the cells were incubated for 16 h in 
the medium supplemented with mimosine (400 µM) to increase the 
number of pDNA punctates. At the end of incubation, the cells were 
fixed, nuclei were stained with Hoechst (blue), and imaged with a 
super-resolution confocal microscope. Z-stacks were captured with a 
0.5 µm step size that spanned cell nuclei to determine if Cy5-pEGFP 

punctates overlapped with nuclear envelope in the invaginations and 
on the smooth surface. For each nucleus shown above, a central slice 
is shown in the XY plane and orthogonal views are shown in the YZ 
and XZ planes. Green arrows point to Cy5-pEGFP punctates in the 
central plane that are not connected to any Lamin structure, indicat-
ing that they are within the nucleus. Magenta arrows point to Cy5-
pEGFP punctates in the central plane that are within nuclear envelope 
invaginations. Yellow arrows point to Cy5-pEGFP punctates that are 
in contact with or across the smooth surface of the nuclear envelope
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these cells than unarrested ones, which is consistent with 
the observation in a previous study that mimosine treat-
ment increases transcriptional activity [6].

The experimental design for comparison of the EGFP 
protein levels was the same as that for mRNA except that 
the cells were cultured for 24 h with or without mimo-
sine, instead of 16 h, post electrotransfection. The EGFP 
level in all samples was quantified by two metrics with 
flow cytometry: (1) electrotransfection efficiency—the 
percent of viable cells that were EGFP positive, and (2) 
expression level per cell—the geometric mean of fluo-
rescence intensity among the EGFP positive cells. For 
mimosine treated and untreated cells, the mean ± SD of 
the electrotransfection efficiency were 25 ± 7.9% and 
30 ± 3.5%, respectively, and the mean ± SD of the expres-
sion level were 3.4 × 105 ± 0.8 × 105 arbitrary unit (au) and 
3.6 × 105 ± 0.4 × 105 au, respectively—neither of these dif-
ferences were statistically significant (Fig. 10). The lack of 
significance, despite the relatively large difference at the 
mRNA level, suggests that either the translation machin-
ery is saturated in both treated and untreated cells, or the 
treatment decreased the rate of translation. In both cases, 
the data imply that the decrease in nuclear entry of pDNA 

Fig. 9   Quantitative analy-
sis of EGFP transcription in 
cell-cycle arrested and unar-
rested cells. The experimental 
procedures were the same as 
those described in the leg-
end of Fig. 3, except that the 
pDNA probe was replaced with 
the mRNA probe. Stacks of 
images near the central planes 
of > 65 cells were captured for 
each group with a total of 302 
mimosine treated cells and 
253 untreated cells across 3 
independent repeats. a Typical 
fluorescence images of mRNA 
in (i) untreated cells, and (ii) 
mimosine arrested cells. The 
nuclei and EGFP mRNA were 
labeled with the Hoechst dye 
(blue) and the mRNA probe 
(red), respectively. b Histo-
grams of mRNA signal intensity 
per cell in a typical experiment 
with 200 au bin width (n > 80). 
The inset shows the same data 
in a lower intensity range with 
50 au bin width. c The medians 
from the histograms in three 
independent repeats

Fig. 10   Transgene expression in cell-cycle arrested and unarrested 
cells. The experimental procedures were the same as those described 
in the legend of Fig. 3, except that the transgene expression was quan-
tified at 24 h post electrotransfection. 30,000 Cells were analyzed per 
group in each experiment. (a) Electrotransfection Efficiency (eTE) - 
percent of live cells positive for EGFP. b Expression Level—geomet-
ric mean of EGFP fluorescence intensity among the EGFP positive 
cells. Symbols represent data points from individual repeats; and bars 
represent means of the repeats. Error bars, SEM; n = 5–6; ns: non-sig-
nificant, P > 0.05, Mann–Whitney U test
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caused by cell-cycle arrest does not necessarily result in a 
significant change in protein expression level.

To determine if the observed effects of mimosine treat-
ment on EGFP mRNA and protein levels were the result of 
broader changes in transcription and translation, total RNA 
synthesis and total protein level were quantified and compared 
between mimosine arrested and unarrested cells (Fig. 11). The 
amount of RNA synthesized was determined by measuring 
EU incorporation in mimosine treated or untreated cells over 
a 16-h period in samples with or without continued mimosine 
treatment. On average, the median level of total RNA syn-
thesis per cell in mimosine treated samples was 0.33 times 
that in untreated ones (Fig. 11a), indicating that the mimosine 
treatment decreased RNA synthesis. The total protein con-
tent was measured in cells cultured for 48 h with or without 
mimosine treatment. At the end of the culture, we collected 
and lysed identical numbers of cells (>106) in each pair of 
untreated and mimosine treated samples for protein measure-
ment. On average, the normalized total protein concentration 
in mimosine treated cells was 0.78 times that in untreated cells 
(Fig. 11b), indicating that mimosine treatment decreased the 
total protein concentration as well. The data shown in Fig. 11 
were consistent with the previous observations [2], suggest-
ing that mimosine treatment induces different effects on total 

RNA synthesis and total protein concentration, compared to 
its impact on transgene expression.

Next, we determined if the release of cell-cycle arrest 
could affect the EGFP protein level. COS7 cells were 
treated with mimosine for 24 h, followed by electrotrans-
fection of unlabeled pEGFP. Then, the cells were split into 
two groups, one was continuously treated with mimosine 
for another 24 h; the other group was released from the 
treatment in the same period. At the end of the treatment, 
the EGFP expression was quantified for all samples with 
flow cytometry. Based on two independent experimental 
repeats, we calculated the mean ratios between the released 
and the continuously treated cells for electrotransfection effi-
ciency and expression level per cell, which were 1.3 and 1.1, 
respectively. The data were consistent with those between 
untreated and mimosine treated groups (Fig. 10). The com-
parison suggests that effects of mimosine treatment on 
transgene expression are reversible, which is similar to the 
observation on the nuclear entry of pDNA discussed above.

Effects of Mimosine Treatment on Cell Density

COS7 cells were pretreated with mimosine (400 µM, 24 h) 
or untreated. Then, 1 million cells in each group were elec-
trotransfected with pEGFP and incubated in a medium for 
another 24 h. The medium was supplemented with nothing 
(Untreated) or mimosine (400 µM) for continued treatment 
(Mim). At the end of incubation, the number of cells per unit 
volume was quantified by flow cytometry. We observed that 
the cell densities (mean ± SD) were 834,921 ± 176,758 and 
51,297 ± 13,408 cells/mL, respectively, in the Untreated and 
the Mim groups, indicating that mimosine treatment signifi-
cantly reduced the cell density (P < 0.05; n = 5; Mann–Whit-
ney U test). The reduction was a compound effect of 
increased death and decreased proliferation of cells. We also 
investigated how the release from cell cycle arrest affected 
the cell density in two independent repeats. The cells were 
divided into two groups. In both groups, cells were treated 
with mimosine for 24 h followed by electrotransfection of 
pEGFP. Then, cells in the first group were released for 24 
h whereas the cells in the second group were continuously 
treated with mimosine for another 24 h prior to the cell den-
sity measurement. The data showed that the mean densities 
were 72,576 and 41,650 cells/mL in the first and the second 
groups, respectively, indicating that the release partially 
recovered the capability of cell division.

Discussion

We investigated DNA electrotransfection in cell-cycle 
arrested and unarrested cells. Although previous stud-
ies have also explored how the arrest influences non-viral 

Fig. 11   Effects of mimosine treatment on total RNA synthesis and 
total protein level. COS7 cells were pretreated with mimosine for 
24 h or left untreated, then used for subsequent experiments. a Total 
RNA synthesis. Cells were incubated for 16 h in medium containing 
5-ethynyl uridine (EU) and mimosine for cell-cycle arrested cells. For 
unarrested cells, mimosine was not added to the medium. At the end 
of the incubation, the total RNA synthesis per cell was quantified in 
105–205 cells per group. A total of 536 and 662 cells were analyzed 
across four independent repeats in untreated and mimosine treated 
groups, respectively. b Total protein level. Cells were incubated for 
24 h in medium with or without mimosine, then the BCA assay was 
performed to quantify total protein level in each sample. > 106 cells 
were used for each group in four independent repeats. Symbols repre-
sent data points from individual repeats; and bars represent means of 
the repeats. Error bars, SEM; *P < 0.05; n = 4; Mann–Whitney U test
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gene delivery [4, 16, 31], this is to our knowledge the first 
study that performed side-by-side comparison of the levels 
of intranuclear pDNA in these cells. We observed that the 
total level was lower in arrested cells than unarrested ones, 
which was consistent with the previous observation that cell 
division enhances nuclear entry of electrotransfected pDNA 
[5, 12, 17], presumably due to the NEBD in dividing cells. 
Meanwhile, we observed that the nuclear entry of pDNA 
was not a rare event in cell-cycle arrested cells, presumably 
due to the active transport through the NPCs. The same phe-
nomenon has also been observed in previous studies [8, 11, 
24], particularly for plasmids with a DTS (e.g., SV40). We 
also observed two distinct patterns of pDNA distribution 
in the nucleus: diffuse and punctate. Quantitatively, cells 
subjected to the cell-cycle arrest had a higher level of punc-
tate pDNA and lower level of diffuse pDNA than unarrested 
cells. In addition to the intranuclear pDNA, the cell-cycle 
arrest increased the EGFP mRNA level post electrotransfec-
tion of pEGFP, but did not change the percent of viable cells 
positive for EGFP protein or the average EGFP level per 
cell. These changes in the DNA nuclear entry and transgene 
expression caused by cell-cycle arrest were reversible after 
the mimosine treatment was stopped.

The study was accomplished by developing new methods 
for pDNA detection and image analysis. In previous studies, 
the detection is often achieved through chemical conjuga-
tion of pDNA with a fluorescent dye. At a low molar ratio 
of dye versus DNA in the conjugate, the fluorescence signal 
is generally too weak for DNA detection at the single mol-
ecule level with fluorescence microscopy; it is only useful 
for detection of pDNA punctates (see Fig. 7). Increasing the 
ratio will improve the signal intensity, but may also change 
DNA’s interactions with other biomolecules. For example, 
the ratio increase can decrease transgene expression, and 
alter DNA transport in cells [15]. To increase the signal 
intensity without these consequences, we used a DNA probe 
to stain the cells post electrotransfection. The new method 
had a higher sensitivity due to the amplification of the probe 
signal, allowing us to detect pDNA at the single molecule 
level, which is critical for the detection of diffuse pDNA in 
the nuclei. We also developed a method for automatic image 
analysis that allowed us to analyze a large number of cells, 
which is hard to achieve through a manual approach. The 
automatic approach also reduced human errors and ensured 
robustness, reproducibility, and reliability in the image 
analysis. With this automated image analysis, we could 
objectively distinguish pDNA molecules within the nuclei 
from those in the nuclear envelope or outside the nucleus, 
distinguish between diffuse and punctate pDNA, and collect 
a large amount of data for statistical analysis of the sam-
ples. The tools developed in the study can also be useful for 
investigation of gene delivery using other approaches, such 
as nanoparticles.

We observed two distinct patterns of intranuclear pDNA 
distribution post electrotransfection: punctate and diffuse. 
The observation is similar to those in previous studies, 
following microinjection of DNA into the cytoplasm [8]. 
Unlike previous studies, we discovered that the diffuse pat-
tern occurred mainly in cells divided post electrotransfection 
whereas the punctate pattern occurred more in cell-cycle 
arrested cells. The diffuse pDNA signals are likely to be 
single molecules spreading throughout the nucleus. The 
question is, why do some pDNA molecules cluster together 
to form the punctate structure? Since continuous mimo-
sine treatment increases both punctate pDNA (Fig. 3) and 
reporter mRNA (Fig. 9) accumulation in electrotransfected 
cells, we hypothesize that the punctate pDNA is more tran-
scriptionally active than the diffuse pDNA. Thus, the punc-
tates may be the result of multiple pDNA molecules being 
recruited to hubs of transcription and/or co-transcriptional 
splicing, which have previously been described and visual-
ized as foci in cell nuclei [21, 28, 29, 33]. Our hypothesis 
is also in line with recent findings that show another spe-
cies of circular DNA, extrachromosomal DNA (ecDNA), 
to form hubs with increased transcriptional activity, facili-
tated by protein tethering in the nucleus [20, 30, 34]. If the 
pDNA punctates observed in the current study are hubs of a 
similar nature, our results suggest that mimosine treatment 
upregulates their formation or the recruitment of pDNA to 
existing transcriptional hubs. This hypothesis can explain the 
observed increase in punctate pDNA and decrease of diffuse 
pDNA in mimosine treated cells, and is in line with a previ-
ous study in which mimosine treatment leads to an increase 
in transcription of genes with certain promoters [6]. If it can 
be validated in future studies, facilitating pDNA punctate 
formation may become a new strategy for improving the 
efficiency of non-viral gene delivery.

It is well known that the level of a protein is unnecessarily 
correlated with its mRNA level [18, 23]. However, the cor-
relations among the levels of intranuclear pDNA, mRNA, 
and protein remain elusive in the field of gene delivery. It 
has been widely believed that improving the nuclear entry 
of pDNA will increase transgene expression. Results from 
our experiments showed an exception since the mimosine 
treatment decreased intranuclear pDNA level (Fig. 3), but 
increased mRNA level (Fig. 9) and had insignificant effects 
on the protein level (Fig. 10), demonstrating that rates of 
transcription and translation can be influenced by factors 
independent of the pDNA level in the nucleus. Caution 
should be exercised when predicting the nuclear entry of 
pDNA with the data of transgene expression.

Effects of mimosine treatment on cells were reversible 
in terms of the changes in intranuclear pDNA, transgene 
expression, and cell proliferation. We observed that mimo-
sine treatment decreased the total and diffuse pDNA sig-
nals in the nuclei and the cell density, when comparing to 
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the untreated cells. The treatment also increased the pDNA 
punctates in the nuclei. When the cells were released from 
the treatment for 16 or 24 h, the directions of the changes 
were reversed, compared to the continuously treated cells, 
except for the pDNA punctates in the nucleus (see Fig. 6). 
Instead of decreasing, the release caused either no change or 
increase in the number of pDNA punctates per nucleus. Our 
explanation for the observation is as follows. As discussed 
above, the mimosine treatment might facilitate pDNA tran-
scriptional hub formation via an unknown mechanism. After 
the treatment was stopped, the hubs would disappear gradu-
ally over a certain period rather than instantaneously, and 
some released cells started to divide, allowing more pDNA 
molecules to enter the nuclei via the NEBD and reformation. 
These pDNA could form hubs by the residual effects of the 
unknown mechanism. As a result, the number of pDNA hubs 
stayed the same or even increased in the nuclei of released 
cells.

When the samples were released from the mimosine 
treatment for 24 h, the cell density was increased by 70%, 
compared to those continuously treated, although the ini-
tial densities of cells in the samples were the same in these 
groups (106 cell/mL). The change was an order of magni-
tude smaller than the density difference between untreated 
and continuously treated cells (see the Results section). To 
explain the large discrepancy, we need to realize that the cell 
density depends on the difference in rates between cell pro-
liferation and cell death, and the initial density of cells. We 
observed that the mimosine treatment not only inhibited cell 
proliferation but also significantly increased cells’ vulner-
ability in electrotransfection. Both events could decrease cell 
density compared to untreated groups, leading to the large 
cell density difference. On the other hand, the cells that were 
released from the mimosine treatment experienced the same 
increase in cell death upon electrotransfection, compared 
to continuously treated cells, and regained the proliferation 
capability afterwards, indicating that the cell density ratio in 
the two groups depended mainly on the difference between 
cell proliferation rates rather than the combined effects of 
cell proliferation and death. Interestingly, the 70% differ-
ence in cell density was quantitatively consistent with the 
observation that ~ 80% of untreated cells divided during a 
16-h period (Fig. 2). Thus, the large discrepancy in the cell 
density data between the untreated group and the group with 
cell cycle arrested first and then released, is more likely to be 
due to the difference in cell vulnerabilities to electrotransfec-
tion caused by mimosine treatment.

In summary, we developed and validated a sensitive 
technique for accurate quantification of intranuclear pDNA 
post electrotransfection. Our data showed that (i) the dis-
tribution of pDNA had two different patterns—diffuse and 
punctate, (ii) cell-cycle arrest decreased the nuclear entry 
of pDNA, presumably due to the inhibition of NEBD, but 

also increased the amount of nuclear punctate pDNA and 
cellular mRNA levels, and (iii) decreasing the nuclear entry 
did not lead to a reduction in transgene expression. In future 
studies, we will use the multifaceted approach described 
herein to evaluate strategies for improving non-viral gene 
delivery.
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