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Abstract
We have previously developed a non-viral episomal vector based on matrix attachment region (MAR) that can facilitate 
plasmid replication episomally in mammal cells. In this study, we have focused on the development of an alternative tissue 
specific episomal vector by incorporating into cis-acting elements. We found that AAT promoter demonstrated the highest 
eGFP expression level in HepG2, Huh-7 and HL-7702 hepatic cells. Furthermore, hCMV enhancer when combined with AAT 
promoter significantly improved the eGFP expression level in the transfected HepG2 cells. The mean fluorescence intensity 
of eGFP in hCMV2 group was 1.33 fold, which was higher than that of the control (p < 0.01), followed by the hCMV1 group 
(1.21 fold). In addition, the percentages of eGFP-expressing cells in hCMV1 and hCMV2 groups were observed to be 49.3% 
and 57.2%, which were significantly higher than that of the enhancer-devoid control vector (44.3%) (p < 0.05). Moreover, the 
eGFP protein were up to 3.5 fold and 5.1 fold (p < 0.05), respectively. This observation could be related with the activities of 
some specific transcription factors (TFs) during the transcriptional process, such as SRF, REL and CREB1. The composite 
CMV/AAT promoter can be thus used for efficient transgene expression of MAR-based episomal vector in liver cells and as 
a potential gene transfer tools for the management of liver diseases.
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Introduction

Liver-directed gene therapy has been identified among the 
most promising candidate for several genetic and metabolic 
liver diseases (Nunes and Raper 1996; Ding et al. 2012; 
Maestro et al. 2021). However, an excellent gene therapy 
vector that can exhibit tissue-specificity, high transgenic 
expression efficiency and is relatively safe is required in 
clinical gene therapy. These are also considered as major 
parameters of vector performance. The non-viral episomal 
vectors have no viral components and could effectively rep-
licate their genomes autonomously as extrachromosomal 
elements or as episomes so as to circumvent the potential 
risk of random integration of the vector into the host cells 
genome chromosomal DNA after the gene transfer, thus 
avoiding various deleterious or mutagenic effects (Mulia 
et al. 2021). Therefore, they display relatively lower toxic-
ity and less immunogenicity for the host at both the cellular 
or somatic level. In addition, the episomal vectors are less 
expensive and can be conveniently produced in a large scale 
with consistent quality in comparison to packaging the viral 
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vectors (Miao et al. 2001; Ehrhardt et al. 2008). Thus, it can 
at least theoretically ensure the long-desired increase in the 
safety profile to facilitate clinical gene therapy applications 
when compared to the viral ones.

The genomic AT-rich matrix attachment region (MAR) 
sequences are generally thought to facilitate the tethering 
of DNA to a subnuclear structure and reported to be critical 
for the organization of chromatin loops so that to define the 
boundaries of the various chromatin domains (Jackson et al. 
2006; Bode et al. 2000). For instance, Argyros et al. (2008) 
confirmed that MAR was capable of preventing the transgene 
silencing as well as providing a sustained transgene expres-
sion and this plasmid can effectively replicate as an episomal 
entity. Similarly, we have previously reported an episomal 
system exploiting a 387 bp characteristic motif of 2200 bp 
MAR that could lead to markedly increased stable recom-
binant protein expression, mediate episomal replication and 
does not require any virally encoded trans-acting factors 
in the transfected Chinese hamster ovary, Chang liver and 
HEK-293 cells (Lin et al. 2015; Wang et al. 2017; Xu et al. 
2019). Moreover, a MAR1 element that was incorporated 
into the downstream of expression cassette of the MAR-
based episomal vector was found to significantly improve 
the transgenic ability in the hepatic cells (Wang et al. 2010, 
2012; Zhao et al. 2017; Li et al. 2018; Zhang et al. 2019) 
(Supplementary Fig. 1). It was observed that the pEMM 
episomal vector that was employed as the backbone vector 
of this study as the high transgenic ability of vector was 
necessary for inhibiting transgene silencing of the foreign 
genes and stimulating innate immune response of the host 
cells in gene therapy.

In addition to the higher transgenic ability, liver-specific 
strategies for gene therapy could be potentially advanta-
geous to minimize the possible adverse effects caused by 
the non-target gene expression for the development of safe 
and reproducible gene therapy approaches and are usually 
achieved by employing the expression cassettes including 
tissue-specific promoter. The α1-antitrypsin (AAT) is pre-
sent in large amounts in the human serum and synthesized 
predominantly in the hepatocytes. The human AAT  gene pro-
moter could drive hepatoma-specific transcription from the 
heterologous SV40 promoter (Miao et al. 2001; De Simone 
and Cortese 1989). Additionally, it has been reported that 
the human tumor–specific alpha fetoprotein (AFP) promoter 
in combination with the hCMV enhancer element can act as 
a valuable tissue-specific promoter for targeting the hepato-
cellular carcinoma with a non-viral gene delivery system, 
thereby yielding significantly higher tissue-specificity with 
less undesired side effects (Haase et al. 2013). For example, 
it has been found that human apolipoprotein A-I (ApoAI) 
promoter can induce enhanced green fluorescent protein 
(eGFP) expression in cells originating from liver in vitro 
and in vivo, whereas the non-liver organ gene expression 

could be eliminated in the pApoAI-eGFP–treated mice (Hu 
et al. 2010).

However non-viral tissue-specific vectors displayed sig-
nificantly lower delivery efficiency in comparison to the 
strong constitutive promoters that can substantially limit 
their application in gene therapy (Hu et al. 2010). Human 
cytomegalovirus major immediate-early gene (hCMV), Jaa-
gsiekte sheep retrovirus (JSRV) or apolipoprotein E (ApoE) 
enhancers could be potentially incorporated to increase the 
expression level and persistence of protein of interest (Xu 
et al. 2001; De Geest et al. 2000; Lam et al. 2007; Yu et al. 
2020; Suzuki et al. 2020). Moreover, the ability of these 
cis-acting elements could be affected by the plasmid back-
bone sequences which could be tightly related to the tran-
scription activity of interesting gene (Giannakopoulos et al. 
2009; Wang et al. 2016; Jia et al. 2019). Therefore, we have 
screened several enhancer elements to establish their suit-
ability in our MAR-based episomal vector for further pro-
moting the transgenic expression effect and safety.

Based on these findings, we have attempted to incorpo-
rate different liver–specific promoters (LSPs) and enhancer 
elements combination for improving the MAR-based epi-
somal vector function. The adaptation and performance of 
these elements in our pEMM episomal vector contexts were 
evaluated in terms of the transgene expression magnitude in 
human hepatic cells and the underlying molecular mecha-
nisms have been predicted by in silico analysis.

Materials and methods

Vector construction

Based on a previously described pEM episomal vector 
(Wang et al. 2017) and a 791 bp MAR1 element (Genbank: 
AC117476.6 from 60,046 to 60,836) flanking at the 3′ end 
of the eGFP gene expression cassette was used to produce 
pEMM as a backbone vector (Fig. 1A and B) in this study. 
Four liver-specific promoter sequences, ApoAI, AFP, AAT 
and albumin (ALB), were first artificially synthesized by 
General Biosystems, Inc. (Chuzhou, China). They were 
digested with AgeI and then ligated into pEMM vector to 
replace the elongation factor 1α (EF-1α) promoter and 
thereby obtain the various vectors pApoAI-MM, pAFP-MM, 
pAAT-MM and pALB-MM respectively (Fig. 1C).

Six different enhancer sequences, JSRV1, JSRV2 (Yu 
et  al. 2020), hCMV1 (GenBank: K03104.1, positions 
214–620 bp), hCMV2 (positions 7–660 bp of pRL-CMV 
vector of Promega company), ApoE1 (GenBank: U32510.1) 
and ApoE2 (GenBank: U35114.1, positions 1 to 535), were 
artificially synthesized by General Biosystems, Inc. (Chu-
zhou, China). They were then cloned into the AAT promoter 
upstream of the selected pAAT-MM vector using Seamless 
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Cloning and Assembly Kit (Tiandz, China) to produce 
enhancer-modified pAAT-MM vectors (Fig.  1D). The 
sequence alignment results of CMV1 and CMV2 enhancers 
are shown in Supplementary Fig. 2.

Cell culture

The human hepatocellular carcinoma cells HepG2, Huh-
7, normal hepatic cells HL-7702 and the non-liver derived 
cells such as human colon cancer HCT116 and embryo kid-
ney HEK-293E were provided by the Institute of Labora-
tory Animal Sciences (Beijing, China). They were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Pro-
teineasy, Xinxiang, China) supplemented with 10% fetal 
bovine serum (Tianhang, Hangzhou, China) and 1% of a 
penicillin-streptomycin solution (Proteineasy, Xinxiang, 
China) and maintained in a humidified incubator at 37 °C 
with 5%  CO2.

Transient and stable transfection

The exponentially growing cells were initially plated at a 
density of 1.25 ×  105 cells/well in 24-well plates. After the 
cells have reached 70 ~ 80% confluence, duplicate transfec-
tions were performed for each vector using Lip2000 Trans-
fection Reagent (Biosharp, Hefei, China). Non-treated and 
mock transfected cells (transfected without plasmid) were 
used as the controls. Transient eGFP expression was exam-
ined and validated under a Nikon Ti-s fluorescence micro-
scope (Nikon, Tokyo, Japan) at 72 h after the transfection. 
Subsequently, the transient transfected cells were digested 
with 0.25% trypsin and collected for further analysis. For 
cell pools of stable HepG2-eGFP expression, cells were 
sub-cultured every three days till 24 days after the trans-
fection. These cells were monitored under fluorescence 
microscope during the passaging and used for further 
analysis.

Fig. 1  A schematic illustration 
of expression vectors employed 
in this study. The plasmids 
used in this study were based 
on pEMM (A and B), in which 
a MAR characteristic motif 
incorporating at the downstream 
of eGFP gene and a 770 bp 
MAR1 element flanking at 
the 3´end of the gene expres-
sion cassette driving by the 
constitutive EF-1α promoter. 
The liver tissue-specific vec-
tors pLSP-MM was prepared 
(C) by replacing the EF-1α 
promoter with different LSPs, 
ApoAI, AFP, AAT and ALB, 
respectively. Incorporation of 
the different enhancer elements, 
JSRV1, JSRV2, CMV1, CMV2, 
ApoE1 and ApoE2, into the 
upstream of LSP to produce pE/
LSP-MM vectors (D). p pro-
moter, LSP liver tissue-specific 
promoter, eGFP enhanced green 
fluorescent protein, pA poly A
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Flow cytometry analysis

The cells were collected after the pancreatic enzyme diges-
tion, washed with PBS and then resuspended. The propor-
tion of eGFP-positive cells and eGFP mean fluorescence 
intensity (MFI) of each sample was directly determined 
using a CytoFLEX Flow Cytometer (Beckman Coulter, 
Franklin Lakes, NJ, USA) at 72 h after the transfection. 
A total of 20,000 fluorescent events were acquired using 
a 530/15 bandpass filter for the green fluorescence protein 
signal obtained with a fluorescence emission wavelength at 
530 nm. The results were finally analyzed using Flow Jo 
software (Tree Star, Ashland, OR, USA).

mRNA expression analysis

The total RNA was extracted from the transfected cells using 
TRIzol reagent (TaKaRa). The RNA (1 μg) was then reverse 
transcribed to cDNA with PrimeScript RT Master Mix 
(TaKaRa). Thereafter, cDNA (1 μL) was used as a template 
for PCR amplification with SYBR PCR Master Mix rea-
gents (TaKaRa). The specific primers used were as follow-
ing: eGFP, 5ʹ-CTA CGT CCA GGA GCG CAC CATCT-3ʹ and 
5ʹ-GTT CTT CTG CTT GTC GGC CAT GAT AT-3ʹ; GAPDH, 
5ʹ-CGA CCC CTT CAT TGA CCT C-3ʹ and 5ʹ-CTC CAC GAC 
ATA CTC AGC ACC-3ʹ. qPCR was carried out with ABI 
7500 Real-Time PCR system (Applied Biosystems, Foster 
City, CA, USA) with an initial heating at 95 °C for 3 min, 
followed by 35 cycles of 94 °C for 30 s, 60 °C for 30 s and 
72 °C for 30 s, respectively. The relative gene expression lev-
els were calculated using the  2−ΔΔCT method with GAPDH 
as the internal reference gene. All the samples were used in 
duplicate, and the experiment was repeated twice.

Western blot analysis

The whole cell extracts were obtained by homogenization 
of the cells at 72 h after transient transfection with pE/AAT-
MM plasmid (containing the different enhancer) in the cell 
lysate using Ultrasonic Cell Disruption System. The pro-
tein concentration was determined by Bicinchoninic Acid 
Assay (BCA) kit. Thereafter, equal amount of total protein 
was electrophoresed on 12% polyacrylamide gel (Beyo-
time, Shanghai, China) under denaturing conditions, and 
then transferred to a polyvinylidene fluoride membrane 
(Bio-Rad, USA). The transferred proteins were blocked 
in 5% defatted milk and then blotted with eGFP antibody 
(AbM59003-6E2-PU, BPI, China), or β-actin antibody 
(BM0627, Boster, China). The goat anti-mouse immuno-
globulins (S0002, Affinity Biosciences, USA) were used as 
a secondary antibody. Finally, the membranes were treated 
with ECL luminescent reagent (Beyotime, China), and 
the bands were visualized in an ODYSSEY Fc (Li-COR) 

detector and quantified using Image J software (National 
Institutes of Health, Bethesda, MD, USA).

Plasmid rescue experiments

For these experiments, the total cellular DNA (including 
extrachromosomal DNA) was extracted using a Universal 
Genomic DNA Kit (CWBIO, China) from the stable HepG2-
eGFP cell pools at 24 d after the transfection. The DNA 
(1 μg) were then transformed into DH5α E. coli cells by 
heat shock. The transformed colonies were selected on agar 
plates containing 30 μg/ml kanamycin. DNA was isolated 
from the individual resistant clones and quantified using a 
NanoDrop spectrophotometer (LabTech), subjected to PCR 
amplification of eGFP (200 ng) and analysed by electropho-
resis on 1% agarose gels.

In silico analysis of the transcription factor binding 
sites

The potential allele-specific transcription factor binding sites 
(TFBSs) in the hCMV2 sequences were identified using 
bio-informatics software JASPAR (http:// jaspar. gener eg. 
net/) (Fornes et al. 2020; Castro-Mondragon et al. 2022), 
Alibaba2.1 (http:// gene- regul ation. com/ pub/ progr ams/ aliba 
ba2/ index. html) (Grabe 2002; Shyamala et al. 2022), and 
Match (http:// gene- regul ation. com/ cgi- bin/ pub/ progr ams/ 
match/ bin/ match. cgi) (Kel et al. 2003; Tossolini et al. 2022). 
JASPAR: using the vertebrata database of jasper core and 
setting “Homo sapiens” for searching the different profiles 
(transcription factors). Thereafter, all the profile(s) identi-
fied were added to Cart and hCMV2 sequence (GenBank: 
K03104.1 from 2 to 656 bp) was scanned with selected 
matrix models. Thereafter, the total putative sites were 
predicted by applying a minimum relative profile score 
threshold of 80% to minimize false positive matches and 
the symbol “ + ” was entered into the filter box to obtain the 
predicted sequence of profiles present only on the forward 
strand. Alibaba2.1, setting with a minimum matrix conser-
vation value of 80%; and Match, using a vertebrate matrix 
and a cut-off value set to minimize false positive matches.

Statistical analysis

All the data have been presented as mean. The statistically 
significant difference was determined by LSD (L) Multi-
ple Comparison Test of one-way ANOVA using SPSS 17.0 
GraphPad Prism 5 (GraphPad Software Inc., California, 
USA). p < 0.05 was considered as statistically significant, 
whereas p < 0.01 indicated extremely significant difference 
for all the data.

http://jaspar.genereg.net/
http://jaspar.genereg.net/
http://gene-regulation.com/pub/programs/alibaba2/index.html
http://gene-regulation.com/pub/programs/alibaba2/index.html
http://gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi
http://gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi
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Results

AAT promoter is more active compared to ApoAI, 
AFP and ALB in hepatic cells

Four distinct LSPs, ApoAI, AFP, AAT and ALB, were 
evaluated for their effect as liver–specific episomal vec-
tors. To explore the compatibility of pEMM eposimal vec-
tor with the different LSPs in hepatic cell lines, we first 
determined the eGFP expression levels by measuring the 
MFI and percentage of eGFP-positive cells of the trans-
fected liver-derived cell lines. Flow cytometry analysis 

indicated that pAAT-MM displayed the highest eGFP 
expression levels in HepG2, Huh-7 and HL-7702 cells and 
approximately 25.27%, 17.43% and 5.06% of the control 
vector pEMM (LSP-devoid vector), followed by pApoAI 
(about 18.36%, 13.6%and 2.80%). However, the eGFP 
expression levels in AFP and ALB promoter groups were 
significantly weaker in comparison to of AAT promoter 
groups in HepG2 (p < 0.01), Huh-7 cells (p < 0.05) and 
HL-7702 cells respectively (p < 0.001) (Fig. 2A and C).

Synchronously, the percentage of eGFP-positive cells of 
the pAAT-MM vector was found to be at relatively high 
levels in liver cells and was approximately 22.6%, 9.4% 
and 1.5% in HepG2, Huh-7 as well as HL-7702 cells, 

Fig. 2  The eGFP expression levels of episomal vectors driven by 
different LSPs in the transfected liver cells. The vectors with LSPs, 
pApoAI-MM, pAFP-MM, pAAT-MM, pALB-MM, were transfected 
into HepG2, HL-7702 and Huh-7 human liver cells. The pEMM with 
EF-1α constitutive promoter (LSP-devoid) was also transfected as a 
potential control. The eGFP expression levels were detected under 

a fluorescence microscope with uniform exposure time 2  s at 72  h 
after transfection (A). The percentage of eGFP-positive cells and 
MFI were determined by flow cytometry (B and C). Relative MFI of 
eGFP expression were normalized to those which lacked LSP vec-
tor (pEMM). Significant differences are indicated by stars (*p < 0.05, 
**p < 0.01 and ***p < 0.001 relative to the pAAT-MM vector)



 3 Biotech (2023) 13:354

1 3

354 Page 6 of 12

respectively, and it was also increased significantly in com-
parison to pAFP and pALB groups in HepG2 (p < 0.05), 
Huh-7 (p < 0.05) and HL-7702 cells (p < 0.01) (Fig. 2A 
and B). Surprisingly, the eGFP transgene expressions were 
observed to be substantially attenuated in human normal 
hepatic cells HL-7702 in comparison to hepatocarcinoma 
cells HepG2 and Huh-7. These results suggested that this 
episomal vector may be more favorable for transgene therapy 
in hepatocellular carcinoma.

hCMV2/AAT promoter was found to be most active 
in hepatic cell lines, but also displayed weak 
expression levels in non‑liver derived cells

To further enhance promoter activity, six different enhancer 
sequences were cloned in front of the AAT promoter 
sequence. The constructs featuring an hCMV enhancer, 
especially hCMV2, exhibited higher expression levels 
in comparison to others enhancer in HepG2 liver cells 

(Fig. 3A). The eGFP expression levels of the vectors con-
taining hCMV2 enhancer were 1.33 fold and found to be 
significantly higher than that of the enhancer-devoid con-
trol vector (p < 0.01), followed by hCMV1 (1.21 fold). The 
percentages of eGFP-positive cells in hCMV1 groups were 
observed to be significantly higher than that of the con-
trol (57.2% vs. 44.3%, p < 0.05), followed by the hCMV2 
(49.3%). Surprisingly, JSRV1 significantly decreased the 
eGFP expression level in HepG2 cells (p < 0.05). Except for 
these, other enhancers were comparable to MFI-eGFP or 
showed slightly lower activity in comparison to the devoid-
enhancer vector (Fig. 3B and C). Similarly, the eGFP expres-
sion cells also displayed lower activity than the enhancer-
devoid group (p < 0.05).

For tissue-specific expression, we detected synchronically 
the eGFP expression in the non-liver derived cell lines. Both 
the quantity and fluorescence intensity of eGFP-expression 
cells in HEK-293E and HCT-116 cells were significantly 
weaker in comparison to the liver derived HepG2 cells 

Fig. 3  The eGFP expression levels of episomal vectors driven by 
enhancer/AAT promoter. The vectors incorporating the different 
enhancers, JSRV1, JSRV2, hCMV1, hCMV2, ApoE1, ApoE2, were 
transfected into HepG2 liver cells, non-liver derived HEK-293E and 
HCT-116 cells. The pAAT-MM (enhancer-devoid) was transfected as 
a control. The eGFP expression levels were detected under a fluores-

cence microscope with uniform exposure time 2  s (A) at 72 h after 
transfection. The percentage of eGFP-positive cells and MFI were 
determined by flow cytometry (B and C). Relative MFI of eGFP 
expression were normalized to those of enhancer-devoid vector 
(pEMM). Significant differences are indicated by stars (*p < 0.05, and 
**p < 0.01 relative to the pAAT-MM vector)
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(Fig. 3A), which demonstrated that the CMV enhancer did 
not markedly affect the liver–tissue-specific of the pATT-
MM episomal vector.

hCMV2/AAT promoter enhanced the eGFP 
expression levels of the MAR‑based episomal vector

We further compared the eGFP expression levels in the 
transiently transfected cell pools of the episomal vectors 
incorporating into different enhancer elements. The results 
demonstrated that eGFP expression level of hCMV2 vec-
tor was substantially increased at the transcriptional level, 
and was approximately 10.8 fold compared to the control 
(AAT promoter without enhancer), followed by hCMV1 that 
was about 9.0 fold (p < 0.05) (Fig. 4A). Similarly, the eGFP 
protein in hCMV2 group was also exhibited high level and 
was about 5.1 fold which was found to be a significant dif-
ference in comparison to the control group (p < 0.05). This 
was followed by hCMV1 group (3.8 fold, p > 0.05) (Fig. 4B 
and C). However, other enhancer elements, JSRV1, JSRV2, 
ApoE1 and ApoE2, had little effect on the recombinant 
eGFP expression, with values approximately 1.0-, 1.2-, 1.4-
and 1.0 fold compared to the control. These results suggested 
that hCMV2/AAT promoter in hepatic cells demonstrated 
positive effect on the efficiency of transgene expression.

phCMV2/AAT‑MM vector conferred persistent 
expression

To further examine the effect of the hCMV2 enhancer ele-
ment on the stability of transgene expression, the cells were 
cultured and passaged continuously until at the 24 days after 
transfection. A sustained eGFP expression as expected in 
phCMV2/AAT-MM-HepG2 was observed cell pools which 
was significantly greater markedly than that of the pAAT-
MM control group (enhancer-devoid vector) at 14 and 
24 days after the transfection. Although the hCMV2/AAT 
vectors retained transgene expression in the dividing cells, 
the fluorescence intensity of eGFP was found to be substan-
tially attenuated (Fig. 5).

phCMV2/AAT‑MM vector was retained 
extrachromosomally in stably transfected HepG2 
cell pools

The cellular DNA extraction was performed to recover extra-
chromosomal DNA from HepG2 cell pools transfected with 
the phCMV2/AAT-MM vector. The plasmid rescue assay 
was conducted as described previously (Argyros et al. 2011) 
and the rescued plasmids were identified by PCR amplifica-
tion of eGFP gene which was expected to yield 205 bp frag-
ments (Fig. 6). These results demonstrated that the plasmid 

Fig. 4  EGFP expression in transiently transfected HepG2 cells 
with the episomal vectors incorporating into different enhancer ele-
ments. The vectors with the different enhancer elements, JSRV1, 
JSRV2, hCMV1, hCMV2, ApoE1 and ApoE2, were transfected into 
the HepG2 cells. The eGFP expression levels were detected by col-
lecting the transfected cell pools at 72  h after the transfection. The 
pAAT-MM (enhancer-devoid) was used as a control vector. The rela-

tive eGFP mRNA expression level was measured by qRT-PCR using 
 2−∆∆Ct method, and GAPDH was as an internal reference gene (A). 
The eGFP protein expression levels were determined by Western blot 
analysis. The relative eGFP expression was normalized to those of 
non-containing enhancer pAAT-MM vector (pEMM) and β-actin was 
as an internal reference (B and C). Significant differences are indi-
cated by stars (*p < 0.05 relative to the pAAT-MM control vector)
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existed as circular episomes in liver cells and was not 
directly integrated into the genomic DNA of the host cell.

Transcription factor binding motifs of hCMV2 
enhancer via in silico analysis

It has been established that enhancers can act as cis-regula-
tory elements to control transcriptional regulation by recruit-
ing the DNA-binding transcription factors (TFs) in a tissue-
specific manner. In the present study, the potential TFBSs of 
hCMV2 enhancer were determined using a bioinformatics 
approach. The results revealed that a total of 2467 predicted 
sequences of TFBSs were presumably present in the hCMV 
sequence. Based on the value of relative score item (> 0.99), 
we selected 28 predicted binding site sequence which have 
been referred as 19 TFs. Eleven TFs among all these reg-
ulatory elements had the highest score (1.00). These TFs 
included SRF, REL, CREB1, FOS::JUN, HOXA4, HOXB4, 
HOXC4, HOXD4, NR2C1, NFIC and GATA2 (Table 1). In 

addition, the scores of these TFBSs were > 10.00 except for 
NFIC and GATA2. Moreover, CREB1, NFIC and NFKB1 
were identified several times (4, 5 and 3 times, respectively) 
at the different sites with identical predicted sequences. The 
findings indicate that these TFREs may have a synergistic 
effect on the contribution of enhance the transcriptional 
activity of exogenous genes.

Discussion

Liver-targeted episomal vectors for gene therapy possess 
broad application prospects for alternative protein replace-
ment therapy of rare monogenic diseases and liver cancer. 
In a previous study, Miao et al. (2001) demonstrated that 
episomal maintenance of plasmids in the liver cells can lead 
to persistent gene expression without eliciting substantial 
long-term immune response or toxicity. We have previously 
designed a pEM episomal vector using MAR characteristic 

Fig. 5  EGFP expression in cell 
pools of the stably transfected 
HepG2 cells with the episomal 
vectors mediated by hCMV2 
enhancer element. For pools 
of stable HepG2 cells express-
ing eGFP, transient transfected 
cells were sub-cultured every 
there days till 24 days after the 
transfection. These transfected 
cell pools were photographed 
under a fluorescence micro-
scope at 2, 14 and 24 days after 
the transfection
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motif that exhibited high transgene efficiency and transgene 
stability in CHO-K1 cells (Wang et al. 2017), as well as in 
human Chang-liver cells (Xu et al. 2019; Wang et al. 2016). 
This could be attributed to the truncated MAR motif thus 
allowing reduced plasmid size which can further increase 
gene transfer efficiency.

For liver-targeted gene therapy, the expression of ther-
apeutic genes in the non-liver organs is not expected and 
could be potentially eliminated by optimal use of LSPs. 
Interestingly, DNA vectors driven by AAT promoter in com-
bination with the entire genomic loci or viral elements, have 
demonstrated that a longer duration of transgene expression 
could be possible in the liver (Aliño et al. 2003; Ehrhardt 
et al. 2003). For instance, Cabrera-Pérez et al. confirmed 
in a previous report that adeno-associated vector (AAV) 
transcriptionally targeted to liver under control of the AAT 
promoter was relatively more effective than that of liver-spe-
cific promoters TBG, HLP and constitutive PGK promoter 
(Cabrera-Pérez et al. 2019). In the current study, pAAT-
EMM transfected HepG2 cells exhibited optimal eGFP 
expression level in our pEMM episomal vector system in 
comparison to others LSPs, such as ApoAI, AFP and ALB. 
In addition, liver-specificity was further confirmed which 
was consistent with the previous reports.

Tissue-specific promoters generally possess low trans-
fection efficiency which is often less than 20% in com-
parison to the viral vector. Similarly, transient transfection 
efficiency of our pEMM episomal vector system driven by 
AAT promoter was approximately 22.6% and 9.4% in two 

human hepatocarcinoma cell lines, respectively. However, an 
ideal gene therapy primarily depends on the high transfec-
tion efficiency that can be achieved by selecting an optimal 
promoter/enhancer combination or modified by different 
chromatin modification elements such MARs. Interest-
ingly, previous studies have demonstrated the transfection 
efficiency of GFP positive cells reached around 10.73% 
after transfection with MAR-based episomal vector driving 
by human AAT promoter and enhancer in Huh-7 human 
hepatic cells, whereas the vector lack of MAR displayed the 
values around 5.31% (Quiviger et al. 2018). In our MAR-
based episomal vector, the percentage of eGFP positive cells 
displayed about 50 ~ 60% activity which was predominantly 
driven by the liver–tissue-specific CMV/AAT combination 
in HepG2 cells. Synchronously, the MFI of pCMV/AAT-
MM-treated cells also increased significantly than that of 
the control group (lacking of CMV enhancer). This could 

Fig. 6  The determination of the episomal status of the pCMV2/AAT-
MM plasmid in the transfected HepG2 cells. DNA was extracted 
from HepG2 cells transfected with pCMV2/AAT-MM. The extracted 
DNA was then used to transform DH5α E. coli cells by heat shock 
treatment. The transformants were selected and the plasmid DNA was 
prepared and subjected to PCR amplification. M: DL5000 marker; 
Lane 1, pCMV2/AAT-MM plasmid; Lane 2, DNA isolated from a 
single bacterial clone; Lane 3, PCR results obtained with eGFP prim-
ers from isolated extrachromosomal DNA which showed a 205-bp 
PCR product for eGFP

Table 1  Putative transcription factor binding sites of hCMV2 
sequence

TFBSs were predicted using JASPAR, Alibaba2.1 and Match data-
base online software

TFs Score Relative score Start End Predicted sequence

SRF 20.00 1.00 195 206 GCC CAT ATA TGG 
REL 12.96 1.00 570 579 GGG GAT TTCC 
CREB1 11.57 1.00 273 280 TGA CGT CA

326 333 TGA CGT CA
409 416 TGA CGT CA
595 602 TGA CGT CA

FOS::JUN 10.66 1.00 562 568 TGA CTC A
HOXB4 12.07 1.00 181 188 GTC ATT AG
HOXD4 11.31 1.00 181 188 GTC ATT AG
HOXA4 11.20 1.00 181 188 GTC ATT AG
HOXC4 11.15 1.00 181 188 GTC ATT AG
NR2C1 11.68 1.00 177 185 CGG GGT CAT 
NFIC 9.70 1.00 136 141 TTG GCA 

365 370 TTG GCA 
478 483 TTG GCA 
529 534 TTG GCA 
616 621 TTG GCA 

GATA2 6.65 1.00 551 555 GGATA 
PAX3 16.93 0.99 167 176 TAA TCA ATTA 
NFKB1 14.55 0.99 314 323 GGG ACT TTCC 

465 474 GGG ACT TTCC 
633 642 GGG ACT TTCC 

NFIC 14.03 0.99 475 485 TAC TTG GCAGT 
NFIA 12.61 0.99 388 397 TAT GCC AAGT 
GSX2 11.11 0.99 181 188 GTC ATT AG
NR2C2 9.94 0.99 178 185 GGG GTC AT
ZNF354C 8.72 0.99 584 589 CTC CAC 
ETS1 7.63 0.99 470 475 TTT CCT 
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be potentially attributed to the well-compatible hCMV/
AAT promoter in our episomal vector system, especially 
hCMV enhancer incorporation to markedly increase the 
gene expression level and persistence. Surprisingly, Quivi-
ger et al. (2018) also reported that MAR element that was 
introduced downstream of SV40 polyadenylation signal 
(the expression cassette) showed the lowest transfection 
efficiency (< 4%). This was inconsistent with the results of 
the previous studies (Jia et al. 2019) which suggested that 
the transgene expression level was significantly enhanced 
when incorporated a MAR1 sequences into the downstream 
of expression cassette of pEM episomal vector. Moreover, 
episomal vector system exhibited stronger transgene effect in 
human hepatocarcinoma cells, but not in the normal hepatic 
cells. These results may be more conducive to the trans-
genic treatment of liver cancer but have to be validated under 
in vivo settings. The actual reason still remains ambiguous 
and probably related to the configuration of particular DNA 
sequences or elements on the vector backbone.

It has been found that AAT promoter when combined 
with CMV enhancer can lead to higher eGFP expression lev-
els than that of AAT promoter without this enhancer or other 
enhancers. The TFs in hepatic cells could essentially bind 
to the CMV/AAT promoter with high probabilities. Episo-
mal plasmid DNAs can form nucleosomes (Reeves et al. 
1985; Hebbar and Archer 2008) and DNA sequences that 
can regulate histone positioning to alter both the strength 
and longevity of target transgene expression obtained from 
plasmid DNAs (Nishikawa et al. 2003; Sumida et al. 2006; 
Kamiya et al. 2007, 2009; Fukunaga et al. 2012). Conse-
quently, sustainable access of TFs to CMV/AAT promoter 
might maintain a histone positioning/modification status that 
could be vital for the continued access. Although, the nucle-
osome structures in plasmid DNAs exclusively containing 
AAT promoter and in genome are slightly different which 
might affect the histone status at/near the AAT promoter of 
our episomal vector, thereby resulting in the incompetent 
access of TFs and declined transgene express. Thus, through 
online bioinformatics analysis of the TFBSs between hCMV 
enhancer and TFs (Inukai et al. 2017), several TFs were 
identified that could be related to the regulation of transgenic 
expression such as SRF, REL and CREB1 etc., which need 
to be further verified by experimental analysis.

Overall, it was observed that hCMV/AAT promoter 
achieved better transgene expression rates, expression lev-
els, as well as the stability in hepatocarcinoma cell lines. We 
have confirmed for the first time the usefulness of this pro-
moter as a cis-regulatory element of liver targeting episomal 
vector. Nevertheless, only in-vitro studies were performed 
for the transgene expression of the episomal vectors and the 
effect should be evaluated under in vivo settings in our sub-
sequent work. In addition, sustained transgenic expression 
could also be an important research focus of shared concern 

at both endogenously equivalent and clinically relevant lev-
els for optimal application of clinical gene therapy.
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