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Abstract

The mammalian expression system plays a key central role in the production of therapeutic recombinant proteins. Conspicu-
ously, any improvements in the expression system which lead to a higher expression level would have an impact especially
in bio-pharmaceutical industries. In the current study, to take steps toward the improvement of expression of recombinant
protein, first, we established a stable HEK293 cell line to overexpress a well-known cytoprotective and antioxidant gene, Nrf2.
Next, we transiently expressed human recombinant coagulation factor VII, as an example of human recombinant protein, in
the engineered-HEK?293 cell line. Our results revealed that the established cells had a higher growth rate and were able to
endure to UV-induced oxidative stress. Furthermore, within our expectation, our results revealed that the expression level
of recombinant FVII in Nrf2-engineered HEK293 cells (315 ng/ml) was higher than the HEK293 (198 ng/ml) cells and it
was functional in a coagulation test assay. Moreover, our new cell line could be a suitable cell to express other recombinant
proteins especially for large-scale production of recombinant protein under other culture condition such as lower serum and
suspension culture that imposed advantages especially in terms of cost benefits in bio-pharmaceutical industries.
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Introduction

Development of recombinant proteins as safe and efficient
therapeutic modalities is of great interest in the view point
of both cell and molecular scientists and bio-pharmaceutical
industries. In this way, recombinant proteins are usually pro-
duced in living cells such as microbial, yeast and animals.
The major recombinant proteins with therapeutic applica-
tion in the clinic need posttranslational processing including
aggregation, folding, solubility, proteolytic processing and
glycosylation [4, 8, 32], indicating a few suitable expression
hosts are available to produce them.

For example, glycol-engineering and upstream process
optimization has been employed to improve the glycan com-
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position of the bio-therapeutics mainly by choosing a proper
host for the protein expression. These attempts among oth-
ers have addressed some challenges which mentioned above
[16]. It is noteworthy to say that more than half of thera-
peutic proteins are produced by mammalian expression sys-
tems [27]. The host cells for mammalian expression system
include Chinese hamster ovary (CHO), baby hamster kidney
(BHK), human embryo kidney (HEK293), human retinal
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cells and mouse myeloma cell lines (Sp2/0 and NSO) [3, 6,
9,25, 36].

However, due to many reasons such as low expression,
high production costs and the low survival of the host cells
under unfavorable culture condition, the production of
recombinant therapeutic proteins has always been challeng-
ing [4, 26]. Therefore, developing a strategy to improve,
optimize and address mammalian expression systems is the
focus of many investigations. Using genetically modified
mammalian hosts with increased proliferation and survival
could be one of the efficient strategies to address the chal-
lenges [6, 9, 20, 35].

To develop stable and higher host cell-producing recom-
binant proteins, gene-editing tools such as ZFNs, TALENs
and CRISPR/Cas9 have been used to knock-in or knock-out
of a particular gene in certain loci of the host cells recently
[11].

Supporting this notion, strategies such as genetic engi-
neering of mammalian cells by cell cycle control genes
(cyclins), proto-oncogenes, growth factor and anti-apoptotic
genes have been applied to improve mammalian hosts in
terms of expression of recombinant protein [6, 7, 17, 29].
However, possibly due to commercialization or potential
conflicts, the details are unavailable in the literature and
remain unpublished.

Among the mammalian expression systems, human
expression systems have a great advantage; being that sub-
sequent products have less immunogenic potential. There-
fore, currently, the production of bio-therapeutic proteins in
human cells is increasingly important [1, 3].

HEK293 and fibrosarcoma HT-1080 are examples of
approved human cell lines used for production of therapeutic
recombinant proteins. HEK293 cells have been and continue
to be used to produce research-grade proteins [22, 34]. More
recently, five therapeutic agents produced in HEK293 cells
have been approved by the FDA or the European Medicines
Agency (EMA) [3]. In this study, we genetically manipu-
lated HEK?293 cells by nuclear factor erythroid-derived like
2 (Nrf2) to improve expression of human coagulation factor
VII recombinant protein.

Nuclear Factor E2-Related Factor-2 (Nrf-2), also known
as NFE2L2 is a transcription factor encoded by the NFE2L.2
gene. Nrf2 plays a crucial role in the antioxidant defense sys-
tem and protect the cells against stressful condition. Addi-
tionally, it is involved in cell proliferation, differentiation and
chemoprevention through the Nrf2-ARE pathway activation
[24] and cytoprotective enzyme induction [21, 24, 33]. It has
also been shown that Nrf2 protects different cell types and
organs from toxic agents including radical oxygen species
(ROSs), chemotherapeutic agents and pathogens [33, 38].

Therefore, to explore the unique advantage of Nrf2 in this
project, we genetically engineered HEK293 cells. Next, as an
example of recombinant protein, we expressed recombinant
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human coagulation FVII in the Nrf2- engineered cells.
Our initial results revealed that Nrf2-engineered cells had
improved FVII expression, and were also more robust in
their proliferation and more refractory to the unfavorable
stress condition.

Materials and Methods
Plasmids and Bacteria

In this account, pcDNA4B and pcDNA3.1 (Thermo, USA)
plasmids were used in this study. The E. coli Top10 bacte-
rial strain (Thermo, USA) was used as a host for cloning
of the constructs. The pcDNA3.1-Nrf2 recombinant vector
and pcDNA3.1-FVII were available from previous studies
[13,24].

Sub-cloning of FVII

Second, pcDNA3.1-FVII was sub-cloned into pcDNA4B
vector. Briefly, first the E.coli bacteria of Top10 strain con-
taining pcDNA3.1-FVII construct was cultured and plasmid
extraction was performed according to the manufacturer’s
protocol (Roche, Germany). Human FVII was amplified
from the recombinant construct by polymerase chain reac-
tion (PCR). Primer pairs for amplification of full length of
human FVII containing Kozak sequence, EcoRI (forward)
and Not I (reverse) restriction enzyme sites consisted of for-
ward: 5'-ACG AAT TCA CCA TGG TGG TCT CCC AGG
CCC TCA GGC TC-3' and reverse: 5'-TAG CGG CCG CGG
GAA ATG GGG CTC GCA GG-3'. PCR was performed
using Platinum Taq DNA polymerase (Thermo, USA). Then,
the PCR product was purified using the high pure PCR prod-
uct purification kit (Roche, Germany). The purified FVII
fragment, as well as pcDNA4B vector, was cut with EcoRI
and Not I restriction enzymes and was ligated using T4 DNA
ligase (Roche, Germany) followed by transformation into the
competent E.coli.

Cell Culture

HEK?293 was obtained from the National Cell Bank of
Iran and cultivated in T25 flask. The cell line was grown
in RPMI-1640 medium (Gibco-BRL, Germany) containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin (Gibco-BRL, Germany).

Establishment of Stable Nrf-2-Engineered HEK293
Cells

HEK293 cells (5 x 10°) were seeded and upon reaching 70%
confluence were transfected with 2 pg of pcDNA3.1-Nrf2
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DNA using the FuGENE HD transfection reagent (Roche,
Germany) according to the manufacturer’s protocol. The
empty vector, pcDNA3.1, was also transfected and used as a
control (HEK-V). HEK293 cells containing pcDNA3.1-Nrf2
construct (HEK-Nrf2) were selected in a medium containing
300 pg/mL geneticin (Roche, Germany) for at least 20 days.
Stable clones were generated by dilution of cells and their
culture in 96-well culture plates and cultivated for at least
20 generations. Several stable clones were established. The
experiments were performed on the two clones (HEK-Nrf2
(C1) and HEK-Nrf2 (C2)). Expression of Nrf2 at RNA level
was evaluated in the first, 10th, and 20th passages of HEK-
Nrf2 (C1) and HEK-Nrf2 (C2) stable clones.

Cell Proliferation Assay

Different cell groups including HEK-V, HEK-Nrf2 (C1) and
HEK-Nrf2 (C2) were seeded in 96-well plate at the density
of 1x 10* cells/well. Then, the cells were cultured in CO,
incubator at 37 °C for two days followed by cell prolifera-
tion assay using water-soluble tetrazolium salts-1 (WST-1)
kit (Roche, Germany) according to manufacturer’s pro-
tocol. Next, the absorbance was measured using ELx800
absorbance microplate reader at 450 nm. The cells were also
exposed to UV irradiation for 10 min (the exposure time was
optimized) followed by cell proliferation assay.

Transient Expression of rFVIl in HEK293-Nrf2 Stable
Cell Line

HEK-Nrf2 (C1) and HEK-Nrf2 (C2) stable cells (5% 10°)
were seeded and upon reaching 70% confluence were trans-
fected with 2 ug of pcDNA4B-FVII or pcDNA4B vector
using the FuGENE HD transfection reagent (Roche, Ger-
many) according to the manufacturer’s protocol. HEK293
cells were also transfected by PcDNA4B-FVII to express
FVII transiently, as another control group, (HEK-FVII). The
expression of FVII was demonstrated by RT-PCR (using
internal primers), western blot and enzyme-linked immu-
nosorbent assay (ELISA) methods.

Enzyme Linked Immune Sorbent Assay

ELISA was performed to evaluate the expression of FVII
protein in the culture medium of HEK293, HEK-FVII, HEK-
Nrf2 (C1)-FVII and HEK-Nrf2 (C2)-FVII cells. Relatively,
72 h after transfection, the medium was harvested and the
expression of FVII protein was evaluated by FVII immu-
noassay kit (Abcam, UK) according to the manufacturer’s
protocol and the OD values were measured at 450 nm using
a microplate reader.

Western Blot

The culture medium of the FVII-overexpressing HEK293
cells, as well as HEK-V was concentrated using Vivaspin6
Sartourious 3 kDa filter (Sartorius, Germany). Protein con-
centration was performed using Bradford assay kit (BIO
Rad, USA). Western blot analysis for FVII and B-actin was
performed as described previously [13]. For the detection
of the protein bands, the PVDF membrane was washed four
times with PBS containing 0.1% Tween20, and developed
by ECL reagents (Amersham, UK). Image lab software was
applied to semi-quantify the western blot bands.

Coagulation Activity of the Recombinant FVII

The coagulation function of the expressed rFVII in the
medium of cells was measured using prothrombin time test
as described previously [13, 23]. Thromboplastin prepara-
tions utilized in the assay were from human (Hoechst Can-
ada Inc., Behring Diagnostics, Montreal, Quebec, Canada).

Statistical Analysis

At each data point, the mean and standard deviation (SD)
were calculated and statistically analyzed using student’s ¢
test. p <0.05 which was considered significant.

Results

Sub-cloning of FVII from pcDNA 3.1 to pcDNA4B
Vector

FVII cDNA was isolated from a previously available vec-
tor, pcDNA3.1-FVII, by PCR. The isolated cDNA was
cloned into pcDNA4B vector. The existence of the insert
was confirmed by PCR and restriction enzyme digestion.
There was a single band of expected size of PCR product
in the recombinant vector and no band was observed after
PCR amplification of FVII from empty vector (Fig. 1a). Cor-
respondingly, restriction enzyme double digestion revealed
the existence of FVII in the recombinant construct (Fig. 1b).

Establishment of Stable HEK293 Cell Expressing
Nrf2

Post-transfection of the HEK293 with the recombinant
pcDNA3.1-Nrf2 or empty plasmid, the stable cells were
selected in the presence of geneticin. Several single cell clones
were established by serial dilution of cells in 96-well plates.
The over expression of Nrf2 gene was analysed by RT-PCR
in two stable clones, HEK-Nrf2 (C1) and HEK-Nrf2 (C2),
in the first, 10th, and 20th passages (Fig. 2a—c). No PCR
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Fig. 1 Sub-cloning of FVII from pcDNA 3.1 to pcDNA4B vec- P
tor. FVII ¢cDNA was isolated from previously available vector, B
pcDNA3.1-FVII, by PCR. The isolated cDNA was cloned into
pcDNA4B vector. Existence of the insert in the new vector was 200 bp (—Nrfz 185 bp
checked by PCR and restriction enzymes digestion. a Electrophoresis 20th Passage

of the PCR product on two present agarose gel indicated the expected
size of PCR band can be observed in the recombinant construct
(lane 2) while no bond was observed from the empty vector(lane
1). b Existence of the insert was also confirmed restriction enzymes
digestion. The existence of expected size of FVII insert (lane 1) and
absence of this band in the empty vector following double digestion,
1300 bp, were indicating the successful of sub-cloning. M; 100 bp
ladder marker

product was detected in HEK-V cells. However, in the stable
HEK?293-Nrf2(C1) and HEK293-Nrf2 (C2) cells a PCR band
was detected in the first, 10th ,and 20th generations (Fig. 2a—)
indicating the stable expression of Nrf2.

Nrf2 Increased Proliferation and Protected the Cells
to UV Irradiation

To determine whether Nrf2 overexpression influenced cell pro-
liferation or not, HEK-Nrf2 (C1), HEK-Nrf2 (C2) and HEK-V
cells were cultivated in 96-well plate for 3 days followed by
cell proliferation assay. Interestingly, the number of cells in the
HEK-Nrf2 groups was higher than HEK-V group indicating
Nrf2 conferred an advantage to the cells proliferation.

Notably, one of the well-known functions of Nrf2 is
antioxidant activity. Therefore, next to evaluate the func-
tional activity of Nrf2 in the stable cells, they exposed to
UV irradiation followed by cell proliferation assay. Within
our expectation, Nrf2 protected the cells from UV-induced
cell death owing to cytoprotective function of Nrf2 (Fig. 3).
These results were further confirmed by colony assay in
which the number of colonies in HEK-Nrf2 cells was higher
than the number of HEK-V cells following exposure to UV
irradiation (data not shown).

Stable HEK293-Nrf2 Cells Expressed rFVII Higher
Than HEK293 Cells

Next to investigate whether establishment of Nrf2-overex-
pressing HEK293 cells influence the expression level of
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Fig.2 Establishment of stable HEK293 cells overexpressing Nrf2.
HEK?293 cells transfected either with pcDNA3.1-Nrf2 or pcDNA3.1
vector. The stable cells were selected in the presence of geneticin.
RT-PCR was performed to detect overexpression of Nrf2 in two
selected stable clones (C1 and C2) at first, 10th and 20th passages.
a RT-PCR analysis of Nrf2 overexpressing in HEK293-Nrf2 (C1),
HEK293-Nrf2 (C2) and control group (HEK-V) at first passage. b
RT-PCR analysis of those mentioned cells at 10th passage. ¢ RT-
PCR analysis of different cell groups at 20th passage. d Expression of
B-actin. HEK293-Nrf2 (C1) and HEK293-Nrf2 (C2) expressed Nrf2
even at 20th passage

any recombinant protein, the stable HEK-Nrf2 (C1) and
HEK-Nrf2 (C2) cells and the stable HEK-V cells were
transfected with pcDNA4B-FVII construct transiently
(Fig. 4a, b). The detected bands in western blot analy-
sis were semi-quantified to measure the expression level
of FVII protein using Image lab software. As it shown
in Fig. 4c, HEK-Nrf2 (C1)-FVII and HEK-Nrf2 (C2)-
FVII expressed FVII about 1.7-fold more than HEK-FVII
(Fig. 4c). In addition, the expression of rhFVII in the
cells was also evaluated by ELISA. The expression level
of FVII in the HEK-Nrf2 (C1)-FVII and HEK-Nrf2 (C2)-
FVII cells was higher than HEK-FVII (Fig. 4d), 315 ng/
ml, 300nglml and 198 ng/ml, respectively. Finally, the
functional activity of FVII was evaluated by prothrombin
time test. Due to the presence of recombinant FVII in the
medium of HEK-Nrf2 (C1)-FVII, HEK-Nrf2 (C2)-FVII
and HEK-FVII cells clotting time decreased in comparison
to HEK-V group (Fig. 5).
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Fig.3 Cell viability assay in different cell groups. Stable clones,
HEK-Nrf2 (C1), HEK-Nrf2 (C2) and HEK-V, were cultivated in
96-well plate followed by WST-1 assay. The cells were also exposed
to UV irradiation followed by cell proliferation assay. The viability
of UV-exposed HEK-Nrf2 (C1) and UV-exposed HEK-Nrf2 (C2) was
more than UV-exposed HEK-V, as control group. Nrf-2 protected the
cells against UV-induced cell death (Mean =+ SD, **p <0.01)

Discussion

Higher efficiency and production of recombinant proteins in
mammalian cell lines are essential nowadays. However, the
expression of recombinant protein in the mammalian expres-
sion system is challenging. Supporting this notion, currently
addressing the challenges is a priority for biotechnological
industries. Manipulation of biosynthetic and metabolic path-
ways by synthetic approaches has already been employed to
improve the production of recombinant protein and alterna-
tive expression systems [4, 36].

Gupta and et al. have been revealed that increased expres-
sion of PYC2 gene in CHO cells have resulted in enhancing
of metabolic activity of the cells thereby had positive effects
on the overall cell performance. Furthermore, PYC2 render
CHO cells as an expression platform for cell line develop-
ment to produce a potential therapeutic protein in large scale
and also well-controlled upstream process in a bioreactor
[10, 12].

In this study, we tried to establish a versatile and refrac-
tory cell line under the potential harsh microenvironment of
cell the culture by a genetically engineered method.

In our study, we genetically engineered HEK293 cells by
a well-known cytoprotective gene, Nrf2.

Protein expression can be lost due to posttranslational
modification [2, 7, 19]. Furthermore, cell growth rate can
be influenced by cell culture conditions. For example, Yang
and Schmelzer in their studies showed that pH can affect
the activity of extracellular glycosidases [28, 37]. Conspicu-
ously, several stresses such as nutrient depletion, heat shock

and oxidative stress are among the commonplace and famous
causes of incorrect protein folding in the mammalian-based
expression system [18]. Therefore, in this study, the numer-
ous advantages of Nrf2 have been employed to improve the
mammalian expression system. As an example of a human
recombinant protein and also due to our previous experi-
ences dealing with the expression of recombinant human
coagulation FVII, we expressed rFVII in Nrf2-engineered
HEK?293 cells.

Our results revealed the improvement of the expression of
FVII in HEK-Nrf2 cells in comparison with the expression
of FVII in HEK?293 cells. This might be owing to antioxi-
dant, anti-apoptotic, and cytoprotective properties of Nrf2
[24]. Tt has been reported that oxidative stress, serum depri-
vation, and hypoxia are the most important stresses known
in vitro and in vivo, which adversely affect cellular function.
Under this stress condition, the cytoprotective functions of
Nrf2 activate and lead to up-regulation of a variety of genes/
proteins including antioxidant factors [24]. Supporting this
notion, our results revealed that Nrf2-engineered-HEK293
cells had a higher survival under UV-induced cell death.
Moreover, we have already shown that Nrf2 overexpression
in the mesenchymal stem cells (MSCs) increased their resist-
ance to different stresses including hypoxia, serum depriva-
tion and oxidative stresses [24].

The HEK?293 parental cell line has been adapted to
serum-free suspension growth and is preferentially utilized
for transient gene expression due to the higher transfection
efficiencies [30, 31]. We think our HEK-Nrf2 cells might
compare favorably to the original cell line under serum-
free suspension cultivation. In this project, we expressed
rFVII in HEK293 cells. Of note, due to several drawbacks
of obtaining of coagulation FVII in human plasma including
the possibility of transmission of blood-derived infections,
development and improvement of mammalian expression
system to produce rFVII are under investigation.

Currently, the therapeutic rFVII is expressed in BHK by
Novo Nordisk (https://www.rxlist.com/novoseven-drug). We
also have expressed rFVII in CHO cell line [13, 23]. How-
ever, expression of a human recombinant protein in human
origin cells could be advantageous. The high similarity of
post-translation modification and the absence of antigenic
residues are main advantages for the production of human
recombinant protein in human cell-based expression systems
[4]. A number of studies have been indicated that HEK293
cell line has a promising potential to produce human recom-
binant proteins produced in large-scale using serum-free
suspension technology [31]. Furthermore, this cell line has
a relatively rapid growth and high rate of transfection [5,
34]. Furthermore, commercially available HEK293 cell lines
which are adapted for suspension culture conditions (e.g.
FreeStyle 293-F cells) allow for the production of large-scale
recombinant proteins [13].
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Fig.4 Expression of FVII in the stable clones. HEK-Nrf2 (Cl),
HEK-Nrf2 (C2) and HEK cells were transfected with pcDNA4B-
FVII. HEK cells were also transfected with empty pcDNA4B as
control. a Evaluation of FVII mRNA expression by RT-PCR using
internal primers. HEK-Nrf2 (C1)-FVII, HEK-Nrf2 (C2)-FVII and
HEK-FVII that transfected with FVII-containing construct expressed
FVII mRNA, 240 bp PCR product, while in the cells transfected with
empty vector no expression was observed. b I Western blot analy-
sis was performed to detect FVII protein. The culture medium of
the cells transfected with FVII constructs as well as the cells trans-

Overall, in an attempt to establish and improve a cell
line for the production of human recombinant proteins
this study was conducted. We successfully established an
Nrf2-engineered cell line that has a higher growth rate
and is refractory to the potential stresses-induced cell
death. As an example of human recombinant protein, we
expressed coagulation FVII in the established cell line.
Our initial results indicated that the established cell line
increased the expression of the recombinant protein. Our
new cell line might have advantages for the large-scale
production of recombinant protein under lower serum and
suspension culture condition that conferred superiority
especially in terms of cost benefits in biotechnological
industries. However, further studies are required in this
regards including an increased expression for other model
recombinant proteins and additional mechanistic evidence
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fected with empty vector was subjected to western blot. HEK-Nrf2
(C1)-FVII, HEK-Nrf2 (C2)-FVII and HEK-FVII cells expressed
FVII protein. b II Semi quantification of western blot bands using
Image lab software. ¢ ELISA for FVII. Cell culture medium of the
cells was harvested in different interval time. Maximum expression
was detected 72 h post transfection. The highest expression level of
FVII protein was detected in the HEK293-Nrf2 (C1)-FVII and the
HEK293-Nrf2 (C2)-FVII groups. No expression of FVII was detected
in the medium of the cells transfected with empty vector (pcDNA
4B). Mean=+SD, *p <0.05)

of Nrf2 relieving the burden of recombinant target protein
expression.

Conclusion

It is concluded that this new cell line can be used as a suit-
able cell line to express other recombinant proteins particu-
larly for large-scale production of recombinant protein under
other culture situation including lower serum and suspension
culture that imposed advantages strongly in terms of cost
benefits in bio-pharmaceutical industries.
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