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Enhanced recombinant factor VII expression in Chinese hamster ovary cells by
optimizing signal peptides and fed-batch medium
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ABSTRACT
Signal peptides play an important role in directing and efficiently transporting secretory proteins to
their proper locations in the endoplasmic reticulum of mammalian cells. The aim of this study was
to enhance the expression of recombinant coagulation factor VII (rFVII) in CHO cells by optimizing
the signal peptides and type of fed-batch culture medium used. Five sub-clones (O2, I3, H3, G2 and
M3) with different signal peptide were selected by western blot (WB) analysis and used for
suspension culture. We compared rFVII expression levels of 5 sub-clones and found that the highest
rFVII expression level was obtained with the IgK signal peptide instead of Ori, the native signal
peptide of rFVII. The high protein expression of rFVII with signal peptide IgK was mirrored by a high
transcription level during suspension culture. After analyzing culture and feed media, the
combination of M4 and F4 media yielded the highest rFVII expression of 20 mg/L during a 10-day
suspension culture. After analyzing cell density and cell cycle, CHO cells feeding by F4 had a similar
percentage of cells in G0/G1 and a higher cell density compared to F2 and F3. This may be the
reason for high rFVII expression in M4CF4. In summary, rFVII expression was successfully enhanced
by optimizing the signal peptide and fed-batch medium used in CHO suspension culture. Our data
may be used to improve the production of other therapeutic proteins in fed-batch culture.
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Introduction

Coagulation factor VII (FVII) is a vitamin K-dependent
serine protease that circulates in the blood. Recombinant
FVII (rFVII) is used clinically to stop bleeding in patients
with bleeding disorders including hemophilia A and B
patients with inhibitors against FVIII and FIX. Recombi-
nant proteins produced in prokaryotic cells fold improp-
erly due to a lack of post-translational modification.
Therefore mammalian cells are widely used to express
rFVII. The first report of rFVII expression in baby ham-
ster kidney (BHK) cells was in 19861 and rFVII is now
commercially available as “NovoSevenRT” for clinical
use. Currently, several recombinant protein expression
systems, such as Chinese hamster ovary (CHO), HEK
293 and insects cells, have been developed to express
rFVII.2-5 Moreover, Hwang et al. reported using

transgenic fish as bioreactors to express rFVII.6 How-
ever, the main problem with rFVII production is its low
expression level during culture.

Proper localization is important for the structure,
post-translational modification and function of secreted
proteins in eukaryotic cells. Most secretory proteins are
synthesized with a 5-30-amino-acid signal peptide at the
N-terminal end which serves to transport proteins to the
correct subcellular compartment.7,8 As a signal peptide is
synthesized by a ribosome, it is recognized by a signal
recognition particle (SRP) and forms a complex of SRP-
ribosome-nascent chain (SRP-RNC), which is delivered
to the target ER membrane by interacting with the SRP
receptor (SR) for sequential post-translational modifica-
tion.7 Therefore, the affinity of a signal peptide for an
SRP determines the efficiency of the translocation of the
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synthesized polypeptide chain. Most signal peptides have
an N-terminal polar region, a hydrophobic core region
and a C-terminal polar region.8 However, the effect of
signal peptides on protein secretion has been varied, as
reported by previous reports, suggesting that the native
signal peptide is not always the most efficient.9 There-
fore, it is important to optimize the signal peptide for
enhancing protein expression in mammalian cells.

CHO cells are the most popular mammalian expres-
sion system for recombinant therapeutic protein produc-
tion. Recombinant therapeutic proteins expressed by
prokaryotes and yeast often cause immunogenicity or the
shorten half-life because of the incorrect post-translational
modification especially non-human glycosylation.10,11

Therefore, CHO cells have been the predominant host for
the production of recombinant therapeutic proteins due
to advantages of similarly post-translational modification
to human and easily genetic regulation.12 Most therapeu-
tic proteins expressed by CHO cells were non-cell growth
associated and the final product concentration varied
depending on cell density, culture time and specific pro-
duction rate. Fed-batch is an effective method for increas-
ing the duration of viable cell density by avoiding the
depletion of nutrients and the accumulation of by-prod-
ucts. Some nutrient feeding and culture strategies were
developed to enhance the expression and improve the
quality of antibodies and other therapeutic proteins.13-15

In addition, SFM formulae have been optimized to better
support the physiology and metabolism of the cell and
enhance target protein expression.16-18

The aim of this study was to enhance the expression
of rFVII by screening signal peptides and optimizing
fed-batch media for efficient and long-term produc-
tion. Five signal peptides from different sources were
fused to the N-terminus of rFVII and its expression
level during suspension culture was analyzed. The
effects of 5 culture media and 3 feed media on rFVII
expression were compared and cell cycle analysis was
carried out during suspension culture. The results of
this study showed effective enhancement of rFVII
expression and will be beneficial to the production of
other recombinant therapeutic proteins in CHO cells.

Results

Establishment and screening of stable high rFVII
expression CHO clones

In this study, the rFVII encoding gene with different
signal peptides, including Ori, IgK, Ht, Gl and Mutant,

were inserted into plasmid pMH3 and transfected into
CHO cells. After G418 selection, the surviving cells
were cultured in 96-well and 6-well microplates and
protein expression in the supernatants of the cell cul-
ture media in 6-well microplates after culturing 2 d
were analyzed by WB (Fig. 1). The relatively high
expression sub-clone in each CHO/rFVII expression
cell lines with different signal peptides was selected by
comparing bands in WB analysis. The selected sub-
clones for different signal peptides were O2, I3, H3,
G2 and M3, and rFVII expression levels were further
compared in suspension culture.

Analysis of the expression and transcription levels of
rFVII with different signal peptides in CHO
suspension culture

To select the suitable signal peptide, rFVII expression
levels of various sub-clones with different signal pep-
tide were compared under suspension culture with
M2 SFM for 6 d. The sub-clone with IgK signal pep-
tide had the highest rFVII concentration at 5.42 mg/L
compared with the 4 other sub-clones (Fig. 2A). In
contrast, rFVII expression with Ori, the native signal
peptide of rFVII, was 3.58 mg/L. Analysis by qRT-
PCR showed that fvii transcription level in the IgK sig-
nal peptide clone was higher than that of the other 4
signal peptides, which agreed with the corresponding
rFVII protein expression (Fig. 2B). The transcription
of fvii transcription in the clone with the Ori signal
peptide was lower than the 4 other tested clones.

Effects of culture and feed medium on rFVII
expression in CHO cells

To enhance rFVII expression, 5 different SFMs were
applied to the CHO/IgK suspension culture (Fig. 3A).
Among these SFMs, M4 medium produced the highest
(6.76 mg/L) concentration of rFVII. Therefore, M4
was selected as the medium for the suspension culture
of the CHO/IgK cell line. The main nutrient and car-
bon source in SFM is glucose. The initial glucose con-
centration in M4 was 5 g/L and it dropped to less than
1 g/L on day 4, which was an insufficient concentra-
tion of glucose for long term rFVII production. There-
fore, it was necessary to supply additional medium in
order to sustain the culture. In this study, 3 concen-
trated feed media (F2, F3, and F4) were added to the
culture broth of CHO/IgK cell lines on day 3. The
resulting rFVII expression levels after the addition of
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the feed media are shown in Fig. 3B. The highest
expression level of rFVII, 20 mg/L, was obtained using
feed medium F4.

Cell cycle analysis during feed-batch suspension
culture

During feed-batch culture, CHO cell lines were cul-
tured in M4 medium and fed with F2, F3 and F4 feed
media. After feed media supplementation at day 3, the
abundant nutrients caused the constantly increase of
viable cell density, which peaked on day 5 (Fig. 4A).
The whole CHO cells were analyzed and divided into
the percentages of cells in different phases of the cell
cycle (G0/G1, G2 and S phases) (Fig. 4B-4D). In all
tested feed medium, cells in G0/G1 phase maintained
a high level of exceeding 80%, which may be caused
by some cell cycle arresting components. The percen-
tages of cells in G0/G1 phase were similar under dif-
ferent feed media. Some cell cycle arresting chemicals
had toxic effect on cell growth and thus cell density
reduced after adding this chemicals.19-21 In this study,
cell density also reduced after day 6 and this may be
caused by cell cycle arresting component in feed
media. However, the cell density decline in M4CF4
was slower than other 2 fed-batch culture (M4CF2
and M4CF3) (Fig. 4A). Therefore, high cell density
under M4CF4 and simultaneously high percentage of
cells in G0/G1 phase led to the high rFVII expression
during suspension culture.

Discussion

As proteins are synthesized by ribosomes, signal pepti-
des at the N-terminal of nascent polypeptides emerge
from the translating ribosome and are recognized by
SRP.7,8 Therefore, the affinity of the SRP for the signal
peptide determines the efficiency of post-translation
modification of the proteins in the endoplasmic retic-
ulum (ER) and their subsequent secretion. Previous
studies have shown that optimization of signal pepti-
des effectively enhances the production of recombi-
nant therapeutic proteins.20-22 It has been shown that
the native signal peptide is not always the most effect
signal peptide for recombinant protein expression.9

In this study, 5 signal peptides from different sour-
ces, including the native signal peptide, were fused to
the N-terminal of rFVII and expressed in CHO cells.
The results showed that the IgK signal peptide was
more suitable for rFVII expression than other signal

Figure 1. Screening of the relatively high rFVII expression sub-
clone in each CHO/rFVII expression cell line with different signal
peptides by WB analysis. (A) Ori (O1-O4); (B) IgK (I1-I4); (C) Ht
(H1-H4); (D) Gl (G1-G4); (E) Mutant (M1-M4).
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Figure 2. Protein expression (A) and transcription levels (B) of rFVII in CHO cell lines with Ori, IgK, Ht, Gl and Mutant signal peptides.
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peptides. Ori, the active signal peptide for rFVII, had a
lower rFVII expression level than the optimized signal
peptide IgK. This result agrees with previous reports

that the native signal peptide is not always the most
effective in recombinant protein expression.9 Our data
showed the varied effects of different signal peptides

Figure 3. rFVII expression in suspension culture with different SFM (A) and in fed-batch culture, M4 media supplemented with 3 types of
feed media (B).
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on rFVII expression and thus demonstrated the
importance of signal peptide selection when optimiz-
ing recombinant protein production in a mammalian
cell culture system. In addition, the CHO/IgK cell line
had high rFVII transcription and expression during
culture. Commonly, the function of signal peptide is
directing synthesis proteins to proper location. It
seems that signal peptides also increase transcription
and enhance recombinant protein expression during
suspension culture. The reason for this result will be
investigated in further research.

Previous studies showed that rFVII production in
CHO, HEK 293 and insect cell expression systems was
low.2,4,5 Xiao et al. expressed rFVII in CHO cells and
the expression level was approximately 300 ng/mL.23

Low expression of rFVII in these studies may be
caused by the low cell density and short culture time
of adhered cells. Therefore, suspension culture already
the main method used to produce therapeutic proteins
should be developed and applied to rFVII expression.
The optimal combination of culture and feed media
resulted in 20 mg/L of rFVII expression in CHO cells,
a result that is higher than previously reported stud-
ies.2,4,5,23 Moreover, it has been reported that the cell
cycles phase, specifically the percentage of cells in the

G0/G1 phase, significantly influences the specific pro-
ductivity and production of recombinant proteins in
CHO cells.16-19 Many researchers have focused on
screening for chemicals that pause the cells in the G0/
G1 phase to enhance protein specific productivity in
CHO cells.16,24 Several tested chemicals had toxic
effect on the cell growth and led to the decline of via-
ble cell density.19-21 In this study, high percentage of
G0/G1 phase cells was accompanied by the reduced
cell density in all tested feed media. However, the
decreased of cell density after adding 3 feed media was
different and F4 had a slower cell density decline. This
result indicated that CHO cells feeding by F4 had a
similar percentage of G0/G1 phase cells and mean-
while had a higher cell density compared to F2 and
F3. Therefore, the high cell density and simultaneously
high specific productivity caused by cells in G0/G1
phase was contribute to the high rFVII expression by
M4CF4.

Materials and methods

Cell line and culture medium

The serum-free adapted CHO K1 cells (Amprotein
Co.) were used for cell line establishment. Adherent

Figure 4. Viable cell density (A) and cell cycle percentage (B-D) during fed-batch culture. (B) M4 C F2 media cell cycle percentages; (C)
M4 C F3 media cell cycle percentages; (D) M4 C F4 media cell cycle percentages.
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cells were cultured in DMEM/F12 (Gibco) medium
supplemented with 10% fetal bovine serum (Gibco),
100 mg/ml of streptomycin, and 100 U/ml of penicil-
lin. In suspension culture, SFM M1, M2, M4, M5 and
M6 were supplemented with 6 mM of glutamine, as
were feed media F2, F3 and F4. Serum-free media and
feed media were purchased from Kangju Co.

Plasmid construction and transfection

To amplify rFVII with different signal peptide genes, 5
primers containing different signal peptides were
designed. The tested signal peptides were from human
FVII (Ori), murine Immunoglobulin Kappa (IgK),
Gaussia princeps luciferase (Gl), human trypsinogen-2
(Ht) and mutant 1 signal peptide of Oikosin 1 protein
(Mutant) (see Table 1 for amino acid sequences). The
PCR products obtained from the designed primers
were digested by both NotI and EcoRI and ligated into
the pMH3 plasmid (Amprotein Co.). The constructed
plasmids were transfected to CHO K1 cells by electro-
poration using 400V for 40 ms. The electroporation
reaction mixture contained 3£106 cells, 20 mg of plas-
mid, and 5 mg of salmon sperm DNA.

Clonal isolation

The transfected cells were cultured in DMEM/F 12
with 10% fetal bovine serum (FBS) and selected with
2.0 mg/ml G418 at 37�C, 5% CO2 for 48 h. The surviv-
ing clones were picked and cultured in a 96-well
microplate with DMEM/F 12 supplemented with 10%
FBS. After culturing the sub-clones for 6 d, the cells
were cultured in M1 SFM for 2 d. The supernatant
from each well was analyzed by dot blot and high
expression clones were subsequently cultured in a 6-
well microplate. High expression clones in 6-well
microplates were screened by protein gel blot (WB)
and the subsequent high expression sub-clones were
selected for further suspension culture.

Cell line suspension culture

To compare rFVII expression levels, sub-clones with
various signal peptides were cultured in M2 medium
for 6 d under 37�C, 100 rpm. High expression cell
lines were cultured in M1, M2, M4, M5 and M6 to fur-
ther investigate the rFVII expression level. To select a
suitable feed medium, F2, F3 and F4 were added to
culture broth at day 3 to attain a 3 g/L glucose concen-
tration in the culture broth. In all suspension fermen-
tations, a cell density of 1£106 cells/ml was inoculated
in 100 ml of culture medium in a 250 ml Erlenmeyer
flask and incubated at 37�C, 100 rpm. Culture broth
was collected for the analysis of cell density and rFVII
protein concentration.

Western blot (WB) analysis

We collected the culture supernatant of CHO/rFVII
expression cells in 6-well microplates after 2-day cul-
ture, extracted the protein and separated it using 10%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Proteins in the gel were trans-
ferred to PVDF membranes and blocked using 5%
skim milk, and visualized using sheep polyclonal anti-
human factor VII (Cedarlane Labs).

rFVII concentration and cell density

The concentration of rFVII in the cell culture superna-
tant was analyzed by ELISA kit (Assaypro) according
to the manufacturer’s instructions. Viable cell density
was analyzed by the trypan blue dye method.

RNA and cDNA preparation and quantitative reverse
transcriptase PCR (qRT-PCR)

Cells expressing rFVII using different signal peptides
were collected and total RNA was extracted using a
Trizol Total RNA Purification Kit (Sangon). We used a
RevertAid First Strand cDNA Synthesis Kit (Fermen-
tas) to reverse transcribe total RNA to cDNA. Expres-
sion levels of fvii were analyzed by qRT-PCR using
SYBR green (TaKaRa) according to the manufacturer’s
instructions. Product specificity was confirmed by melt
curve analysis. In all cases, gene expression levels were
normalized to b-actin expression.

Table 1. Signal peptide sequences.

Signal peptide Amino acid sequences

Ori MVSQALRLLCLLLGLQGCLA
IgK METDTLLLWVLLLWVPGSTG
Ht MNLLLILTFVAAAVA
Gl MGVKVLFALICIAVAEA
Mutant MLLLSALLLGLAFGYS
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Cell cycle analysis

CHO cells during fed-batch culture were collected on
different days and fixed with 70% ethanol in PBS. The
obtained cells were suspended in 0.5 mL PBS with
50 mg/mL of propidium iodide and 100 mg/mL of
DNase-free RNase and then immediately analyzed by
FACSCalibur (Becton Dickinson).
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