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Abstract

Introduction—Recombinant members of the vitamin K-dependent protein family (factors IX and
VI and protein C) have become important pharmaceuticals in treatment of bleeding disorders and
sepsis. However, because the in vivo y-carboxylation system in stable cell lines used for transfection
has a limited capacity of post translational y carboxylation, the recovery of fully y-carboxylated and
functional proteins is low.

Materials and Methods—In this work we have engineered recombinant factor VII producing
HEK 293 cells to stably overexpress VKORCY1, the reduced vitamin K y-carboxylase cofactor and
in addition stably silenced the y-carboxylase inhibitory protein calumenin.

Results and Conclusions—Stable cell lines transfected with only a factor VIl cDNA had a 9%
production of functional recombinant factor VII. On the other hand, these recombinant factor VI
producing cells when engineered to overexpress VKORC1 and having calumenin stably suppressed
more than 80% by sShRNA expression, produced 68% functional factor V1. The technology presented
should be applicable to all vertebrae members of the vitamin K-dependent protein family and should
lower the production cost of the clinically used factors VI, IX and protein C.
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Recombinant protein technology has set the stage for production of clinically used proteins of
the vitamin K-dependent protein family (1). These include recombinant factor 1X used to treat
hemophilia B (2), activated protein C (APC) to treat sepsis (3) and recombinant factor Vlla to
treat a variety of bleeding complications (4). A major problem with production of recombinant
vitamin K-dependent coagulation factors for use as pharmaceuticals has been poor recovery

of functional proteins from the cell medium (5,6). It has been shown that poor recovery results
from, 1) incomplete y-carboxylation of the secreted proteins (6) and 2) incomplete removal of
the propeptide by the protease furin in the Golgi apparatus(5). Incomplete y-carboxylation is

Corresponding Author: Reidar Wallin, Department of Internal Medicine, Medical Center Blv., Wake Forest University School of
Medicine, Winston-Salem, NC 27157, Phone: (336) 716-6166, Fax: (336) 716-6166, E-mail: rwallin@wfubmc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wajih et al.

Page 2

a significant problem as only <10% of the secreted recombinant vitamin K-dependent proteins
have been reported to be fully y-carboxylated and functional (6). It is believed that incomplete
y-carboxylation occurs when an excess of newly synthesized precursors of vitamin K-
dependent proteins appear in the endoplasmic reticulum (ER) and exceed the capacity of the
cell’s y-carboxylation system to fully modify all of the precursors (5,6).

The vitamin K-dependent y-carboxylation system is a multicomponent system of proteins
embedded in the ER membrane (7). The system consists of 1) the vitamin K-dependent y-
carboxylase which requires the reduced hydroquinone form of vitamin K (vit.KH,) as cofactor
and 2) the warfarin sensitive enzyme vitamin K 2,3-epoxide reductase (VKOR), which
produces the cofactor. Concomitant with y-carboxylation, the hydroquinone is converted to
the metabolite vitamin K 2,3 epoxide (VitK>0), which is reduced back to the vit. KH, cofactor
by VKOR. Since VKOR has been shown to be the rate limiting step in y-carboxylation of
vitamin K-dependent proteins (8,9), the recent discovery of the gene for the warfarin sensitive
VKORCL1 enzyme, which appears to be a subunit in a complex formed with protein disulfide
isomerase (PDI) in the ER (10), have made it possible to generate cell lines with increased
VKOR activity and capacity to y-carboxylate recombinant vitamin K-dependent proteins
(11). Previously we have demonstrated that stable transfection of recombinant human factor
IX (r-hFIX) producing BHK cells with a VKORCL construct increased production of fully y-
carboxylated and functional r-hFIX from 18% in cells that only overexpressed r-hFIX to 50%
in the same cells after a VKORCL construct was stably inserted into the BHK genome (12).
By using siRNA technology to silence the y-carboxylase inhibitor calumenin (13) we were
able to increase this yield of active factor IX to 80% (14). Since the siRNA technology that
was used in that work was based on transient transfection with oligonucleotides, this prevented
generation of stable cell lines with the high production capacity. Since the pharmaceutical
industry would be dependent upon stable suppression of calumenin, we sought to engineer cell
lines that stably suppressed calumenin. Since HuSH 29mer shRNA constructs against human
calumenin were found to be commercially available as a kit, we acquired the kit in order to
make cell lines that would stably suppress human calumenin. Our r-hFIX producing cells were
hamster BHK cells and since the available HusH 29mer shRNA constructs were prepared
against human calumenin, we selected HEK?293 cells for transfection. In this paper we present
our biotechnology that was used to overproduce recombinant human factor VII (r-hFVII) in
HEK 293 cells stably transfected with cDNAs of h-rFVI1I and rat VKORCL1 in addition to being
stably transfected with different Hush 29mer shRNA human calumenin constructs respectively.
The results from these experiments demonstrate an increase in functional r-hFVII yield from
9% in cells only over expressing r-hFVII to 68% in cells over expressing r-hFVII and rat
VKORC1 where calumenin was silenced stably with a calumenin HuSH 29mer vector with
the construct AAGCCTGAGATCAATAAGAATGTTCAGG. The results demonstrate a new
technology that can be used in enhanced production of functional recombinant important
vitamin K-dependent proteins used as pharmaceuticals.

MATERIALS AND METHODS
Cloning of human FVII

Normal human liver cDNA was purchased from Biochain, Hayward, CA and used as template
for the generation of human FVII. The following primers were used to clone the full length
coding sequence of human FVII. Sense primer 5’-CATG GTC TCC CAG GCC CTC AGG
CT-3’ and antisense primer 5’- GCTA GGG AAA TGG GGC TCG CAG GA-3’ were used in
PCR and 35 cycles of PCR were performed under the following conditions; 1) denaturizing at
94° C for 30 sec, 2) annealing for 1 min at 58° C which was extended for 3 min at 72° C. At
the end of 35 cycles the reaction was extended for an additional 7 min at 72° C. The PCR
products were purified using QIAGEN’s PCR purification kit (QIAGEN, Valencia, CA) and
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separated on a 1% ETBr-stained agarose gel. The purified PCR product was then ligated into
the TA cloning vector pCR 2.1 (Invitrogen, Carlsbad, CA). Positive clones were identified by
EcoR I digestion and sequenced on both strands using M13 reverse and forward primers. Not
I and Xho | restriction sites were then generated at the 5” and 3’ ends of the human FVII cDNA
respectively in order to clone the cDNA into the pBUDCE4.1 vector (Invitrogen, Carlsbad,
CA ) for expression in mammalian cell lines. A Kozak sequence was generated at the 5” end of
human FVII cDNA. The oligonucleotides used for generation of the Not | and Xho I cloning
sites were: Sense primer 5’- TT GCG GCC GC GCC ACC ATG GTC TCC CAG GCC CTC
AGG CTC CT-3’ (Not I site bases are underlined, bases in italics were used to generate a Kozak
sequence) and antisense primer 5 — GG CTC GAG CTA GGG AAA TGG GGC TCG CAG
GA - 3’ (underlined bases were used to generate Xho | site). Thirty-five cycles of PCR were
performed at the following conditions; 1) Denaturing at 94° C for 30 sec, 2) annealing for 1
min at 62° C which was extended for 3 min at 72° C. At the end of 35 cycles, the reaction was
extended for an additional 7 min at 72° C. The PCR product of human FVII was purified using
QIAGEN’s PCR purification kit and separated on a 1% ETBr-stained agarose gel. The purified
human factor VI1 PCR product was than ligated into the TA cloning vector pCR 2.1 (Invitrogen,
Carlsbad, CA). Positive clones were identified by Not I and Xho | digestion and the full length
human FVI1 insert was sequenced from both the strands to eliminate any PCR generated errors.
The modified cDNA for human FVII was then subcloned into the Not | and Xho I site of the
pBUDCEA4.1 vector under the control of EF-1 promoter. The new plasmid with human FVII
cDNA was named HFVII pBUDCEA4.1.

Construction of plasmid containing human FVII and Rat VKORC1 cDNA

Plasmid pBUDCEA4.1 (Invitrogen, Carlsbad, CA) is a dual promoter vector capable of
expressing two independent recombinant proteins. It has two multiple cloning sites and each
under the control of two independent promoters. The promoters are CMV and EF-1. The human
FVII insert was excised from plasmid HFVII pBUDCE4.1 using Not I and Xho | restriction
digestion. Excised human FVII insert was gel purified and sub cloned into Not | and Xho |
restriction sites of the plasmid RatVKORpBUDCEA4.1 as described previously by our
laboratory (11). The resulting plasmid contains both the human FVI1I and rat VKOR of cDNAs.
The new plasmid was named HFVIIRVKOR pBUDCEA4.1.

Stable cell lines expressing human FVII

Plasmid HFVII pBUDCEA4.1 containing the human FVII cDNA was used to transfect HEK
293 cells purchased from ATCC (Manassas, VA). HFVII pBUDCEA4.1 was linearized by
digesting with the Nhe I restriction enzyme. The linearized vector was purified and transfected
into HEK 293 cells using a FUGENE 6 transfection reagent (Roche Applied Science,
Indianapolis) according to the manufacture’s recommendations. After 24 hours of transfection
cells were passaged at 1:20 dilution into fresh growth medium (DMEM containing 10% fetal
bovine serum) with 200 pg/ml Zeocin antibiotic (InvivoGen, San Diego, CA) for selective
pressure. Medium containing 200pg/ml Zeocin was changed after every 2—3 days for 6 weeks.
After selection of stable cell lines expressing h-rFVII, cells were maintained at 100ug/ml of
Zeocin in DMEM containing 10% fetal bovine serum.

Stable cell lines co-expressing human FVIlI and rat VKORC1

Plasmid HFVIIRVKOR pBUDCEA4.1 containing human FVI1I and rat VKORC1 cDNAs was
used to transfect HEK 293 cells. The plasmid was linearized by digesting with a Nhe |
restriction enzyme. The linearized vector was purified and used for transfection of HEK 293
cells with a FUGENE 6 transfection reagent (Roche Applied Science, Indianapolis, IN)
according to the manufacture’s recommendations. After 24 hours of transfection, the cells were
passaged at 1:20 dilution into fresh growth medium (DMEM containing 10% fetal bovine
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serum) with 200 pg/ml Zeocin antibiotic for selective pressure. Medium containing 200 pg/
ml Zeocin was changed after every 2—-3 days for 6 weeks. After selection of stable cell lines
expressing r-hFVII and rat VKOR, cells were maintained at 100 pg/ml of Zeocin in DMEM
containing 10% fetal bovine serum.

Packaging of human calumenin shRNA into replication deficient retrovirus

The kit HUSH 29mer shRNA Construct against CALU (TR314215) against human calumenin
was purchased from ORIGEN (Rockville, MD). The pRS shRNA plasmids in the kit expressed
29 bases of human calumenin shRNA under the control of the U6 promoter and the SV40 early
promoter for expression of the puromycin-N-acetyl transferase gene respectively. The
following constructs against human calumenin were provided in the kit: 1) CALUL:
AAGCCTGAGATCAATAAGAAATGTTCAGG, 2) CALU2:
CACCAGAAGAGAGCAAGGAAAGGCTTGGA, 3) CALUS:
GACAAGGATGGAGACCTCATTGCCACCAA, 4) CALUA4:
TGGACCTGCGACAGTTTCTTATGTGCCTG. The naming CALU 1, 2, 3and 4 are used in
the result section to identify the various plasmids used for stable suppression of calumenin in
HEK 293 cells. Each plasmid was packaged into the retroviral packaging cell line PT67
purchased from ATCC (Manassas, VA) according to the manufacturer’s recommendations.
Briefly, the retroviral packaging PT67 cells were grown in DMEM plus 10% FBS in 10 cm
cell culture dishes. Cells were transfected separately with the four different constructs (CALUL,
2, 3 and 4) of the human calumenin shRNA plasmids using a FuGene transfection reagent.
Cells were incubated in 5% CO, incubator for 48 hours. After 48 hours, the cells were harvested
and filtered through 0.45 pum filters. The filtered medium was used as the viral stock.

Stable cell lines coexpressing human calumenin shRNA, human FVII and rat VKOR

Replication deficient retro viruses expressing the different human calumenin shRNAs were
used to infect HEK 293 cells co-expressing human FVII and rat VKOR. After 48 hours of
infection 1pg/ml puromycin was added for cell selection. After stable selection of HEK 293
cells, cells were maintained at 1ug/ml puromycin and 100ug/ml of Zeocin. Stable cell lines
were used for determination of; 1) expression of r-h FVI1I, 2) rat VKOR activity and 3) silencing
of cellular human calumenin. One control was HEK 293 cells only overexpressing r-hFVII.

SDS-PAGE and Western blotting

SDS-PAGE was carried out on 8-16% CRITERION Gels (Bio-Rad, Richmond CA). Western
Blotting was carried out as described previously (11).

Human factor VII blood clotting activity assay and factor VII quantification

Human Factor VI activity was measured with the Hemosil PT-Fibrinogen kit from
Instrumentation Laboratory Company, Lexington, MA. Factor VI deficient plasma was from
the same company. Standard curves of dilutions of pooled human plasma and human factor
VI purified from human blood was made. Purified human factor VIl was purchased from
Enzyme Research Laboratories, South Bend, IN. The purchased purified protein had a
concentration of 1.87 mg/ml and a specific activity of 2109.00 PEU/mg. Clotting times of
recombinant factor VII harvested from cells cultured for 24 hours in 10% serum containing
medium followed by 24 hours in serum free medium were compared to the standard curve and
the specific activity was used to calculate the concentration of active r-hFVII per ml of serum
free medium. Total concentration of r-hFVII per ml was determined by chemiluminescence of
standard curves of various concentrations of factor VII and r-hFVII in the media harvested
from the cultured cells after Western blotting. All measurements were in the linear range of
the standard curve. Western blots were carried with a human factor VIl monoclonal antibody
purchased from Sigma, St.Louis, MO.
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VKOR Activity

Materials

RESULTS

VKOR activity was measured as described (15) by estimating the percent conversion of vitamin
K1 2,3-epoxide (VitK>0) to vitamin Kj.

Vitamin Ky 2,3-epoxide was made as described by our laboratory (15). Affinity purified rabbit
calumenin antibodies were prepared by our laboratory (13). Beta-Actin antibodies were
purchased from Abcam Inc., Cambridge, MA. All other purchased chemicals were of the
highest quality that could be supplied by the various companies.

Stable silencing of calumenin in HEK 293 cells with the pRS shRNA CALU plasmids

All HEK 293 cell lines engineered to stably overexpress r-hFVII and r-hFVII + rat VKOR
from the dual promoter vector pPBUDCE4.1 were found to secrete the same amount of r-hFVII
into the serum free medium. This finding was equivalent to our finding with r-hFIX expressed
by this system in BHK cells (12). As shown in Figure 2, panel B, cell lines stably transfected
with the CALUL, 2, 3 and 4 pRS shRNA plasmids respectively showed only small variations
in the total amount of r-hFV11 secreted into the medium which further demonstrate the stability
of recombinant protein production by the expression system used in our experiments. All
individual cell lines were viable and showed no difference in proliferation rate. These findings
demonstrated that stable silencing of calumenin could be used to generate stable HEK 293 cell
lines with high capacity for production of fully y-carboxylated and functional r-hFVI1I.
Furthermore it showed that suppression of calumenin did not cause cell death which has been
shown by eliminating another member of the CREC family of ER proteins to which calumenin
belongs (16). The effect of silencing calumenin in r-hFVII + VKORCL1 overexpressing HEK
293 cells stably transfected with the pRS shRNA CALU 1, 2, 3 and 4 constructs respectively
isshown in Figure 1. The cell lysates were Western blotted with calumenin antibodies (47 kDa)
and band intensities in each lane quantified by chemiluminescence. The blot was stripped and
reprobed with a g-Actin antibody (43 kDa) to correct for protein loading in each lane. The bar
graph shows the band intensities of calumenin in % of the band intensity of calumenin in cells
transfected with the pRS vector only (100 %). The CALU 2, 3 and 4 pRS shRNA constructs
significantly reduced the intracellular calumenin content more so than the CALU 1 construct
with the nucleotide sequence AAGCCTGAGATCAATAAGAAATGTTCAGG. Therefore we
eliminated the cell line stably transfected with the CALU 1 pRS construct form the next set of
experiments aimed at finding the most effective cell line engineered to stably overproduce
functional r-hFVII.

Production yield of functional recombinant human factor VIl by the stably engineered HEK
293 cell lines

Having determined to focus on the CALU 2, 3, and 4 stably transfected cell lines we measured
total r-FVI1I and functional r-hFVI1 secreted into the serum free medium. In this set of
experiments we used two controls. One control was their content in medium from HEK 293
cells only stably transfected with the factor VII cDNA construct in the pPBUDCE4.1 vector.
The concentration of total r-hFV 11 (228 ng/ml) and functional r--hFVI1 (20 ng/ml) resulted in
aproduction yield of 9% of the functional enzyme (Figure 2, panel A, Additional Transfections
0). The second control was HEK 293 cells stably transfected with the pPBUDCE4.1 vector
expressing both r-hFVII and VKORC1. The medium concentration of total r-hFV11 (230 ng/
ml) and functional r-hFVI1I (67 ng/ml) resulted in a production yield of 30% of the active
enzyme (Figure 2, panel A, Additional Transfections VKORC1). The remaining bar graphs in
Figure 2 represent the results obtained from cells stably transfected with the pPBUDCE4.1 vector
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expressing both r-hFVIl and VKORC1 but in addition were transfected stably with the CALU
2, 3 and 4 pRS shRNA constructs respectively. The concentrations of total r-hFVII and
functional r-hFVII in these engineered cells (Figure 2, Additional Transfections, VKORC1
+CALU 2(1), VKORC1+CALU 3 (1) and VKORC1+CALU 4 (I11) were: I; Total193 ng/ml,
Activel32 ng/ml: 11; Total 200 ng/ml, Active 82 ng/ml and 111; Total 273 ng/ml, Active 114
ng/ml. The production yield of active r-hFVIl in I, 11 and 111 were 68%, 41% and 42%
respectively. As seen by the bars representing total r-hFV1I there was some variation in total
factor FVII secreted from the cell lines. However CALU 2 and CALU 4 was the highest
producer of active r-hFVII. If calculated in % of total r-hFVII, cells engineered with the
AAGCCTGAGATCAATAAGAAATGTTCAGG nucleotide vector CALU 2 was the most
effective cell line in secretion of active r-hFVII (68%). Figure 2, panel B shows Western blots
of r-hFVII in aliquots from the serum free media harvested from the various engineered r-
hFVII producing HEK 293 cell lines. The human factor VIl monoclonal antibody shows only
the 50 kDa single chain factor VII protein and no factor Vlla. The blot also demonstrates that
all of the engineered cell lines used in these experiments produces similar quantities of r-hFVII.
Figure 2, panel C, show that VKOR activity in HEK 293 cells is significantly enhanced
following transfection with a VKORC1 cDNA as was demonstrated by our earlier work with
BHK cells (12).

DISCUSSION

The main objective behind this work was to expand our earlier work on calumenin (13) as an
inhibitor of the y-carboxylase by stably silencing the inhibitor to create cell lines with increased
capacity to produce fully y-carboxylated and functional recombinant vitamin K-dependent
proteins. Our earlier work (14) with transient transfection experiments using siRNA
oligonucleotides against hamster calumenin in BHK cells indicated that this goal could be
accomplished. Only cell lines engineered to stably silence calumenin would be important for
pharmaceutical mass production of clinically used functional vitamin K-dependent proteins as
factor X, protein C and factor VII. The common commercial systems used to produce
recombinant factor VI, factor 1X and protein C are cell lines which only stably overexpress
these proteins. Since the in vivo y-carboxylation system in these cell lines used for transfection
does not have the capacity to fully y-carboxylate an excess of newly synthesized precursors of
the overproduced vitamin K-dependent protein, it is obvious that a significant amount of the
protein will exit the ER as a none or partly y-carboxylated non functional protein. Thus
engineering of the y-carboxylation system to increase its y-carboxylation capacity is essential
for enhanced production of functional recombinant proteins. As demonstrated in this work, the
yield of functional r-hFVII increased from 9% in HEK 293 cells only overexpressing factor
VI to 68% in stable cell lines where VKORCL1 also was overexpressed and the y-carboxylase
inhibitor calumenin was silenced more than 80%. Although the total amount of r-hFVII
produced by the cell lines engineered in this work is less than reported by some published work
on production of recombinant vitamin K-dependent proteins (6), culturing conditions may have
caused these differences. Our newly designed cell system carried out under improved culturing
conditions is likely to further improve the production yield of functional vitamin K-dependent
proteins.
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Figure 1.

Stable silencing of calumenin in HEK 293 cells with HuSH 29mer shRNA constructs against
human calumenin. Four pRS shRNA vectors with different 29mer oligonucleotides called
CALUL1, 2, 3 and 4 were used individually to stably transfect HEK 293 cells stably
overexpressing r-hFVIl and VKORC1 (See MATERIALS AND METHODS). The cellular
concentration of calumenin in the various CALU transfected cells was measured after Western
blotting and compared to calumenin concentration in cells transfected with the vector (Control,
100 %). Aliquots from the media harvested from the different cell cultures were loaded in each
lane. Affinity purified antibodies against the 47 kDa calumenin were used to identify the
protein. The same blot were stripped and reprobed with a B-Actin antibody to correct for equal
protein loading in each lane. Quantification of the various immunoreactive bands was made
by chemiluminescence (see MATERIALS AND METHODS).
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Figure 2.

Production of active recombinant factor V11 by variously engineered HEK 293 cell lines. Panel
A,; Total factor VIl (HFVII)and Active (HFVII) were measured in aliquots from HEK 293 cell
media harvested from cells stably overexpressing 1) only recombinant human (HFVII)
(Additional Transfections 0), 2) HFVII + VKORC1 (Additional Transfections VKORC1), 3)
HFVII + VKOCL1 + CALU 2 (Additional Transfections VKORC1+CALU 2 1), 3) HFVII +
VKORC1 + CALU 3 (Additional Transfections VKORC1 + CALU3 Il) and 4) HFVII +
VKORC1 + CALU 4 (Additional Transfections VKORC1 + CALU 4 I11'). Estimation in ng/
ml of total HFVII protein by chemiluminescence and active HFVII by clotting assay is
described in MATERIALS AND METHODS. Bars representing total HFVI1 protein
concentration and active HVII protein concentration are labeled in panel A as Total and Active
respectively. Panel B is a Western blot of HVII in aliquots from HEK 293 cells stably
transfected with VKORC1 and VKORCL1 + CALU 2, 3, and 4 respectively. A monoclonal
factor V11 antibody identified the 50 kDa recombinant HFVI1. Each bar represents the average
concentration calculated from 3 individual experiments which varied < 5%. Panel C shows
that HEK 293 cell acquire a higher VKOR activity after stable transfection with a human factor
VIl cDNA.
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