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Blood coagulation factor VIII has a domain structure
designated A1-A2-B-ap-A3-C1-C2. Human factor VIII is
present at low concentration in normal plasma and,
comparably, is produced at low levels in vitro and in vivo
using transgenic expression techniques. Heterologous
expression of B domain-deleted porcine factor VIII in
mammalian cell culture is significantly greater than B
domain-deleted human or murine factor VIII. Novel hy-
brid human/porcine factor VIII molecules were con-
structed to identify porcine factor VIII domains that
confer high level expression. Hybrid human/porcine fac-
tor VIII constructs containing the porcine factor VIII A1
and ap-A3 domains expressed at levels comparable with
recombinant porcine factor VIII. A hybrid construct
containing only the porcine A1 domain expressed at
intermediate levels between human and porcine factor
VIII, whereas a hybrid construct containing the porcine
ap-A3 domain expressed at levels comparable with hu-
man factor VIII. Additionally, hybrid murine/porcine
factor VIII constructs containing the porcine factor VIII
A1 and ap-A3 domain sequences expressed at levels sig-
nificantly higher than recombinant murine factor VIII.
Therefore, the porcine A1 and ap-A3 domains are neces-
sary and sufficient for the high level expression associ-
ated with porcine factor VIII. Metabolic radiolabeling
experiments demonstrated that high level expression
was attributable to enhanced secretory efficiency.

Factor VIII (fVIII)1 is a plasma protein that functions in
proteolytically activated form as a cofactor within the intrinsic
pathway of blood coagulation to increase the rate of proteolytic
activation of factor X by activated factor IX. fVIII contains a
domain structure designated A1-A2-B-ap-A3-C1-C2 that is de-
fined based on internal sequence homology (1, 2). The fVIII A
domains share homology with the copper-binding protein cer-
uloplasmin (3, 4), which has an A1-A2-A3 domain structure in
which the three A domains are arranged along a pseudo-3-fold
axis of symmetry (5). Before cell secretion, fVIII is cleaved at
the B/ap-A3 domain junction into A1-A2-B (heavy chain) and
ap-A3-C1-C2 (light chain) subunits. fVIII circulates in the
plasma as an inactive heavy chain/light chain heterodimeric

procofactor that is non-covalently bound to von Willebrand
factor. Proteolytic activation of fVIII by thrombin results from
cleavages at Arg-372 between the A1 and A2 domains, Arg-740
between the A2 and B domains, and Arg-1689 between the ap
and A3 domains. During this process, the covalent linkage
between the A1 and A2 domains is lost, and the B domain and
41-residue ap are released, producing a heterotrimeric, A1/A2/
A3-C1-C2 subunit structure (6).

Genetic mutations leading to insufficient or defective fVIII
are responsible for the sex-linked bleeding disorder hemophilia
A, which affects 1 in 5,000–10,000 males worldwide. Hemo-
philia A treatment consists of intravenous administration of
plasma-derived or recombinant fVIII protein, the cost of which
can exceed $100,000 per patient-year (7). The expense of re-
combinant fVIII products is partly due to manufacturing costs
associated with inefficient production of fVIII in mammalian
cell culture (8).

Extensive research has been conducted on the genetic and
biochemical regulation of fVIII biosynthesis (for a review see
Kaufman et al. (9)). Low level expression of endogenous fVIII
has complicated the study of the regulation of fVIII expression
in vivo. Consequently, most studies of fVIII biosynthesis have
been performed in heterologous mammalian cell culture sys-
tems. Several factors have been proposed to limit fVIII expres-
sion, including transcriptional inhibition (10, 11), reduced
mRNA accumulation (12), interaction with protein chaperones
(9, 13–16), and fVIII instability in the absence of von
Willebrand factor (17, 18). Recently, we found that B domain-
deleted recombinant porcine fVIII was expressed at 10–14-fold
greater levels than B domain-deleted recombinant human fVIII
(19). In the current study we used homolog-scanning mutagen-
esis (20), employing a series of hybrid human/porcine (HP) and
hybrid murine/porcine (MP) cDNAs to identify the porcine
fVIII domains that confer high level expression and to describe
the regulatory mechanism involved.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s phosphate-buffered saline (DPBS), fetal bo-
vine serum, penicillin, streptomycin, HEPES, glutamax (L-alanyl-L-
glutamine), sodium pyruvate, Geneticin, Lipofectin, LipofectAMINE,
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium, methi-
onine-free DMEM, AIM V medium, and oligonucleotides were pur-
chased from Invitrogen. [35S]Methionine was purchased from Amer-
sham Biosciences. The RL-cytomegalovirus vector and dual-luciferase
assay kit were purchased from Promega (Madison, WI). Citrated hu-
man fVIII-deficient plasma and normal pooled human plasma (FACT)
were purchased from George King Biomedical (Overland Park, KA).
Activated partial thromboplastin reagent was purchased from Organon
Teknika (Durham, NC). ESH-8, an anti-fVIII C2 domain-specific mu-
rine monoclonal antibody, was purchased from American Diagnostica
(Greenwich, CT). An anti-fVIII A2 domain-specific murine monoclonal
antibody, designated 4C7–1B, was produced by a hybridoma cell line
derived from the fusion of a NS-1 myeloma cell line (21) with spleens
from mice immunized intravenously with human B domain-deleted
fVIII as described previously (22). TriReagent and Triton X-100 were
purchased from Sigma. M-PER mammalian protein extraction reagent,
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Halt protease inhibitor mixture, ImmunoPure immobilized protein G,
ImmunoPure lane marker sample buffer, Tween 80, and Gel Code Blue
were purchased from Pierce. Ready-Cast SDS-PAGE gels were pur-
chased from Bio-Rad. Chromatography paper was purchased from
Fisher.

Generation of Hybrid fVIII cDNAs—The synthesis of B domain-
deleted human, porcine, and murine cDNA constructs, designated rh-
fVIII, rp-fVIII, and rm-fVIII, in the mammalian expression vector Re-
Neo has been described previously (19, 23). These constructs contain a
nucleotide sequence between the A2 and ap-A3 domains encoding a
linker region of human, porcine, or murine origin (designated SQ, OL,
or SQ, respectively), which includes the Arg-His-Gln-Arg recognition
sequence for PACE/furin processing (24, 25). HP and MP fVIII con-
structs were generated by splicing-by-overlap extension mutagenesis
(26) using previously published procedures (27–29) and rh-fVIII, rp-
fVIII, and rm-fVIII as starting materials (Fig. 1). SQ or OL linker
sequences were added to previously described HP fVIII cDNA con-
structs (28–30) to produce constructs designated HP1, HP18, HP22,
and HP30 (Fig. 1). HP1 and HP22 contain the SQ sequence, whereas
HP18 and HP30 contain the OL sequence.

fVIII Expression—Transient expression of the fVIII constructs from
COS-7 cells and stable expression from baby hamster kidney-derived
(BHK-M) cells was performed as described previously (19). Briefly,
COS-7 cells were grown to 70–80% confluence in 2-cm2 wells containing
1 ml of DMEM/F-12 medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 100 �g/ml streptomycin. Cells were
transfected using LipofectAMINE and a 2000:1 mass ratio of fVIII
construct:luciferase plasmid DNA. Twenty-four hours after transfection
the cells were rinsed twice with DPBS, and 0.5 ml of AIM V serum-free
medium was added to each well. Transfection of BHK-M cells was
performed using Lipofectin according to the manufacturer’s instruc-
tions. Transfected cells were cultured for 10 days in the presence of
DMEM/F-12 containing 10% fetal bovine serum, 100 units/ml penicillin,
100 �g/ml streptomycin, and 500 �g/ml Geneticin. Geneticin-resistant
clones were screened for fVIII production, seeded onto 2-cm2 wells, and
grown to 80–90% confluence before being switched to 1 ml of AIM V
serum-free medium. COS-7 or BHK-M cells were cultured in serum-free
medium for 24 h before measurement of secreted fVIII coagulant activ-
ity as described below. Expression of fVIII from COS-7 cells was nor-
malized to expression of luciferase activity, which was measured using
a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA).

Factor VIII Assays—Measurements of fVIII activity were made by
one-stage and two-stage coagulation assays in a ST art Coagulation
Instrument (Diagnostica Stago, Asnieres, France) using human fVIII-
deficient plasma as substrate as described previously (23). The activa-
tion quotient is defined as the activity in the two-stage assay divided by
the activity in the one-stage assay.

fVIII mRNA Analysis—Measurement of steady-state fVIII RNA lev-
els was performed by real-time reverse transcription (RT)-PCR analysis
using the ABI 7000 Sequence Detection System and the ABI SYBR
Green RT-PCR kit (Applied Biosystems, Foster City, CA) as described
previously (19). Briefly, reaction mixtures containing 1� SYBR Green
PCR master mix, 300 �M forward and reverse oligonucleotide primers,
6.25 units of Multi-Scribe reverse transcriptase, and 5 ng of sample
total RNA were incubated at 48 °C for 30 min followed by incubation at
95 °C for 10 min and 40 amplification cycles of 95 °C for 15 s and 60 °C
for 1 min. Post-reaction dissociation curve analysis was performed to
confirm correct target amplification. Absolute quantitation was
achieved by linear regression and comparison to a standard curve
generated using known quantities of in vitro transcribed human fVIII
RNA. The number of fVIII transcripts per cell was calculated using a
value of 35 �g of total RNA per 106 BHK-M cells.

Metabolic Radiolabeling and fVIII Immunoprecipitation—BHK-M
cells stably expressing rh-fVIII or HP47 were seeded onto 35-mm dishes
and grown to 80–90% confluence at which point there were �8.5 � 105

cells/dish. Before radiolabeling the cells were incubated in methionine-
free DMEM for 15 min. For radiolabeling, cells were incubated in
methionine-free DMEM supplemented with 100 �Ci/ml [35S]methi-
onine (�1000 Ci/mmol), 25 mM HEPES, 110 �g/ml sodium pyruvate,
and 2 mM glutamax for 20 min. Where indicated the cells were rinsed
twice and incubated for 4 h in 1 ml of DMEM containing 15 �g/ml
(100-fold excess) unlabeled methionine (chase period). Cell lysates were
prepared by rinsing the cells twice in DPBS followed by the addition of
1 ml of M-PER protein extraction reagent containing Halt protease
inhibitor mixture at the concentration specified by the manufacturer.
Whole cell lysates were subjected to centrifugation at 12,000 � g. The
resulting supernatants were used immediately in immunoprecipitation
reactions or stored at �70 °C until use. After the 4-h chase period,

conditioned medium was collected and subjected to centrifugation at
1000 � g for 15 min for removal of cell debris. Halt protease inhibitor
mixture was added immediately to supernatants at the concentration
specified by the manufacturer. Before immunoprecipitation, cell lysate
and conditioned medium samples were pre-cleared by the addition of 25
�l of protein G-agarose and incubation at 4 °C for 1 h with gentle
rocking. The protein G-agarose was removed by centrifugation at
12,000 � g for 3 min. Next, 5 �g of ESH-8 or 4C7–1B murine mono-
clonal anti-human fVIII IgG was added to the supernatants followed by
incubation at 4 °C for 1 h with gentle rocking. fVIII-containing immune
complexes were precipitated by incubation with 50 �g of protein G-
agarose at 4 °C overnight with gentle rocking. Protein G-agarose-im-
mune complexes were collected by centrifugation at 12,000 � g for 3
min followed by three consecutive washes with 1 ml of 1, 0.1, and 0.05%
Triton X-100 in DPBS. Where indicated the final protein G-agarose
pellets were re-suspended in 20 mM HEPES, 150 mM NaCl, 5 mM CaCl2,
0.01% Tween 80, pH 7.4, before the addition of 10 units/ml porcine
thrombin and incubation at 37 °C for 1 h. Bound proteins were eluted
from protein G-agarose by the addition of 25 �l of SDS sample buffer
and incubation at 95 °C for 10 min. Immunoprecipitated proteins were
reduced and separated by SDS-PAGE, vacuum-dried to chromatogra-
phy paper, and visualized by autoradiography using Kodak BioMax MR
film. Quantitation of autoradiograph band intensities was performed
using Un-Scan It software (Silk Scientific, Orem, UT).

Purification and Characterization of HP47—HP47 was purified us-
ing a two-step ion-exchange chromatography procedure as described
previously for the purification of rh-fVIII and rp-fVIII (19) with the
following modifications. Conditioned medium containing HP47 was
loaded onto a 2.5 � 19.5-cm SP-Sepharose Fast Flow column equili-
brated at 25 °C in 0.18 M NaCl, 20 mM HEPES, 5 mM CaCl2, 0.01%
Tween 80, pH 7.4. HP47 was eluted using a linear 0.18–0.7 M NaCl
gradient in the same buffer. fVIII-containing fractions were identified
as described above by one-stage and two-stage activation quotient co-
agulation assays and SDS-PAGE. The specific activity of HP47 was
calculated using a molar extinction coefficient determined from the
absorbance at 280 nm and the predicted tyrosine, tryptophan, and
cysteine content (31). The specific activity of the final material was
defined as the weighted number average of the specific activities of the
fVIII peak fractions excluding any fractions demonstrating an absorb-
ance at 280 nm less than 0.08 or an activation quotient less than 20.

RESULTS

Expression of HP fVIII Constructs—We previously found
that a B domain-deleted porcine fVIII construct designated
rp-fVIII was expressed at significantly higher levels than a B
domain-deleted human fVIII designated rh-fVIII in COS-7 cells
and BHK-M cells (19). To identify the porcine fVIII domains
that confer high level expression, we generated a panel of HP
fVIII constructs (Fig. 1) and compared their heterologous ex-
pression capabilities in transiently transfected COS-7 cells and
stably transfected BHK-M cells (Fig. 2, A and B, respectively).
In COS-7 cells expression of rp-fVIII was 4.6 � 1.2-fold higher
than rh-fVIII (mean � 1 S.D.). Expression of HP44, a construct
containing the porcine A1, A2, and ap-A3 domain sequences,
was 6.9 � 1.2-fold higher than rh-fVIII and was slightly higher
than expression of rp-fVIII (p � 0.03, Student’s t test). In
contrast, HP57, which contains the porcine C1 and C2 domain
sequences, expressed similarly to rh-fVIII. Thus, the porcine A
domains, but not the C domains, are responsible for the high
level expression associated with porcine fVIII. Expression of
HP47, which contains the porcine A1 and ap-A3 domain se-
quences, was 5.3 � 0.75-fold greater than rh-fVIII and was not
significantly different from rp-fVIII. HP46, a construct contain-
ing the porcine A1 domain sequence, expressed at a level in-
termediate between rh-fVIII and rp-fVIII. In contrast, HP1 and
HP30, which contain the porcine A2 and ap-A3 domain se-
quences, respectively, expressed similarly to rh-fVIII. HP45,
which contains the porcine A2 and ap-A3 domain sequences,
expressed at a level intermediate between rh-fVIII and
rp-fVIII.

Results in BHK-M cells were largely consistent with the
results in COS-7 cells. Average expression levels of rp-fVIII,
HP44, and HP47 individual clonal cell lines were similar and
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were significantly higher than rh-fVIII (p � 0.001, p � 0.003
and p � 0.006, respectively, Mann-Whitney U test). In con-
trast, expression of HP46 was not significantly different from
rh-fVIII expression (p � 0.34), although expression from the
top-producing clone was �2-fold greater than the top-produc-
ing rh-fVIII clone (17 units/106 cells/24 h versus 9 units/106

cells/24 h). HP1 and HP30 expressed similarly to rh-fVIII.
Taken together the results in COS-7 and BHK-M cells indicate
that the porcine A1 and ap-A3 domains in HP fVIII cDNAs are
necessary and sufficient to produce expression levels equiva-
lent to rp-fVIII.

Expression of MP fVIII Constructs—We previously showed
that a recombinant B domain-deleted murine fVIII designated
rm-fVIII expresses at lower levels than rh-fVIII in BHK-M cells
(23). Because the porcine A1 and ap-A3 domains confer high
level expression in human/porcine fVIII hybrids, we wanted to
address whether they increase expression when substituted
into murine fVIII. A MP fVIII cDNA containing the porcine A1
and ap-A3 domains, MP6, was constructed, and its expression
was compared with rm-fVIII in stably transfected BHK-M cells
(Fig. 3). Expression of fVIII from the MP6 clones was signifi-
cantly greater than from the corresponding rm-fVIII clones
(p � 0.001, Mann-Whitney U test). Peak expression for the
top-producing MP6 clone was 23 units/106 cells/24 h, compared
with 0.5 units/106 cells/24 h for the top-producing rm-fVIII
clone.

Relative Expression Efficiency of Human, Porcine, and HP
fVIII—Increased expression of porcine and HP fVIII constructs
could be occurring through a differential at the mRNA, trans-
lational, or secretory level. Steady-state fVIII mRNA levels in
the top expressing clonal cell lines were measured using quan-
titative real-time RT-PCR (Fig. 4). No correlation between
fVIII activity and fVIII transcripts was observed. Further stud-
ies designed to uncover the mechanism driving the expression
differential were performed using the stably transfected BHK-
M/rh-fVIII clone C7 and the BHK-M/HP47 clone F5. fVIII

activity measurements and real-time RT-PCR analysis of the
steady-state fVIII mRNA levels demonstrated that HP47 clone
F5 expressed at a level 9-fold greater than rh-fVIII clone C7
despite the fact that HP47 clone F5 contained 0.7-fold the level
of fVIII transcripts (Fig. 5A). Relative translational and secre-
tory efficiencies of rh-fVIII and HP47 were determined by
pulse-labeling cells for 20 min in medium containing [35S]me-
thionine followed by a 4-h chase incubation in medium contain-
ing excess unlabeled methionine and immunoprecipitation us-
ing either anti-human fVIII heavy chain (4C7–1B)- or light
chain (ESH-8)-specific murine monoclonal antibodies (Fig. 5, B
and C). A band consistent with unprocessed, single chain fVIII
was recovered from cell lysates after the pulse-labeling period.
This band was not detected in the non-transfected, parental
BHK-M cell line (data not shown). Quantitation of the single
chain bands revealed rh-fVIII/HP47 ratios of 0.83 and 1.15
when either 4C7–1B or ESH-8, respectively, was used in the
immunoprecipitation reaction (Fig. 5D). In both cases the dif-
ferential was not statistically significant. After the chase pe-

FIG. 1. Schematic diagram of fVIII expression constructs. B
domain-deleted fVIII expression constructs containing combinations of
human (white), porcine (gray), and murine (hatched) domain sequences
were generated. The percent amino acid identity to B domain-deleted
recombinant human fVIII (rh-fVIII) is given for each construct. fVIII
domain boundaries were defined using the human fVIII amino acid
sequence numbering (41) as follows; residues 1–372 (A1), 373–740 (A2),
1649–1689 (ap), 1690–2019 (A3), 2020–2172 (C1) and 2173–2332 (C2).

FIG. 2. Transient and stable expression of HP fVIII constructs.
A, fVIII expression constructs and a luciferase control plasmid were
transiently transfected into COS-7 cells. fVIII activity in the condi-
tioned medium was determined by one-stage coagulation assay and
normalized to luciferase activity measured in the corresponding cell
lysate. The data are expressed relative to rh-fVIII as mean � 1 S.D.
from 4 separate transfections and are representative of 3 independent
experiments. B, BHK-M cells were transfected with fVIII expression
constructs and subsequently selected for transgene integration. Indi-
vidual clones expressing each construct were assayed for fVIII produc-
tion by one-stage coagulation assay. The horizontal bars represent the
median value for each set of clones. The number of clones analyzed is
given in parentheses.
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riod significantly less single chain HP47 material remained in
the cell lysates (p � 0.005 and 0.04, for the 4C7–1B and ESH-8
immunoprecipitations, respectively). In contrast, the differen-
tials between pulse and chase rh-fVIII levels were not signifi-
cant (p � 0.55 and 0.1, for the 4C7–1B and ESH-8 immunopre-
cipitations, respectively). In addition to single chain fVIII,
bands consistent with heavy and light chain fVIII were ob-
served in the chase cell lysates (Fig. 5B). The identity of these
bands was confirmed by subsequent thrombin proteolysis (data
not shown). Interestingly, rh-fVIII light chain, but not HP47
light chain, was recovered from the 4C7–1B-immunoprecipi-
tated samples despite the presence of 2.7-fold more HP47
heavy chain material. Additionally, rh-fVIII heavy chain, but
not HP47 heavy chain, was recovered from the ESH-8-immu-
noprecipitated samples. In contrast to the 4C7–1B results,
excess free light chain was not observed in the HP47 samples

compared with the rh-fVIII samples. Consistent with the ob-
served differential in intracellular single chain fVIII material
recovered after the pulse and chase periods, immunoprecipita-
tion of the conditioned medium with 4C7–1B and ESH-8 re-
vealed the presence of 3.8- and 3.9-fold more HP47 than rh-
fVIII, respectively (Fig. 5, C and D). Rh-fVIII- and HP47-
conditioned medium samples immunoprecipitated with
4C7–1B contained similar amounts of heavy and light chain,
whereas identical samples immunoprecipitated with ESH-8
contained significantly more light chain than heavy chain ma-
terial (p � 0.004 and 0.004, respectively).

It is possible that the mechanism governing the expression
differential between BHK-M/rh-fVIII clone C6 and BHK-M/
HP47 clone F5 results from genetic alterations that accumu-
lated during the generation of these highly selected clonal cell
lines. This possibility was addressed by repeating the radiola-
beling experiments described above using mixed populations of
50–100 clonal cell lines stably transfected with the rh-fVIII or
HP47 constructs and performing immunoprecipitations with
4C7–1B (Fig. 6). Rh-fVIII and HP47 were expressed from these
cell populations at rates of 0.48 � 0.12 and 2.37 � 0.25 units/
106 cells/24 h, respectively. Results of the metabolic labeling
analysis were consistent with those obtained for the individual
clones. We observed a significant difference in the amount of
single chain HP47, but not single chain rh-fVIII, present in the
pulse versus chase cells lysates (p � 0.005 and 0.22, respec-
tively, Student’s t test), and significantly more HP47 than
rh-fVIII was secreted into the conditioned medium (p � 0.001).

Isolation and Characterization of HP47—HP47 was isolated
using a two-step ion-exchange chromatography procedure as
described under “Experimental Procedures.” Approximately
1.3 mg was obtained from 3 liters of conditioned cell culture
medium. The purity of HP47 was assessed by SDS-PAGE and
compared with rh-fVIII and rp-fVIII (Fig. 7). A small amount of
single chain material that was sensitive to cleavage by throm-
bin was present. No other major contaminants were observed.
The specific activity of HP47 was calculated to be 2,530 units/
nmol (15,300 units/mg) using a molar extinction coefficient at
280 nm of 254,830 M�1 cm�1 based on the predicted tyrosine,
tryptophan, and cysteine content (31). This value is slightly
higher than the previously reported average specific activity of
four preparations of rh-fVIII, 1630 � 530 units/nmol (19).

DISCUSSION

There are significant interspecies differences in the expres-
sion, coagulant activity, and antigenicity of fVIII. In previous
studies we used homolog-scanning mutagenesis to identify an-
tigenic determinants within human fVIII that are recognized
by clinically significant inhibitory antibodies (27–30, 32, 33). In
the current study we employed this approach to examine var-
iation in the expression of human and porcine fVIII. We found
that the porcine fVIII A1 and ap-A3 domains are necessary for
high level expression of a HP fVIII construct and sufficient to
confer greater expression to a MP fVIII construct. The effect of
the porcine A1 and ap-A3 domains on expression is synergistic
because the summed expression of HP constructs containing
only the porcine A1 domain (HP46) or only the ap-A3 domains
(HP30) is considerably lower than HP47, which contains both
the porcine A1 and ap-A3 domains (Fig. 2).

We did not observe a correlation between fVIII production
and steady-state fVIII mRNA levels (Figs. 4 and 5A). This is
consistent with our previous observation that there was no
difference in the distribution of steady-state mRNA levels be-
tween human and porcine fVIII-expressing BHK-M clones de-
spite up to a 14-fold greater production of porcine fVIII activity
(19). Therefore, porcine fVIII is expressed with greater effi-
ciency on a per mRNA basis than human fVIII due to an

FIG. 3. High level expression of a MP fVIII construct. Murine A1
and ap-A3 domain sequences were replaced with the corresponding
porcine sequences to create a MP fVIII construct designated MP6.
Rm-fVIII and MP6 were transfected into BHK-M cells, and expression
of fVIII from individual clones was performed as described under “Ex-
perimental Procedures.” The horizontal bar represents the median
value, and the value in parentheses indicates the number of clones
included in the analysis.

FIG. 4. fVIII expression levels versus steady-state RNA levels.
Top fVIII-producing BHK-M clones screened from 24–48 stable clones
each were seeded into a 75-cm2 flask, grown to �90% confluence, and
cultured for 24 h in 25 ml of serum-free medium. Conditioned medium
was assayed for fVIII activity by one-stage coagulation assay, and the
cells were harvested for total RNA purification. Steady-state fVIII RNA
levels were determined using quantitative real-time RT-PCR. The sym-
bol designations for the constructs are rh-fVIII (closed circle), rp-fVIII
(open circle), HP22 (closed diamond), HP44 (inverted open triangle),
HP45 (open square), HP47 (open diamond), HP46 (open triangle), HP1
(inverted closed triangle), and HP30 (closed square).
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inequality in translational and/or posttranslational processing
resulting from sequence disparity within the A1 and ap-A3
domains. Results of metabolic labeling experiments support
the latter as the major determinant of high level expression
(Figs. 5, B and C, and 6). Similar amounts of single chain
primary translation product were recovered from rh-fVIII- and
HP47-expressing BHK-M cells despite HP47 clone F5 having a
slightly lower steady-state fVIII mRNA level (Fig. 5, A and D).
However, since the amount of primary translation product
generated during the pulse-labeling period was not signifi-

cantly different, a slight difference in translational efficiency
cannot account for the 3.9-fold difference in fVIII protein re-
covered from the conditioned medium after the chase period
(Fig. 5D). Likewise, the 1.6-fold greater specific activity ob-
served for HP47 cannot account for the 9-fold difference in fVIII
activity measured in the conditioned medium. The data pre-
sented indicate that the major differential in expression be-
tween BHK-M/rh-fVIII clone C7 and BHK-M/HP47 clone F5
occurs post-translationally during passage through the endo-
plasmic reticulum and Golgi apparatus. Similar results were

FIG. 5. Characterization of fVIII biosynthesis in rh-fVIII- and HP47-expressing BHK-M cell lines. A, total RNA and conditioned
medium from quadruplicate 35-mm culture dishes containing BHK-M/rh-fVIII clone C7 (solid bars) or BHK-M/HP47 clone F5 (hatched bars) were
harvested and analyzed for fVIII mRNA and fVIII activity levels, respectively, as described under “Experimental Procedures.” Data are expressed
relative to BHK-M/rh-fVIII clone C7. B, BHK-M/rh-fVIII clone C7 (lanes 1–6) and BHK-M/HP47 clone F5 (lanes 7–12) cell lines were metabolically
labeled with [35S]methionine for 20 min. Post-radiolabeling, cells in triplicate 35-mm culture dishes were harvested immediately (lanes 1–3 and
7–9) or switched to medium containing excess unlabeled methionine and incubated for 4 h (lanes 4–6 and 10–12). fVIII was immunoprecipitated
from cell lysates using an anti-human fVIII heavy chain (top panel, 4C7–1B)- or light chain (bottom panel, ESH-8)-specific antibody. Proteins were
resolved by reducing 7.5% SDS-PAGE as described under “Experimental Procedures,” Single chain (SC), heavy chain (HC), and light chain (LC)
polypeptides are labeled. C, Rh-fVIII (lanes 1–3) and HP47 (lanes 4–6) were immunoprecipitated from conditioned medium after the 4-h chase
incubation and resolved as described above. D, cell lysate pulse and chase single chain or secreted summed single/heavy/light chain autoradiograph
band intensities for rh-fVIII (solid bars) and HP47 (hatched bars) are presented as the mean � 1 S.D. relative to the mean value obtained for
pulse-labeled rh-fVIII.
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obtained when mixed populations of stably transfected BHK-
M/rh-fVIII and BHK-M/HP47 cell lines were tested (Fig. 6).
Presumably, the transgene copy number and genome integra-
tion sites vary between the individual clonal cell lines, and the
results obtained represent the average expression capability of
the entire population. Therefore, these results should not have
been significantly influenced by unrelated genetic alterations
occurring in specific clones that could lead to false interpreta-
tions of individual cell line data.

It has been demonstrated previously that intracellular pro-
teolytic processing of single chain fVIII occurs after exit from
the endoplasmic reticulum and that fVIII heavy and light chain
polypeptides are not completely associated within the Golgi
apparatus (17). Therefore, the recovery of heavy and/or light
chain from the cell lysates after the 4-h chase period is consist-
ent with progression of fVIII from the endoplasmic reticulum
into the Golgi apparatus and eventually to secretory vesicles.
Consistent with a previous study of recombinant full-length
human fVIII (17), disproportionately more light chain, but not
heavy chain fVIII, was recovered from the conditioned medium

samples after immunoprecipitation with a light chain- or heavy
chain-specific antibody, respectively (Fig. 5C). The absence of
free heavy chain suggests that either 1) free heavy chain is
unstable in the conditioned medium and is rapidly degraded or
2) free heavy chain does not escape from the cell until the metal
ion-dependent association with the light chain occurs. There
are predicted type-1 copper ion binding sites at His-265–Cys-
310–His-315–Met-320 in the A1 domain and His-1954–Cys-
2000–His-2005–Met-2010 in the A3 domain of human fVIII
that have been shown to play a role in the coordination of a
single Cu(I) atom (34). Therefore, in light of the observation
that the porcine A1 and ap-A3 domains are necessary for high
level expression, an attractive hypothesis is that a differential
in heavy/light chain association is responsible for high level
expression. However, this hypothesis is not consistent with
several observations. First, more free HP47 heavy chain mate-
rial than free rh-fVIII heavy chain material was recovered from
the chase cell lysates after immunoprecipitation with the heavy
chain-specific antibody. Second, co-immunoprecipitation of the
heavy and light chains was observed only in the rh-fVIII sam-
ples and not in the HP47 samples. Third, the residues currently
thought to be involved in Cu(I) atom binding are conserved
between human and porcine fVIII.

Within the A1 and ap-A3 domains, human and porcine fVIII
share 76 and 82% amino acid identity, respectively (35). Sev-
eral residues within the A1 and A3 domains of fVIII have been
identified that are important for fVIII structure and/or expres-
sion. Residues within the amino acid sequence 226–336 in the
A1 domain are important for the interaction of fVIII with the
endoplasmic reticulum lumenal protein BiP (GRP78), which
has been proposed to limit expression of fVIII (36, 37). Within
this region there are 13 amino acid differences between human
and porcine fVIII. The only residue that has been demonstrated
to be functionally important in this interaction, Phe-309, is
conserved. In contrast, there are interspecies differences in
potential N-linked glycosylation sites that could be important
for post-translational biosynthesis of fVIII. Human fVIII con-
tains two potential glycosylation sites that are not present in
porcine fVIII, at Asn-42 near the amino terminus of the A1
domain and at Asn-1685 within the ap domain. Conversely,
porcine fVIII contains a potential glycosylation site at Asn-213
in the A1 domain that is not conserved in human fVIII. It is
possible that glycosylation differences at these sites affect the
passage of fVIII through the endoplasmic reticulum/Golgi ap-
paratus through differential interaction with resident lectins
responsible for posttranslational processing and quality con-
trol. For many secreted proteins (38), including fVIII (13),
transit from the endoplasmic reticulum to the intermediate
compartment of the Golgi apparatus is a rate-limiting step.
Selective transport to the Golgi apparatus does not occur until
a protein is correctly folded. Human fVIII is known to interact
with several endoplasmic reticulum resident proteins with es-
tablished roles in protein folding (9, 13, 14). These interactions
are not detectable for the homologous protein, blood coagula-
tion factor V, presumably due to more efficient folding of factor
V (15, 39). Therefore, it is tempting to speculate that porcine
fVIII simply folds more efficiently than human fVIII, resulting
in more efficient transport through the endoplasmic reticulum.

As a therapeutic agent in the treatment of hemophilia A,
human fVIII possesses several undesirable properties, includ-
ing low level expression, a short circulatory half-life, and sig-
nificant immunogenicity. Increasing the expression of fVIII
could lead to more economical production of fVIII for intrave-
nous use or to facilitate gene therapy, in which fVIII expression
has been a limiting factor (40). In this study we have demon-
strated that it is possible to create a fully functional hybrid

FIG. 6. Metabolic radiolabeling of mixed populations of rh-
fVIII- or HP47-expressing cell lines. Mixed populations of 50–100
individual BHK-M clones stably transfected with the rh-fVIII and HP47
expression vectors were radiolabeled with [35S]methionine, immuno-
precipitated with the fVIII heavy chain-specific antibody 4C7–1B, and
analyzed as described in Fig. 5, A–D. Cell lysate pulse and chase single
chain or secreted summed single/heavy/light chain autoradiograph
band intensities for rh-fVIII (solid bars) and HP47 (hatched bars) are
presented as the mean � 1 S.D. relative to the mean value obtained for
pulse-labeled rh-fVII (for the Pulse and Chase samples) or relative to
the amount of rh-fVIII in the conditioned medium (for the Secreted and
Activity samples).

FIG. 7. SDS-PAGE analysis of HP47. Two micrograms of rh-fVIII
(lanes 1 and 2), rp-fVIII (lanes 3 and 4) and HP47 (lanes 5 and 6) were
subjected to 4–15% gradient SDS-PAGE under reducing conditions and
visualized by Coomassie Blue staining. Lanes 2, 4, and 6 represent
samples that were treated with 100 nM porcine thrombin for 5 min
before analysis. Single chain (SC), heavy chain (HC), light chain (LC),
A3-C1-C2, A1, and A2 polypeptides are labeled. Lane M contains mo-
lecular mass markers of 207, 129, 75, 39.7, 32.1 and 17.5 kDa.
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fVIII molecule that maintains this interspecies differential
characteristic. Through continued humanization of HP47 it
may be possible to identify individual amino acids that provide
high level expression. From that point a rational design ap-
proach could be adopted to further enhance expression proper-
ties using non-natural sequence modifications.
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