Reprod Dev Biol 34(4) : 289-297 (2010) 289

Biological Activity of Human Dimeric Hyperglycosylated Erythropoietin
(dHGEPOQ) Fusion Proteins

Purevjargal Naidansuren and Kwan-Sik Min'

Animal Biotechnology, Graduate School of Bio. & Information Technology, Institute of Genetic Engineering,
Hankyong National University, Ansung 456-749, Korea

ABSTRACT

Erythropoietin (EPO) is a glycoprotein hormone secreted from primarily cells of the peritubular capillary endotheli-
um of the kidney, and is responsible for the regulation of red blood cell production. We constructed and expressed
dimeric ¢cDNAs in Chinease hamster ovary (CHO) cells encoding a fusion protein consisting of 2 complete human
EPO domains linked by a 2-amino acid linker (le-Asp). We described the activity of dimeric hyperglycosylated EPO
(dHGEPO) mutants containing additional oligosaccharide chains and characterized the function of glycosylation. No
dimeric proteins with mutation at the 105" amino acid were found in the cell medium. Growth and differentiation
of the human EPO-dependent leukemiae cell line (F36F) were used to measure cytokine dependency and in vitro
bioactivity of dHGEPO proteins. MTT assay at 24 h increased due to the survival of F36E cells. The dHGEPO protein
migrated as a broad band with an average molecular mass of 75 kDa. The mutant, dHGEPO, was slightly higher than
the wild-type (WT) dimeri-EPO band. Enzymatic N-deglycosylation resulted in the formation of a narrow band with
a molecular mass twice of that of of monomeric EPO digested with an N-glycosylation enzyme. Hematocrit values
were remarkably increased in all treatment groups. Pharmacokinetic analysis was also affected when 25 IU of
dHGEPO were intravenously injected into the tails of the mice. The biological activity and half-life of dHGEPO
mutants were enhanced as compared to the corresponding items associated the WT dimeric EPO. These results suggest

that recombinant dHGEPO may be attractive biological and therapeutic targets.
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INTRODUCTION

Erythropoietin (EPO) is a 34-kD glycoprotein produ-
ced mainly by kidney paratubular cells in response to
reduced oxygen delivery. Low levels of EPO are syn-
thesized by the liver and possibly by macrophages in the
bone marrow (Lacombe et al., 1988; Benjamin and Fran-
klin, 1999). Recombinant human EPO (thEPO) hormone
is widely used to compensate for reduced endogenous
EPO production in renal failure and to correct the asso-
clated anemia (Dalle et al., 2001). Active hEPO consists of
a single 166-amino acid polype):}ptide chain with 3 N-gly-
cosylation sites at Asn*, Asn® and Asn® and 1 O-gly-
cosylation site at Ser'™ (Broudy et al., 1987; Egrie et al.,
1986; Sasaki et al., 1987; Takeuchi et al., 1989).

Many approaches to extend the half-life of EPO have
been developed through genetic or chemical modification
of native EPO (Bunn, 2007; Macdougall et al., 1999; Dalle
et al., 2001). One major issue regarding the clinical use of
EPO is its relatively in vivo short half-life due to its rapid
clearance (~5 h) from circulation when it is injected

intravenously (i.v) (Macdougall, 2002). These strategies
have some effects in extending the half-life and enhan-
cing the activities of thEPO. Homodimerization, in par-
ticular, restores the biological activity of inactive EPO
mutants, and the EPO receptor can be dimerized by
various molecules (Qiu et al., 1998). The recombinant fu-
sion protein, consisting of 2 complete human EPO mole-
cules in tandem separated by a 17-amino acid linker, has
substantially enhanced potency and efficacy both in vitro
and in vivo as compared to the conventional thEPO after
a single subcutaneous injection (Sytkowski et al,, 1999).
Dalle et al. (2001) reported that 2 human EPO molecules
linked by a peptide linker of 9 amino acids enhanced
erythropoietic activity in vivo and in vitro.

Glycosylation of EPO is required for its in vivo bio-
activity, although not for in vitro receptor binding or sti-
mulation of EPO-dependent cell lines.

Two additional N-linked carbohydrate sites were in-
troduced into the primary EPO sequence to create a no-
vel erythropoietin stimulating protein (NESP), which has
a longer half-life than endogenous EPO. NESP is likely
to confer a clinical advantage thEPO by allowing less
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frequent dosing in anemia patient (Macdougall et al,
1999). NESP, a hyperglycosylated analog of EPO, has a
lower affinity for the EPO receptor than that shown by
EPO. rhEPO was degraded faster than NESP at the ce-
Hular level of intracellular trafficking and receptor bin-
ding and degradation (Gross and Lodish, 2006). The EPO
chimeric protein which contains the carboxyl-terminal pep-
tide of the human chorionic gonadotropin-B subunit bear-
ing 4 O-linked oligosaccharide recognition sites does not
affect secretion, receptor binding affinity, or in vitro bio-
activity, but both in vivo potency and half-life are sig-
nificantly enhanced (Fares et 4., 2007).

In previous studies, we used recombinant glycopro-
teins equine chorionic gonadotorpin (eCG), follicle-stimu-
lating hormone (FSH) and thrombopoieitn (TPO), and fo-
und that deglycosylation affectes the expression and
biological activity of these recombinant derivatives. Thus,
glycosylation sites play a pivotal role in functioning and
signal transduction in these glycoproteins (Min, 2000,
2001; Min et al., 1996, 1997, 2004; Saneyoshi et al., 2001;
Kim et al.,, 2007). We also studied the thEPO production
in mammalian cells, and observed that hyperglycosylated
rthEPO (HGEPO) has enhanced erythropoietic activity
compared to wild-type thEPO both in witro and in vivo
(Lee et al., 2003; Park et al., 2005; JarGal and Min, 2009).

In this study, we produced recombinant dimeric hy-
perglycosylated EPO (dHGEPO) fusion protein mutants
linked by a 2-amino acid linker (Ile-Asp). The dHGEPO
protein was characterized in vivo and in vitro. Nortably,
we observed substantially enhanced potency and efficacy
over conventional recombinant dimeric-hEPO.

MATERIALS AND METHODS

Materials

The expression vector pcDNA3 was purchased from
Invitrogen Life Technologies {Carlsbad, CA, USA). CHO-
K1 cells and human leukemiae cell line F-36E were ob-
tained from the Japanese Cancer Research Resources Ba-
nk (Tokyo, Japan). The general PCR reaction cocktail
(Top-Taq™ Polymerase, 10x buffer, dNTP mixture) was
purchased from Core Bio System (Seoul, Korea). Restric-
tion enzymes were bought from Takara and Toyobo (Osa-
ka and Tokyo, Japan). Ham's F-12, Opti-MEM I, se-
rum-free CHO-S-SFM 1] neomycin analogue G418, and
lipofectamine 2000 reagents were bought from Gibco
BRL (MD, USA). Fetal bovine serum was purchased from
Hyclone Laboratories (UT, USA). Centriplus® Centrifugal
Filter Devices were purchased Amicon Bio separations
(MA, USA). The EPO ELISA assay kit was purchased
from R&D Systems Inc. (MN, USA). MIT cell growth kit
was purchased from Chemicon International (USA). ICR
{Institute of Cancer Research) mice were purchased from
Korea Animal Technology (Koatech) (Seoul, Korea). All

the other reagents were purchased from Wako Pure Che-
micals (Osaka, Japan).

Construction of EPO-EPO Fusion Protein ¢DNA and
Site-directed Mutagenesis

hEPO ¢DNA was amplified performing PCR by using
the following oligonucleotide primers: [sense: 5-ggT
ACCATggeeeTeCACegTgAgTACTCg; antisense: 5-Tgg-
AATTCACCATgggggTgcACgAATETCCT]. Primers were
added to the EcoRI and Kozak sites to at the 5-end and
to Xhol at the 3-end of EPO cDNA. The 582bp cDNA
fragment predicted for hEPO was amplified from human
liver ¢cDNA library. The fragments were ligated into
EcoRI and Xhol digested sites of the pcDNA3 mamma-
lian expression vector. Site-directed mutagenesis at ami-
no acids 69 and 105 of EPO ¢DNA was performed using
4 primers as described previously (JarGal and Min, 2009).
To substitute Leu (CTG) at positions 69 and 105 on the
EPO ¢DNA by Asn (AAC), PCR was performed with
pcDNA3-hEPO as the template by using EPO F-A69 R,
and 469 F-EPO R primers. Finally, the 2 fragments from
the first PCR step were used for the second PCR step.

‘Other mutants were constructed using the same method,

resulting in A105 and A69, 105. To obtain dimeric EPO,
cDNA encoding full-length EPO was fused with the
mature EPO without a signal sequence using overla-
pping PCR mutagenesis (Min et al, 2004; Park et al,
2010). Site-directed mutagenesis was performed by using
4 primer [primer 1: 5-TggAATTCACCATgggegTgCACg-
AATgTCCT-3'; primer 2: 5-AggATATCTCTgTCCCCTgT-
CCTgCAggC-3"; primer 3: 5-ATgATATCgCCCCACCA-
CgCCTCATC-3; primer 4: 5-TACTCgAgTTCATCIgIC-
CCCTgTCCTgCA-3] with 2-step overlapping PCR. All
mutants were sequenced to confirm the Kozak site and
to identify PCR errors.

Expression Vector Construction

The 5.4 kb expression vector contained a human cy-
tomegalovirus (CMV) promoter and a bovine growth
hormone (PGH) polyadenylation signal for polyadeny-
lation of transcribed mRNAs. In addition, this vector
containes an SV40 origin for transient episomal repli-
cation in cells expression SV40 large T antigen and a
neomycin resistance marker (G418).

The wild-type EPO-EPO dimer PCR fragments were
digested with EcoRI and Xhwl endonucleases, and inser-
ted into the same digested sites of pcDNA3 (pcDNA3-
dimer-hEPO). Other mutants were constructed using the
same method, resulting in pcDNA3-WT+aA69, pcDNA3-A
6HWT, pcDNA3-469+a69, pcDNA3-WT+a105, pcDNA3~
Al05+WT, pcDNA3-a69+4105, pcDNA3-a105+469 and pc-
DNA3-4105+4105.

Cell Culture and Functional Expression
Expression vectors were transfected into CHO-K1 cells
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by the liposome formulation (LipofectamineTMZOOO) trans-
fection method according to the manufacturer's in-
structions. rec-hEPO protein resulting from transient trans-
fection was collected from the supernatants at 72 h after
transfection. Stable cell transfectants were selected by in-
cubation in a growth medium supplemented with G418
(800 pg/mly for several weeks after transfection accor-
ding to previously previously method (Min et al., 2004).
After incubation of selected stable cells (1x10%) in 10ml
CHO-S-SFM-1I at 37C for 48 h, the culture medium was
collected and centrifuged at 3,000 rpm at 4C for 5 min
to remove cell debris. rec-hEPO protein was quantified
using the ELISA method according to the manufacturer’s
protocol.

Northemn Blot Analysis

For Northern blot analysis, RNA was extracted from
EPO cell lines expressing each mutant. Briefly, the RNA
was resuspended in electrophoresis buffer containing 100
% formamide and 37% formaldehyde, heated at 65C for
5 min, electrophoresed on a 1% denaturation agarose gel
and transferred to a nylon membrane, Hybond-N. The
membrane was hybridized at 68 overnight with Dig-
labeled hEPO cDNA in hybridization buffer. After wash-
ing with washing buffer, 5 11 anti-Dig antibody (Ab) was
added to blocking reagent and incubated at room tem-
perature (RT) for 1 h. Next, the membrane was washed
with detecting buffer at RT for 5 min. Finally, RNA was
detected using CDP-star.

Cell Proliferation Assay

Short-term cell proliferation was examined using a
colorimetric assay. F-36E cell line was incubated at a
density of 1x10* cells per 100 ul in growth medium
[DMEM contained penicillin (50 U/ml), streptomycin (50
mg/ml) and 10% FCS] in the presence of 2.5 and 5 IU of
rec-hEPO. Next, MTT reagent was added at a final
concentration to 0.5 mg/ml in 96-well plates. Following 4
h incubation at 37°C, isopropylalcohol containing 0.04 N
HCI was added to each well. Within 1 h, cell prolife-
ration was measured at 630 nm.

SDS-PAGE and Western Blot Analysis

Samples were concentrated 5~10 times using Cen-
tricon filter and applied to 12% sodium dodecyl sul-
fate-polyacrylamide gel (SDS-PAGE) and transferred to a
polyvinylidene difluoride (PVDF) membrane (02 um)
using a semidry electroblotter apparatus. After blotting,
the membrane was blocked with 1% blocking reagent for
1 h and bound by monoclonal anti-human EPO antibody
(10 pg/10 ml of blocking solution) for 1~3 h. The blot
was washed to remove unbound antibody, incubated
with a secondary antibody linked to anti-mouse IgG-
POD (375 pl/15 ml of blocking solution) for 30 min,
then washed. The membrane was incubated for 5 min in

2 ml Lumi-Light substrate solution. The membrane was
exposed on X-ray film for 1 to 10 min.

Enzymatic Release of N-Linked Oligosaccharides

The rec-hEPO protein was processed to remove the
added glycans by using an N-glycosylation enzyme. For
removal of all N-linked glycans, rec-hEPO was incubated
24 h at 37°C with PNase F [2 pl enzyme (2.5 U/ml} /30
1l sample+8 11 of 5 x reaction buffer]. The reaction was
stopped by boiling for 10 min, applied to SDS-PAGE and
analyzed by Western blot.

In Vive Biological Activity and Pharmacokinetics Ana-
lysis

Two groups of ICR-mice (7 weeks old) were used. To
analyze in vivo biological activity, mice were injected
subcutaneously with 10 IU on days 0 and 2. Hematocrit
values were measured at 6 days after the first injection.
Analysis was conducted using blood obtained by filling
heparinized microhematocrit tubes from a retro-optical
venous plexus. Before rec-hEPO administration, 100~150
11 of blood was collected from the eyes into heparinized
microhematocrit tubes. The tubes were centrifuged and
serum was collected and frozen at -20C. Each animal
received 2.5 IU of each protein by intravenous injection.
Blood samples were taken at 2, 4, 8 and 24 h after
dosing. Pharmacokinetic parameters for intravenous ad-
ministration were estimated.

RESULTS

rec-hEPO Production

The rec-hEPO was assayed using an ELISA kit. Re-
combinant proteins of EPOWT, WT+WTEPO (dimeric-
EPQ), WT+a69, A69+WT and a69+469 were secreted over
160 mIU/ml. Thus, dimeric-EPO was efficiently secreted
into CHO cell medium. However, A105 mutant proteins
were not secreted in the culture medium supernatant.
Thus, it was not detected in the culture medium of WT+
A105, 469+4105, a105+469 and a105+a105 mutants (Fig. 2).

Northemn Blot Analysis

For Northern blot analysis, total RNA was extracted
from the CHO-K1 cell line selected by G418 using Trizol
reagent according to the manufacturer’s instruction. After
electrophoresis, RNA was visualized under UV light. Gel
contents were transferred onto the membrane and hy-
bridized with hEPO ¢DNA (582 bp). The northern blot
showed a main band in each lane. Dimeric EPO samples
were detected slightly higher than WT or 469. All cell
lines selected by G418 expressed EPO mRNA (Fig. 3).

Cell Proliferation Assay
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Fig. 1. Schematic diagrams of recombinant hyperglycosylated hu-
man erythropoietins. Recombinant hEPOs, dimeric hEPO (WT+WT)
and 8 glycosylated dimeric hEPO mutants (WT+69, 69+WT, 69+69,
WT+105, 105+WT, 69+105, 105+69, and 105+105) contained added
glycosylation sites at amino acids 69 and 105. A black triangle “4”
denotes an N-linked oligosaccharide addition. Dimeric-hEPO genes
were constructed by overlapping PCR mutagenesis. The first PCR
was performed using 4 primers (1 and 2; 3 and 4). Fragments were
subjected to the second PCR using primers 1 and 4 to generate
dimeric-hEPO (WT+WT). Following Eco RI/Xho I digestion, frag-
ments encoding dimeric-hEPO were inserted into the pcDNA3 ex-
pression vector.
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Fig. 2. Quantification of transient expression in rec-hEPQ mutants.
ELISA results of the standard curve are not shown. The amount
EPO mutant expression was measured by ELISA. Experiments were
performed in triplicated. Note that there is no significant difference
between dimeric-hEPO (WT+WT) and glycosylated mutants at
amino acid 69 (WT+69, 6+WT and 69+69). However, we did not
observe potein in the culture medium of glycosylated mutants at
amino acid 105 (WT+105, 69+105, 105+69, 105+105).
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Fig. 3. Northern blot analysis of hEPO mRNA from cell lines
expressing hEPO proteins. Total RNA (each 5 ng) was prepared
from cultured cell lines. After electrophoresis, RNA was transferred
to the membrane and hybridized with a582-bp fragment from the
cloned hEPO as described. The blot was washed followed by
detection on X-ray film.
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Fig. 4. Responsiveness forF-36E cell lines of rec-hEPQOs. EPO-de-
pendent human leukemia cells (F-36E) were incubated at a density
of 1x10* cells/100 pl in 96-well plates in growth medium in the
presence of 2.5 and 5 IU of rec-hEPO protein. Following 4 h incu-
bation, protein levels were measured at 630 nm. Results are shown
as the mean of triplicate experiments.

The in vitro biological activity of EPO derivatives was
determined using the EPO-dependent, human leukemia
F-36E cell lines. EPO is the most potent cytokine for
F-36E cell lines. Growth and proliferation of F-36E cells
by EPO molecules are shown in Fig. 4. Cell proliferation
is increased by EPO proteins (2.5 TU and 5 IU) in 24 h.
Specially, the maximal stimulation by EPO was nearly
equal in a short-term assay with 2.5 IU treatment. By
comparison, dimeric-EPO protein appears to have nearly
the same activity in wvitro, although it was a slightly
reduced in the A69+469 group (Fig. 4). ‘

Westem Blot and Treatment of N-linked Oligosaccha-
ride

Efficient EPO WT translation was detected at app-
roximately 37 kDa in previous studies. However, di-
meric-EPO (WI+WT) proteins were detected at approxi-
mately 68~80 kDa. The most prominent band appeared
at 75 kDa and a smaller band was detected at 68 kDa.
Other mutant proteins appeared slightly higher (appro-
ximately 80 kDa) (Fig. 5A, 5B). N-linked digestion re-
markably decreased sizes dimeric EPOs to 38 kDa. This
suggests that oligosaccharides of approximately 40 kDa
are added to dimeric-EPO proteins.

In Vivo Biological Activity

Four groups of mice were injected subcutaneously wi-
th 10 TU of rec-hEPO on days 0 and 2. Hematocrit values
were measured 6 days after the first injection. Hematocrit
values were remarkably increased in all treatment gr-
oups (Fig. 6). Hematocrit values of dimeric-EPO were in-
creased from 37.4% to 42.6% (about 5.2%). Other mutants
(WT+A69, A6HWT and 469+469) were increased (44.6~
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Fig. 5. Western blotting results by N-linked glycosylation digestion. Dimeric-hEPO protein produced in CHO cell lines. Dimeric-hEPO
proteins (A} (WI+WT, WT+69, 69+WT and 69+69) and proteins digested with N-finked glycosylation enzyme (B) were submitted to a 12
% SDS-PAGE and transferred to a PVDF membrane. After blotting, the membrane was bound by monoclonal anti-human EPO antibody
(10 pg/10 mi of blocking solution) for 1 h. The blot was incubated with a secondary antibody linked to anti-mouse IgG-POD (375 nl/15

mi of blocking solution) for 30 min. then washed. Next, the membrane was incubated with Lumi-Light substrate solution and exposed on
X-ray film for 1~10 min.
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Fig. 6. EPO induced hematocrit increase by rec-hEPO mutants. Four groups of ICR mice (7 weeks old) were injected subcutaneously with
10 IU of rec-hEPOs on days 0 and 2. Hematocrit values were determined at pretreatment (day 0} and 6 days after injection. Values are given

for each mouse.
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Fig. 7. Pharmacokinetics of rec-hEPOs (WT+WT, WT+69, 69+WT and 69+69) in vivo. Mice were injected iv with 2.5 I of recombinant EPOs,
and blood samples were drawn at the indicated times. Serum EPO levels were determined by ELISA as described in material and methods.

48.2%, an approximately 3.6% increase; 41.2~47.7%, app-
roximately 6.5% increase; 42.3~49.0%, approximately 6.7
%). Thus, 2 mutant (A69+WT and A69+A69) groups parti-
cularly enhanced hematocrit values when subcutaneous
injection was used.

Pharmacokinetic Analysis

We also analyzed the pharmacokinetic behavior of di-
meric-EPOs. As shown in Fig. 7, highest levels occurred
2 h after injected in the dimeric-EPO group and the other
3 groups. The level was remarkably decreased in the
dimeric-EPO group. However, the pattern was slightly
different in 3 mutants (WT+a69, A69+WT and a69+469).
EPO protein was detected 8 h after injection in 3 mutants
and was longer than in vivo dimeric-EPO. These proteins
could exist in the blood more than 8 h after injection.

Thus, these mutants could potentially be use new the-
rapeutic agents instead of wiEPO and dimeric-EPO.

DISCUSSION

In this study, we demonstrated that dimeric-EPO mu-
tants produced in CHO cell lines have enhanced i vifro
and in vivo biological activity. EPOA69 contained an
added glycosylation site at 69 Leu. Thus, activity of A
6+WT, WT+A69 and A69+A69 in vive was remarkably
enhanced compared to dimeric-EPO. Hematocrit values
were also enhanced in these 3 mutants. EPOA105 was not
secreted into the culture mediuny; this is likely due to the
folding of amino acid at position 105. It is also suggests
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that amino acid 105 of hEPO is very important for se-
cretion.

Despite the enormous success of thEPO therapy, there
is concern among patients and physicians regarding the
financial cost (often >$10,000 per year). The emergence of
a less expensive, generic ThEPO has been delayed by ex-
tended and sequential patents. Additionally, many pa-
tients object to the frequent parenteral administration,
occurring as often as 3 times per week (Bunn, 2007). The
small molecule EPO has biological activity both in vitro
and in vivo (Wright et al., 1996). After multiple rounds of
screening, Wright et al. (1996) isolated and identified a
20-amino acid peptide (GGTYSCHFGPLTWVCKPQGG)
that binds to EpoR with a Kd of 200 nM.

EPO is a heavily glycosylated protein with a carbo-
hydrate contentof approximately 40%. Three N-linked
{Asn-24, 38, and 83) and one O-linked (Ser-126) acidic
oligosaccharide side chains are present in the molecule
(Lai et al. 1986; Broudy et al., 1987; Egrie ef al, 1986;
Sasaki et al., 1987; Takeuchi et al., 1989). EPO is produced
primarily in adult kidney and fetal liver cells (Sasaki ef
al., 1987). The addition of these extra-carbohydrate chains
results in greater metabolic stability and a half-life 3.6
times longer than thEPO glycosylation sites (Egrie ef al,,
2003; Macdogall et al., 1999).

In the early days of treating hemodialysis patients
with thEPO, one of the uncommon complications was th-
rombosis, particularly in arteriovenous shunts or fistulas.
This problem was thought to be due to excessive dosing,
with hematocrit levels rising to the mid- or high-40s
(Burm, 2007). Administration of thEPO to dogs resulted
in a decline in platelet count but enhanced platelet reac-
tivity (Wolf et al., 1997a). In healthy human volunteers,
intravenous rhEPO administration (100 U/kg or 500 U/
kg) resulted in a 10~20% increase in platelet count as
well as activation of both platelet and the endothelium
(Wolf et al., 1997b). However, platelet rise may be due in
part to induction resulting from iron deficiency due to
the increase in red-cell mass (Loo and Beguin, 1999).

Darbepoetin alfa, a hyperglycosylated rec-hEPO analo-
gue with 2 extra carbohydrate chains, is approximately
13- to 14-fold more potent than WT rec-hEPO (Egrie and
Browne. 2001, 2002; Egrie et al., 2003). Macdougall ef al.
(1999) reported a similar result that NESP, a hypergly-
cosylated analogue of rec-hEPO, has an increased ter-
minal half-life in animal models. In this study EPOa105+
Al105 was not secreted into the culture medium. Ellioitt ef
al. (1997) reported that the position 105 residue of EPO
protein is important for folding, which is required for
biological activity. Thus, a glycosylation site addition and
mutation at site 105 alters the protein folding pattern of
mutant EPO and likely inhibits its secretion and possibly
its function.

However, wild type monomeric EPO is significantly
more active than the wild-type dimer and the RI103A
dimer (Qiu et 4, 1998). This suggests EPOR can be di-

merized by different forms and sizes of molecules, pro-
viding that 2 recognition motifs are present in the same
molecule. Subcutaneous administration of a single EPO-
EPQ dose to mice results in a significant increase in red
blood cell production within 7 days (Sytkowski et al,
1999). In contrast, no measureable effects were seen with
administration of an equivalent dose of conventional
recombinant EPO. The pharmacokinetic behavior of EPO-
EPO differs significantly from that of EPO. Dalle ef al.
(2001) reported the design and characterization of a re-
combinant fusion protein comprised of 2 human EPO
molecules linked by a peptide linker of 9 amino acids.
This dimer has enhanced erythropoietic activity, both in
vitro on primary human erythroid progenitors and in
vivo in normal mouse compared with its monomer
counterpart. Another group reported a chimeric gene
containing a carboxyl-terminal peptide (CIT) sequence
from the human chorionic gonadotropin (3-subunit con-
structed and produced into CHO cells. This fusion pro-
tein did not affect secretion, receptor binding affinity, or
in vitro bioactivity. However, both in vivo potency and
the half-life of EPO-CTP were significantly enhanced (Fa-
res ef al., 2007). However, our results produced mutant
dimeric EPOs, glycosylated at 67 amino acids, that were
shown to have higher activity than that of dimeric EPO.
Thus, these results can be used to produce new EPO
molecules with increased activity. We are attempting to
produce transgenic mice expressing dimeric mutant (EPa
69+ EPOA69) protein into the milk.

We observed an increase in the biological specific
activity of dimeric-EPO mutants relative to dimeric-EPO
activity. These studies present a newly developed EPO.
EPO glycosylation sites appear to play an important role
in its biological activities. These data suggest that EPOa
69+EPOA69 increase the biological specific activity in
comparison with the activity of dimeric-EPO. Thus, gly-
cosylated dimeric mutants (EPOA6+EPOWT, EPOWT+
EPOA69 and EPOa69+EPOA69) can reduce the amount of
therapeutic EPO required for treatment of various chro-
nic anemia. Additionally, the availability of a more active
EPO molecule will be useful for the development of EPO-
based gene therapy approaches.
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