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1  Introduction

Protein N-glycosylation is one of the most common post-
translational modifications. Unlike transcription and
translation, the biosynthesis of glycans is not a template-
driven process. As a result, the N-glycans attached to a
glycoprotein can be very heterogeneous. Erythropoietin
(EPO) is a glycoprotein hormone that regulates the matu-
ration of red blood cells [1]. As a recombinant therapeutic
drug, it is utilized to treat anemic patients suffering from
chronic kidney disease or cancer. EPO contains three 
N-glycans and one O-glycan [2]. In the EPO produced by
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Chinese hamster ovary (CHO) cells, the glycans make up
about 40% of the total mass of the molecule. High degree
of sialylation of the N-glycans plays an important role in
increasing the circulatory half-life of EPO in vivo [3–5],
resulting in higher efficacy of the drug. This is due to the
presence of asialoglycoprotein receptor on hepatocytes
which bind to and endocytose glycoproteins that have
exposed galactose residues due to reduced sialylation [6,
7]. Increased branching of N-glycans on EPO has also
been shown to improve the circulatory half-life of the gly-
coprotein [8]. Therefore, glycosylation has a significant
impact on therapeutic EPO in terms of its circulatory half-
life and consequently its efficacy in vivo.

Producing highly sialylated recombinant glycoprotein
drugs has been the goal for numerous cell engineering
approaches and process optimization efforts [9]. In trying
to improve the sialylation of recombinant glycoproteins in
CHO cells, the glycosylation machinery has been manip-
ulated in a few reports, via the overexpression of cytidine
monophosphate-sialic acid (CMP-sialic acid) transporter
as well as galactosyltransferases and sialyltransferases
[10, 11]. The knockdown of sialidase through RNA inter-
ference has also demonstrated an increase in sialic acid
content of human interferon-gamma [12]. Our group has
performed a comprehensive functional analysis of 31 genes
that are involved in protein N-glycosylation and found
that none of the overexpressed glycogenes including
CMP-sialic acid transporter, galactosyltransferases and
sialyltransferases led to an increase in sialylation of tran-
siently expressed human EPO in CHO-K1 cells [13].

We have previously shown that treating the CHO-K1
cells with the cytotoxic lectin Ricinus communis agglu-
tinin I (RCA-I) led to the isolation of mutant CHO cells
specifically deficient in N-acetylglucosaminyltransferase I
(GnT I). Interestingly, the restoration of functional GnT I in
these mutants led to an increase in the sialylation of
recombinant EPO both in transient expression as well as
in stably transfected clones [14]. These CHO mutants
with dysfunctional GnT I are now named CHO-glycosyla-
tion mutant (gmt)4 cells. Transiently expressed fusion
protein of erythropoietin and Fc portion of IgG1 molecule
(EPO-Fc) in one of the CHO-gmt4 cells, JW152 cells, with
restored GnT I function contained 23% more sialic acid
over that expressed in the wild-type CHO-K1 cells [14].
Although the recombinant EPO maintained high degree
of sialylation in several stably transfected mutant clones
when cultured in the presence of fetal bovine serum (FBS)
in tissue culture flasks, it remains unknown whether
these cells are able to maintain high degree of EPO sialy-
lation following methotrexate (MTX) amplification. In
addition, whether culturing of these cells in chemically
defined serum-free medium in large scale would affect the
degree of sialylation also remains to be determined.

In this report, we generated a dihydrofolate reductase
(DHFR)-deficient CHO-gmt4 cell line using zinc-finger
nuclease technology by following a previous report [15].

The resulting cell line, named CHO-gmt4D cells, was
transfected with an EPO expression vector and stably
transfected clones were isolated. MTX-mediated gene
amplification was carried out on several stably transfect-
ed cells. A series of clones that were able to produce EPO
with superior sialylation were obtained. One of these
clones was cultured in an existing industrial perfusion
culture-based bioprocess for producing EPO. It was
observed that this clone produced EPO with highly sialy-
lated N-glycans, demonstrating the industrial potential of
the CHO-gmt4 mutants for producing well-sialylated
recombinant EPO and potentially other recombinant gly-
coproteins.

2  Materials and methods

2.1  Cell lines and cell culture

One of the CHO-gmt4 lines, JW152, was previously iso-
lated from CHO-K1 cells [14]. These cells were cultured in
Isocove’s modified Dulbecco’s medium (Life Technolo-
gies, USA) supplemented with 10% FBS (Life Technolo-
gies). Cells were cultured in a static incubator with 5%
carbon dioxide at 37°C. The CHO-gmt4D cell line, the
CHO-gmt4 cells with the DHFR gene interrupted with the
zinc-finger nucleases, was cultured in the same media
with the addition of 1  mM sodium hypoxanthine and
0.16 mM thymidine. Cells undergoing selection for DHFR
and amplification were cultured in IMDM supplemented
with 10% dialyzed FBS and varying amounts of MTX. The
industrial CHO cell line producing recombinant EPO 
(E-Hua Biotech Pharmaceutical Co. Ltd.) were main-
tained in Dulbecco’s modified Eagle medium: Nutrient
Mixture F-12 (Life Technologies) with 10% fetal calf serum
(Life Technologies).

2.2  Interruption of DHFR gene in CHO-gmt4 
using zinc-finger nucleases

Constructs that express the zinc finger nucleases to tar-
get the DHFR gene in CHO cells were generated based on
previous publication [15]. The zinc-finger motifs were
included in a structural scaffold for zinc-finger nucleases
adopted from previous publications [16, 17].

2.3  Vector construction and transfection 
for the expression of EPO

The pEGD vector (Fig.  1A) was constructed for the tri-
cistronic expression of EPO, GnT I, and DHFR driven by a
single cytomegalovirus (CMV) promoter. In the pEGD vec-
tor, the open reading frames of EPO, GnT I, and DHFR are
linked together by ECMV internal ribosome entry 
site (IRESwt) and an attenuated IRES (IRESatt). 
A modified pcDNA 3.1(+) vector, that was used to create
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the pEGD vector, was provided by Dr. Yuansheng Yang
[18]. CHO-gmt4D cells were transfected with the pEGD
vector using Lipofectamine 2000 (Invitrogen, USA).

2.4  Amplification and clone selection

CHO-gmt4D cells transfected with pEGD were subcul-
tured 24 h after transfection and the culture medium was
replaced with selection medium which consists of IMDM
supplemented with 10% dialyzed FBS. When a stably
transfected pool was obtained, single clones were picked
and analyzed by dot blot analyses for EPO expression. The
sialylation patterns of the recombinant EPO from these
clones were analyzed by isoelectric focusing (IEF) fol-
lowed by Western blot [19]. Clones with high productivity
and superior sialylation patterns were then amplified with
50 nM MTX. After amplification, single clones with high-
er productivity and superior sialylation patterns were fur-

ther amplified with 250 nM MTX before a final round of
single clone selection.

2.5  Isoelectric focusing, immunoblotting, 
and Coomassie blue staining

The sialylation patterns of recombinant EPO in different
samples were analyzed by IEF followed by Western blot as
previously described [19]. For Coomassie blue staining,
IEF gels were first fixed in a solution that contains 11.5%
w/v tetrachloroacetic acid and 3.5% w/v 5-sulfosalicylic
acid in water. The gels were then stabilized in a solution
containing 0.5% sodium dodecyl sulfate (SDS), 25%
ethanol, and 5% acetic acid in water. The IEF gels were
then stained using 0.1% w/v Coomassie blue G-250 (Bio-
Rad, USA) dissolved in the destaining solution with 0.1%
w/v copper sulfate. The gels were then destained in the
destaining solution (25% ethanol and 5% acetic acid in
water).

2.6  Perfusion culture and EPO ELISA

The perfusion culture followed the standard operation
procedure of Shandong E-Hua Biopharmaceutical Corpo-
ration, Ltd. The culture was conducted in a 5-L CelliGen
bioreactor (New Brunswick Scientific, Edison, NJ), which
was equipped with Fibra-Cel® Disks to support cell
attachment. The dissolved oxygen concentration was
controlled at 60% air saturation, and culture pH was kept
at 7.0 ± 0.05 by addition of NaOH or CO2 gas. Culture tem-
perature was controlled at 37 ± 0.1°C. The perfusion rate
was adjusted to maintain the glucose concentration in the
culture medium at 0.5–1.0 g/L throughout the perfusion
process. The perfusion culture was divided into two
 phases, the growth phase and the production phase. In
the growth phase, exponentially growing cells in eight
roller bottles were collected and inoculated at about
1 × 106 cells/mL into the bioreactor with a working vol-
ume of 3.5 L and allowed to attach to the Fibra-Cel® Disks.
The cells were cultured in perfusion mode in DMEM/F12
with FBS and the concentration of serum was gradually
reduced from 10, 8, to 6.5% before the medium was
changed to serum-free medium. In the production phase,
the culture system was washed twice with PBS to remove
the serum content. Subsequently, CHO-S-SFM II (Life
Technologies) with 0.5 mM sodium butyrate was used to
maintain the EPO production. The perfusion rate was
adjusted according to the glucose uptake rate in the
bioreactor. The agitation speed of the impeller was main-
tained at 120 rpm. The EPO titer was measured using an
EPO ELISA kit (R&D Systems, MN, USA).

2.7  Purification of EPO

Every 20 L harvest was filtered with 0.45 (m membranes
to remove the cell debris, and then the culture super-

Figure 1. EPO produced by stably transfected CHO-gmt4D cells in the
presence of functional GnT I are highly sialylated. (A) pEGD, a tricistronic
vector expressing EPO, GnT I, and DHFR was used to transfect CHO-
gmt4D cells. IRESwt, an encephalomycarditis virus (ECMV) internal ribo-
some entry site (IRES); IRESatt, an attenuated ECMV IRES. (B) Western
blot analyses of EPO expressed in 11 stably transfected clones. Condi-
tioned medium from untransfected CHO cells shows no positive signal
(data not shown). (C) IEF analysis of supernatants containing EPO
expressed by nine of the stable clones in which sialylation was restored.
From left: Amgen EPO, EPO produced by wild-type CHO-K1 cells, EPO
produced by nine stably transfected clones.
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natant containing EPO was loaded onto a column packed
with CM Affi-Gel Blue gel (Bio-Rad) which captures most
of the proteins including EPO. Most of the pigments,
nucleic acids and some proteins do not bind to the col-
umn, and are removed in this step. The EPO bound to the
column was eluted and desalted with a Sephadex G-25
column (Amersham Pharmacia Biotech, Sweden) before
being loaded onto a diethylaminoethanol (DEAE)
Sepharose column (Bio-Rad) to remove most of the other
proteins. As the process was not optimized for the purifi-
cation of EPO in the supernatant obtained from the CHO-
gmt4D-GnT I culture, the EPO purified after the first
DEAE Sepharose chromatographic step was not as pure
as the EPO purified from the biosimilar line cultured at the
same stage. Thus, a C4 reverse phase column (Amersham
Pharmacia Biotech) and a Q-Sephadex column (Bio-Rad)
were used to further remove the miscellaneous proteins
without losing EPO. To purify the highly sialylated iso-
forms of EPO and remove the lesser sialylated isoforms,
samples were further purified by another DEAE
Sepharose column.

2.8  Sialic acid quantification

Sialic acid quantification of purified EPO samples was
carried out according to a previously published method
[20] with slight modifications. Briefly, without the addi-
tion of tetrabutylammonium borohydride, 30 μL of sample
was adjusted to pH 5.2 with the addition of 30 μL acetate
buffer (0.1 M, pH 5.0). Neuraminidase (Roche Diagnostics,
Mannheim, Germany) was then added and incubated at
37°C for 5 min. Sialic acid released was derivatized by the
addition of 90 μL of borate buffer (0.15  M, pH 9.4) and
12 μL of malononitrile (8 g/L) and incubated for 5 min at
80°C .The reaction was quenched before the fluorescence
was measured. The concentration of sialic acid was then
calculated as described [20].

2.9  Analysis of the oligosaccharides released 
from EPO using high pH anion exchange
chromatography-pulsed amperometric
detection

One hundred micrograms of EPO, purified after the first
DEAE chromatography step, was used for oligosaccha-
ride analysis. The protein samples were treated with pep-
tide-N-glycosidase F (PNGase F) to release the attached
N-glycans for subsequent analysis by high pH anionic
exchange chromatography-pulsed amperometric detec-
tion (HPAEC-PAD) as described previously [19].

2.10  Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry

EPO samples were analyzed by using matrix-assisted
laser desorption/ionization time-of-flight mass spectrom-

etry (MALDI-TOF MS) to further describe the N-glycan
structural information and distribution with reference to a
previously published protocol [21]. The detailed protocol
has been described previously [18]. Samples were treated
with trypsin (Promega Biosciences, San Luis Obispo, CA,
USA) and PNGase F (Prozyme, San Leandro, CA, USA). 
N-glycan structures were then assigned based on 
their mass-to-charge ratio (m/z), with the assistance of
 GlycoWorkBench software.

3  Results

3.1  Generating DHFR-deficient CHO-gmt4 
cell lines

We have previously reported that CHO cells that survived
cytotoxic RCA-I treatment are deficient in functional GnT
I [14]. These cell lines have now been named CHO-gmt4.
One of these cell lines, JW152, was transfected with con-
structs encoding zinc-finger nucleases targeting the
DHFR gene [15]. Two days after transfection, cells were
passaged and cultured for 2 days followed by incubation
with fluoresceine-MTX, which stains for DHFR positive
cells [22]. Cells were then sorted using fluorescence-acti-
vated cell sorting (FACs) and negatively stained cells
were pooled and cultured. Two weeks later, this pool was
subjected to a second round of FACs, following which sin-
gle cell clones were isolated. Genomic DNA was extract-
ed from these clones and the DHFR locus targeted by the
zinc-finger nuclease was amplified through PCR and
sequenced. Supporting information, Fig. S1A shows the
comparison of the PCR amplicon of the DHFR targeted
locus between CHO-gmt4 and one DHFR-deficient CHO-
gmt4 clone (CHO-gmt4D) after DNA gel electrophoresis.
Sequencing results showed that CHO-gmt4D had a single
allele of DHFR containing a 130 bp insertion at the zinc-
finger target site. Western blot analysis of the CHO-
gmt4D cell lysate showed an absence of the DHFR pro-
tein, as similarly demonstrated in the DG44 cell lysate
(Supporting information, Fig.  S1B). DG44 is a CHO cell
line that lacks the DHFR gene.

3.2  Isolating the initial stable EPO-producing 
cell lines

The pEGD vector was constructed for the tricistronic
expression of EPO, GnT I, and DHFR driven by a single
CMV promoter. In the vector, the open reading frames of
GnT I and DHFR were linked to that of EPO by IRESwt and
IRESatt (Fig. 1A). CHO-gmt4D cells were transfected with
pEGD and then subcultured in IMDM supplemented with
10% dialyzed FBS without hypoxanthine and thymidine
supplementation. After 2 weeks, single clones were iso-
lated and 11 of them that expressed EPO were chosen
after dot blot analysis. Western blot analysis of EPO
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showed that 9 out of 11 clones expressed EPO with a high-
er molecular weight (Fig. 1B), suggesting the presence of
restored GnT I function [14]. EPO expressed in the other
two clones showed the same molecular weight as that
expressed in CHO-gmt4 cells (data not shown), suggest-
ing the absence of GnT I activity. The sialylation pattern
of EPO expressed in the nine clones was analyzed using
IEF/Western blot and the results are shown in Fig.  1C.
Clinical EPO produced by Amgen was used as a control
and shown on the far left. In this sample, the EPO bands
are located in the acidic region of the IEF gel, suggesting
that the EPO is highly sialylated. EPO produced by wild-
type CHO-K1 cells is more heterogeneous with bands also
found in the more basic region of the IEF gel (second lane
in Fig. 1C). The sialylation patterns of EPO produced by
nine stably transfected clones were all superior compared
to that of EPO produced by wild-type CHO-K1 cells and
they were very similar to that of clinical EPO (Fig.  1C).
These results are similar to what we reported earlier [14].

3.3  Gene amplification with methotrexate 
in EPO-producing CHO-gmt4D lines

In order to investigate whether CHO-gmt4 cells could still
produce highly sialylated EPO after gene amplification
with MTX, 4 stably transfected clones (clones 9, 13, 14,
and 15 shown in Fig. 1C) were cultured in amplification
media containing 50  nM MTX. Two weeks later, single
clones that survived 50 nM MTX were isolated from each
of the 4 original clones. Supernatants from single cell
clones producing the highest levels of EPO were analyzed
using IEF. Clones 13-3 and 13-4 that were isolated from
original clone 13 expressed highly sialylated EPO. The
other amplified clones had either lost functional GnT I or

had decreased sialylation (data not shown). Clones 13-3
and 13-4 were chosen for further amplification with
250 nM MTX and single clones were isolated 2 weeks lat-
er. The EPO expressed by the top 10 clones isolated from
each stable population were analyzed using IEF. All 10
clones isolated from 13-4 cultured with 250 nM MTX dis-
played highly sialylated profiles (Fig. 2). The specific pro-
ductivity of clone 13-4-1, shown in Fig. 2, was 2.6 times
higher than the parent clone 13. In comparison, the sialy-
lation patterns of EPO produced by the clones isolated
from clone 13-3 were less superior compared to that iso-
lated from clone 13-4 (data not shown). Clone 13-4-1 was
named CHO-gmt4D-GnT I and was cultured and analyzed
in an industrial bioprocess with a perfusion-based biore-
actor.

3.4  Production of EPO in a perfusion bioreactor

Next we investigated whether the clone, CHO-gmt4D-
GnT I, was able to retain the superior sialylation of EPO
when cultured in an industrial setting using a 5 L perfu-
sion bioreactor. The bioreactor run was divided into a
growth phase and a production phase. In the growth
phase, CHO cells were introduced into the bioreactor
where they were allowed to adhere to the Fibra-Cel®

Disks by culturing them in DMEM/F12 media supple-
mented with 10% FBS. The amount of serum in the medi-
um was then gradually reduced to 8 and then 6.5%. On
Day 10, the cells were washed with phosphate buffered
saline and the culture media was switched to a protein
free CHO-S-SFM II media containing 0.5 mM of sodium
butyrate for the production phase. A total of 94 L of media
was used in the perfusion culture. The rate of media per-
fusion was regulated according to the glucose level that
remained in the bioreactor. Figure 3A shows the changes
in pH value, perfusion rate, and the glucose concentration
during the bioreactor culture with the clone CHO-gmt4D-
GnT I. The highest perfusion rate was 10 L/day and the
production phase lasted for 19 days. The industrial clone
was cultured using the same bioreactor and the same cul-
ture process (data not shown).

3.5  Sialylation patterns of EPO produced 
by CHO-gmt4D-GnT I and an industrial line 
in a perfusion bioreactor

During the culture, supernatant was sampled daily from
the bioreactor and the sialylation pattern of EPO was ana-
lyzed by IEF. As shown in Fig. 3B, clone CHO-gmt4D-GnT
I produced better sialylated EPO compared to that pro-
duced by the industrial (biosimilar) line from E-Hua
Biotech Pharmaceutical Co. Ltd (Fig. 3C). In both cases,
the sialylation pattern remained consistent throughout
the production phase.

We also analyzed the purified EPO from both cell lines
using IEF. Cell culture supernatant containing EPO was

Figure 2. EPO produced by the mutant cells remained highly sialylated
after MTX gene amplification. After selection with 50 nM MTX, EPO pro-
duced by two clones isolated from clone 13 (Fig. 1), 13-3, and 13-4, was
analyzed by IEF (left part). After selection with 250 nM MTX, EPO produced
by 10 clones isolated from clone 13-4 was analyzed by IEF (right part).
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first applied onto a column packed with CM Affi-Gel Blue
gel. Under our experimental conditions, EPO was retained
in the column and unwanted pigments, nucleic acids and
some contaminating proteins were removed by the wash-
ing buffer. EPO eluted from the CM Affi-Gel Blue gel col-
umn was purified with a DEAE Sepharose column. This
DEAE Sepharose chromatography removed most of the
impurities and EPO represents approximately 95% of the
total protein in the eluted fraction. This partially purified
EPO was further purified by a second DEAE Sepharose
column, which removes remaining impurities and less
sialylated EPO isoforms. This purified EPO contained only
highly sialylated EPO isoforms, as observed in the
IEF/Western blot analysis of the clinical EPO produced by
Amgen shown in Fig. 3D (lane 1). We analyzed EPO elut-
ed after the first DEAE Sepharose chromatography using
IEF/Western blot for both cell lines. As shown in Fig. 3D,
EPO produced by CHO-gmt4D-GnT I (lane 3) was better
sialylated than that produced by the industrial clone 
(lane 2).

The purification process was optimized for EPO pro-
duced by the industrial line and not for CHO-gmt4D-GnT
I cells. As a result, the EPO produced by CHO-gmt4D-GnT
I was not as pure as the EPO produced by the industrial
line following the first DEAE Sepharose chromatography
(data not shown). Hence, additional purification steps
were performed to further purify the EPO produced by
CHO-gmt4D-GnT I. However, no EPO was removed dur-
ing these extra purification steps as shown by comparing
lane 3 and 4 in Fig. 3D. For ease of description in subse-
quent analyses, EPO produced by CHO-gmt4D-GnT I that
was additionally purified after the first DEAE Sepharose
chromatography is called CHO-gmt4D-GnT I EPO.

Purified EPO samples were analyzed using IEF and
the gel was subsequently stained with Coomassie blue to
visualize the protein bands. The results are shown in
Fig. 3E. Lane 1 shows EPO produced by the industrial line
that has been purified after the second DEAE Sepharose
chromatography by E-Hua Pharmaceutical Co., Ltd. EPO
produced by the industrial line, purified after the first
DEAE Sepharose chromatography and CHO-gmt4D-GnT
I EPO, are shown in lanes 2 and 3, respectively. These
results show that CHO-gmt4D-GnT I EPO is better sialy-
lated than EPO produced by the industrial line after the
first DEAE Sepharose chromatography.

3.6  Sialic acid quantification and glycan structure
analyses

To compare the sialic acid contents in the EPO produced
by the two cell lines, sialic acid was removed from equal
amounts of the respective purified EPO samples (Fig. 3D,
lane 2 and lane 4) using neuraminidase and quantified
using a method described previously [20]. The results
showed that the amount of sialic acid released from EPO
produced by the industrial line was 0.25 nM/μg of protein

Figure 3. The mutant line produces better sialylated EPO than an industrial
EPO-producing line in an established industrial process utilizing a perfusion
bioreactor. (A) Variation of glucose concentration, pH, and perfusion rate
during the bioreactor run for the mutant, clone CHO-gmt4D-GnT I. (B) IEF
analysis of EPO produced by CHO-gmt4D-GnT I during the production
phase as shown in (A). (C) IEF analysis of EPO produced by the industrial
EPO-producing line (from E-Hua Pharmaceutical Co., Ltd.) during the pro-
duction phase. (D) IEF analysis of purified EPO produced by the industrial
line and CHO-gmt4D-GnT I cell line. Lane 1: Amgen EPO. Lane 2: EPO pro-
duced by the industrial line, purified after the first DEAE Sepharose chro-
matography. Lane 3: EPO produced by CHO-gmt4D-GnT I, purified after the
first DEAE Sepharose chromatography. Lane 4: EPO produced by CHO-
gmt4D-GnT I was purified with DEAE Sepharose and two extra steps,
reverse phase and anion exchange chromatographies. (E) IEF/Coomassie
blue staining of purified EPO samples. Lane 1: EPO produced by the indus-
trial line (Shandong E-Hua Biotech Pharmaceutical Co. Ltd), purified after
the second DEAE Sepharose chromatography. Lane 2: EPO produced by the
industrial line, purified after first DEAE Sepharose chromatography. Lane 3:
EPO produced by CHO-gmt4D-GnT I, purified with DEAE Sepharose and
two extra steps, reverse phase and anion exchange chromatographies.
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and the sialic acid content in CHO-gmt4D-GnT I EPO was
0.4  nM/μg of protein, 60% more than the sialic acid
released from EPO produced by the industrial line
(Fig. 4A).

N-glycans released from EPO samples containing dif-
ferent number of sialic acid were analyzed using HPAEC-
PAD as previously described [19]. Figure  4B shows the
elution profile of N-linked glycans released from equal
amounts of EPO samples using PNGase F. Higher peaks
were observed for N-glycans from CHO-gmt4-GnT I EPO
in the tri-sialylated and tetra-sialylated glycans (Fig. 4B).
The percentage composition of different sialylated gly-
cans was calculated from the area under the curve in the

different elution regions for both EPO samples and sum-
marized in the table in Fig.  4C. This indicated that 
CHO-gmt4-GnT I EPO contained higher proportions of tri-
and tetra-sialylated glycans.

The N-glycans released from the EPO samples were
also analyzed by MALDI-TOF mass spectrometry to pro-
vide detailed description and quantification of glycans
found in the EPO produced by both cell lines. EPO pro-
duced by the industrial line and CHO-gmt4D-GnT I that
was purified using the first step of DEAE Sepharose chro-
matography were treated with PNGase F to release N-gly-
cans. O-Glycans were released using reductive elimina-
tion. Glycans were then permethylated and analyzed by
MALDI-TOF in positive reflectron mode. The results are
shown in Fig. 5A and B. In the mass spectrum for EPO
produced by the industrial line (Fig. 5A), the peaks corre-
sponding to di-sialylated, tri-sialylated, and tetra-sialylat-
ed peaks are highlighted in red. The glycans from EPO
produced by the industrial line have almost comparable
abundance of each species of di-sialylated, tri-sialylated,
and tetra-sialylated glycans. In contrast, the major peaks
found in CHO-gmt4D-GnT I EPO are tetra-sialylated gly-
can species with very low abundance in di-sialylated and
tri-sialylated glycans (Fig. 5B). It was also observed that in
CHO-gmt4D-GnT I EPO, there was a greater abundance
of tetra-sialylated glycans with 1–2 additional N-acetyl-
lactosamine (LacNAc) units (m/z 5035.9, 5485.1 in Fig. 5B).
The O-linked glycosylation for both samples were largely
similar, with the major species being mono- and di-sialy-
lated O-glycans (Fig. 5C and D). This suggests that the
improvement in sialylation in CHO-gmt4D-GnT I EPO, as
seen in various IEF analyses, is attributed to the increased
sialylation of N-glycans.

4  Discussion

Sialylation of therapeutic glycoproteins has been shown
to affect their circulatory half-life and this has been
demonstrated in EPO. An in vivo study in mice showed
that fully sialylated EPO had a circulatory half-life of
30  min whilst that of asialylated EPO was reduced to
6 min [23]. It has also been shown in mice that the effica-
cy of EPO varied with the number of sialic acids on the
EPO molecule. The isoform that contained 14 sialic acids
showed the greatest efficacy [24]. Consequently, com-
mercially available recombinant human EPO contains
only isoforms with 9–14 sialic acid residues [24]. EPO iso-
forms with less sialic acid have to be removed during the
purification process, which can amount to as much as
80% of purified EPO (see review [25]). A very good exam-
ple is the EPO produced by the industrial cell line used in
this study, which is provided by Shandong E-Hua Biotech
Pharmaceutical Co. Ltd. The EPO produced by these cells
are not highly sialylated as shown in Fig. 3. However, after
two rounds DEAE purification, the final product contains

Figure 4. EPO produced by the mutant line contains more sialic acid
compared to that produced by the industrial line. (A) The amounts of
 sialic acid in purified EPO samples produced by two different cell lines.
(B) HPAEC-PAD elution profile of N-glycans released from EPO produced
by the industrial line (as shown in Fig. 3D, lane 2) and CHO-gmt4D-GnT I
(as shown in Fig. 3D, lane 4). The elution regions denoted by 0S, 1S, 2S,
3S, and 4S correspond to peaks with asialylated, mono-, di-, tri-, and tetra-
sialylated glycans. (C) The percentages of glycans with different numbers
of sialic acid were tabulated from the elution profile.
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Figure 5. MALDI-TOF analyses of N- and O-glycans released from purified EPO samples. (A) MALDI-TOF spectrum of N-glycans released from EPO pro-
duced by the industrial line (as shown in Fig. 3D, lane 2). (B) MALDI-TOF spectrum of N-glycans released from EPO produced by CHO-gmt4D-GnT I (as
shown in Fig. 3D, lane 4). The corresponding peaks in (A) and (B) are highlighted in red for comparison reasons. (C) MALDI-TOF spectrum of O-glycans
released from EPO produced by the industrial line (as shown in Fig. 3D, lane 2) (D) MALDI-TOF spectrum of O-glycans released from EPO produced by
CHO-gmt4D-GnT I (as shown in Fig. 3D, lane 4).
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only highly sialylated EPO isomers (Fig. 3E, lane 1). The
sialylation pattern of this product is comparable to that
produced by Amgen (compare Fig. 3D and 3E). To reach
this quality, however, the company has to remove 80% of
its product during the second DEAE step. We had previ-
ously shown that CHO-gmt4 (JW152) cells that lack func-
tional GnT I produced highly sialylated EPO if the GnT I
cDNA is reintroduced into the cells [14]. In this study, we
wanted to determine whether the superior sialylation
would be maintained after gene amplification with MTX.
In addition, we wanted to determine whether the sialyla-
tion remained superior in an industrial bioreactor setting
using serum-free medium.

The DHFR gene in JW152 was interrupted using zinc-
finger nucleases, creating the cell line CHO-gmt4D. Sta-
bly transfected clones expressing EPO and GnT I were
isolated. The sialylation of EPO produced by these clones
were shown to be superior to that produced by wild-type
CHO-K1 cells. The CHO-gmt4D-GnT I cell line was cul-
tured in an industrial perfusion-based bioprocess and we
observed that EPO produced by this cell line maintained
its superior sialylation and the EPO was better sialylated
than that produced by the industrial EPO-producing line.
The productivity of the current EPO-producing line pre-
sented in this paper is still low for manufacturing of
recombinant EPO. The productivity can be improved by
selecting higher producing clones using increased con-
centrations of MTX. In addition, the culture media and
process parameters used in this perfusion bioreactor may
be optimized for our mutant line to achieve higher titers.
Similarly, the sialylation patterns shown in Figs. 1 and 2
are better than that shown in Fig. 3, suggesting that the
mutant cells did not achieve the highest sialylation poten-
tial when cultured in the perfusion bioreactor. The medi-
um and process will be optimized with the aim to improve
the sialylation pattern.

In addition to the IEF/Western blot analyses showing
the superior sialylation of EPO produced by CHO-gmt4D-
GnT I cells, the improvement in sialylation compared to
EPO produced by the industrial line was shown using sial-
ic acid quantification, HPAEC-PAD and MALDI-TOF
mass spectrometry. EPO produced by CHO-gmt4D-GnT I
had a greater amount of sialic acid content and more tri-
and tetra-antennary glycans. It also contained a greater
abundance in tetra-sialylated structures and contained
one or two additional LacNAc units compared to EPO pro-
duced by the industrial line. Extra LacNAc units have
been found in EPO produced by a human cell line using
gene activation technology by Shire Pharmaceuticals.
LacNAc units have also been found in CHO-produced
EPO, NeoRecorman and Eprex [26]. Whether the presence
of LacNAc units on EPO would affect the efficacy of the
drug has yet to be established.

In conclusion, we have shown that CHO-gmt4 cells
are able to produce highly sialylated EPO after MTX
amplification. We have further shown that the superior

sialylation of EPO is maintained in an industrial bioreac-
tor culture setting. The results suggest that CHO-gmt4
cells can be used for the large-scale industrial production
of EPO and possibly other therapeutic glycoproteins.
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