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Introduction
Human Erythropoietin (hEPO) is the main hormone in-

volved in the differentiation, proliferation and maintaining 
of physiologic levels of erythroid stem cells1, it was also the 
first hematopoietic growth factor known2. The hEPO is an acid 
glycoprotein, produced by the liver during the fetal stage and 
mostly the kidney in adult, it is mainly secreted as a response 
of acute anemia (Figure 1). It’s regulation depends on blood 
oxygen levels and its expression is controlled by the hypoxia 
inducible factor HIF13.

The hEPO is a 165 amino acids glycoprotein and an es-
timated molecular weight of 30,4 kDa. It has two internal di-
sulfide bonds between the cysteines 7-161 and 29-33, which 
are essential for maintaining the biological activity4, 5. The gly-
cosylations are 40% of the protein molecular weight and they 
are located in three potential N-linked glycosylation sites on 
Asn24, Asn38 and Asn83, plus a potential O-glycosylation site 
on Ser1266–9.

These glycosylations plays an important role for hEPO 
in vivo activity and it has been described that the most active 
fraction is the one with tetra-antennary tetra-sialylated ter-
minations10, 11. The glycosylations reduces rhEPO glomerular 
filtration rate thanks to the increase in molecular weight and 
they also reduces its hepatic clearance because of the sialic 

acid terminations which protects it from galactose and man-
nose receptors in the liver7, 12, 13.

The deficiency of hEPO in the organism causes severe 
anemia. This condition is observed in patients with chronic 
kidney failure associated primarily to trauma, transplants and 
diabetes14. Deficiency of hEPO is also associated to the effects 
of cancer chemotherapies, zidovudine treatments in patients 
with HIV and ribavirin treatment in patients with Hepatitis C. 
The administration of the recombinant hormone is essential to 
solve or minimize the effects of the anemia on this diseases15, 

16, as it shows the Figure 1.

Recombinant hEPO production
Almost all recombinants human Erythropoietin (rhEPO) 

used today as a biopharmaceutical are produced in geneti-
cally modified CHO cells. This cell line comes from the ovary 
of Chinese hamster and is widely used for the expression of 
recombinant proteins with therapeutic purposes. The current 
production of rhEPO and its variants, for both clinical and re-
search purposes, is mainly done in mammalian cell lines due 
to the structural complexity of rhEPO and the importance of 
posttranslational modifications on its activity5, 7. Some groups 
have produced rhEPO in bacteria like Escherichia coli and Baci-
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llus brevis, but it lacks in vivo activity due to the absence of gly-
cosylations17, 18. Since yeast or filamentous fungi are commonly 
used for the production of complex proteins, they could be a 
solution for rhEPO, however they generate a different pattern 
of glycosylation which affects glycosylation sensitive proteins 
like rhEPO19, 20. That is why enterprises like GlycoFi Inc, a Merck 
& Co. subsidiary, have emerged. They produce biopharmaceu-
ticals in yeast strains that are engineered to perform specific 
human glycosylation. For example, they have produced sialyla-
ted rhEPO in “humanized” Pichia pastoris and showed that it 

was functional with a pharmacokinetics and a pharmacodyna-
mics similar to the rhEPO produced in CHO cells21, 22, despite 
having mostly bi-antennary glycosylations23.

Nowadays, all products of rhEPO commercialized in USA 
or Europe are produced in CHO cell line24. Although, some 
groups have tried different cell lines, such as rhEPO produced 
in myeloma, kidney of baby hamster, kidney of human embryo 
and human retina derived cells25. These cell lines generate di-
fferent patterns of glycosylation, but CHO and BHK cells were 
found to sialylate rhEPO more effectively26. It is known that 

Figure 1. Function of hEPO and importance of rhEPO. Under normal conditions the kidney secretes hEPO in response to ane-
mia. This causes a stimulation of differentiation and proliferation of erythroid stem cells in bone marrow, thus correcting the 
anemia. When the kidney is damaged it is needed an external supply of the recombinant hormone to prevent chronic anemia.

Figure 2. Representative glycosylation pattern for rhEPO. Çalic et al. (2007)20 described the high mannose pattern of rhE-
PO produced in P. pastoris. Gong et al. (2013)23 described the glycosylation pattern of humanized P. pastoris as bi-antennary 
bi-sialylated. Sasaki et al. (1987)27 defined the glycosylation pattern of rhEPO produced in CHO cells, the most abundant and 
active fraction is tetra-antennary and tetra-sialylated. Montesino et al. (2008)47 studied the glycosylation pattern of rhEPO 
produced in goat milk, the most abundant and finished fraction is bi-antennary and mono-sialylated.
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each of the three potential N-linked glycosylation sites can be 
occupied with a range of possible different glycans, and this is 
also valid for the potential O-linked glycosylation site27–32. This 
glycan heterogeneity is presented among different cell lines, 
different products synthetized in the same cell line and even 
among batches of the same product27, 30, 33–38. From a biotech-
nological point of view, this is a particularly relevant problem 
because it causes, for rhEPO, a dependence between the in 
vivo activity and production method due to variation of post-
translational modifications7, 35, 37, 39.

Recombinant proteins production in mammalian cell have 
drawbacks such as the high cost and the fact that is a tech-
nically demanding process40. An alternative method used to 
overcome these problems is the production of recombinant 
proteins in the milk of transgenic animals41–43. Using this tech-
nology it is possible to detect the protein in the milk of transge-
nic animals, but the expression levels are low and it is reported 
that ectopic expression of the gene can affect the health of the 
animal43. Another alternative has been the in situ transduction 
of the mammary gland with viral vectors.  Using adenoviral 
vectors Sánchez O. et al (2004)43 achieved high levels of hu-
man growth hormone (hGH) in the milk of mice and goats. La-
ter, they produced as high as 2 g/L of rhEPO in goat’s milk44. 
These results show the capability of producing high levels of 
recombinant proteins in the milk of non-transgenic animals. 
However, the rhEPO produced in goat milk showed a low in 
vivo hematopoietic activity caused by a different pattern of gly-
cosylation, specifically it presented a low level of sialylation46, 47. 
Figure 2 summarizes representative glycosylation patterns for 
rhEPO of some production methods mentioned above, it is im-
portant to note that all cells and organisms generate a broad 
spectrum of intermediate glycosylations.

Aglycosylated rhEPO
As previously described, the glycosylated rhEPO produced 

in CHO cells exhibit a hematopoietic in vivo activity similar to 
native hEPO. Though, the hormone expressed in other cells or 
organisms tend to suffer important variations on its activity 
due to different patterns of glycosylation. One possible solu-
tion could be using a rhEPO without glycosylations, however 
it has been observed that the aglycosylated form of rhEPO 
has an almost null in vivo activity, despite of having greater 
in vitro activity compared to the native protein7, 12, 39, 48–54. As a 
consequence of the absence of glycosylations, the aglycosyla-
ted rhEPO is cleared from plasma 20 times faster than the 
highly sialylated protein55. Interestingly, the aglycosylated rhE-
PO exhibit an affinity and a velocity of union to its receptor at 
least five times higher than the glycosylated counterpart and 
this increases markedly the in vitro activity of the aglycosyla-
ted form50, 51, 53, 56. Notably, this increase is negatively correlated 
with the sialic acid content of the molecule10, 51, 57. Unfortuna-
tely, the lack of in vivo activity prevents aglycosylated rhEPO 
from being a viable choice as a biopharmaceutical and it does 
not allow to explore cheaper and more efficient productive al-
ternatives

Regulation through hEPO receptor
One of the most important mechanisms of signaling re-

gulation of hEPO is the internalization of the complex between 
hEPO and its receptor (EPOR) and later degradation of the 
hormone at target cells58–60. The internalization of hEPO-EPOR 
complex also controls the cell sensitivity to the hormone and 
it is crucial to negatively regulate hEPO levels on blood circu-
lation61, 62. In fact, evidence shows that the clearance of hEPO is 

directly correlated with EPOR levels at bone marrow63–67. One 
interesting fact is that the persistence of union between hEPO 
and its receptor is altered by the high content of sialic acid. The 
reason for this is that negatively charged glycosylations alter 
electrostatics interactions and causes a diminished affinity in-
versely related to the number of glycosylations68, 69. The base 
of this is the interaction at complex interface which occurs 
between positively charged amino acids at rhEPO and negati-
vely charged amino acids at EPOR70. The decreased affinity of 
hEPO for EPOR, given by glycosylations, causes an increase on 
its half-life thanks to a lower internalization of the complex62.

All this knowledge has been utilized to create the biophar-
maceutical Darbepoetin alfa (Aranesp®), which is based on a 
hyperglycosylated rhEPO. The excess of glycosylations gives 
it a four times lower affinity for EPOR plus a higher molecu-
lar weight which results in a three times greater half-life than 
native hEPO69, 71. Studies with Darbepoetin alfa has shown that 
excess of glycosylations, independent of position, increases 
the persistence of rhEPO in blood circulation. This generates 
an augmented and prolonged in vivo activity which overcome 
the affinity reduction to its receptor72.

It could look paradoxical that a decrease in affinity for the 
receptor increases the in vivo activity, but this happens becau-
se the signaling process of hEPO-EPOR complex is fast and 
as soon as it forms, internalization and degradation begins73–75. 
Because of this, a drop in affinity for the receptor allows hEPO 
to keep on blood circulation longer and acting over a higher 
number of target cells.

Improvement of rhEPO half-life
One of the main roles of hEPO glycosylations is the increa-

se of half-life thanks to a reduction of its glomerular filtration 
and hepatic clearance. Unfortunately, from a clinical point of 
view rhEPO does not last long enough in blood, only six to ei-
ght hours and it must be administered to patients two to three 
times per week. Therefore, the costs for the patient or the 
health system increases even more. After the patent of rhEPO 
as a biopharmaceutical, presented by Amgen Inc. expired in 
2005, a variety of biosimilars and biobetters have been made. 
To improve rhEPO half-life is the primary goal of different la-
boratories and companies searching to reduce the number of 
doses required. The main strategy has been to increase the 
molecular weight through different ways like the fusion with 
albumin76, fusion with glycosylated peptides77, 78, formation of 
homodimers by linker peptides79–81, hyperglycosylation69, 71 and 
polyethylene glycol (PEG) conjugation82, 83. PEG conjugation 
strategy has led to the creation of a long-lasting erythropoie-
sis stimulator like Mircera® (Roche) which needs only one ad-
ministration per month. Although its cost-effectiveness is not 
clear84.

Another approach to increase the molecular weight is the 
fusion with a Fc portion of an IgG. This strategy has been tes-
ted in human and already exists some commercially available 
products like CTLA4-Fc (Orencia; Abatacept), LFA3-Fc (Ame-
vive) and TNFR-Fc (Enbrel)85. Considering this, rhEPO-Fc va-
riants has been generated and produced in CHO, NS/0, PerC6 
and BHK cells86.  A rhEPO fused with a IgG2 Fc portion showed 
an important extension of half-life and the need of only one 
dose per week87, 88.  Genexine, Inc. has created a rhEPO fused 
with a Fc derived from IgD and IgG4 which passed phase I cli-
nical trial89 and it is currently under phase II. Salgado E. et al 
(2015)90 generated and produced in goat’s milk an rhEPO fused 
to a IgG1 Fc. This group reported that the altered glycosylation 
pattern, of mammary gland, considerably affected rhEPO-Fc 
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in vivo activity, despite of the substantial increase in molecular 
weight.

Conclusions
The in vivo hEPO activity has a direct relation with its 

glycosylation and provides advantages like enhanced half-li-
fe, a decrease in the affinity for EPOR and other like impro-
ved folding, secretion and biodistribution48, 50, 91. However, for 
the hormone recombinant production the different glycosyla-
tion patterns, provided by the selected cell line, are an issue. 
Heterogeneity carries extra steps during downstream. The 
mandatory use of mammalian cell, for produccing rhEPO, 
increases the final costs. Besides, the glycosylations are not 
enough to increase the molecular weight for completely avoid 
glomerular filtration. Currently, different groups are develo-
ping groundbreaking approaches to modify the protein and 
improve its half-life. Although, these strategies have to pro-
ve their cost-effectiveness. On the other hand, the approach 
of “humanizing” different productive organisms could be very 
useful because it could considerably reduce the production 
costs of glycosylated rhEPO, which is the “active component” 
of all the biosimilars and biobetters. Although, the production 
of new and differents “active components” with same erythro-
poiesis efficacy and less structural complexity could be ga-
me-changing.

Bibliographic references
1.	 Crantz S. Erythropoietin. Blood. 1991;77(3):419-434.
2.	Fisher JW. Erythropoietin: pharmacology, biogenesis and control of 

production. Pharmacol Rev. 1972;24(3):459-508.
3.	Semenza GL. Regulation of Mammalian O 2 Homeostasis by Hy-

poxia-Inducible Factor 1. Annu Rev Cell Dev Biol. 1999;15(1):551-
578. doi:10.1146/annurev.cellbio.15.1.551

4.	Recny MA, Scoble HA, Kim Y. Structural characterization of nat-
ural human urinary and recombinant DNA-derived erythropoie-
tin. Identification of des-arginine 166 erythropoietin. J Biol Chem. 
1987;262(35):17156-17163.

5.	Lai PH, Everett R, Wang FF, Arakawa T, Goldwasser E. Struc-
tural characterization of human erythropoietin. J Biol Chem. 
1986;261(7):3116-3121.

6.	Bunn HF. Erythropoietin. Cold Spring Harb perepctives Med. 
2013;3(3):1-20. doi:10.1101/cshperspect.a011619

7.	 Fukuda MN, Sasaki H, Lopez L, Fukuda M. Survival of recombinant 
erythropoietin in the circulation: the role of carbohydrates. Blood. 
1989;73(1):84-89. doi:10.1016/S0140-6736(00)85243-5

8.	Egrie JC, Strickland TW, Lane J, et al. Characterization and Biologi-
cal Effects of Recombinant Human Erythropoietin. Immunobiology. 
1986;172(3-5):213-224. doi:10.1016/S0171-2985(86)80101-2

9.	Browne JK, Cohen AM, Egrie JC, et al. Erythropoietin: Gene clon-
ing, protein structure, and biological properties. Cold Spring Harb 
Symp Quant Biol. 1986;51(1):693-702.

10.	Yuen C-TT, Storring PL, Tiplady RJ, et al. Relationships between 
the N-glycan structures and biological activities of recombinant 
human erythropoietins produced using different culture conditions 
and purification procedures. Br J Haematol. 2003;121(3):511-526. 
doi:10.1046/j.1365-2141.2003.04307.x

11.	Wasley LC, Timony G, Murtha P, et al. The importance of N- and 
O-linked oligosaccharides for the biosynthesis and in vitro and in 
vivo biologic activities of erythropoietin. Blood. 1991;77(12):2624-
2632.

12.	Lukowsky W, Painter R. Studies on the role of sialic acid in the phys-
ical and biological properties of erythropoietin. Can J Biochem Cell 
Biol. 1972;50(8):909-917.

13.	Spivak JL, Hogans BB. The in vivo metabolism of recombinant hu-
man erythropoietin in the rat. Blood. 1989;73(1):90-99.

14.	McGonigle RJS, Wallin JD, Shadduck RK. Erythropoietin deficien-
cy and inhibition of erythropoiesis in renal insufficiency. Kidney Int. 
1984;25(2):437-444. doi:10.1038/ki.1984.36

15.	Maxwell AP. Novel erythropoiesis-stimulating protein in the 
management of the anemia of chronic renal failure. Kidney Int. 
2002;62(2):720-729. doi:10.1046/j.1523-1755.2002.00474.x

16.	Rizzo JD, Seidenfeld J, Piper M, Aronson N, Lichtin A, Littlewood 
TJ. Erythropoietin: a paradigm for the development of practice 
guidelines. Hematology Am Soc Hematol Educ Program. 2001:10-
30. doi:10.1182/asheducation-2001.1.10

17.	Lee-Huang S. Cloning and expression of human erythropoietin 
cDNA in Escherichia coli. Proc Natl Acad Sci. 1984;81(9):2708-
2712. doi:10.1073/pnas.81.9.2708

18.	Nagao M, Inoue K, Moon SK, et al. Secretory Production of Erythro-
poietin and the Extracellular Domain of the Erythropoietin Receptor 
by Bacillus brevis : Affinity Purification and Characterization. Biosci 
Biotechnol Biochem. 1997;61(4):670-674. doi:10.1271/bbb.61.670

19.	Sodoyer R. Expression Systems for the Production of Re-
combinant Pharmaceuticals. BioDrugs. 2004;18(1):51-62. 
doi:10.2165/00063030-200418010-00005

20.	Çelik E, Çalık P, Halloran SM, Oliver SG. Production of recombinant 
human erythropoietin from Pichia pastoris and its structural anal-
ysis. J Appl Microbiol. 2007;103(6):2084-2094. doi:10.1111/j.1365-
2672.2007.03448.x

21.	Hamilton SR, Davidson RC, Sethuraman N, et al. Humanization 
of yeast to produce complex terminally sialylated glycoproteins. 
Science (80- ). 2006;313(5792):1441-1443. doi:10.1126/sci-
ence.1130256

22.	Nett JH, Gomathinayagam S, Hamilton SR, et al. Optimization of 
erythropoietin production with controlled glycosylation-PEGylated 
erythropoietin produced in glycoengineered Pichia pastoris. J Bio-
technol. 2012;157(1):198-206. doi:10.1016/j.jbiotec.2011.11.002

23.	Gong B, Burnina I, Stadheim TA, Li H. Glycosylation characteriza-
tion of recombinant human erythropoietin produced in glycoengi-
neered Pichia pastoris by mass spectrometry. J Mass Spectrom. 
2013;48(12):1308-1317. doi:10.1002/jms.3291

24.	Lee JS, Ha TK, Lee SJ, Lee GM. Current state and perspec-
tives on erythropoietin production. Appl Microbiol Biotechnol. 
2012;95(6):1405-1416. doi:10.1007/s00253-012-4291-x

25.	Zhu J. Mammalian cell protein expression for biopharmaceutical 
production. Biotechnol Adv. 2012;30(5):1158-1170. doi:10.1016/j.
biotechadv.2011.08.022

26.	Zhang P, Lifen Tan D, Heng D, et al. A functional analysis of N-gly-
cosylation-related genes on sialylation of recombinant erythro-
poietin in six commonly used mammalian cell lines. Metab Eng. 
2010;12(6):526-536. doi:10.1016/j.ymben.2010.08.004

27.	Sasaki H, Bothner B, Dell A, Fukuda M. Carbohydrate structure 
of erythropoietin expressed in Chinese hamster ovary cells by a 
human erythropoietin cDNA. J Biol Chem. 1987;262(25):12059-
12076.

28.	Takeuchi M, Takasaki S, Miyazaki H, et al. Comparative study of the 
asparagine-linked sugar chains of human Erythropoietins purified 
from urine and the culture medium of recombinanat chinese hasm-
ter ovary cells. J Biol Chem. 1988;263(8):3657-3663.

29.	Tsuda E, Goto M, Murakami A, et al. Comparative Structural Study 
of N-Linked Oligosaccharides of Urinary and Recombinant Eryth-
ropoietins. Biochemistry. 1988;27(15):5646-5654. doi:10.1021/
bi00415a038

30.	Nimtz M, Martin W, Wray V, Klöppel K ‐D, Augustin J, Conradt 
HS. Structures of sialylated oligosaccharides of human erythro-
poietin expressed in recombinant BHK‐21 cells. Eur J Biochem. 
1993;213(1):39-56. doi:10.1111/j.1432-1033.1993.tb17732.x

31.	Watson E, Bhide A, Van Halbeek H. Structure determination of the 
intact major sialylated oligosaccharide chains of recombinant hu-
man erythropoietin expressed in Chinese hamster ovary cells. Gly-
cobiology. 1994;4(2):227-237. doi:10.1093/glycob/4.2.227

Nicolás Varas, Frank Camacho, Oliberto Sánchez.
Volumen 3 / Número 3     •     http://www.revistabionatura.com



687

32.	Hokke CH, Bergwerff AA, Van Dedem GWK, Kamerling JP, Vlie-
genthart JFG. Structural Analysis of the Sialylated N‐ and O‐
Linked Carbohydrate Chains of Recombinant Human Erythro-
poietin Expressed in Chinese Hamster Ovary Cells: Sialylation 
Patterns and Branch Location of Dimeric N‐acetyllactosamine 
Units. Eur J Biochem. 1995;228(3):981-1008. doi:10.1111/j.1432-
1033.1995.0981m.x

33.	Wide L, Bengtsson C. Molecular charge heterogeneity of hu-
man serum erythropoietin. Br J Haematol. 1990;76(1):121-127. 
doi:10.1111/j.1365-2141.1990.tb07846.x

34.	Rice KG, Takahashi N, Namiki Y, Tran AD, Lisi PJ, Lee YC. Quan-
titative mapping of the N-linked sialyloligosaccharides of recom-
binant erythropoietin: Combination of direct high-performance 
anion-exchange chromatography and 2-aminopyridine derivat-
ization. Anal Biochem. 1992;206(2):278-287. doi:10.1016/0003-
2697(92)90367-G

35.	Storring PL, Gaines Das RE. The International Standard for Recom-
binant DNA-Derived Erythropoietin: Collaborative study of four re-
combinant DNA-derived erythropoietins and two highly purified hu-
man urinary erythropoietins. J Endocrinol. 1992;134(3):459-484. 
doi:10.1677/joe.0.1340459

36.	Storring PL, Tiplady RJ, Gaines Das RE, Rafferty B, Mistry YG. Lec-
tin-binding assays for the isoforms of human erythropoietin: Com-
parison of urinary and four recombinant erythropoietins. J Endocri-
nol. 1996;150(3):401-412. doi:10.1677/joe.0.1500401

37.	Storring PL, Tiplady RJ, Gaines Das RE, et al. Epoetin alfa and beta 
differ in their erythropoietin isoform compositions and biological 
properties. Br J Haematol. 1998;100(1):79-89. doi:10.1046/j.1365-
2141.1998.00521.x

38.	Skibeli V, Nissen-Lie G, Torjesen P. Sugar profiling proves that 
human serum erythropoietin differs from recombinant human 
erythropoietin. Blood. 2001;98(13):3626-3634. doi:10.1182/blood.
V98.13.3626

39.	Goto M, Akai K, Murakami A, et al. Production of Recombinant Hu-
man Erythropoietin in Mammalian Cells: Host–Cell Dependency of 
the Biological Activity of the Cloned Glycoprotein. Nat Biotechnol. 
1988;6(1):67-71. doi:10.1038/nbt0188-67

40.	Sethuraman N, Stadheim TA. Challenges in therapeutic glyco-
protein production. Curr Opin Biotechnol. 2006;17(4):341-346. 
doi:10.1016/j.copbio.2006.06.010

41.	Aguirre A, Castro-Palomino N, De La Fuente J, Castro FO. Ex-
pression of human erythropoietin transgenes and of the endog-
enous wap gene in the mammary gland of transgenic rabbits 
during gestation and lactation. Transgenic Res. 1998;7(4):311-317. 
doi:10.1023/A:1008882332133

42.	Korhonen VP, Tolvanen M, Hyttinen JM, et al. Expression of bovine 
beta-lactoglobulin/human erythropoietin fusion protein in the milk 
of transgenic mice and rabbits. Eur J Biochem. 1997;245(2):482-
489. doi:10.1111/j.1432-1033.1997.00482.x

43.	Mikus T, Malý P, Poplstein M, Landa V, Trefil P, Lidický J. Expression 
of human erythropoietin gene in the mammary gland of a trans-
genic mouse.pdf. Folia Biol (Praha). 2001;47(6):187-195.

44.	Sánchez O, Toledo JR, Rodríguez MP, Castro FO. Adenoviral vec-
tor mediates high expression levels of human growth hormone 
in the milk of mice and goats. J Biotechnol. 2004;114(1-2):89-97. 
doi:10.1016/j.jbiotec.2004.06.009

45.	Toledo JR, Sánchez O, Seguí RM, et al. High expression level of 
recombinant human erythropoietin in the milk of non-transgen-
ic goats. J Biotechnol. 2006;123(2):225-235. doi:10.1016/j.jbio-
tec.2005.10.019

46.	Sánchez O, Montesino R, Toledo JR, et al. The goat mammary 
glandular epithelial (GMGE) cell line promotes polyfucosyla-
tion and N,N′-diacetyllactosediaminylation of N-glycans linked 
to recombinant human erythropoietin. Arch Biochem Biophys. 
2007;464(2):322-334. doi:10.1016/j.abb.2007.04.027

47.	Montesino R, Toledo JR, Sánchez O, et al. Monosialylated bianten-
nary N-glycoforms containing GalNAc–GlcNAc antennae predom-
inate when human EPO is expressed in goat milk. Arch Biochem 
Biophys. 2008;470(2):163-175. doi:10.1016/j.abb.2007.11.019

48.	Higuchi M, Oh-eda M, Kuboniwa H, Tomonoh K, Shimonaka Y, Ochi 
N. Role of sugar chains in the expression of the biological activity of 
human erythropoietin. J Biol Chem. 1992;267(11):7703-7709.

49.	Misaizu T, Matsuki S, Strickland TW, Takeuchi M, Kobata A, Taka-
saki S. Role of antennary structure of N-linked sugar chains in 
renal handling of recombinant human erythropoietin. Blood. 
1995;86(11):4097-4104.

50.	Tsuda E, Kawanishi G, Ueda M, Masuda S, Sasaki R. The role of car-
bohydrate in recombinant human erythropoietin. Eur J Biochem. 
1990;188(2):405-411.

51.	Imai N, Higuchi M, Kawamura A, et al. Physicochemical and biolog-
ical characterization of asialoerythropoietin. Suppressive effects of 
sialic acid in the expression of biological activity of human erythro-
poietin in vitro. Eur J Biochem. 1990;194(2):457-462.

52.	Goldwasser E, Kung CK, Eliason J. On the mechanism of erythro-
poietin-induced differentiation. 13. The role of sialic acid in erythro-
poietin action. J Biol Chem. 1974;249(13):4202-4206.

53.	Mufson RA, Gesner TG. Binding and internalization of recombinant 
human erythropoietin in murine erythroid precursor cells. Blood. 
1987;69(5):1485-1490.

54.	Takeuchi M, Tasaki S, Shimada M, Kobata A. Role of sugar chains in 
the in vitro biological activity of recombinant human erythropoietin. 
J Biol Chem. 1990;265(21):12127-12130. doi:10.4052/tigg.2.502

55.	Fratantoni J.C. SKB. Evaluation of Recombinant Human Erythro-
poiein as a Therapeutic Agent. In: Anthony S. Lubiniecki and Susan 
A. Vargo., ed. Regulatory Practice for Biopharmaceutical Produc-
tion. ; 1994.

56.	Dong YJ, Kung C, Goldwasser E. Receptor binding of asialoeryth-
ropoietin. J Cell Biochem. 1992;48(3):269-276. doi:10.1002/
jcb.240480307

57.	Morimoto K, Tsuda E, Said AA, et al. Biological and physicochemical 
characterization of recombinant human erythropoietins fractionat-
ed by Mono Q column chromatography and their modification with 
sialytransferase. Glycoconj J. 1996;13(6):1013-1020. doi:10.1007/
BF01053197

58.	Kato M, Kamiyama H, Okazaki A, Kumaki K, Kato Y, Sugiyama Y. 
Mechanism for the nonlinear pharmacokinetics of erythropoietin in 
rats. J Pharmacol Exp Ther. 1997;283(2):520-527.

59.	Sulahian R, Cleaver O, Huang LJSJ -s. Ligand-induced EpoR 
internalization is mediated by JAK2 and p85 and is impaired 
by mutations responsible for primary familial and congeni-
tal polycythemia. Blood. 2009;113(21):5287-5297. doi:10.1182/
blood-2008-09-179572

60.	Walrafen P, Verdier F, Kadri Z, Chrétien S, Lacombe C, Mayeux P. 
Both proteasomes and lysosomes degrade the activated eryth-
ropoietin receptor. Blood. 2005;105(2):600-608. doi:10.1182/
blood-2004-03-1216

61.	Suzuki N, Ohneda O, Takahashi S, et al. Erythroid-specific ex-
pression of the erythropoietin receptor rescued its null mutant 
mice from lethality. Blood. 2002;100(7):2279-2288. doi:10.1182/
blood-2002-01-0124

62.	Gross AW, Lodish HF. Cellular trafficking and degradation of eryth-
ropoietin and Novel Erythropoiesis Stimulating Protein (NESP). J 
Biol Chem. 2006;281(4):2024-2032. doi:10.1074/jbc.M510493200

63.	Nalbant D, Saleh M, Goldman FD, Widness JA, Veng-Pedersen 
P. Evidence of receptor-mediated elimination of erythropoietin 
by analysis of erythropoietin receptor mRNA expression in bone 
marrow and erythropoietin clearance during anemia. J Pharmacol 
Exp Ther. 2010;333(1521-0103 (Electronic)):528-532. doi:10.1124/
jpet.109.163568

Recombinant Human Erythropoietin. The problem of glycosylation.
Eritropoyetina Humana Recombinante. El problema de la glicosilación.



688

64.	Chapel S, Veng-Pedersen P, Hohl RJ, Schmidt RL, McGuire EM, 
Widness JA. Changes in erythropoietin pharmacokinetics follow-
ing busulfan-induced bone marrow ablation in sheep: evidence for 
bone marrow as a major erythropoietin elimination pathway. J 
Pharmacol Exp Ther. 2001;298(2):820-824.

65.	Chapel SH, Veng-Pedersen P, Schmidt RL, Widness JA. Recep-
tor-based model accounts for phlebotomy-induced changes in 
erythropoietin pharmacokinetics. Exp Hematol. 2001;29(4):425-
431. doi:10.1016/S0301-472X(01)00614-2

66.	Freise KJ, Widness JA, Segar JL, Schmidt RL, Veng-Pedersen P. 
Increased erythropoietin elimination in fetal sheep following chron-
ic phlebotomy. Pharm Res. 2007;24(9):1653-1659. doi:10.1007/
s11095-007-9295-3

67.	Widness JA, Schmidt RL, Hohl RJ, et al. Change in erythropoietin 
pharmacokinetics following hematopoietic transplantation. Clin 
Pharmacol Ther. 2007;81(6):873-879. doi:10.1038/sj.clpt.6100165

68.	Darling RJ, Kuchibhotla U, Glaesner W, Micanovic R, Witcher 
DR, Beals JM. Glycosylation of erythropoietin affects receptor 
binding kinetics: Role of electrostatic interactions. Biochemistry. 
2002;41(49):14524-14531. doi:10.1021/bi0265022

69.	Egrie JC, Browne JK. Development and characterization of 
novel erythropoiesis stimulating protein (NESP). Br J Cancer. 
2001;84(SUPPL. 1):3-10. doi:10.1054/bjoc.2001.1746

70.	Syed RS, Reid SW, Li C, et al. Efficiency of signalling through cyto-
kine receptors depends critically on receptor orientation. Nature. 
1998;395(6701):511-516. doi:10.1038/26773

71.	Macdougall IC, Gray SJ, Elston O, et al. Pharmacokinetics of novel 
erythropoiesis stimulating protein compared with epoetin alfa in 
dialysis patients. J Am Soc Nephrol. 1999;10(11):2392-2395.

72.	Elliott S, Egrie JCJ, Browne JJK, et al. Control of rHuEPO biological 
activity: The role of carbohydrate. Exp Hematol. 2004;32(12):1146-
1155. doi:10.1016/j.exphem.2004.08.004

73.	Landschulz KT, Noyes AN, Rogers O, Boyer SH. Erythropoietin re-
ceptors on murine erythroid colony-forming units: natural history. 
Blood. 1989;73(6):1476-1486.

74.	Verdier F, Walrafen P, Hubert N, et al. Proteasomes regulate the du-
ration of erythropoietin receptor activation by controlling down-reg-
ulation of cell surface receptors. J Biol Chem. 2000;275(24):18375-
18381. doi:10.1074/jbc.275.24.18375

75.	Klingmüller U, Lorenz U, Cantley LC, Neel BG, Lodish HF. Specif-
ic recruitment of SH-PTP1 to the erythropoietin receptor causes 
inactivation of JAK2 and termination of proliferative signals. Cell. 
1995;80(5):729-738. doi:10.1016/0092-8674(95)90351-8

76.	Joung C-H, Shin J-Y, Koo J-K, et al. Production and characteriza-
tion of long-acting recombinant human albumin–EPO fusion pro-
tein expressed in CHO cell. Protein Expr Purif. 2009;68(2):137-145. 
doi:10.1016/j.pep.2009.07.003

77.	Fares F, Havron A, Fima E. Designing a long acting erythropoietin 
by fusing three carboxyl-terminal peptides of human chorionic go-
nadotropin subunit to the N -terminal and C -terminal coding se-
quence. Int J Cell Biol. 2011;7. doi:10.1155/2011/275063

78.	Fares F, Ganem S, Hajouj T, Agai E. Development of a long-act-
ing erythropoietin by fusing the carboxyl-terminal peptide of hu-
man chorionic gonadotropin β-subunit to the coding sequence of 
human erythropoietin. Endocrinology. 2007;148(10):5081-5087. 
doi:10.1210/en.2007-0026

79.	Dalle B, Henri A, Rouyer-Fessard P, et al. Dimeric erythropoietin 
fusion protein with enhanced erythropoietic activity in vitro and in 
vivo. Blood. 2001;97(12):3776-3782. doi:10.1182/blood.V97.12.3776

80.	Sytkowski AJ, Lunn ED, Davis KL, Feldman L, Siekman S. Human 
erythropoietin dimers with markedly enhanced in vivo activity. 
Proc Natl Acad Sci U S A. 1998;95(3):1184-1188. doi:DOI 10.1073/
pnas.95.3.1184

81.	Sytkowski AJ, Lunn ED, Risinger MA, Davis KL. An erythropoietin 
fusion protein comprised of identical repeating domains exhibits 
enhanced biological properties. J Biol Chem. 1999;274(35):24773-
24778. doi:10.1074/jbc.274.35.24773

82.	Wang YJ, Hao SJ, Liu YD, et al. PEGylation markedly enhances the 
in vivo potency of recombinant human non-glycosylated erythro-
poietin: A comparison with glycosylated erythropoietin. J Control 
Release. 2010;145(3):306-313. doi:10.1016/j.jconrel.2010.04.021

83.	Macdougall IC. CERA (Continuous Erythropoietin Receptor Activa-
tor): a new erythropoiesis-stimulating agent for the treatment of 
anemia. Curr Hematol Rep. 2005;4(6):436-440.

84.	Schmid H. Cost-effectiveness of continuous erythropoietin receptor 
activator in anemia. Clin Outcomes Res. 2014;6:319. doi:10.2147/
CEOR.S46930

85.	Huang C. Receptor-Fc fusion therapeutics, traps, and MIMETI-
BODYTM technology. Curr Opin Biotechnol. 2009;20(6):692-699. 
doi:10.1016/j.copbio.2009.10.010

86.	Stephen D. Gillies SL. Fc-erythropoietin fusion protein with im-
proved pharmacokinetics US 20090092607 A1. December 2009.

87.	Shi X, Yang J, Zhu H, et al. Pharmacokinetics and pharmacody-
namics of recombinant human EPO-Fc fusion protein in vivo. Mc-
Cormick DL, ed. PLoS One. 2013;8(8):e72673. doi:10.1371/journal.
pone.0072673

88.	Sun L-HK, Sun BNC, Sun CRY. Fc fusion proteins of human eryth-
ropoietin with increased biological activities US6900292. August 
2001.

89.	Yang SHSI, Yang SHSI, Chung Y-KK. A long-acting erythropoietin 
fused with noncytolytic human Fc for the treatment of anemia. 
Arch Pharm Res. 2012;35(5):757-759. doi:10.1007/s12272-012-
0500-5

90.	Salgado ER, Montesino R, Jiménez SP, et al. Post-translational 
modification of a chimeric EPO-Fc hormone is more important 
than its molecular size in defining its in vivo hematopoietic activ-
ity. Biochim Biophys Acta - Gen Subj. 2015;1850(9):1685-1693. 
doi:10.1016/j.bbagen.2015.04.012

91.	Delorme E, Lorenzini T, Giffin J, et al. Role of glycosylation on the 
secretion and biological activity of erythropoietin. Biochemistry. 
1992;31(41):9871-9876.

Recibido: 16 julio 2018
Aprobado: 3 agosto 2018

Nicolás Varas, Frank Camacho, Oliberto Sánchez.
Volumen 3 / Número 3     •     http://www.revistabionatura.com


