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ABSTRACT

The goal of this study was to engineer the glycosylation machinery of

one of the most used mammalian cell lines in the biotechnology industry.

Chinese hamster ovary (CFIO) cells are one of the best characterized and

successful host cells for the production of recombinant glycoproteins.

Although CLIO cells possess a collection of glycosyltransferases similar to

those of human cells and produce useful recombinant therapeutic

glycoprotein molecules, certain human sugar-transferring enzymes are

either missing or expressed at inadequate levels in CHO cells. Glycosylation

engineering of CHO cells is performed here as a route to produce new

variants of recombinant mucin-tvpe glycoproteins containing O-linked

oligosaccharides terminating in sialyl Lewis X (sLex).

The establishment of a new cell line capable of expressing al,3-

fucosyltransferase VI (al,3-Fuc-TVI), an enzyme usually not present in wild-

type CHO cells, was first performed. A new characteristic of these cells is

synthesis of N-linked tetrasaccharide sLex epitopes on the cell surface

glycoproteins and therefore to adhere to E-selectin expressing human

umbilical vein endothelial cells (HUVECs).

To address the goal of inhibiting the endogenous CHO CMP-sialic

acid:Galßl,3GalNAca2,3-sialyltransferase (ST3Gal 1) enzyme by antisense

technology, cloning of CHO ST3Gal 1 was undertaken and the obtained

partial sequence was employed, under the control of an inducible

tetracycline-regulatable expression system, to reduce ST3Gal I enzymatic

activity in CLIO cells. This modification of the O-glycosylation pathway of

CLIO cells was accomplished to possibly redirect the pathway towards

synthesis of g]yeans derived from the action of another enzyme, namely

UDP-GkNAc : Galßl,3GaiNAc-R ßl,6-N-acetylgiucosaminyltransferase

(C2GnL), that shares the same substrate as ST3Gal I. From the

biotechnological point of view of producing selectin binding

oligosaccharides, elongation of O-linked oligosaccharides via the action of

C2GnT is much more attractive than that of ST3Gal I. C2GiiT gives rise to

intermediate carbohydrate structures which can be further elongated by
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other glycosyltransferases (e.g., al,3-Fuc-Ts) to produce carbohydrate

determinants such as Lewis epitopes. Lewis antigens including sLex are

known to be crucial for many biological processes such as cell-cell adhesion

and malignant transformation.

The concomitant regulation ot C2GnT overexpression and ST3Gal 1

inhibition via the inducible system controlled by tetracycline concentration

m the culture medium was shown to be an useful approach for the synthesis

of O-linked mucm-type glycoprotein. Overexpression of the C2GnT gene

permitted an increase of the respective enzymatic activity by almost 30 times

higher than wild-type whereas expression of an antisense ST3Gal 1 RNA

resulted in an eighty-one percent lower specific activity of the CHO ST3Gal 1

enzyme.

In order to apply this engineered ceil line constitutively expressing

al,3-Fuc-TVl and inducibly regulating C2GnT overexpression and ST3Gal I

inhibition, the construction of a DNA encoding a novel form of an O-linked

mucin-type glycoprotein was achieved. Synthesis of sCD34 from this cell

system resulted in the formation of O-linked glycans similar to those

occurring in humans. The tetrasaccharide epitope sLcx, besides being

synthesized on N-linked sCD34 glycoforms, was also, due to the action of

C2GnT, present on glycan structures generated by the newly acquired O-

glycosylation ability of the cells. Although results obtained from the

synthesis and glycosylation modification of sCD34 are preliminary, we can

conclude that the establishment of a new system for synthesis of O-linked

mucin-type glycoproteins has been achieved.
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RIASSUNTO

Il tema principale di questo studio e' stato quello di modificare il

processo di glicosilazione di una delle linee cellulari animali piu' usate nell'

industria biotecnologica. Cellule ovariche di criceti cinesi (in seguito

denominate CLIO dall' inglese Chinese hamster ovary (CHO)) sono infatti

uno dei sistemi cellulari meglio caratterizzati ed utilizzati con piu' successo

per la produzione di glicoproteme di origine ricombinante. Malgrado la

somiglianza tra la collezione di gheosiltrartsferase présente nelle cellule

CHO e quelle umane, vi sono alcuni di questi enzimi trasportatori di

zuccheri che nelle cellule CLIO sono espressi a livelli inadeguati se non del

tutto assenti. In questa tesi, il sis tema di glicosilazione delle cellule CHO e'

stato geneticamente rimodellato al fine di assomigliare a quello umano,

rendendo cosi' possibile la produzione di nuove variant! di glicoproteme del

tipo mucina. Caratteristica principale di questo tipo di glicoproteme e' la

presenza di epitoti come il tetrasaccande sialyl Lewis X (sLex) ancorato alia

proteina via un legame di O-ghcosilazione per tramite di una catena di

glicani.

La prima parte di questo studio ha coinvolto la generazione di una

nuova linea cellulare CHO. Quest' ultima ha adottato la capacita' di

esprimcre I' enzima cd,3-fucosiltransferasa VI (a 1,3-Fuc-TVI) che

generalmente non e' présente in cellule madri di CLIO. La nuova

caratteristica di queste cellule CHO e' la capacita' di sintetizzare glicoproteme

N-glicosilate che presentano L epitopo sLex alla superficie delle loro

membrane. Questa caratteristica fa si' che le cellule CLIO aderiscano alla E-

selectma espressa da cellule umane umbelicali dell' endotelio venoso.

Al fine di determmare la possibilita' di inibire L enzima endogeno

CHO CMP-acido sialico :GalßL3GalNAca2,3-sialiltransferasa (ST3Gal I) con

tecnologia di antisenso, parte della sequenza genetica di CHO ST3Gal I e'

stata clonata. La sequenza ottenuta e' stata m seguito usata, sotto il controllo

di un sistema inducibile per mezzo di regolazione con tetraciclina, per

ridurre L attivita' enzimatica di ST3Gal I nelle cellule CHO. Questa modifica

del sistema di O-glicosilazione delle cellule CHO e' stata effettuata con lo

scopo di poter ridirezionare il sistema di glicosilazione verso la sintesi di



V

glicani che derivano dall' azione di un altro enzima denominato UDP-

GlcNAc : Galßl,3GalNAc-R ßl,6-N-acetilglucosaminiltransferasa (C2GnT)

che condivide lo stesso substrato con ST3Gal I. Da un punto di vista

biotecnologico, produrre glicoproteine che riconoscono e aderiscono alle

selectine tramite 1' allungamento di oligosaccaridi O-comugati via 1' azione

di C2GnT e' molto piu' attraente che sintetizzare glicoproteine modificate

nelle loro strutture di oligosaccaridi per mezzo del enzima ST3Gal I. Infatti,

C2GnT promuove la sintesi di strutture di carboidrati intermedi che

possono a loro volta essere allungati tramite Y azione di altre

glicosiltransferase (come ad esempio la gia' citata al,3-Fuc-T) e produrre cosi'

carboidrati come i Lewis epitopi. Antigeni Lewis come sLex giocano un

ruolo cruciale in processi come adesione tra cellule e trasformazioni

maligne.

La regolazione concomitante che comprende espressione di C2GnT e

inibizione di ST3Gal I con un sistema inducibile controllato tramite la

concetrazione di tetraciclina nel cultivo delle cellule CLIO, si e' rivelato

essere un modo utile per sintetizzare glicoproteine O-coniugate del tipo

mucina. L' espressione del gene C2GnT nelle cellule studiate ha permesso

un aumento dell' attivita' enzimatica di quasi 30 volte rispetto alle cellule

madri di CHO. D' altro canto, 1' espressione delL antisenso ST3Gal T RNA ha

portato ad una riduzione dell' attivita' endogena enzimatica del 81%.

Questa nuova linea cellulare geneticamente mutata per esprimere

costitutivamente al,3-Fuc-TVl, esprimere inducibilmente C2GnT e inibire

inducibilmente ST3Gal I, e' stata poi usata per produrre una nuova forma di

glicoproteina O-glicosilata del tipo mucina, denominata sCD34. Questo

nuovo sistema cellulare CLIO e' stato mfatti m grado di sintetizzare sCD34 O-

glicosilata simile a quella umana. L' epitopo sLex oltre che ad essere présente

nelle glicoforme di sCD34 N-ghcosilate e' anche stato riscontrato su strutture

di glicani generate grazie alia nuova capacita' di eseguire O-glicosilazione

tramite 1' enzima C2GnT. In conclusione possiamo affermare la creazione di

un possibile sistema per la produzione di glicoproteine O-glicosilate del tipo

mucina.
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INTRODUCTION



1.1 GLYCOSYLATION

Among the different types of covalent modifications that newly

synthesized proteins undergo in living organisms, none is as common as

glycosylation. It is also the most diverse, both with respect to the kinds of

amino acids that are modified and the structures attached. The origin of this

diversity can be both chemical and biological. Chemical diversity results from

the ability of monosaccharides to combine using either of two anomeric

linkages (a or ß) to form extended, branched structures differing in sequence

and chain length. Further structural diversification of sugars occurs upon the

covalent attachment of sulfate or phosphate or by the addition of acetyl- or

methyl-groups. Thus, in theory, an enormous variety of glycans can be

generated from a relatively limited number of monosaccharides. Biological

diversity arises because glycans are secondary products rather than primary

gene products. Accordingly, glycosylation is species- and cell-specific and is

only partially determined by the structure of the protein backbone and the

nature of the carbohydrate attachment sites. GlycosvLition of any protein is

dependent on the cell or tissue in which the protein is produced; the

polypeptide also encodes information that directs its own pattern of

glycosylation.

Two major forms of protein glycosylation are found in eukaryotic cells:

N-linked carbohydrates attached to the amide group of an Asn residue within

the consensus sequence Asn-Xaa-Ser/Thr; and O-linked carbohydrates

attached to the hydroxy! group of Ser or Thr residues (Kornfeld and Kornfeld,

1985; Schachter and Roseman, 1980). It is important to note that the presence

of these peptide sequences, so called sequons, within a protein by no means

guarantees their glycosylation. The attachment or not of glvcan structures to

the potential glycosylation sites creates a gross ambiguity defined as

macroheterogeneity, whereas the more subtle changes in individual

carbohydrate residues within a glycan structure are termed

microheterogeneity. The large number of options a given glycoprotein

confronts results in discrete subsets or glycoforms with different physical and

biochemical properties, which, in turn, may lead to functional diversity

(Rademacher, 1988).
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All N-hnked glycans contain the pentasaccharide, Man3GlcNAc2, as a

common nucleus called the trimannosyl core. Based on the structure and the

location of glycan residues added to the trimannosyl core, N-linked glycans

are further classified into three subgroups as shown in Figure 1.1: (i) oligo-

mannose-type glycans, which contain only a-mannosyl residues; (ii)

complex-type glycans, which arc the most diverse owing to antennae in

varying numbers emanating from the core structure; and (iii) the hybrid-type,

with characteristic features ot both complex- and oligo-mannose-type glycan.

Oligo-manrtose-type:

Man a 1-2 Man a 1-6

\
Man ex 1-6

Man a 1-2 Man a MS^ Man ß 1-4 GlcNAc ß 1-4 GlcNAc ß 1-Asn

Man a 1-2 Man a 1-2 Man a 1-3

Hybrid-type:
Man u 1-6

Man a 1-3*

Gal ß 1-4 GlcNAc ß 1-

r GlcNAc ß 1-4

Man a 1-6

Man ß 1-4 GlcNAc ß 1-4 GlcNAc ß 1-Asn

-Man a 1-3

Bi-antennary complex-type:

SA a 2-6 Gal ß 1-4 GlcNAc ß 1-2

SA a 2-6 Gal ß 1-4 GlcNAc ß 1-2

± GlcNAc ß 1-4 Fuc a 1-6

Man a 1-6

Man ß 1-4 GlcNAc ß 1-4 GlcNAc ß 1-Asn

•Manu 1-3

Figure 1.1. Three subgroups of N-hnked sugar chains. The structures in bold

represent the trimannosyl core common to all N-hnked glvcans.

1.1.1 N-GLYCOSYLATION

The sugar structures of N-glvcans are mainly determined by "glyco-

genes" which code for glycosyltransferases and glyeosidases. The balance

between the expression levels of glycosyltransferases and glyeosidases plays

n
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an important role in the formation of sugar structures. The location of these

enzymes in tissues and organelles as well as their substrate specificities are

key factors in the regulation of oligosaccharide biosynthesis and glycosylation

processing. The biosynthesis of N-glvcans begins in the rough endoplasmic

reticulum (ER) with the co-translational transfer of a large oligosaccharide to

an Asn residue in the polypeptide. The processing action of glyeosidases

continues during transit through the lumen of the ER and eis Golgi

apparatus. Elongation, in the medial Golgi, by N-

acetlylglucosaminyltransferases to produce bi-, tri-, tetra- and penta-

antennary structures is followed by translocation to the trans Golgi where

glycosylation terminates (Kornfeld and Kornfeld, 1985; Schachter and

Roseman, 1980). The protein exerts an influence on glycosylation as a

consequence of the position of the consensus sequence in the polypeptide.

The local environment surrounding the sequon may also affect the outcome;

disulfide bridges, which stabilize the folding or packing of a protein, may

prevent or hinder glycosylation. The internal and external environment of

the cell and its developmental stage also dictate the extent to which a sequon

is glycosylated (Hsieh et al., 1983; Trimble et al., 1983).

1.1.2 O-GLYCOSYLATION

The linkage between N-acetylgalactosamine (GalNAc) and Ser/Thr is

the most common O-glycosidic link. The core regions associated with this

linkage are much less ordered than the cores of oligosaccharides which are N-

linked via N-acetylglucosamine (GlcNAc) to Asn. The O-linked glycan

structures attached to proteins can be as simple as one sugar (e.g., fucose,

glucose, GlcNAc or GalNAc) or can be elongated more complicated by the

attachment of several sugars. The main O-glvcans found in animal cells are

classified as follows: (i) N-acetylgalactosamine linked to Ser or Thr, known as

mucin-type carbohydrates (Sadler, 1984); (ii) N-acetylglucosamine linked to

either Ser or Thr, called the O-GlcNAc-type (Hart et al,, 1989); and (iii) xylose

linked to Ser or Thr, found in proteoglycans (Rodén, 1980). In plants,

arabmose linked to hydroxyprolme (Allen et al., 1978) and galactose linked to



.1

Ser have frequently been observed, whereas in fungi, yeast and mammals

mannose linked to Ser or Thr is common (Ballon, 1976; Strahl-Bolsinger et

al., 1999).

It is not clear where the biosynthesis of O-glycans is initiated. Some

reports suggest that initiation of O-glycosylation occurs in the ER or pre-Golgi

compartments (Strous, 1979; Perez-Vilar et al., 1991), whereas other accounts

cite the Golgi (Piller et al, 1990). It has been hypothesized that the

intracellular location tor initiation of O-glvcosylation may depend upon cell

type and target protein. O-glycosylation based on the linkage GalNAcal-

Ser/Thr is found on serum- and cell membrane-glycoproteins and high

molecular weight mucins, which line the gastrointestinal tract and bronchial

airways predominantly. As mucin-type glycoproteins are abundantly present

in animal cells and we are particularly interested in them, mucin-type

glycans are discussed further.

1.1.2.1 MUCIN-TYPE GLYCANS: DISTRIBUTION AND ROLE

Mucins are highly glycosylated glycoproteins containing

predominantly O-linked carbohydrate chains attached to Ser or Thr. Mucin-

type saccharides are characterized by their broad distribution and by the vast

heterogeneity in their structures. Mucin-type glycoproteins were first found

in the mucus that covers the surface of epithelial cells in the gastrointestinal

system and respiratory ducts, It is likely that mucin proteins are produced by

various types of cells present m mucus. However, very few studies have

enumerated the different cell types that produce mucus glycoproteins. We

asked why mucin-type glycoproteins are so heterogeneous when their

predominant and critical role is to provide a smooth surface layer on

epithelial cells. There are several reasons. First, mucin-type glycans provide a

highly hydrated surface because O-glycans can be attached at high density as

clusters. Second, these highly heterogeneous saccharide structures provide a

barrier between the body fluid, which may contain proteases, and the

epithelial surfaces; complex and heterogeneous carbohydrates are more

resistant to digestive enzymes. Third, mucin-type glycans may serve as a trap
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tor bacterial adhesion. Many bacteria that infect the duct contain lectins that

bind to the carbohydrates of mucin. By having a variety of carbohydrates, the

probability that any bacterium will bind to some portion of the mucin-type

saccharides increases (Ramphal et al., 1991). Such adhesion, then, could lead

to the excretion of bacteria from the respiratory duct via coughing, for

example.

1.1.2.2 STRTJCTUrE OF MUCIN-TYPE OLIGOSACCHARIDES

The first step in the biosynthesis of mucm-type O-linked glycans is the

addition of a GalNAc-residue to a Ser/Thr. Various GalNAc-transferases

(Roth et al., 1994; Bennett et al., 1999), which are expressed in a tissue-specific

manner and characterized by their differing substrate-specificities, initiate

such O-glycosvlation (Brockhausen et al., 1990). Despite extended searches and

the application of statistical methods to a large number of known

glycoproteins, no general consensus sequence for mucin-type O-glycosylation

has been found. Nevertheless, general rules have been deduced: (i) the site-

specificity of mucin O-glycosylation is tissue specific; (ii) O-glycosylation is

mainly a post-translational and post-folding event. Therefore, only exposed

Ser and Thr will be glycosylated; (ni) there is a primary sequence preference

tor Ser or Thr, but Thr seems to be glycosylated more efficiently (Van den

Steen et al, 1998). A proline residue must be present nearby (Briand et al.,

1981; Flanover et al, 1980). Although a single Ser or Thr may be glycosylated,

the signal apparently requires two such ammo acids to be juxtaposed, with

Ser or Thr in either or both positions (Aubert et al, 1976; Timpte et al., 1988).

Despite their heterogeneity, the mucm-type oligosaccharides have been

classified based on the structures of their core portions. The scheme, proposed

by Schachter and his colleagues, depends on the sugar residues attached to the

GalNAc that is linked to a Thr or Ser residue (Schachter and Brockhausen,

1992) (Figure 1.2). In the first case, the addition of ßl,3-linked galactose to

GalNAc forms "core 1". Core 1 can be converted to "core 2" by ßl,6-N-

acetylglucosammyltransferabe. Alternatively, the addition of ßl,3-linked
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GlcNAc to GalNAc forms "core 3". Core 3 can be converted to "core 4" by

another ßl,6-N-acetylglucosaminyltransferase. If a a2,6-sialyltransferase acts

on GalNAc, SAa2,6-N-acetylgalactosamine ("core 5") is formed. In contrast to

all of the other core structures (core 1-4) which can be further extended, core 5

is no longer modified becoming a final product. The aforementioned

classification of mucin-type glycans is extremely useful, particularly when

mucin-type oligosaccharides from different sources of tissues and cells are

analyzed. The glycosyltransferases responsible for core 2, core 3, or core 4

formation are present m a relatively restricted subset of tissues or cells.

Hence, the formation of these structures can be used to distinguish cell-types

(Carlsson and Fukuda, 1986),

SAa2

6GaINAcal — Ser/Thr
Sei/Thr

(Cote 5) \ 1

GalNAcal Ser/Thr

/ \
GlcNacßl 3GalNAcccl Ser/Thr Galßl- 3GalNAcal Ser/Thr

(Core 3) (Corel)

GlcNAcßl —6
\
GalNAcal — Set /Tin

/
GlcNAcßl —A (Corel)

GlcNAcßl — 6

Galßl

\
GalNAcal— Ser/Thr

/
3 (Core 2)

Figure 1.2. Biosynthesis steps of the core portions of oligosaccharides (O-
glycans).
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1.1.2.3 CORE 2 STRUCTURE: FURTHER ELONGATION AND

TERMINATION

After addition of the first GalNAc to Ser/Thr, further elongation and

termination leads to a large number of structures synthesized by numerous

glycosyltransferases. UDP-GlcNAc:Galßl,3GalNAc-Rßl,6-N-acetylglucosami~

nyltransferase (C2GnT), which is localized in the eis to medial-cisternae of the

Golgi apparatus (Skrineosky et al., 1997), substitutes core I O-glycans (Galßl-

3GalNAca) to produce core 2 structures (Galßl~3(GlcNAcal-6)GalNAca). The

enzyme, ßl,4-Gal-T, subsequently acts on core 2 producing ßl,6-linked

lactosamine which can be extended into polylactosamine by ßl,3-GlcNAc-T(i)

and ßl,4-Gal-T (see chapter IV, Figure 4.1). The transfer catalyzed by C2GnT

has been shown to be an important rate-limiting reaction for extension of 0~

linked oligosaccharides with polylactosamine (repeating Galßl-4GlcNAcßl-3),

a structure which has been associated with malignant transformation (Sasaki

et al., 1997). These polylactosamine structures can be further sialylated and

fucosylated and, therefore, can carry oligosaccharide determinants involved

in cell-cell adhesion. The sialyl Lewis X (sLex),

(SAa2,3Galßi,4(Fucal,3)GlcNAcßl-R) structure is an example (see chapter IV,

Figure 4.1). The Chinese hamster ovary (CHO) cell line, one of the most

heavily utilized in biotechnology (see below), does not contain detectable

amounts of either C2GnT or al,3-fucosyltransferase (al,3-Fuc-T). Therefore,

O-linked oligosaccharides in these cells lack polylactosamine and sLex

antigen, characteristic products of those enzymes.

1.1.3 SIALYLTRANSFERASE FAMILY

To date, 14 kinds of sialyltransferase genes that catalyze the transfer of

sialic acid from CMP-NeuAc to terminal positions on sugar chains of

glycoproteins and glvcolipids have been cloned. Each enzvme can be classified

by its acceptor specificity and the anomeric linkage formed (Table 1.1).
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Table 1.1. Nomenclature of cloned sialyltransferases. m, mouse; h, human; p,

pig; r, rat; c, chicken; ha, hamster.

Enzyme Abbreviation Used name Species (Refs.)

Galß l,3GalNAccx2,3-ST

(glycoprotein tvpe)

Gai ß l,3GalNAca2,3 -S 1

(glycolipid type)

ST3Gal I

S13GalII

SI 30, ST3GalAl

SI3GalA2, SAT-IV

m (1),
h (2),

P (3), c (4)
m, r (5)

Galßl,3(4)GlcNAca2,3-S 1

Galßl,4(3)GlcNAc/Galßl,3
GalNAca2,3-ST

SI3Gaim

SI3GalIV

S13N, S1-3

SI-4, srz,
S13Q/N, SAT-3

h (6),
r(7)
h (8), (9)

Ga1ßl,4GlcNAccc2,b-SI SIôGalI Stb m (10),
h (11),
r (12), c (13)

GalNAca2,6-ST STôGalNAc I m (14)

Galßl,3GalNAca2,6-SI SlbGalNAcII m (15)

SAa2,3Galß l,3GalNAc
a2,6-ST

STôGalNAc III r (16)

GD3 synthase

(SAa2,8)nSA<x2,3Galßl,4(3)
GlcNAca2,8-ST

SISSial

STSSia II

SAT-I1

STX

m (17), h (18),
(19), (20)
m (17), h (21),
r (22)

SAa2,3Galßl,4GlcNAca
2,8-ST

STSSiallI m (17)

(SAa2,8)nSAa2,3Galß 1,4(1)
GlcNAca2,8-Sl

SISSialV PST-1, pqrj m (23), h (24),
ha (25)

Refs.: Lee et al., 1993 (1); Chang et al., 1995 (2); Gillespie et al., 1992 (3);
Kurosawa et al., 1995 (4); Lee et al., 1994 (5); Kitagawa and Paulson, 1993 (6);
Wen et al., 1992 (7); Kitagawa and Paulson, 1994a (8); Sasaki et al., 1993 (9);
Hamamoto et al, 1993 (10); Grundmann et al, 1990 (11); Weinstein et al., 1987

(12); Kurosawa, Kawasaki et al, 1994 (13); Kurosawa, Hamamoto et al., 1994

(14); Kurosawa, Kojima et al., 1994 (15); Spberg et al, 1995 (16); Yoshida,

Kojima and Tsuji 1995 (17); Sasaki, Kurata, Ko]ima et al., 1994 (18); Nara et al.,
1994 (19); Haraguchi et al., 1994 (20); Scheidegger et al., 1995 (21); Livingston
and Paulson, 1993 (22); \oshida, Kojima, Kurosawa et al., 1995 (23);
Nakayama et al., L995 (24); Eckhardt et al, 1995 (25).
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For example, ST3Gal I represents a sialyltransferase that conveys a sialic acid

residue to a galactose residue resulting in an a2,3-linkage. Terminal NeuAc

residues are widely distributed in many cell types (Hakomori, 1981; Paulson,

1989) and are essential components of carbohydrate structures involved in a

variety of biological processes. For example, sLex determinants have been

reported to be hgands for the three known cell adhesion molecules (E-, P-,

and L-selectins), which are involved in the recruitment of leukocytes into

lymphoid tissues and into sites ot inflammation (McEver, 1994; Springer,

1994; Varki, 1994). Furthermore, increased expression of sLex determinants

may contribute to the metastatic behavior of carcinoma cells (Hakomori,

1991). Sialic acids are also key determinants of carbohydrate moieties which

play important roles m many biological processes including the maintenance

of serum-glycoproteins in circulation, the infection of host cells by viruses

and microorganisms, the modulation of the biological activity of the neural

cell adhesion molecule (N-CAM), and the malignant transformation of

cancer cells. Ehe structure and the expression level of sialylglycoconjugates

on the cell surface change in a regulated manner during development,

differentiation, and oncogenic transformation.

1.1.4 FUCOSYLTRANSFERASE FAMILY

To date, nine fucosyltransferase genes that catalyze the transfer of

fucose from GDP-fucose m a-lmkage to an appropriate acceptor substrate

have been identified. The type of linkage depends on the fucosy[transferase

which depends on the organism. In mammals «1,2-linkages to Gal or Glc, an

al,b-linkage to the Asn linked GlcNAc-residue of N-glycans, and al,3- and

wl,4-linkages to GlcNAc-residues at or towards the non-reducing terminus of

glycoconjugate acceptors have been identified. So tar, two human genes for

al,2-tucosyltransferases (al,2FUT), at least six for al,3-fucosyltransferases

(al,3FUT), and one for al,b-fucosvltranslerase (al,6FUT) have been cloned.



Their nomenclature, linkage, and capacity for Lewis antigen synthesis are

summarized in Table 1.2.

Table 1.2. Human fucosyltransferase family. Nine human genes, two for al,2-

six for a 1,3- and one for al,6~fueosyltransferase have been cloned to date.

Their nomenclature, type of linkage and capacity to synthesize Lewis antigen
are summarized. ND=not determined

Enzyme Linkage Epitope Refs.

name synthesized

H
a1,2 H typel and 2 (1)

Se
a 1,2 H type L and 2 (2)

Fuc-TIlï c/.i,3/4 Lea,Leb,sIeALe\Lev

sLex and VIM-2

(3), (4), (5), (6), (7)

Fuc-TIV
a1,3 Lex and sLex (4), (6), (8), (9), (10)

Fuc-TV
a1,3 Lex, sLe\ LeY and

VIM-2

(11), (4), (6), (12), (7)

Fuc-TVI
a1,3 Lex, sLex and Le.v (13), (14), (7)

Fuc-TVll
a 1,3 sLex (15), (16)

Fuc-TlX al,3 ND (17)

a-6-FT al,6 core Luc (18)

Refs.: Larseii et al., 1990 (1); Kelly et ai, 1995 (2); Prieels et al., 1981 (3)
Mollicone et al, 1990 (4); Mollicone et al., 1992 (5); de Vries et al., 1995 (6);
Cameron et al., 1995 (7); Goelz et al, 1990 (8); I owe et al., 1990 (9); Kumar et

al., 1991 (10); Sarnesto et al, 1992 (11); Weston, Nair et al., 1992 (12); Weston,
Smith et al., 1992 (13); Mollicone et al, 1994 (14); Sasaki, Kurata, Funayama et

al, 1994 (15); Natsuka et al, 1994 (16); Kaneko et al, 1999 (17); Yanagidani et

al, 1997(18).

Synthesis of carbohydrate molecules involved in cell-cell recognition such as

sialylated Lewis antisrens, sLex SAa2,3Galßl,4(Fucal,3)GlcNAcßl-R and sialyl
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Lewis a (sLea) SAa2,3Galßl,3(Fucal,4)GlcNAcßl-R, have been identified as

ligands for E-, P- and L-selectin. The synthesis of these ligands is catalyzed by

an ordered series of glycosylation reactions, the final one of which is

controlled by the tissue specific enzyme, od,3-Fuc-T. Ceil surface expression of

the above mentioned epitopes varies during development and malignant

transformation. Enzymatic data imply that the activities of al,3-Fuc-Ts also

change during these dynamic processes (Kuijpers, 1993; Mollicone et al., 1990;

Mollicone et al, 1992).

1.2 GLYCOSYLATION ENGINEERING

The biotechnology industry has redefined the scope and significance of

animal cell technology in the last two decades by including production of

recombinant glycoproteins, some of which are listed in Table 1.3 (Lis and

Sharon, 1903).

Table 1.3. Examples of industrially important glycoproteins synthesized in

animal cells. Glycosylation type refers to N- or O-linked oligosaccharides.

Glycoproteins Glycosylation type

Erythropoietin (EPÜ)

Tissue plasminogen activator (tPA)

Interferon-ß (IFN-ß)

Immunoglobulins (IgGs)

Immunoglobulins (IgAs)

Human chorionic gonadotropin (hCG)

Interferon-y (IFN-y)

Glucocerebrosidase

Granulocyte-macrophage colony

stimulating factor (GM-CSF)

N and Ü

N

N

N

N and O

N and O

N

N

N and O
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Glycosylation engineering of animai cells that express cloned glycoprotein

products is an enabling technology for generating molecular and functional

diversity of these products. Glycosylation engineering can be considered as a

domain of metabolic engineering, which is defined as "the improvement of

cellular activities by manipulation of enzymatic, transport and regulatory

functions of the cell with the use of recombinant DNA technology" (Bailey,

1991).

Glycosylation engineering aims to provide the groundwork for

exploiting new pharmaceutically relevant glycoproteins within the

biotechnology industry. It proposes to increase our understanding of

glycoprotein biosynthetic pathways, to assign functions to specific

carbohydrate structures, and to express many of the key enzymes involved in

glycan synthesis. The advent of biotechnology, which makes possible the

synthesis of human polypeptides in heterologous host cells, together with the

modification of those polypeptides using the mammalian host cell post-

translational processing apparatus, represents the most attractive way, to date,

for manufacturing therapeutically important recombinant glycoproteins.

These capabilities have fueled the development of more sophisticated

methods for characterizing and controlling the glycosylation profile of the

engineered products and have stimulated research on the effects of

glycosylation on the therapeutic properties of glycoproteins. Metabolic

engineering of oligosaccharide biosynthesis pathways to change

oligosaccharides on glycoproteins can potentially reduce antigenicity and

improve the stability, the pharmacokinetics, the targeting, and the specific

activity of a glycoprotein product (Bailey, 1991; Bailev et al, 1998; Stanley,

1992). Some examples of these changes are summarized in Table L.4.

Unfortunately, it can be very misleading to generalize from a specific

glycoprotein to glycoproteins in general Oligosaccharides have different roles

on different glycoproteins with different functions. In fact, one group of

biochemists believes that oligosaccharides have predominantly generalized,

physicoehemical effects, while another emphasizes evidence for the specific

biological functions oï oligosaccharides (Varki, 1993). Glycosylation

engineering offers a way to generate glycoproteins that are novel because they
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carry variant forms of oligosaccharides. In view of the sensitivity of many

early products of the biotechnology industry to the effects of glycosylation,

glycosylation engineering is an obvious strategy for generating "second

generation" products.

Table 1.4. Examples of influences of oligosaccharide structure on functional

characteristics of glycoproteins. Generalization of these relationships from

the indicated glycoprotein to different glycoproteins is generally not possible.

Immunological interactions

» Antigenicity: e.g., of a(l,3)-Gal capped glycoforms produced by NSO and

mouse-derived cell lines (1), (2), (3).

Physico-chemical properties
• The solubility of EPO, tPA, and IFN-ß are influenced by their

glycosylation (2). Deglycosylation alters protease resistance of EPO (2), (4).

Polypeptide folding, subunit assembly, and secretion are affected by
glycosylation: e.g., tPA, EPO (2), (5).

Biological activity
« Modulation of polypeptide activity (e.g., Gamma Fc) (1), (5), (6).
» Oligosaccharides have specific functions (e.g., cell-cell interactions in

inflammation) (7).

• As markers of particular cell types (e.g., tumor associated carbohydrate
anti-genes, such as MUC-1 produced by breast cancer cells as a target for

vaccine development) (8), (9).

Pharmacokinetics

• Lectin-specific interactions: e.g., asialoglycoprotein receptor, mannose

binding protein (1), (2), (10), (11).

• Renal clearance: for proteins less than 30kDa there can be significant
differences in clearance rate between glvcoforms of different antennarity
(3), (12).

Refs.: Gumming, 1991 (1); Goochee et al, 1992 (2); Jenkins et al, 1096 (3);
Jenkins and Curling, 1994 (4); Wvss and Wagner, 1996 (5); Dwek, 1995 (6);

Koemg et al, 1097 (7); Graham et al, 1996 (8); Lloyd et al, 1996 (9); Varki, 1993

(10); Malhotra et al, 1995 (11); Misaizu et al, 1993 (12).
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A prominent example is the "novel erythropoiesis-stimulating protein",

moving very rapidly now through clinical trials. This product is a

preparation of one or several high-activity giycoforms of EPO (Fürst, 1997).

Whereas such a material can be produced bv fractionation of a first-
1 j

generation product, glycosylation engineering offers an alternative route to

novel glvcoforms, including those not available from the original production

cell line. Glycosylation engineering provides a means for optimizing a new

product with respect to function, and also with respect to cost. Novel

giycoforms are a possible basis for patent protection of a product. For example,

U.S. Patent 5,547,933 (Fu-Kuen, 1996) refers to "A non-naturally occurring

EPO glycoprotein product... (with) a higher molecular weight than human

urinary EPO." Here glycosylation differs from that of human urinary EPO and

arises simply because the EPO referred to is made in recombinant CHO cells.

Nonetheless, the choice of an appropriate host with appropriate

modifications of the glycosylation machinery which will cause key enzymes

to be expressed or inhibited, the use of innovative purification strategies, the

manipulation of glycosylation sites by mutating the polypeptide backbone, or

the use of glycosylation inhibitors during production are clear opportunities

for creating new, patentable giycoforms.

When an arbitrary polypeptide is expressed in a given host under

given conditions, one can rarely predict the types of giycoforms that will be

produced. An exception is the trivial case in which the polypeptide sequence

has been mutated so as to abrogate glycosylation. Nevertheless, experience

with changing the glycoform distribution is accumulating, although many

uncertainties remain. A summary of many of the ways in which giycoforms

can differ can be seen in Table 1.5. In some cases, the basic mechanism which

determines a particular "decision" in oligosaccharide biosynthesis can be

identified. For example, a ceil will not produce bisected giycoforms, or

giycoforms containing sialic acid in a2,6-linkages to non reducing end-

galactose residues (found in humans), if they lack, respectively, ßl,4-N-

acetylglucosaminyltransferase III (GnTIIl) or a2,6-sialvltransferase (a2,6-ST)

(NTshikawa et al, 1992; Lee et al, 1980).
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Table 1.5. Decision points in oligosaccharide biosynthesis with examples.

Site occupancy and site position
Sites can be modified by protein engineering (e.g., tPA mutants (1)).
Recent studies are beginning to address factors affecting site occupancy (2)
and some ohgosaccharyltransferase genes have already been cloned (3).

In N-linked oligosaccharides, oligo-mannose- or complex-type
ER- and Golgi-mannosidase I together with GnTI, control distribution

between oligo-mannose- and complex- or hvbnd-type oligosaccharides
(4). All genes are cloned (5), (o) and their overexpression or down-

regulation can be used to manipulate, to some extent, the distribu¬

tion between these oligosaccharides classes.

Number of antennae

A number of enzvmes which control branching are known (e.g., GnTIII (7),
GnTIV (8) and GnTV (9)).

Bisecting GlcNAc
Add by the enzyme GnTIII which is cloned (10).

Core 2 structure

Formed by the action of UDP-GlcNAc:Galßl-3-GalNAc-R (GlcNAc to

GalNAc) ßl-6GlcNAc transferase (11)

Occupancy of terminal sialic acid

Several sialyltransferases enzymes are known (12).

Saccharide-saccharide linkage
CLIO cells do not add sialic acid in cx2,6-linkages whereas humans do so (13).

Refs.: Keyt et al, 1994 (1); Shelikoff et al, 1996 (2); Reiss et al, 1997 (3);
Schachter, 1986 (4); Moremen et al, 1994 (5); Kumar et al, 1990 (6); Tan et al,
1995 (7); Yoshiada et al, 1997 (8); Shoeribah et al, 1993 (9); Nishikawa et al,
1992 (10); Bierhmzen and Fukuda, 1992 (11); Tsuji, 1996 (12); Lee et al, 1989

(13).

A particularly interesting and technologically relevant example is the

development of tissue plasminogen activator TNK-tPA (Keyt et al, 1994). A

single mutation, L103N, introduced a new glycosylation site carrying

complex-type oligosaccharides, and at the same time changed glycosylation at

the native site, Nl 17, from a oligo-mannose to a complex pattern. Relative to

the wild-type tPA, this mutant had one tenth the plasma membrane
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clearance, but only one third the fibrin binding activity. The activity could be

restored to wild-type levels by removing the native glycosylation at position

N117. The net effect in the resulting double mutant T103N, N117Q tPA is to

shift one site from position 117 to 103 and to change the glycosylation pattern

from oligo-mannose- to complex-type. Glycosylation engineering may also be

employed to facilitate purification, for example, by installing a residue or

linkage recognized by a particular lectin, to simplify crystallization in the

refractories case, bv modifying the amino acid sequence to abolish

glycosylation, or to reduce glycoform heterogeneity in a glycoprotein

preparation (Stanley, 1992; Davis et al, 1993).

1.2.1 TECHNOLOGY FOR EFFECTIVE GLYCOSYLATION ENGINEERING

1.2.1.1 CONSTITUTIVE AND INDUCIBLE EXPRESSION VECTORS

Success in metabolic engineering depends critically upon the

availability of a powerful set of design and implementation tools in order to

define and execute potentially effective strategies. Several methods have been

applied to alter glycosylation in cells. In some attempts to employ

glycosylation engineering, the oligosaccharide biosynthesis capabilities of the

host are extended by the introduction of one or more constitutively expressed

genes encoding heterologous oligosaccharide biosynthesis enzymes

(Livingston and Paulson, 1993; Prati et al, 1998; Sburlati et al, 1998; Wagner

et al, 1996), or other proteins such as precursor transporters. This can be

achieved by recombinant DNA methods but not by mutation. A limited

number of experiments employing ectopic genes have been published.

However, the list is necessarily small because only a few cloned genes coding

for enzymes suitable for glycosylation engineering are in the public domain.

Nevertheless, these experiments have produced positive and encouraging

results, in the sense that constitutive installation of a heterologous enzyme

resulted in the corresponding modification in glycosylation of a detectable

quantity of a particular glycoprotein (Table 1.6).
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Table 1.6. Genetic engineering to modify glycosylation of a heterologous
protein reported to date.

Host Cloned enzyme Glycoprotein Date Refs.

CHO Fuc-TIII soluble lamp-1 1993 (1)

COS cx(l,3)/l,4) Fuc-Till PSGL-1 1993 (2)

CHO C2GnT Leukosialin 1994 (3)

BHK-21 a2,6-ST ß-trace protein 1995 (4)

CLIO a2,6-ST tPA 1995 (5)

CHO C2GnT and

al,3-Fuc-Ts

PSGL-1 1996 (6)

Sf9 GnTI fowl virus LEA 1996 (7)

BHK a2,6-ST EPO 1997 (8)

Refs.: Sawacia et al, 1993 (1); Sako et al, 1993 (2); Bierhuizen et al, 1994 (3);
Grabenhorst et al, 1995 (4); Minch et al, 1995 (5); Li et al, 1996 (6); Wagner et

al, 1996 (7); Grabenhorst et al, 1997 (8).

Inducible gene expression mediated by expression vectors employing

promoters controlled by additives to the culture media such as the

tetracycline-dependent system introduced bv Gossen and Bujard (1992) offer

several advantages in glycosylation engineering. The benefits include the

ability to observe phenotypic changes under conditions in which expression

of the ectopic sequence has been optimized and the generation of artifacts has

been minimized (Umana et al, 1999), This technique, combined with the use

of recently developed regulated multicistronic vectors that can

simultaneously and coordinatelv express independent genes in a

heterologous host (Fussenegger et al, 1997), adds a novel tool for the

manipulation of the glycosylation pathway (Prati, Suter et al, 1999; Prati,

Sburlati et al, 1999). Indeed, metabolic engineering is often accomplished by

the expression of one or more cloned genes in a heterologous host. As this



19

technology and its applications develop, coordinated expression of multiple

genes becomes increasingly important (Bailey, 1995).

1.2.1.2 ANTISENSE TECHNOLOGY

Several methods have been applied to alter glycosylation in cells.

These have included the use of compounds that inhibit glycosylation,

inhibitors of glycosylation processing (Elbein, 1991), mutant cells with

modified oligosaccharide biosynthesis activities (Stanley, 1992), and the

expression of cloned glycosyltransferases in specific hosts. Achieving a

complete repertoire of targeted genetic methods for modifying glycosylation

in culture mammalian cells requires also technology for reducing activity of a

chosen oligosaccharide biosynthesis enzyme. Effective methods for targeted

gene disruption in such cells are not available. Thus, gene expression is best

reduced by reducing translation of the corresponding message by antisense

technology (Hiraiwa et al, 199b; Schlingensiepen and Schiingensiepen, 1997;

Wyngaarden, 1997).

To maintain its function a cell must express thousands of genes

simultaneously. To be expressed, a gene is transcribed from the DNA into

messenger RNA (mRNA) and subsequently translated into the

corresponding protein. Antisense oligonucleotides (oligos) are designed to

"switch-off" gene expression by interfering specifically with the translation of

the encoded protein at the mRNA level. The oiigo binds to the part of the

mRNA that contains the complementary sequence. At present different

mechanisms of antisense inhibition of gene expression are being discussed:

(i) oligos directed against the coding region of the mRNA are thought to

arrest protein elongation by steric block of the ribosome (Figure 1.3A). (ii)

Initiation of protein translation is inhibited when the oligo is targeted to the

promoter region or around the initiation codon (Ligure 1.3B). (iii) Ehe

enzyme RNase H has been described to cleave mRNA strand while leaving

the DNA oligo intact (Figure 1.3C). However the significance of RNase LI for

the mediation of the antisense effect has not vet been fully elucidated.
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Protein chain

®

Ribosome

d>

ANTISENSE OLIGO

INIT.

mRNA

RNase H

Figure 1.3. Different mechanisms of protein synthesis suppression. A: Oligo
targeted to the coding region of the mRNA interferes with protein chain

elongation. B: Targeting the initiation area of the mRNA (INIT.) prevents
constitution of the ribosomal complex. C: the mRNA may become a substrate

for the enzyme RNase H, which recognizes the duplex of the oligo and the

mRNA.

Antisense can be performed into a cell by transcription of an inserted

antisense gene or gene fragment, or bv uptake of an exogenous antisense

oligonucleotide. From the viewpoint of metabolic engineering, the latter

method has two advantages: speedy testing of the efficacy of a particular

antisense sequence; and swift assessment of the concomitant metabolic

consequences. However, the use of exogenous antisense oligonucleotides

may be less fruitful and more expensive than transcription of a cloned

antisense sequence because the cost of maintaining cells in the presence of a

high concentration of antisense reagents is often prohibitive. Although

antisense technology appears to be straightforward, to date few reports

concerning inhibition of glycosyltransferases (Hiraiwa et al, 1996; Prati et al,
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1998; Prati, Su ter et al, 1999; Prati, Sburlati et al, 1999), or glyeosidases (Ferrari

et al, 1998) have been published, indicating that this technology can widely

vary in its effectiveness.

1.3 SIGNIFICANT HOSTS FOR THE BIOTECHNOLOGY INDUSTRY

The ability of animal cells to glycosylate in a manner compatible with

that of human cells has created a special niche for animal cell technology in

the biotechnology industry. Commonly used bacterial hosts do not glycosylate

their proteins, and yeast glycosylates with oligo-mannose-type

oligosaccharide structures which are not suitable for therapeutic injection of

recombinant glycoproteins into humans. Similarly, plants synthesize

oligosaccharides on glycoproteins that are undesirable for pharmaceutical

applications. N-glycosvlation is a major modification of protein in plant cells.

Processing of this oligosaccharide into oligo-mannose-, paucimannosidic-,

hybrid- or complex-type N-glycans occurs in the secretory pathway. At the

end of their maturation, some plant N-glycans have typical structures that

differ from those found in their mammalian counterpart by the absence of

sialic acid and the presence of core al,3-fucose (Altmann et al, 1993) and ßl,2-

xylose residiues (Via and Hein, 1995). The presence of these residues makes

plant recombinant therapeutics less desirable because of their immunogenic

potential in human. However, current research to overcome this problem

Include the transformation of the plant of interest bv knocking out genes that

encode enzymes responsible for the biosynthesis of these immunogenic

carbohydrate epitopes (Lerouge et al, 1998) and the expression of human

galactosyltransferase (Palacpae et al, 1999) in order to modify and synthesize

N-linked glycoproteins similar to mammalian. In the biotechnology field,

transgenic plants are rapidly emerging as an important system for the

production of recombinant glycoproteins intended for therapeutic purposes,

which is a strong motivation to speed up research in plant glycobiology. Even

within the sphere of cultured animal ceils and whole animals, different cell

lines and different animals produce different giycoforms following

translation of an identical polypeptide (Table 1.7).



Table 1.7. Examples of changes in glycosylation when a heterologous protein
is expressed in different hosts.

• Molar ratio of LacNAc repeats on EPO: CHO (-40%), BHK (-25%),

urinary (-8%) (1).

• Unusual fucosylated oligosaccharides on recombinant human Protein C

produced by human kidney 293 cells lead to higher anticoagulant

activity compared with human plasma Protein C (2).

» tPA produced in mouse C127 cells had larger, complex N-linked oligo¬

saccharides compared with product from transgenic goat (3).

• TFN-y produced in insect cells Sf9 has small truncated trimannosyl-

oligosaccharide structures versus larger, complex oligosaccharides

produced by CHO cells (4).

Refs.: Takeuchi and Kobata, 1991 (I); Yan et al, 1993 (2); Denman et al, 1991

(3); James et al, 1993 (4).

1.3.1 CHINESE HAMSTER OVARY (CHO) CELLS

Alost human therapeutic glycoproteins are expressed in CLIO cells. In

principle, expression technology developed for these cells can be used to

obtain a wide range of new glycoproteins bv adding or removing a

glycosyltransferase activity from an established cell line either by selecting an

appropriate glycosylation mutant or by introducing a cloned

glycosyltransferase gene. Most of the CHO cell lines used for recombinant

protein synthesis have inactivated the gene for al,3-galactosyltransferase and

make low levels of N-glvcolvlneuraminic acid (a derivative of the sialic acid

N-acetylneuraminic acid) (Smith et al, 1990). CHO cells lack a functional copy

of the gene encoding the a2,6-sialyltransferase (a2,6-ST) (Li et al, 1980) which

is one of the enzymes required to add sialic acid to the outer oligosaccharide
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structures on glycoproteins. Desialylated recombinant glycoprotein with

unmasked terminal galactose residues are easily removed by the specific

asialo-glycoprotein receptor on hepatocytes in the human liver from the body

fluid. Because the gene coding for this enzyme has been cloned, the defect can

be corrected in CHO cells by transfecting the corresponding cDNA, generating

both a2,3-linked (already performed by CHO cells) and a2,6-linked sialic acids

on recombinant glycoproteins. This genetic modification is likely to be one of

the first alterations made to cell lines manufacturing recombinant proteins in

order to replicate the human glycosylation process.

Modified glycoproteins can also be generated in any of a number of

CHO cell mutants (Stanley, 1992; Briles, 1982). Such mutants can be isolated

with lectins, which bind to and distinguish cells based on the nature of their

surface carbohydrates (Stanley, 1987). Cells that are able to bind the lectins

experience toxicity, whereas cells expressing an altered pattern of cell-surface

carbohydrates do not bind the lectins and are resistant. Any selection

procedure that targets cell surface oligosaccharides can reveal glycosylation

mutants. Useful mutants are continuously being discovered (Potvin et al,

1995; Raju et al, 1995; Raju and Stanley, 1996) (Table 1.8).

1.3.2 BABY HAMSTER KIDNEY (BHK) CELLS

The industrial relevance of Baby hamster kidney (BHK) cells is due to

their relatively high productivity and their ability to perform high-level

mammalian post-translational modifications ot heterologous glycoproteins.

EPO (Schlenke et al, 1997) and interleukin 2 (TL-2) (Gawhtzek et al, 1995), two

glycoproteins of clinical importance, have been produced by recombinant

gene technologies in BHK ceils. Several glycosyltransferases that are not

present in the BHK wild-type cells, such as a2,6-sialyltransferase and al,3-

fucosyltransferase III, have been cloned and successfully expressed in this

host cell line (Grabenhorst et al, 1997; Costa et al, 1997).



24

Table 1.8. CHO glycosylation mutants useful in engineering recombinant

glycoproteins (Stanley et al, 1996; Stanley, 1993).

CLIO mutant Modified Carbohydrate Recombinant

glycosyltransferase expressed protein

i_jti y. L lack GnTI Man-GlcNAc.Asn Glucocerebrosidase

EEC 10

LECH

L_J i_jV. 11. 1_

LEC30

has GnTIII

as al,3-Fuc-T

have cd,3-Fuc-F

bisected GlcNAc IFN-ß

residue

sLe\ Le\ and Selectin ligands

VIM-2 epitopes

Le^ and A IM-2 Lactosamine-

epitopes glycoproteins

1.3.3 INSECT CELLS AND TRANSGENIC ANIMALS

The use of insect cells to produce large quantities of recombinant

glycoproteins cloned into baculovirus has become a popular route thanks to

its short process development time. Most evidence to date indicates that

insect cells use the same initial steps tor N-glvcosvlation as mammalian cells

and can process simple oligomannose structure (Man,_QGleNAc2) (James et

al, 1995). While it was mitialh thought that insect cells lack the capacity to

elongate N-glycans chains to generate complex- or hybrid-type N-glycans,

studies have shown the presence of unusual complex-type oligosaccharide

structure (Davidson et al, 1990) on glycoprotein derived from Spodoptera

frugiperda cells (Sl9 and Sf2 cell lines) Other baculovirus infected cell lines

may differ m their oligosaccharide synthesis capabilities. Wagner et al. (1996)

were the first to consider manipulating a glycosyltransferase m an insect cell

host tor the purpose of influencing the oligosaccharide branching structure.

The authors characterized the elongation of N-glvean structures ot the fowl

plague virus hemagglutinin (HA.) expressed m Sf9 cells by coexpression of
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human ßl,2-N-acetylglucosaminyltransferase I (hGNT-I). Coexpression of

hGNT-I and fowl plague virus hemagglutinin resulted in an at least fourfold

increase of HA carrying terminal GlcNAc-residues. The first example of

engineering the insect cell N-glycosylation pathway by direct modifications of

an insect genome was reported by Hollister et al (1998). They describe the

stable expression of the mammalian ßl,4-galactosyltransferase gene into Sf9

cell line with the production of a galactosylated form of tPA. Stable

expression of human O-glycan UDP-GlcNAc:GalßI,3GalNAc-Rßl,6-N-acetyl-

glucosaminyl-transferase in Sf9 insect cells has been reported by Toki et al.

(1997). In addition to engineer the glycosylation pathway of insect cells, recent

attempts to modify the limited intracellular processing environment of

insect cells have been achieved. Overexpression of processing factors to

modify the insect cell secretory pathway have demontratcd the potential to

overcome these limitations (for a recent review Ailor and Betenbaugh 1999).

Relatively few studies on the glycosylation of recombinant proteins

expressed in the milk of transgenic animals have been reported. James et al.

(1995) and Cole et al. (1994) suggested that low level of complex-type glycans

may be achieved in the mammary glands of transgenic mice and transgenic

goats, respectively. Human al,2-fucosvltransfcrase (al,2-Fuc-T) was

transgenically expressed in the mammary gland of mice. Milk samples from

such transgenic animals contained soluble, active enzyme, large quantities of

free 2'-fucosvllactose (the oligosaccharide product) and modified

glycoproteins. In contrast, milk from control animals lacked these

glycoconjugates (Prieto et al, 1995). A pathway for producing glycoconjugates

has been engineered in adult transgenic mice bv expressing another human

fueosyltransferase (al,3/4-fueosvltransferase). These transgenic mice were

revealed to be an attractive system for studying how processes such as

proliferation, migration-associated differentiation and cell death occur along

the mouse intestine (Bry et al, 1996). Various pathological conditions,

including certain immunodeficient syndromes like Wiskott-Aldrich

syndrome, leukaemia and AIDS are associated with aberrant expression of

core 2 O-glycans. To examine the influences of aberrant expression of such O-
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glycans on the immune system, the group of Fukuda has generated

transgenic mice whose T-cells overexpress core 2 O-glycans. The results

obtained indicate reduced immune responses which might be one of the

causes of immunodeficiency (Tsuboi and Fukuda, 1998). The major barrier to

clinically successful xenotransplantation is the lack of effective therapies

aimed at eliminating human antibody rejection. Transgenic strategies to

eliminate or reduce expression ot the pig (the most suitable donor for

xenotransplantation) to human xenoantigen Gakxl,3Gal, such that the

epitope is no longer recognized by natural human antibodies, is currently

under study. The expression of cx-galactosidase in transgenic mice

demonstrate that the transgene can be incorporated into the genome and can

reduce expression of Gakxl,3Gal on lymphocytes (Osman et al, 1997). An

alternative strategy to (xl,3-galactosvltransferase gene inactivation, which

codes for the enzyme responsible for the synthesis of Galcxt,3Gal antigen, is to

add another transferase which would deviate the glycosylation pathway from

Galcxl,3Gal The cxl,2-fucosyltransferase is an appropriate enzyme to decrease

the expression of such antigen in mice and pig as it share the same substrate

as (xi,3-galactosyltransferase (Sharma et al, 1996). In haematological

malignancies, elevated ß 1,4-N-acetylglucosaminvitransferase III (GnTIII)

activity is observed. Taniguchi and co-woorkers established a transgenic mice

expressing GnTIII to elucidate the effect of the resulting bisecting GlcNAc

structures on haemopoiesis (Yoshimura et al, 1998). Mohlke et al. (1999)

identified altered lineage-specific expression of an N-

acetylgalactosammyltransferase gene (Galgt2) as the gain-of-function

mechanism for the level modification of plasma von Willebrand factor in

mice. Transgenic expression of Calgt2 identifies that alteration in

glycosyltransferase function is a potential general mechanism for the genetic

modification of plasma protein levels.
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1.4 METABOLIC ENGINEERING CONCLUDING REMARKS

It is important to mention that if glycosylation engineering is to

modify glvcoforms of a cloned glycoprotein product, it will probably influence

glycosylation of host cell glycoproteins as well (Baiiev et al, 1997; Minch 1996).

These unwanted effects on the function of host proteins could disturb

growth, productivity, development (Livingston et al, 1990), or viability, and

might also complicate synthesis of the desired glycosylated products. As

presently understood, the cell obtains the observed end result by organizing

and segregating enzymes involved in the biosynthesis of oligosaccharides

into different organelles. Since the glvcoform pattern should be affected by

the location of the modifying enzymes, a new avenue for manipulating

product glycosylation has been suggested; the enzyme genes can be

engineered to alter compartmentalization of their protein products within

the ER and Golgi apparatus by making use of specific amino acid targeting

sequences (Nilsson et al, 1996; Russo et al, 1992), Mathematical models

suitable for evaluating the conceptual feasibility of enzyme

compartmentalization have been published (Umana and Bailey, 1997).

1.5 SCOPE OF THE THESIS

The aim of this thesis is to engineer the glycosylation pathway of CHO

cells to produce a new form of a human transmembrane O-linked mucin-

type glycoprotein. Although CHO cells glycosylate recombinant proteins in a

manner similar to those found in humans, several critical enzymes for

human-like post-translational glycan modifications of the peptide backbone

are either not expressed or present at inadequate levels. To accomplish

complete synthesis of mucin-type glycoproteins carrying specific carbohydrate

epitopes in CHO cells, modification of their glycosylation machinery is

required.

Chapter IT describes the establishment of a new cell line capable of

expressing al,3-fucosyltransferase VI (al,3-Fuc-TVI), an enzyme usually not

present in wild-type CHO cells. al,3-Fuc-TVI activity is determinant for
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synthesis of carbohydrate antigens such as those of Lewis type. In this chapter

the constitutive expression of al,3-Fuc-TVI is demonstrated by its enzymatic

activity measurement, and by the capability of the new cell line to express the

tetrasaccharide epitope sLex and therefore to adhere to E-selectin expressing

human umbilical vein endothelial cells. Chapter II describes also the

capability to reduce the aI,3-Fuc-LYI activity by antisense technology.

Prompted bv the ability to inhibit expression of the recombinant od,3-

Fuc-TVl glycosyltransferase, we decided to investigate whether inducible

reduction of a endogenous glycosyltransferase (ST3Gal T) was possible. In

chapter III the partial cloning of CHO STAGal 1 is described as well as the

establishment of a new inducible cell line to perform tetracycline-regulatable

inhibition of this same enzyme. The choice of ST3Gal 1 was motivated by the

facts that this enzyme acts at the beginning of the O-glvcosylation pathway of

CLIO cells, and secondly that this enzyme shares the same substrate with

another glycosyltransferase (C2GnT) in the same pathway (see Chapter VI

Figure 4.1). Because CHO cells have very low C2GnT activity, glycoproteins

produced by CLIO cells are only elongated by those O-linked sugars derived

from the action of ST3Gal 1. This chapter gives results on the inhibition of

the endogenous ST3Gal I bv the antisense action of the cloned ST3Gal I

fragment (ASST) under the control of an inducible promoter. Results reveal

the functionality of the antisense technique for the inhibition of the

endogenous glycosyltransferase.

From the viewpoint of the biotechnological objective of producing

mucin-like glycoproteins, elongation of O-linked sugar via the action of

C2GnT is much more attractive than elongation vtn ST3Gal I. C2GnT acting

on its substrate gives rise to intermediate carbohydrate structures which can

be further elongated by other glycosyltransferases (such as cxl,3~Fuc-Ts) to

produce carbohydrate determinants including Lewis epitopes. Lewis antigens

are known to be crucial for many biological processes such as cell-cell

adhesion and malignant transformation. In chapter IV the concomitant

inducible overexpression of C2GnT and inhibition ot ST3Gal I under the

control of a tetracycline-regulatable promoter are reported. The use of this
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regulatable experimental system permits control of C2GnT and ST3Gal 1

expression level in CHO cells by simply varying the concentration of

tetracycline added to the extracellular environment. Parallel cultures of the

same transiently transfected cell line grown at different tetracycline

concentrations allow rigorous correlation to be made between inhibition of

ST3Gal I gene and synthesis reduction of its carbohydrate product.

Overexpression of C2GnT gene permitted an increase of the respectively

enzymatic activity by almost 30 times relative to this activity in wild-type

CHO cells. The system described within this chapter, to redirect the O-

glycosyiation capability of CLIO cells, provides a potentially useful host cell

line for synthesis of mucin-tvpe O-hnked glycoproteins.

The synthesis of a new soluble form of a mucin-type glycoprotein

(sCD34) is reported in chapter V. Preliminary results obtained upon synthesis

of the new molecule sCD34 in the constitutively al/3-Fuc-TVT expressing cell

line, which can be also induced to overexpress C2GnT and inhibit ST3Gal I,

suggest modification of sCD34 protein backbone with O-linked sugars derived

from the action of C2GnT, The extent to which the system can be

manipulated to maximize synthesis of such glycan structures and their

structural analysis is an interesting subject for future work.
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Abstract

Novel glycoproteins, inaccessible by other techniques, can be obtained

by metabolic engineering of the oligosaccharide biosynthesis pathway.

Furthermore, alteration of cell-surface oligosaccharides can change the

properties of receptors involved m cell-cell adhesion. Sialyl Lewis X (sLex) is

a cell-surface oligosaccharide determinant which is specifically expressed on

granulocytes and monocytes and which interacts with selectins to influence

leukocyte trafficking, thrombosis, inflammation, and cancer. Antisense

technology targeting cxi,3~fucosyltransferase VI (aI,3-Fuc-TVI), an enzyme

necessary for the synthesis of the sLex in engineered Chinese hamster ovary

(CHO) cells, has reduced ocl,3-Fuc-TVl activity, sLex synthesis, and adhesion

to endothelial cells. Antisense methodology to reduce targetted activities in

oligosaccharide biosynthesis or other pathways is an important addition to

CLIO cell metabolic engineering capabilities.

Key words: CHO cells, glycosylation engineering, antisense.
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INTRODUCTION

The carbohydrate components of glycoproteins can directly mediate

or modulate the function of glycoproteins in diverse biological processes

(Varki, 1993). Glycosylation engineering of the oligosaccharide biosynthesis

pathway in order to change glvcans on glycoproteins can potentially reduce

the antigenicity and improve the stability, pharmacokinetics, targeting and

specific activity of a glycoprotein, thereby improving their therapeutic value

(Bailey, 1991; Bailey et al, 1997; Stanley, 1992). Moreover, altered

glycosylation of cell-surface components provides insight into the roles that

cell-surface glycoproteins plav in processes such as migration, adhesion,

development and malignancy (Fukuda, 1995; Parekh and Edge, 1994; Varki,

1994).

Several methods have been applied to alter glycosylation in cells.

These have included the use of compounds that inhibit glycosylation,

inhibitors of glycosylation processing (Elbein, 1991), mutant cells with

modified oligosaccharide biosynthesis activities (Stanley, 1992), and the

expression of cloned glycosyltransferases in specific hosts. Achieving a

complete repertoire of targetted genetic methods for modifying glycosylation

in culture mammalian cells requires also technology for reducing activity of

a chosen oligosaccharide biosynthesis enzyme. Effective methods for

targetted gene disruption in such cells are not available. Thus, gene

expression is best reduced by reducing translation of the corresponding

message by antisense technology (Hiraiwa et al, 1996; Schlingensiepen and

Schiingensiepen, 1997; Wvngaarden, 1997).

Antisense technology can be performed into a cell by transcription of

an inserted antisense gene or gene fragment, or by insertion of an

exogenous antisense oligonucleotide. From the viewpoint of metabolic

engineering, the latter method has the advantages ot rapid testing of

whether a particular antisense sequence effectively reduces expression and,

if so, a quick indication of concomitant metabolic consequences. However,

use of exogenous antisense oligonucleotides is likely less effective than

transcription of a cloned antisense sequence, and process costs of adding
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appears general and straightforward, accumulated experience indicates that

it can vary widely in effectiveness, depending on both the sense and the

antisense sequence (Schlingensiepen et al, 1993).

In this study we report the first successful antisense reduction of a

targetted enzyme activity, and a corresponding functionality, in CLIO cells,

the cell line of greatest importance in biotechnological manufacturing. Also,

to our knowledge, this is the first report of successful antisense reduction of

glycosyltransferase activity in CLIO cells using exogenously added synthetic

oligonucleotides.

The particular application considered here is motivated by current

interest in the cell-surface oligosaccharide sLex, which mediates cell

adhesion via interaction with selectms (Lasky, 1995; Varki, 1997). The

pharmaceutical industry has focused efforts on manufacturing either large

amounts of penta- and hexasaccharide forms of sLex or sialylated adhesion

molecules to develop antagonists for cell-adhesion processes (Parekh and

Edge, 1994).

In this paper we describe the construction of a model CHO cell line

that stably expresses the tetrasaccharide epitope sLex and that is capable of

binding to E-selectin. Furthermore, we show that the expression and

binding capacity of sLex can be controlled using antisense technology that

directly targets the activity of the fucosyltransferase responsible for its

synthesis.

MATERIALS AND METHODS

Cell Culture

The CHO-DG44 cell line, described by Urlaub and Chasm (1980), was

provided by Prof. L. Chasin (Columbia University, New York). Cells were

grown in a-MEM medium (Life Technologies, Switzerland) supplemented

with 7.5% fetal calf serum (PCS) (Boehringer Mannheim, Germany),
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thymidine (0.016 mM), and hypoxanthine (0.1 mM) (Sigma, Switzerland).

The human umbilical vein endothelial cells (HUVECs) were obtained from

Dr. L. Rohrer (ETLI Zürich, Switzerland). HUVECs were maintained in

FMX-8 (Cell Culture Technologies, Switzerland) plus 10% fetal calf serum.

When expression of E-selectin was required, HUVECs were transferred to

and grown in EBM medium (Clonetics, Switzerland) and human

recombinant tumor necrosis factor a. (hrTNFex) (Pharmingen, San Diego)

was added to the medium to induce E-selectin expression.

Generation of sialyl Lewis X and antisense Fuc-TVI stable cell lines

A BstXl fragment encoding the al,3-Fuc-TVI sequence from a

pcDNAl/Amp-Fuc-TVI plasmid (Dr. N, Smithers, Glaxo, UK) wras

subcloned into the BsfXl sites of pcDNAl/Neo (Invitrogen, Netherlands).

CHO-DG44 cells were transfected using Lipofectamine reagent (Life

Technologies), following the manufacturer's instructions to obtain the

stable cell line (CHO-sLex) capable of sLex expression. Controls were

transfected with and without pcDNAl/Neo to be sure no endogenous txl,3~

Fuc-T activity was activated by transfection alone (Potvin et al, 1990). An

antisense al/3-Fuc-TVI stable cell line (CLIO-antiFuc-TVI) was obtained by

inserting an anti al,3-Fuc-TVT Xbal-Himttll fragment (whole al,3-Fuc-TVI

cDNA sequence) of pcDNAl/Neo-Fuc-TVl plasmid into the Nhel-HitidUJ

sites of pZeoSV2(+) expression vector (Invitrogen). Transfections were done

with the DOSPER reagent (Boehringer Mannheim) following

manufacturer's instructions. Individual clones were sorted by FACS

(FACStar Plus, Becton Dickinson), (Central Laboratory for Ceil Sorting,

University and ETLI Zürich). Those showing different levels of al,3-Fuc-

TVT activity were chosen for further experiments.

Oligos

Antisense and sense partial phosphorothioate (modification 5'-3'),

RPC-dialyse, with base sequences complementary and identical, respectively,
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to those of the al,3-Fuc-TVI mRNA, were purchased from Microsynth

(Switzerland). The names and sequences of the two 24 oligos used in this

study are as follows: anti 900, 5'-GAA CCT CTC GTA GTT GCT TCP GCT-3';

sense 900, 5'~AGC AGA AGC AAC TAG GAG AGG TTC-3'. Oligos

concentrations were 2.5 iitvl. Cell pellets were prepared as described below in

assay of fucosyltransferase activity.

Western blot

Protein samples from a parental CHO-DG44 cell line and from the

new stable cell lines CHO-sLex and CHO-antiFuc-TVI were analyzed by 10%

SDS-PAGE electrophoresis following the protocol of Laemmli (1970).

Protein concentration was determined with the BSA reagent (Pierce,

Netherlands). After electrophoresis the proteins w7ere transferred to

Hybond-ECL membranes (Amersham Life Science, UK) for 1.5 hour at 400

mA. Following transfer, membranes were blocked m 5% (w/v) low fat dried

milk (Bio-Rad Laboratories AG, Switzerland). Membranes where then

incubated with an anti-sLex antibody (CSLEX-1) (10 |ig/mL) (Becton

Dickinson, Germany) and with a secondary anti-mouse IgG horseradish

peroxidase-linked antibody (Amersham Life Science). Chemiluminescence

detection was performed as described m the ECL-Western protocol

(Amersham Life Science).

Assay of fucosyltransferase activity

Cell extracts were prepared in extraction buffers containing 1% Triton

X-100. Protein concentration was determined as mentioned above. The

fucosyltransferase assay was a modification of the previously described

procedure (Kukowska-Latallo, 1990). In a final volume of 50 uL the reaction

mixture contained 0.1 mM GDP-tucose, 0.1 liCi GDP[lT]-FTicose (7.57

Ci/mmol), 50 mMMOPS (pH 6.65), 1 mM ATP, 7.3 mM MnCl2 (Sigma) and

cell extracts (50 jig total cell protein) prepared from transfected or

untransfected cell lines. Acceptor substrate (N-acetvllactosamine) was added
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to a final concentration of 10 mM. All extracts were also assayed in the

absence of acceptor to determine endogenous activity. After incubation at

37°C for 3 hours, the reactions were terminated by the addition of 150 |uL

cold water and the products separated on a small column (Bio-Rad

Laboratories) prepared with Dowex 1X4-400 (formate form) (Sigma).

Samples were mixed with aqueous scintillation fluid CytoScint (ICN,

California) and counted in a scintillation counter (Beckman LS 1800,

California). Specific activities were calculated as nmol of acceptor substrate

fucosylated per mg of cell extract per hour.

Sialyl Lewis X expression assay

Cell extracts from transfected and control cells were washed with PBS,

resuspended and incubated for 30 min in 1 ml PBS containing 1% BSA. The

various pellets were then resuspended and incubated for 1 hour in a

solution containing anti-sLex antibody (CSLEX-1) at 20 |ig/mL, followed by

another hour of incubation with the secondary antibody, IgM-FITC (Sigma),

at 25 j.ig/mL. Cell pellets were analyzed for sLex expression in a EPICS ELITE

Analyzer Coulter (Central Laboratory for Cell Sorting, University and ETLI

Zürich).

Cell adhesion assay

Adhesion of transfected or untransfected cells to HUVECs was

assayed as described by Grinnell et ai. (1994). Between 18 and 20 hours before

the adhesion assay was performed, CHO-DG44, CHO-sLex and CHO-antiFuc-

TVI cells were labelled overnight with 1 uCi/mL of [3H]-thymidine (20

Ci/mmol) (DuPont, Switzerland). Excess label was removed and cells

resuspended in 50 uL PBS containing 1% BSA prior to the assay. HUVECs

were plated in 9t,-well plates to obtain confluent monolayers following

overnight incubation at 37A3 Monolayers were incubated in the presence or

absence of 20 ng/mL hrTNFa for 4-o hours prior to the binding assay.

Labelled CHO cells were added to the endothelial cells and incubated for 20
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min at 37eC. Nonadherent cells were washed out with PBS. Monolayers

were solubilized by addition of 0.25% (w/v) SDS in 0.1 N NaOH and specific

binding was determined by scintillation counting of the solubilized cells

(Beckman, LS 1800).

RESULTS AND DISCUSSION

Stable CHO-antiFuc-TVI cell lines

It has been previously demonstrated by Weston, Smith et al. (1992)

that when transiently transfected into CHO-ÜG44 cells, the al,3-

fucosyltransferase gene was capable of directing synthesis of the sLex

antigen. Here CHO-DG44 cells were transfected with pcDNAl/Neo-Fuc-TVI

plasmid and a mixed population that tested positive for sLex expression was

obtained (data not shown) to generate a CHO-sLex stable cell line. Individual

clones were sorted by FACS and ten of them analyzed for a"l,3-Fuc-TVl

activity and sLex expression. No al,3-Fuc-TVl activity or sLex expression

were detected in controls transfected with plasmid DNA (data not shown).

One of the clones that stably expressed high levels of ai,3-Etic-TVI activity

and sLex antigen (designated CHO-sLex) was chosen for further transfections

(Figure 2.1). CHO-sLex cells grown in 6-weil plates were transfected with

pZeoSV2(+)-antiFuc-TVI vector using the DOSPER reagent. After 72 hours,

the cells were re-plated and grown in double selection medium. After the

untransfected CHO-sLex cells died, the transfected cells were subcultured

and grown, and cells extracts were analyzed bv immunofluorescence. Mixed

populations with several distinct fluorescence patterns were obtained. The

population with the lowest fluorescence emission was sorted by FACS and

individual clones further cultured. Fucosyltransferase activity assay was

performed on 25 clones. CHO-antiFuc-TVI clones 5, 13, and 21 were selected
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tor further studies based on their different levels of cxi,3-Fuc-TVI activity

(Table 2 1), all ot which were reduced compared to CHO-sLex cells.

(A) (B)

(C) (D)

Figure 2.1. Expiession of siahl Lewis X from untiansfected and transfected

CHO-sLex cells CHO-DG44 cells were permanentK transfected with cDNA

toi ol,3-Fuc-TVl as indicated Both untranstected and tiansfected cells were

stained with anti-sl ex antibod\ (CSLEX-i) and IgM-lIIC secondary antibody
Panel (A), (B) untranstected cells undei phase contrast and fluorescent light

respectively Panel (C), (D) CHO-sLex transfected cells under phase contrast

and fluorescent light respectn el\
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Table 2.1. Enzyme activity of al,3-fucosyltransferase VI from different cell

lines. Assays, performed as described in "Materials and Methods", are given
as an average range of duplicate determination. The data shown are from

three independent experiments.

Cell line Specific activity

(nmol/mg protein/hour)

CLTO-DG44

CHO-sLex

CHO-antiFuc-TVI clone 3

CHO-antiFuc-TVI clone 13

CHO-antiFuc-TVI clone 21

0.01 ±0.02

8.60 + 3.30

2.24 ± 0.32

4.29 ± 1.37

1.21 ±0.09

Verification of sialyl Lewis X expression

In order to investigate whether the expression of the sLex antigen

correlated with the low levels of al,3-Euc-TVI enzyme activity found in the

CHO-antiFuc-TVI clones, expression levels of the sLex epitope were checked

by Western blot and FACS analysis. WTren total cell extracts of CHO-DG44,

CHO-sLex and CHO-antiFuc-TVI were analyzed by Western blot, the CHO-

sLex cells were found to express a high molecular weight glycoprotein that

was recognized by the specific anti-sLex antibody (CSLEX-1). The same

protein was not detected m the CHO-antiFuc-TVI clones or the parental

CHO-DG44 cells (Figure 2.2).
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Figure 2.2. SDS-PAGE (10 %) analysis of CHO-DG44 (lane 5), CHO-sLex (lane

4) and CHO-antiFuc-TVI clones 5 (lane 3), 13 (lane 2), and 21 (lane 1). Cell

pellets (20 lag per lane) were prepared as described under "Materials and

Methods". Anti-sLex antibody (CSLEX-1) was used for detection.

FACS analysis showed that the expression of sLex antigen was

considerably suppressed in all the three CHO-antiFuc-TVI clones when

compared to CHO-sLex cells (Figure 2.3). However though the three

antisense clones showed different al,3-Fuc-TVl activity levels, we were not

able to detect corresponding differences in sLex expression. Formation of fri¬

and tetraantennary complex type oligosaccharides m animal glycoproteins is

partly regulated by ßl,6-acetylglucosaminyltransferase (GlcNAc-TV), which

generates 2,6-branched mannose. In CHO cells, 2,6-branched mannosyl

structures are preferentially contained on lysosome-associated membrane

proteins (Lamps) and are generally low or absent in other glycoproteins (Do

and Cummings, 1993).
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Figure 2.3. Suppressed expression of antigen on CHO-antiFuc-TVI clones.

The data shown are the results of three different independent experiments.

The sLex antigen will be synthesized only in the 2,6-branched mannosyl

antenna. It is possible then, that onlv a small amount of od,3-

fucosyltransferase activity is necessary to act on the few glycoproteins that

are substrates of the GlcNAc-TV, which mav explain the lack of differences

m sLex expression shown bv the three clones when analyzed by EACS. This

interpretation is consistent with the Western blot results in which only one

specific protein seemed affected by the antisense effect.

Comparison of E-selectin mediated binding to CHO-DG44, CHO-sLex and

CHO-anti Fuc-TVI cells

Labelled CHO-DG44, CHO-sLex and CHO-antiFuc-rVI cell extracts

were used to compare their E-selectin binding capacity. HUVECs were

previously grown in special expression medium and hrTNEa was added to
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induce E-selectin expression. While CHO-sLex strongly adhered to treated

HUVECs, the three antisense clones 5, 13 and 21 showed a very low

adherence profile (Figure 2.4). The background observed in CHO-DG44

control cells, although no (xl,3-Fuc-TVI enzymatic activity was observed, is

probably due to adhesion mediated by other mechanisms, such as

fibronectin-integrin interaction. Background can be reduced by incubating

cells at a lower temperature or for shorter times (data not shown).

Effect of antisense oligonucleotides on Fuc-TVI activity

Preliminary experiments with antisense oligonucleotides to al,3-Fuc-

TVI were undertaken to make cells deficient in fucosyltransferase activity.

An antisense and sense oligo were synthesized, and were directed against

the cxl,3-Fuc-TVT coding sequence (bases: 841-864). Effect of the oligo on the

al,3-Fuc-TVI activity was assessed as follows: CHO-sLex were grown to 90%

confluence phase; at time 0 they were suspended at a lower concentration in

fresh medium containing antisense (2.5 uM) or sense (2.5 jiM)

phosphorothioate oligos. Everv 24 hours an extra 2.5 \iM of antisense and

sense oligo were added to the medium of the growing cells. Cell pellets were

collected after b0 hours and al,3-Fuc-TVI activity measured (Table 2.2). A

79% reduction of the al,3-Fuc-TVl activity was observed when CHO-sLex

were grown in the presence of the antisense oligo.

Table 2.2. Effect of sense and antisense Fuc-TVI phosphorothioate oligos on

cxl,3-Fue-TVI activity. Assay were performed as described under "Materials

and Methods". The results are from two different experiments.

Cell line Specific activity Inhibition

(nmol/mg protein/hour) (%)

CHO-slex sense 900 5.54 ± 0.97 _

CHO-sLex anti 900 1.12± 1.17 79
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Figure 2.4. Adhesion of untransfected and transfected CHO cell lines to

HUVFC monolayers Assays were performed as described in "Materials and

Methods", m the presence or absence of hrTNEa Total cells bound obtained

with the CHO-sI ex cell line is taken as 100%. Lhe results are the mean and

standard de\iation from two independent series ot assays

CONCLUSIONS

Using a CHO mammalian cell line that stablv expresses al,3-Fuc-TVl

activity and the cell-surface sLex antigen (CLIO-sI ex) previously engineered

m our lab, regulation ot expression of the sLev epitope was accomplished bv

antisense gene transfer technolog\ which specifically targets al,3-Fuc-TVI

actrvitv A concomitant reduction m the enz\me activity and E-selectin

binding capacity was measured m the antisense clones relative to the CHO-

sI ex cells A reduction of the (/1,3-Fuc-TAT acti\it\ was also obtained when
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cells were grown in the presence of an antisense phosphorothioate oligo.

Antisense manipulation of CHO cells, alone or associated with other

metabolic engineering methods, should expand future possibilities for the

production of novel glycoproteins.
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Abstract

Metabolic engineering of glycosylation pathways can enable

biosynthesis of glycoproteins with improved therapeutic characteristics. We

report here the partial cloning of the CMP-sialic acid:Galßl,3GalNAca2,3-

sialyltransferase (ST3Gal I) gene from Chinese hamster ovary (CHO) cells.

This enzyme is potentially important at a branch point in oligosaccharide

biosynthesis in reducing production of O-linked sialyl Lewis X giycoforms

which are potential inhibitors of cell-cell adhesion. Regulated expression of

the CHO ST3Gal I fragment, cloned in the antisense orientation, modulates

the STAGal 1 activity m a previously established CHO cell line. This is an

important development in genetic technology to control O-linked

glycosylation in CHO cells.

Key words: CHO cells, ST3Gal I inhibition, inducible gene expression,

antisense.
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INTRODUCTION

Currently, the majority of the recombinant proteins intended for

human medical use are glycoproteins expressed in mammalian cells.

Chinese hamster ovary (CHO) cells have become a preferred, broadly

applied cell line for production of therapeutic glycoproteins. The

glycosylation machinery of CHO cells has been extensively characterized and

can be engineered to modify glycosylation profiles by transfecfion with genes

encoding glycosyltransferases and glyeosidases (for a recent review see Bailey

et al, 1998; Lee et al, 1989; Potvm et al, 1990). Achieving a complete

repertoire of targeted genetic methods for modifying glycosylation in

cultured mammalian cells also requires technology for reducing activity of a

chosen oligosaccharide biosynthesis enzyme. However, effective methods

for targeted gene disruption in such cells are not available. Thus, gene

expression must be reduced at the level of the corresponding message, for

example by antisense technology (Bailey et al, 1998; Ferrari et al, 1998,

Monteith and Levin, 1999; Prati et al, 1998; Roush, 1997).

Mucin-type oligosaccharides may be useful for inhibition of

inflammation bv competitive interference with leukocyte-selectln

interactions (Lasky et al, 1992; Parekh and Edge, 1994). Activity of CMP-sialic

acid:Gaißl,3GalNAca2,3-sialyltransferase (ST3Gal I) diverts O-linked

oligosaccharide synthesis away from mucin-tvpe glvcoforms, motivating

engineering of CHO cells to reduce this activity. Attempts to do this by

antisense methods have much greater chance of success if a substantial

portion of the CHO ST3Gal I gene is used in an antisense orientation, rather

than employing a homologue of this gene, or a fragment of it, from a

different cell type. For this reason we have undertaken cloning of a major

fragment of the CHO ST3Gal I gene.

Expression vectors employing promoters controlled by culture

conditions, such as tetracycline (tet) concentration (Gossen and Bujard, 1992)

offer several advantages in metabolic engineering, including capabilities to

optimize the beneficial effect of the expressed sequence (Umana et al, 1999),

and minimizing artefacts in assessing the effect ot the expressed sequence on
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phenotype. Recently developed regulated multicistronic vectors

(Fussenegger et al, 1997) allow a conveniently assayed reporter gene, such as

human secreted alkaline phosphatase (SEAP), to be coordinately expressed

with the antisense sequence. This greatly facilitates characterization of

clones since assay of ST3Gal I message is much more complex than is SEAP

activity determination, Using such a cloning system for tetracycline-

regulated expression of antisense CHO ST3Gal I, we show effective

reduction of CHO ST3Gal I enzyme level by this antisense approach.

To our knowledge this is the first study aimed toward control of O-

glycosylation in CHO cells in a regulated manner. Results obtained from

this work provide a starting point for further development of a new

established cell line to produce novel mucin-type glycoproteins for possible

pharmaceutical use.

MATERIALS AND METHODS

Cell Culture

CHO-K1 (ATCC: CCL-61) and COS-7 (provided by Dr. D. Guerini, ETH-

Zürich, Switzerland) cell lines were grown in a-MEM medium (Life

Technologies, Switzerland) supplemented with 10% fetal calf serum (PCS)

(Boehringer Mannheim, Germany). CHO-sLex (Prati et al, 1998) cells were

cultured in a~MEAl medium supplemented with 7.5% fetal calf serum,

thymidine (0.016 mM), and hypoxanthme (0.1 mM) (Sigma, Switzerland) in

the presence of 400 ug/mL G418 (Life Technologies) to maintain a 1,3-

fucosyltransferase VI activity (al,3-Fuc-TVl). CHO-sEeM (this work) cells

were transfected with FuGENE0 reagent (Boehringer Vlannheim) when

b0%-80% confluent. Supplier's instructions were followed.

Full length cDNA synthesis from CHO-K1

Total RNA was prepared from CLIO-Kl by the guanidinium

isothiocyanate method and mRNA was purified through oligo-(dT)-
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cellulose (OuickPrep mRNA, Pharmacia, Switzerland). Full length cDNA

was synthesized by reverse transcriptase (RTase) for 1 hour at 42X in a

reaction mixture containing: 4 uL of 5X RTase buffer (Life Technologies), 2

[iL of Ü.L Al DTT (Life Technologies), 1 uL of 10 mM each dNTP (Life

Technologies), 0.5 uX RNase (Pharmacia) and I pJL SuperScript II RNase H"

RTase (Life Technologies).

Polymerase chain reaction (PCR) amplification of ST3Gal I and 5' RACE

The cDNA prepared from CHO-K1 mRNA was used as a template for

amplifying fragments from the coding region of the ST3Gal I gene using

primers derived from regions of the previous cloned porcine ST3Gal I gene

(Gillespie et al, 1992). Two sense primers 41up = 5' CGC TCC TGG TCC TCT

TCA TCT TCC TCA 3' and 106up = 5' ACC GCC TGG TTC CCC AAG CAG A

3' and one antisense primer 307do = 5' CCC GTT GGA GCC TCA GCC ACC

A 3' were used (Microsynth, Switzerland). All PCR reagents were provided

by Boehringer Vlannheim. The reaction conditions were as follows: 2 pL of

template DNA, 1 LiM each primer, 150 fiM each dNTP, IX PCR buffer, Tat]-

polymerase (1U). Amplification of UNA fragments was performed in a

Perkin Elmer Thermocycler 9600 with 35 cycles consisting of denaturation at

94°C for 40 sec, annealing at 58°C for 30 sec and extension at 72°C for 120 sec.

The PCR products (522 bp) were cloned into the linear pCRIl with single T 3'

overhangs (Invitrogen, Netherlands). The 5' RACE method (5'~

AmpliFlNDER RACE kit from CLONTECH, Germany) was used to obtain

sequence information about the 5' end of the CHO STAGal I following the

supplier's instructions. A nested gene specific primer RACEdo (30

nucleotides) was synthesized based on sequences from the cloned ST3Gal I-

derived I06up-307do PCR fragment. RACEdo and the anchor primer (AP)

were used to amplify the cDNA sequence. Product was ligated into pCRII as

described above to yield pCRIl/ST3Gal I.
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Plasmids construction

The tetracycline-regulated pMF124 (Fussenegger et al, 1997) vector

was used to subclone the obtained ST3Gai I cDNA in the antisense

orientation (ASST), and the human UDP-GlcNAc:Galßl,3GalNAc-Rßl,6-N-

acetylglucosaminyl-transferase gene (C2GnT) in the sense orientation. The

inducible tricistronic expression vectors contain a 442 bp fragment of the

CHO ST3Gal I inserted in an antisense orientation in cistron 3 in

combination with the human C2GnT cDNA in cistron 2. The ASST cDNA

fragment was recovered by PCR from the above described pCRII/ST3Gal I

vector and the human C2GnT cDNA from pcDNAl/C2GnT (Bierhuizen

and Fukuda, 1992). A new inducible vector pSEAP-C2GnT-2/ASST-3 (2 and

3 refer to the cDNA position in the second and third cistron respectively)

was generated. In order to insert each cDNA sequence in the desired

positions of the tricistronic expression vector, several primers (Microsynth)

carrying appropriate restriction sites were used: C2GnT-N~NofI: GTG TGT

GCG GCC GCG AAG ACT GCC GTT CAC AAA GG, C2GnT-C-CM: ACA

CAC ATC GAT GCC CGT AAT GGT CAG TGT TTT A. ASST-N-MluI: GTG

TGT ACG CGT GCA TCT CAT GAA CCA CAC TCA, ASST-C-Speh ACA

CAC ACT AGT TGG TCT TGT TGA AAG GCT GGG A.

Generation and screening of inducible CHO-sLex-l cell line

To obtain CHO~sLexT, CLIO-sLex cells were stably transfected with

pUHD15-l (Gossen and Bujard, 1992) which constitutively expresses the

tetracycline-regulated transactivator protein tTA protein. 72 hours after

transfecfion, cells were seeded in selection media containing 500 irg/mL

Zeocin (Invitrogen) and 400 iig/mL G418, untransfected cells were taken as

controls. Once control cells died, transfectants were sorted by FACS (EACStar

Plus, Becton Dickinson), (Central Laboratory for Cell Sorting, University of

Zürich and ETH Zürich). 30 single clones were analyzed for tTA expression.

This was performed by transiently transfecting them with the pMF124

vector, carrying the tetracycline-repressed promoter and, in the first cistron,

the reporter gene encoding tor SEAP. Transfectants were grown in the
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presence (2 ug/mL) and in the absence of tetracycline. After 48 hours, the

culture media was assayed for presence of SEAP. Two clones showed good

tetracycline-modulated expression of SEAP.

SEAP assay

SEAP levels were determined essentially as described by Berger et al.

(1988). The assay measures the increase in light absorbance at 405 nm which

accompanies hydrolysis of /'-nitrophenylphosphate (Sigma). For the assay, a

I mL aliquot was removed from control and transfected 6-well plates and

heated at 65°C for 5 min. The medium was then clarified by centrifugation.

An aliquot of medium (70 pL) was then adjusted to IX SEAP assay buffer (1.0

M diethanolamme pLI 9.8, 0.5 mM MgCL, 10 mM L-homoarginine) in a

final volume of 200 uL in a 96-well flat bottom culture dish. 20 julL of 120

mM rMiitrophenylphosphate dissolved in IX SEAP assay buffer was then

added with mixing. The A40- of the reaction mixture was read in an ELISA

plate reader (BIO-RAD, Switzerland) at 1 min intervals. The change in

absorbance was plotted and a linear regression coefficient determined.

Transient transfecfion of CHO-sLex-I cell line with a tetracycline dependent

expression vector

Expression plasmid pSEAP-C2GnT-2/ASST-3 was used to transiently

transfect CHO-sLex-I cells. As control untranstected cells in the presence and

absence of tetracycline (2 ug/ml) were considered. Lhe FuGENE6 reagent

was used following the supplier's instructions.

ST3Gal I assay

CHO-sLex-I control cells as well as transfected cells were grown until

90°o confluence and detached by scraping. Pellets were then washed three

times in PBS and lysed in: 50 mM imidazole-HCi, 1% Triton X-100, (pLI 7).

Total protein was determined with BCA reagent (Pierce, Netherlands),

following the microtiter plate protocol suggested by the supplier. In order to
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have a positive control for the assay, a soluble form of mouse brain ST3Gal I

was employed. The pCDSA-Fl expression vector containing cDNA encoding

soluble mouse brain ST3Gal I was a generous gift from Dr. T. Tsuji,

University of Wako, japan (Lee et al, 1993). COS-7 cells were transiently

transfected with this vector to ensure functionality of the sialyltransferase

enzymatic activity assay (data not shown). Sialyltransferase enzyme activity

was assayed with a modified method from Chang et al. (1995). In summary,

the assav in a final volume of 100 til. included: 100 pg of total protein, 50

mM imidazole-HCl (pH 7), i% Triton N-100, 2.5 pM MnCl?, 5 uM CMP-[14C]~

NeuNAc (294 mCi/mmol), 25 uM CMF-NeuNAc, and 100 pM Galß-1,3-

GalNAc as acceptor. The assay mixtures were incubated for 1.5 hours at 37°C,

and the reactions stopped by adding 500 uL of cold water. The samples were

then centrifuged 4 min (4500 rpm, 4°C) and the supernatants transferred to a

15 mL Falcon tube, where 5 ml water were added. The products were

purified by reverse phase chromatography, using SepPak C-18 columns and

a vacuum manifold (Waters, Switzerland). Columns were pre-equilibrated

and products were eluted with isopropanol (Roth, Switzerland). Products

were quantified with a scintillation counter (Beckman LS 1800).

RESULTS AND DISCUSSION

Partial cloning and amino acid sequence of CHO ST3Gal I

We focused on the cloning ot the ATG region, as it has been shown

experimentally for other genes that the most effective expression reduction

is achieved when the antisense sequences are directed to the promoter

region (Schlingensiepen and Schlingensiepen, 1997). The cDNA sequence

alignment of the previously cloned ST3Gal 1 from human placenta, mouse

brain and porcine submaxillary gland revealed at least four short positions

of high homology. PCR primers based on the regions exhibiting the highest

amino acid sequence identity of porcine ST3Gal I, were designed to clone the
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partial ATG coding region of CHO STAGal I (sense 4lup, sense I06up,

antisense 307do). The sequence-analysis strategy is shown in Figure 3.1.

Total RNA purified from CHO-Kl cells was utilized to obtain full length

cDNA. This CHO cDNA was further used as template for further

amplifications with the selected primers.

ATG

Neu I
BstNI

osrA 1

BstNI

AP

4lup 106up RACEdo 307do

Figure 3.1. Restriction map of the partial ST3Gal I cDNA and overview of

PCR primer locations.

Rapid amplification of the 5' cDNA ends was done by PCR (5'RACE).

Extension of the partial cDNAs from the ends of the message back to the

known region was achieved using the nested gene-specific primer RACEdo

(designed on sequences derived from iÜ6up-307do PCR fragments), and a

commercial anchor primer (AP) that anneals to the 5'-end cDNAs

untranslated region (Figure 3.1).

The partial sequence obtained from four 5' RACE clones and different

10bup-307do fragments is shown in Figure 3.2. From the 5' untranslated

region a sequence of 198 nucleotides was obtained. Interestingly, the ORE

site starts with double ATG. Unfortunately, not all ambiguities in the coding

region could be eliminated. Position 56 could be either C or T (alanine or

valine), position 73 is either A or G (isoleucine or valine) and at position 89-

90 various combinations of C-G were found. Examining the amino acid

sequence and comparing it to structures of other glycosyltransferases, a

cytoplasmic tail and a transmembrane domain are clearly present.
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19s A VC\ GCATCTCATGAACCACACTCATGTGCCACACAGAGA1ATCCAGAGCAGAGACC1AG-140

-130 ACC7IGTC ICC AACGGGCTGGTTTGCCCCAGCrGCCCCGAGACAGCTACClGClCCTl AG1C1 -78

77 CrGGGAlCTGCRAGAAC 1 \GGC VGGGTCCRTCIGCC VCC CTCCCGl CAACACAGAGGGC -17

1

16 CCAGCAAAGGGGGGAG A IG ATG A VC VI V VG V V VG VGA VCI C R AAG TGC CIC ACT w

Mil Met V-i lit vi V„ 1m Vig Thr leu Lvs Cys leu Ihr

40 TTC TTC CTG CIC CIC G\C TTC CTC VC V ICC H 1 RR I IG AAC TAC TCA ASS ACC GGG 97

Phe Phe Leu I tu Leu V A Phe Lei- Ihi su Phe IV leu AsiV Tyr Ser Sl Ihi Glv

98 GIG CCC \C1 GCC IGG UC ICC AAG C VC VIC GR CTG GGA TIC TCR GAG AAC TIA IS?

Val rio Thi Via Tip Phe Sei Us His Met \ al leu Gh Phe Ser Asp Vsn* Leu

153 CGC AAG CIC AR V VG TCA CAG CCCIbL ACC 1G1 AC A CGC TGC ATC AGC CAG GGC20"

Aig Lvs leu île L\-, sei ein Pio Cm Thi Cm Ihi Aig C\s Ile Sei Cln Gh

208 AAG RTC IC A 1 AG IGG 1 R GAC CAG CGT TTC AAC AAG ACC AIG CAG CCG C1G C1G262

Lys IV ^ti Tm Tip Phe Vbp Gin Arg rhu Asn L\s Thr Met Gin Pro leu Leu

263 ACA GCC C VC A \C C, I C C IG A IG GA V C, A G C AG VC G I VC CAG TGG TGG Cl G AGG C1C 31~

Thi Ala His VmV Vh leu Met Glu Glu Vsp rhi Tm Gin Tip Trp Leu Vrg Leu

318CAACGGG m!

Gin Atg

Figure 3.2. Partial ammo acid sequence of CHO SI3Gal 1 Represented are

the ORF near the 5' untranslated region and the first 324 nucleotides of the

coding region In bold are given the annealing sequences of the primers

(ASST-N-M/uZ, ASS1-C-Spcl) used to subclone ASST Potential N-hnked

glycosylation sites are marked with an asterisk (*)

Indeed, ammo acids 1-10 can be recognized as the basic ones which are

thought to anchor the enzyme The accumulation of aromatic and aliphatic

ammo acids (aa 11/12-28) reflect the profile ot the transmembrane domain

Also three potential glycosylation sites at asparagmes (Asn) 28, 50 and 83 can

be detected (Figure 3 2) The ammo acid sequence of the 324 nucleotides

cloned from the CLIO ST3Gal 1 was aligned with the already known

sialyltransferases (Figure 3 3) Lhe CHO ammo acid cloned region show7ed

73 5% homology with the mouse brain ST3Gal T (Lee et al., 1993), and

around 66% homology with the human placenta (Kitagawa and Paulson,

1994b) and human submaxillary gland enzvmes (Chang et al., 1995)

Sequence comparison showed a 60° o homology with the porcine

submaxillary sialyltransferase (Gillespie et al, 1992) and only a 50%

homolog} compared to the chicken brain sequence (Kurosawa et al., 1995)
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M V T L R K R - T L K V L T F L VLFIFLTSFFLNYS Majority

MMNIRKR-T

MVTLRKR-T

MVTLRKR-T

M RRKT

MAPMRKKST

LKCLTFFLLLAFLTSFILNYS

LKVVTFLVLFIFLTSFFLNYS

LKVLTFLVLFIFLTSFFLNYS

LKYLTFFLLFIFLTSFVLNYS

LKLLTLLVLFIFLTSFFLNYS

CHO cells

Human placenta
Human submaxillary
Mouse brain
Porcine submaxillary

MVTVRKRN- VKVFTFAFVLITVTSFLLNYK Chicken brain

HTGVATAWF PKQMVLELSENLKKLÎKS- -R Majority

TTGVPTAWF

HTMVATTWF

HTMVATTWF

NTGVPSAWF

HTVVTTAWF

HQVTMTTWD

SKHMVLGFSDNLRKt,IKS-~Q
PKQMVLELSENLKRLIKH--R
PKQMVLELSENLKRLIKH- -R

PKQMLLELSENFRRFIKS- - Q
PKQMVIELSENFKKLMKYPYR

PKHIISQFSEQVRKLIKFPRR

CHO cells

Human placenta
Human submaxillary
Mouse brain

Porcine submaxillary
Chicken brain

PCTCTHCIS QRKVSAWFDERFNQTMQPLLT Majority

PCTCTRCISQGKISYWFDQRFNKTMQPLL CHO cells

PCTCTHCIGQRKLSAWFDERFNQTMQPLLT Human placenta
PCTCTHCIGQRKLSAWFDERFNQTMQPLLT Human submaxillary
PCTCRHCISQDKVSYWFDQRFNKTMQPLLT Mouse brain

PCTCTRCIEEQRVSAWFDERFNRSMQPLLT Porcine submaxillary
PCSCSTCISELGHSLWFDQRFNSTMQPFLT Chicken brain

Figure 3.3. Predicted amino acid seciuence of a portion of the CHO STSGal I

and alignment with previously cloned sialyltransferases.

Construction of a host-vector system for coordinated regulated expression of

SEAP and ASST

The CHO-sLev cell line is derived from a CHO-DG44 cell line and

stably expresses ai,3-fucosyltransferase VI activity and the N-linked sLex

epitope (Prati et al, 1998).

pMF124 is a tricistronic expression vector that provides one-step

expression of three independent genes. It carries the minimal tetracycline-

responsive promoter PncMV* i Anc1' *n tne urst cistron, the gene encoding for

SEAP. The gene for C2GnT was cloned into the second cistron in

anticipation of future experiments which require this activity. The antisense

ST3Gal I seciuence ASST was cloned into the third cistron, giving the vector

pSEAP-C2GnT-2/ASST-3 (Figure 3.4). With this construct, SEAP activity

provides a conveniently assayed indicator of ASST expression.
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Mlul Spei Notl Clal

Figure 3.4. Schematic summary of construction of the expression vector

pSEAP-C2GnT-2/ASST-3.

Assay of tetracycline-regulated SEAP expression and reduction in ST3Gal I

activity

A new tetracvcline-responsive cell line was created by transfecfion of

the CF10-sLex cells with pUHD15-t which confers constitutive expression of

the tetracycline-regulated transactivator protein tTA. This new cell line,

designated CHO-sLex-l (this work), was shown, in transient transfecfion

experiments, to provide tetracvcline-responsive expression of the reporter

gene SEAP fused to the promoter PhCMVM-

pSEAP-C2GnT-2/ASST-3 was used to transiently transfert CHO-sLeM

cells. SEAP activity in the culture supernatant was measured 48 hours post

transfecfion. The increase in absorbance at 405 nm, which results from the

hydrolysis of p-nitrophenolphosphate to t'-nitrophenol, is proportional to
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the SEAP activity. Data obtained using 200 pL reaction mixture containing

70 pL of media are shown in Figure 3.5.

in
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Figure 3.5. Colorimetric assay for SEAP. The plot shows the change in A40S
with time for SEAP assays containing 70 pL of media from transfected and

control cells. A, pSEAP-C2GnT-2/ASST-3 Act; A, pSEAP-C2GnT-2/ASST-3
+tet.

As expected, a low level of background SEAP activity released by CHO-sLex-I

and CHO-sLeM transfected with pSEAP-C2GnT-2/ASST-3 cells in the

presence of tetracycline is observed. When tetracycline is omitted from the

culture medium a dramatic increase in SEAP production occurs for the

pSEAP-C2GnT-2/ASST-3 transfected cells. Under identical conditions CHO-

sLeM also shows a relatively low level of background SEAP activity (Table

3.1). The values obtained, in the presence and in the absence of tetracycline,

are not only an indication of the desired operation of the regulation system

but also of the efficiency of the transient transfecfion protocol.



58

Table 3.1. SEAP activity in CHO-sLeM cells and in this host transiently
transfected with pSEAP-C2GnT-2/ASST-3. One mU of SEAP activity is

defined as the amount of alkaline phosphatase which will hydrolyze 1.0

pmol of p-nitrophenylphosphate per min and this equals an increase of 0.04

A405 units per min.

Cell line/vector SEAP activity

(mU/mL)

CHO-sLeM

+ tetracycline 3.2 ±0.0

6.5 ± 0.4

CHO-sLex-I

- tetracycline

pSEAP-C2GnT-2/ASST-3

+ tetracycline 9.3 ±0.0

pSEAP-C2GnT-2/ASST-3

-tetracycline 175 ±0.0

In order to assess the effect of regulated expression of the antisense

STTGal I seciuence on the activity of the corresponding enzyme in CHO cells,

cultures of CLIO-sLeM were transiently transfected with the multicistronic

pSEAP-C2GnT-2/ASST-3 vector in medium with and without tetracycline.

Cells were harvested from both cultures 48 hours following transfecfion,

and assayed for specific activity of ST3Gal I. As shown in Table 3.2, cultures

without tetracycline, and thereby actively expressing the multicistronic

transcript as indicated by SEAP assay, exhibited a eighty-one percent lower

activity of the CLIO ST3Gal I enzyme. Thus, It has proven possible to

accomplish a major reduction in this activity using the partially cloned CLIO

sialyltransferase gene and antisense methodology.
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Table 3.2. ST3Gal I enzymatic activity in CHO-sLeM cells and in this host

following transient transfecfion with pSEAP-C2GnT-2/ASST-3. Results are

given as an average of 5 independent experiments.

Cell line /vector STAGal I

specific activity

(nmol/mg protein/hour)

CHO-sLeM

+ tetracycline

CHO-sLeM

- tetracycline

pSEAP-C2GnT-2/ ASST-3

+ tetracycline

pSEAP-C2GnT-2/ASST-3

- tetracycline

0.21 ± 0.08

0. H ±0.07

0.31 + 0.09

0.0b ± 0.03

An interesting and unexpected phenomenon was observed in control

experiments which were run in parallel. In these experiments, the CHO-

sLeM host was cultured in the presence and absence of tetracycline, without

transfecfion by any exogenous DNA. Surprisingly, the presence of

tetracycline in the culture medium, which, based on previous studies

should result in binding to the chimeric transactivating protein, has a

significant effect on ST3Gal 1 activity, increasing this activity by around fifty-

percent, more than the experimental error of the assay. This finding

contradicts general expectations concerning the tetracycline-regulated

system, which, because of its use of bacterial components, was designed

specifically to interact minimally with expression of endogenous genes in

eucaryotic cells. Whether this is a generalized effect due to exposure of the

CHO cells to tetracycline, or a consequence of the interaction of tetracycline

with the tTA transactivator cloned m the CHO-sLeM cells, is not possible to
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delineate from this experiment. However, these data show that the

tetracycline regulation system does not interact in these CHO cells only with

the specific promoter of this svstem PacMV*-i/ DUt a^so influences host cell

gene expression. This finding is analogous, for example, to results from

earlier studies which showed that the widely used chemical inducer

isopropyl-ß-D-thiogalactopyranoside (IPTG), usually thought not to interact

with E. coli except in a very specific fashion, exerts generalized effects on the

F. coli proteome (Kosinski et al, 1992). However, this non-specific effect of

tetracycline on ST3Gal I activity in CLIO cells Is much less than the effect

observed with the antisense construct, indicating a significant influence of

antisense expression on the activity of the targeted enzyme.
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Abstract

Production of O-linked oligosaccharides which interact with se lectins

to mediate cell-cell adhesion occurs in one segment of a branched glycan

biosynthesis network. Prior efforts to direct the branched pathway towards

selecfin-binding oligosaccharides by amplifying enzymes in this branch of

the network have had limited success, suggesting that metabolic

engineering to simultaneously inhibit the competing pathway may also be

required.

We report here the simultaneous inhibition of expression of the

Chinese hamster ovary (CLIO) cell CMP-sialic acid:Galßl,3GalNAca2,3-

sialyltransferase (ST3Gal I) gene and overexpression of the human UDP-

GlcNAc:Galßl,3GalNAc-R ßl,6-N-acetvlglucosaminyltransferase (C2GnT)

gene. A tetracycline-regulated system adjoined to tricistronic expression

technology allowed one-step transient manipulation of multiple enzyme

activities in the O-glycosylation pathway ot a previously established CHO-

sLeM cell line already engineered to express a 1,3-fucosyltransferase VI

(txl,3-Fuc-TVI). Tetracycline-regulated co-expression of a ST3Gal I fragment,

cloned in the antisense orientation, and of C2GnT cDNA resulted in

inhibition of the ST3Gal I enzymatic activity and increase in C2GnT activity

which varied depending on the extent of tetracycline reduction in the cell

culture medium. Detection of the total cell membrane glycoproteins bv

fluorescein isothiocyanate (,FnC)-labelled plant lectin Sambucus nigra

agglutinin (SNA) indicated a decrease in expression of NeuAca2,6GalNAc-

R, the oligosaccharide product of the undesired branch which begins with

the action of ST3Gal I. This simultaneous regulated inhibition and

activation of the two key enzvme activities m the O-glvcosylation pathway

of mammalian cells is an important addition to the metabolic engineering

field.

Key words: CHO cells, ST3Gal I inhibition, C2GnT overexpression.



63

INTRODUCTION

Glycosylation can have significant effects on activity,

pharmacokinetics, targeting, immunogenicity and stability of a glycoprotein

(Bailey et al., 1998). Therefore, glycosylation engineering of animal cells and

in particular of Chinese hamster ovary (CHO) cells, the preferred applied

cell line for production of therapeutic glycoproteins, provides an enabling

technology for generating potentially useful new glycoprotein products. The

glycosylation machinery of CLIO cells has been extensively characterized

and can be engineered to modify glycosylation profiles by transfecfion with

genes encoding glycosyltransferases and glyeosidases or by inhibiting

particular oligosaccharide biosynthesis enzymes by antisense technology

(Bailey et al., 1998; Ferrari et al., 1998, Monteith and Levin, 1999; Prati et al,

1998; Roush, 1997).

Knowledge about mucm-type carbohydrate ligands (e.g., sialyl Lewis

X, sLex) derived from their ability to inhibit inflammation by reducing cell-

cell interaction (Lasky et al., 1992; Parekh and Edge, 1994) motivated this

research to reduce the endogenous CLIO activity of CMP-sialic

acid:Galßl,3GalNAca2/3-sialyltransferase (STAGal 1), but also to overexpress

UDP-GlcNAc : Gal ß 1,3 GalNAc - R ß 1,6 - N - acetylglucosaminyltransferase

(C2GnT). These two enzymes have been reported to share a common

substrate, Galßl-3GalNAca, in the O-glycosvlation pathway of mammalian

cells (Whitehouse et al, 1997) (Figure 4.1).
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Figure 4.1. O-linked glycosylation pathway showing disialyl core 1

inhibition on the left (ST3Gal I) and activation of core 2 sequence on the

right (C2GnT).

Indeed, ST3Gal I is known to divert O-linked oligosaccharide synthesis away

from polylactosamine extension, the preferred backbone for the

tetrasaccharide sLex formation and therefore responsible for cell-cell

interaction. Inhibiting ST3Gal 1 enzymatic activity by antisense technology

therefore has been undertaken here to re-direct CLIO clvcosvlation towards

production of O-linked structure terminated in sl.ex. Furthermore, as

previously reported (Bierhuizen and Fukuda, 1992), CHO cells do not

contain detectable amounts of C2GnT, the main enzyme responsible for the

synthesis of polylactosamine (Figure 4.1); therefore this enzyme must be

cloned into CLIO cells to endow the potential for polylactosamine synthesis.
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The use ot the tetracycline-repressed transcription regulation system

(Gossen and Bujard, 1992) combined with a downstream tricistronic

expression construct (Fusscnegger, et al., 1997) allowed inducible transient

manipulations of the O-glycosylation pathway of a previously established

cell line (Prati, Suter et al., 1999). Under five different tetracycline

concentrations, inhibition of ST3Gal I enzymatic activity by its own

antisense fragment (ASST), and overexpression of human C2GnT

enzymatic activity was investigated. Analysis of total cell membrane

glycoproteins was achieved using fluorescein isothiocyanate (FITC)-labelled

plant lectin Sambucus nigra agglutinin (SNA) which is specific for binding

to NeuAca2,6GalNAc-R structures of O-linked oligosaccharides, which

indirectly result from the action of ST3Gal I (Shibuya et al., 1987). To our

knowledge this is the first study involving co-ordinate control of two key

enzvmes in the O-glvcosylation pathway of mammalian cells. Moreover, for

the first time, it has been shown that two enzymes can be simultaneous

manipulated in opposite ways by inhibition and overexpression, providing

an important addition to the metabolic engineering field.

MATERIALS AND METHODS

Cell Culture

CHO-sLeM (Prati, Suter et al., 1999) cells were cultured in cx-MEM

medium supplemented with 7.5%^ fetal calf serum (Boehringer Mannheim,

Germany), thymidine (0.016 mM), and hypoxanthine (0.1 mM) (Sigma,

Switzerland) in the presence of 500 mg/mL Zeocin (Invitrogen, The

Netherlands) to maintain expression of the tetracycline-regulated

transactivator protein tfA and in the presence of 400 mg/mL G418 (Life

Technologies, Switzerland) to maintain ocl/3-fucosyltransferase VI activity

(al,3-Fuc-TVl). CHO-sLex-I cells were transfected with FuGENE6 reagent

(Boehringer Mannheim) when b0(V80% confluent. Supplier's instructions

were followed.
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Plasmid construction

Expression plasmid pSEAP-C2GnT-2/ASST-3 (Prati, Suter et al., 1999)

is derived from the tetracycline-responsive vector pMF124 (Fussenegger et

al., 1997) by insertion of ASST fragment in the third cistron and C2GnT

cDNA in the second cistron. pMF 124 carries the tetracycline-repressed

promoter and in the first cistron the reporter gene encoding human

secreted alkaline phosphatase (SEAP).

Transient transfecfion of CHO-sLeM cell line with a tetracycline dependent

expression vector

The expression vector pSEAP-C2GnT-2/ASST-3 was used to

transiently transfect CHO-sLeM cells. Transfected cells were grown in the

presence of five different tetracycline concentrations (2000, 100, 50, 10 and 5

ng/mL) and in its absence from the culture medium. Lhe FuGENE1 reagent

(Boehringer Mannheim) was used following the supplier's instructions.

SEAP assay

SEAP levels were determined essentially as described by Berger et al.

(1988). The assay measures the increase in light absorbance at 405 nm which

accompanies the hydrolysis of p-nitrophenylphosphate (Sigma). For the

assay, a 1 ml aliquot was removed from the control and transfected plates

and heated at 65°C for 5 mm. Lhe medium was then clarified by

centrifugation. An aliquot of medium (70 pi ) was then adjusted to IX SEAP

assay buffer (1.0 M diethanolaminc pH 9.8, 0.3 mM MgCl2, 10 mM L-

homoarginme) m a final volume ot 200 pL in a 96-well flat bottom culture

dish. 20 uL of 120 mM p-nitrophenylphosphate dissolved in IX SEAP assay

buffer was then added with mixing. The A40- of the reaction mixture was

read in an ELISA plate reader (BIO-RAD, Switzerland). The change in

absorbance was plotted and the initial reaction rate determined.
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ST3Gal I assay

CHO-sLeM transformants were grown until 90% confluence and

detached by scraping. Pellets were then washed three times in PBS and lysed

in: 50 mM imidazole-HCl, 1% Triton X-100, (pLI 7). Total protein was

determined with BCA reagent (Pierce, The Netherlands) following the

microtiter plate protocol suggested by the supplier. Sialyltransferase enzyme

activity was assayed with a modified method from Chang et al. (1995) and as

described in Prati, Suter et al. (1999). In summary, the assay in a final

volume of 100 uL included: 100 pg of total protein, 50 mM imidazole-HCl

(pH 7), 1% Triton X-100, 2.5 pM MnCL, 5 pM CMP-[14C]-NeuNAc (294

mCi/mmol), 25 pM CMP-NeuNAc, and 100 pM Galß-l/3-GalNAc as

acceptor. Purification and quantification oi the product were performed as

described elsewhere (Prati, Suter et al, 1999),

C2GnT assay

CL10-sLex-I transfected cells were grown to 90% confluence and

detached by scraping. Pellets were washed three times in PBS and lysed in:

150 mM NaCl, 0.5% Triton X-100. Protein concentration was measured as

indicated in the ST3Gal I assay. The C2GnT assay was performed essentially

as described by Birhuizen and Fukuda (1992). In a final volume of 100 pL the

reaction contained: 100 mM MES buffer (pH 7), 1 pCi UDP-[3H]-GlcNAc (34.8

pCi/mmol), 2 mM UDP-GlcNAc, 0.2 M GlcNAc, 20 mM EDTA (pH 7), 2 m M

Ga]ß-l,3-GaINAc\ and 100 ug of protein. Reactions were incubated for 1.5

hours at 37°C and stopped bv adding 500 uL of cold water. Samples were

processed as described in Prati, Suter et al. (1999)/ except that methanol

(Fluka, Switzerland) was used to pre-equilibrate the columns and for

elution of the products.
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SNA-FITC assay

CHO-sLeM transformants were grown to 90% confluence and

detached with trypsin. Cells were counted and a final amount of 0.5 x 10b

cells was washed three times with 10 mM LIEPES, pH 7.5, 0.15 M NaCl. In a

final volume of 700 pL, cells -were incubated with 75 pg/mL of the lectin

SNA-FITC (Vector Laboratories, USA) for 2 hours at room temperature

with constant rotation. Cells were washed three times with 10 mM HEPES,

pH 7.5, 0.15 M NaCl and resuspended in a final volume of 200 pL into a

Costar 96-well plate. Fluorescence intensity was measured using the

fluorescencephotometer PÜLARstar (BMG Lab Technologies GmbH,

Germany).

RESULTS AND DISCUSSION

Description of CHO-sLeM cell line for the co-ordinated expression of SEAP,

ASST and C2GnT

The CHO-sLeM cell line is derived from CHO-sLex (Prati et al, 1998)

cell line and stably expresses ai,3-fucosyltransferase VI (al,3-Fuc-TVI)

activity and the N-linked sLex epitope as well as the tetracycline-regulated

transactivator protein tTA (Prati, Suter et al., 1999). The sLex epitope seems

to be one of the essential factors that confers binding capacity to mucin-1 ike

proteins (Lasky, 1995). We assumed here that the capability of ocl,3~Fuc-TVI

to transfer fucose in a ccl,3-linkage to a type 2 acceptor substrate (Galßl-

4GlcNAcßi-3) of N-linked glycoproteins (Prati et al, 1998) would also

provide fucosylation of the same acceptor substrate present on mucin-like

proteins.

pSEAP-C2GnT-2/ASST-3 is a tricistronic expression vector which

carries the minimal tetracvcline-responsive Phc\i\M promoter, in the first

cistron, the reporter gene encoding for SEAP, in the second cistron the
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cDNA encoding human C2GnT and in the third cistron a cDNA fragment

of CHO ST3Gal I cloned in the antisense orientation (ASST). CHO-sLeM

cells were transiently transfected, under five different tetracvcline

concentrations and in the absence of tetracycline, with the regulatable

expression vector pSEAP-C2GnT-2/ASST-3.

Assays of tetracycline-regulated SEAP expression, ST3Ga! I enzymatic

activity inhibition and C2GnT enzymatic activity overexpression

Transiently transfected CHO-sLeM cells were shown to provide

tetracyciine-responsive expression of the reporter gene SEAP fused to the

promoter PncMV*-i- SEAP activity in the culture supernatant was measured

48 hours post transfecfion. The increase in absorbance at 405 nm, which

results from the hydrolysis of p-nitrophenolphosphate to p-nitrophenol, is

proportional to the SEAP activity. Data obtained using 200 pL reaction

mixture containing 70 pL of media are shown in Figure 4.2. As expected, a

low level of background SEAP activity is released bv CHO-sLeM transfected

cells with pSEAP-C2GnT-2/ASST-3 at the maximum tetracycline level

examined. When tetracycline was gradually reduced, reaching complete

omission from the culture medium, a dramatic increase in SEAP

production was detected. The values obtained in response to different

tetracycline concentrations in the medium are not only an indication of the

desired operation of the multicistronic expression regulation system but

also of the efficiency of the transient transfecfion protocol.
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Figure 4.2. Colonmetric assay tor SEAP. The plot shows the change in A40-,

with time tor SEAP assays containing 70 pL of media from transfected cells

under different tetracycline concentrations.

In order to assess the effect ot regulated expression of the antisense

ST3Gal I sequence on the activity of the corresponding enzyme in CHO

cells, cultures of CHO-sLeM were harvested from cultures 48 hours

following transfecfion by the pSEAP-C2GnT-2/ASST-3 vector, and assayed

for specific activity of ST3Gal 1. As shown m table 4.1, cultures without

tetracycline, and thereby acth ely expressing the multicistronic transcript as

indicated by SEAP assay, exhibited eighty-five percent lower ST3Gal I

enzymatic activity compared to the level obtained from transfectants with

the highest tetracycline concentration. The effect of tetracycline on the

observed ST3Gal I enzymatic activity was correlated with medium

tetracycline concentration over the entire concentration range examined,

indicating the efficiency of the regulatable system
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Table 4.1. Expression of antisense STSGal I cDNA and its enzymatic activity

in CHO-sLeM cells under different tetracycline concentrations.

Tetracycline concentration ST3Gal I Inhibition

(ng/mL) specific activity (%)

(nmol/mg protein/hour)

2000 0.27 ±0.01

100 0.35 ±0.07

50 0.22 ± 0.02 18.5

10 0.18 ±0.01 33.3

5 0.05 ±0.02 81.5

0 0.04 ±0.01 85.2

As expected, similar results were obtained when cells were harvested

and assayed for specific activity of C2GnT. As shown in Table 4.2,

progressively decreasing tetracycline concentrations gave correspondingly

higher expression of the heterologous C2GnT enzvme. As observed in the

case of ST3Gal I activity, the most outstanding diversity in C2GnT activity

was given by the highest tetracycline concentration (2000 ng/mL) and in its

absence. Taken together, these two enzymatic activity assays, under different

tetracycline concentrations, provide the first finding for the possibility of co-

ordinately manipulating, in a regulatable finely tuned manner, and in

opposite ways, two glycosyltransferases and therefore possibly to re-direct

the O-glvcosvlation pathway of CHO cells.
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Table 4.2. Expression of C2GnT cDNA and its enzymatic activity m CHO-

sLeM cells under different tetracycline concentrations.

Tetracycline concentration C2GnT

(ng/mL) specific activity

( nmo I / mg p ro te in / hour)

2000 0.19 ±0.08

100 0.44 ± 0.36

50 0.38 ± 0.27

10 LU ±0.58

5 2.87 ±0.95

0 5,41 ± 0.53

Assay of total cell membrane glycoproteins by SNA-FITC plant lectin

In order to corroborate results obtained from the ST3Gal I enzymatic

activity, we assayed the NeuAca2,6GalNAc-R linkage (the product of the

left-hand branch of the network shown m Figure 4.1, which begins with the

action of ST3Gal 1 ) on cell surface glycoproteins using FITC-labelled plant

lectin SNA. The SNA lectin is specific for binding to NeuAcoc2,6GalNAc of

N- and O-linked oligosaccharides (Shibuya et al, 1987). Theoretically, when

a decrease in enzymatic activity ot ST3Gal 1 occurs a correlated diminishing

of its product should take place, reducing therefore the display of

NeuAcoc2,6GalNAc-R on the cell surface and reducing binding of SNA-FITC

to cell surface glycoproteins. This hypothesis was confirmed by the results

reported in Table 4.3. Under the mentioned five different tetracycline

concentrations and in its absence from the culture medium, cells were

transiently transfected with pSEAP-C2GnT-2/ASST-3 vector and grown for

48 hours before bindinc to SNA-FITC lectin.
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Table 4.3. Binding of SNA-FITC to transfected CHO-sLeM under different

tetracycline concentrations.

Tetracycline concentration Mean Inhibition

(ng/mL) fluorescence (%)

2000 18.9 ±1.4

100 18.2 ±1.6 3.7

50 17.7 ±1.5 6.3

10 17.0 ±1.5 10.1

5 13.1 ±1.2 30.7

0 12.0 ±1.1 36.6

Although not so evident as the ST3Gal I enz\ mafic activity, also in the case

of fluorescence measurement a correlation between presence of the

NeuAca2,6GalNAc-R linkage and the amount of tetracycline present in the

culture medium was discernible. A possible reason for the less gradual

reduction ot NeuAea2,6GalNAc-compared to the reduction of the

enzymatic activity of ST3Gal I could be due to the two day duration of the

transient experiment, such that a high residual NeuAca2,6GalNAc-R

presence from before the transfecfion results m a high background.

Nevertheless, m the absence of tetracycline SNA-FITC binding capacity to

total cell surface proteins is reduced by 37 %, as expected by reduction of

ST3Gal I activity by antisense technology.
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Abstract

O-glycosylation of mucin-type membrane-bound glycoproteins plays

a critical role during development and carcinogenesis of cells, in cell

migration, adhesion and recognition. CD34, a mucin-like membrane-bound

glycoprotein involved in cell-cell adhesion processes by interacting with L-

selectin, was chosen as reporter protein to investigate the potential

glycosylation effects implied bv a metabolic engineered Chinese hamster

ovary (CHO) cells. A soluble form of CD34, designated sCD34, was expressed

in CHO in combination or not, with specific glycosyltransferases. Synthesis

of sCD34 in a CHO cell line capable of a 1,3-fucosyltransferase activity,

resulted in expression of the carbohydrate epitope sialyl Lewis X (sLex) on

N-linked glycans of the recombinant sCD34. Additional regulated transient

overexpression of UDP-GlcNAc : Gal ß 1,3 GalNAc-R ß 1,6 - N - acetyl-

glucosaminyltransferase gene (C2GnT) combined with inhibition of CMF-

sialic acid : Gal ß 1,3 GalNAc a 2,3 - sialyltransferase (ST3Gal I), revealed

synthesis of sLex antigen also in a O-linked manner on sCD34 as confirmed

after release of N-linked sugars. This simultaneous regulated inhibition and

activation of the two key enzvme activities in the O-glycosylation pathway

of mammalian cells along with the constitutive expression of a

fucosyltransferase enzyme can be an useful metabolic tool to engineer new

O-linked mucin-type giycoforms therapeutically beneficial.

Key words: mucin-type O-glycans, sCD34, CHO cells, glycosylation

engineering.
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INTRODUCTION

Mucin-type molecules are large glycoconjugates with molecular

masses ranging from 3x10^ to over 4x10' kDa (Cortield et al., 1997; Hicks et

al., 1997). The most important characteristic of these molecules is their

serine- and threonine-rich domains which can be extensively O-glycosylated

(Carlstedt et al., 1985; Strous and Dekker 1^92; Forstner and Forstner 1994).

O-linked carbohydrates form up to 70-80% of the molecular weight, and the

length ot the glycosidic side chains varies from one to more than 20

residues. Mucins are subdivided into secretory, soluble and membrane-

bound forms. Secretory gel-forming mucins make up the viscous mucus of

the tracheobronchial, gastrointestinal and reproductive tracts, and form

large oligomers through linkage of protein monomers via disulphide bonds

at their Nf- and C-termini. Soluble mucins have smaller polypeptide

backbones and do not form gels bv disulphide cross-linking. Membrane-

bound mucins have a hydrophobic membrane-spanning domain (Corfield

et al., 1997). The predominant and critical role of mucin-type

glycoconjugates is to provide a smooth surface laver on epithelial cells.

Because O-glycans can be attached in a high density as clusters, mucin-type

glvcans provide a highly hvdrated surface. Secondly, these saccharides can

have highly heterogeneous structure so that they can provide a barrier

between the body fluid, which might contain proteases, and the epithelial

surfaces. Thirdly, it is possible that mucin-type carbohydrates serve as a trap

for bacterial adhesion. Such adhesion, then, could lead to the excretion of

bacteria from the respiratory duct via coughing, for example.

CD34 is a mucin-like glycoprotein ligand expressed on hematopoietic

progenitor cells and small vessel endothelial cells. Recent experiments on

the function of CD34 and the ample O-linked glycosylation of this protein

indicate that the extended bulky conformations of its glycan-rich regions

provide an elongated scaffold on which specific cell-cell recognition

interactions may occur. Indeed, CD34 is a sialylated, fucosylateci and sulfated

mucm-like carbohydrate-displaying molecule that can present clusters of O-

1 inked sugar chains, in particular epitopes such as sialyl lewis X (sl.ex)
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(SAa2-3Galßl~4(Lucal-3)GlcNAcßl-R). The pharmaceutical industry has

focused efforts on manufacturing either large amounts of penta- and

hexasaccharide forms of sLex or sialylated adhesion molecules to develop

antagonists for cell-adhesion processes such as cancer and inflammation

(Parekh and Edge, 1994).

The glvcosylation machinery of CLIO cells has been extensively

characterized. CLIO cells synthesize complex N-linked glycans with type 2

polylactosamine sequences (Galß l-4GlcNAeß 1-3) (Smith et al., 1990). The O-

linked glycans synthesized by CLIO cells are sialylated or nonsialylated core 1

structures (Galßl,3GalNAcal-Ser/Thr) via the action of CMP-sialic

acid:Galßl,3GalNAca2,3-sialyltransferase (STAGal I) (Bierhuizen et al., 1994).

A core 2 structure (Galßl,3(Galßl,4GlcNAcßl,6)GalNAcal-Ser/Thr) will

allow fucosylation or chain extension with polylactosamine (Bierhuizen et

al., 1994). Llowever, the formation of the core 2 structure does not occur to

any significant degree in CHO cells because of the extremely low expression

of the enzyme catalyzing it: UDP-GlcNAc:GalßL,3GalNAc-Rßl,6-N-

acetylglucosaminyl-transferase gene (C2GnT), (Bierhuizen and Fukuda

1992) (see Chapter IV, Figure 4.1). Furthermore, CHO cells do not express

endogenous al,3-fucosyltransferase (al,3-Fuc-T) activity which, along with

the absence of significant C2GnT activity, prevent formation of the

tetrasaccharide epitope sLex on O-linked glycans.

We report here the production of a newel soluble secreted form

(designated sCD34) of the usual membrane anchored mucin-type

glycoprotein CD34. The DNAs for sCD34 were constructed by PCR

technology, and the fragments so obtained were inserted in different

expression vectors. A new cell line, CLIO-sLeM-sCD34, was established.

Transient experiments combining sCD34 synthesis with inducible C2GnT

overexpression and ST3Gal I inhibition along with constitutive expression

of al/3-Fuc-TVI allowed the synthesis of the O-linked sl.ex epitope on an

sCD34 protein backbone.
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MATERIALS AND METHODS

Cell Culture

The CHO-DG44 cell line, described by Urlaub and Chasin (1980) and

the CHO-sLex-I cell line, described bv Prati, Suter et al. (1999), were grown in

a-MEM medium (Life Technologies, Switzerland) supplemented with 7.5 %

fetal calf serum (FCS) (Boehringer Mannheim, Germany), thymidine (0.016

mM), and hypoxanthine (0.1 mM") (Sigma, Switzerland). In addition, the

CFIO-sLeM cell line was grown in the presence of 400 pg/mL G418 (Life

Technologies, Switzerland) to maintain al,3-tucosvltransferase VI activity

(al,3-FucMA7l) (Prati et al., 1998) and in the presence of 500 pg/mL of Zeocin

(Invitrogen, Netherlands) to maintain expression of the tetracycline-

responsive transactivator (tTA) protem (Prati, Suter et al., 1999). Both cell

lines were transfected with FuGENE" reagent (Boehringer Mannheim)

when 60%-80% confluent. Supplier's instructions were followed.

Synthesis of soluble CD34 (sCD34)

Recombinant constructs encoding only the extracellular domain of

CD34 (aa residues 1-278), with an additional peptide sequence of six

histidine (6XHis) for practical purification purposes (Hochuli et al, 1987),

were synthesized bv performing two runs of PCR. During the first PCR two

primers, CD34N and CD34C, were respectively allowed to anneal to the 5'-

region and to the pre-transmembrane domain 3'-region of CD34 cDNA

cloned into pCDMS (kindly provided bv Dr. L. Tennen, Simmons et al.,

1992). CD34N = 5'-gtg tgt AAG CM GGG AAG GAT TCT GGT CCG CA-3'

encodes a restriction site for later subcloning whereas CD34C = 5'-CTT ATC

GTC ATC GTC GGT CTT TTG GGA ATA GCT CTG-3' encodes an

enterokmase restriction site. The second PCR was performed with primers

CD34N and CD34C-His = 5 -aca cac CTG CAG TCA GTG ATG GTG ATG

GTG ATG CTT ATC GTC ATC GTC-3'. CD34-Lhs encodes the six histidine

repeat, stop codon and a restriction site. PCR amplification of the newly

synthesized sCD34 DNAs were performed, gel-purified, cut with appropriate
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restriction enzymes and subcloned into the multieionmg site of pZeoSV2(+)

expression vector (Invitrogen) to yield pZeoSV2(+)-sCD34 and into the

tetracvcline-responsive pMF124 vector (Fussenegger, et al., 1997) to yield

pSEAP-sCD34-2 (SEAP for human secreted alkaline phosphatase). Correct

sCD34 assembly was confirmed by nucleotide sequencing of the cloned PCR

products (pBluescript II KS + (Stratagene, Switzerland)). Primers were

purchased from Microsynth (Switzerland), all PCR reagents were from

Boehringer Mannheim.

Generation of CHO-sLeM-sCD34 cell line and sCD34 synthesis under

glycosylation inhibitor

CHO-sLeM cells were co-transfected with the sCD34~encoding

plasmid pSEAP-sCD34-2 and pPUR carrying the puromycin resistance gene

(Clontech, USA). Over 40 individual clones were sorted by FACS (FACStar

Plus, Becton Dickinson), (Central Laboratory for Cell Sorting, University of

Zürich and ETH Zurich), selected with 7.5 pg/mL puromycin (Calbiochem,

Switzerland) and tested for the presence of SEAP (Prati, Suter et al., 1999).

Clones that were positive for SEAP assay were then checked for synthesis of

sCD34. One best clone was selected for further studies and named CHO-sLex-

LsCD34. For glycosylation studies cells were grown in the presence of a

glycosylation inhibitor: tunicamycin (Calbiochem). Tunicamyein was added

to the culture medium in a final concentration of 0.1 pg/mL. Cells were

grown for 5 days under glycosylation inhibitor prior to sCD34 purification

and detection by Western blot analysis.

Transient transfecfion of CHO-DG44 and CHO-sLeM cell lines with

pZeoSV2(+)-sCD34 or pSEAP-sCD34-2. "Double" transfecfion of CHO-sLeM

to produce full O-glycosylated sCD34.

The expression vectors pZeoSV2(+)-sCD34 as well as pSEAP-sCD34-2

(this last one clerepressed or not depending upon tetracycline presence in

the culture medium), were used to transiently transfect CHO-DG44 and

CHO-sLeM cells and synthesize sCD34.
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CHO-sLeM cells were also "double" transiently transfected. The first

transfecfion was performed 24 hours after seeding of cells. The tetracycline

regulatable expression vector pSEAP-C2GnT-2/ ASST-3 (Prati, Suter et al.,

1999) was used in order to confer C2GnT activity and reduce ST3Gal I to the

cells. 48 hours after the first transfecfion cells were split and the next day

transiently transfected with pZeoSV2(+)-sCD34 m order to possibly produce

full O-glycosylated sCD34. 72 hours after the second transfecfion,

supernatants were collected, cell debris were removed by centrifugation and

the samples were applied on a HiTrap metal (Ni"') chelate affinity column

(Pharmacia Biotech, Sweden), for sCD34 purification.

Purification, treatment with peptide-N-glycosidase F (PNGase F), Western

and lectin blot analysis of sCD34 samples

sCD34 was purified from culture medium by metal chelate affinity

chromatography on a 1 mL HiTrap column charged with Ni +, using linear

imidazole concentration gradient elution from 10 mM imidazole, 20 mM

sodium phosphate, 0.5 M sodium chloride, pH 7.5 to 80 mM imidazole, 20

mM sodium phosphate, 0.5 M sodium chloride, pLI 7.5. Elutions were

concentrated 200X with Ultrafree-15 and LTtrafree-0.5 centrifugal filter

device 5K MWCO (Millipore, Switzerland). sCD34 samples obtained from

transiently transfected cultures were treated with PNGase F (Oxford

Glycosciences, UK), following the manufacturer's instructions, to release the

N-linked oligosaccharides. sCD34 samples were analyzed by 7.5% SDS-PAGE

electrophoresis. After electrophoresis the proteins were transferred to

Hybond-ECL membranes (Amersham Life Science, UK) for 2 hours at 300

mA. For Western blot analysis, following transfer, membranes were blocked

m 5% (w/v) low fat dried milk (Bio-Rad Laboratories AG, Switzerland).

Membranes were then incubated with either an anti-CD34 antibody (Mv 10)

(I pg/mL) (Becton Dickinson, Germany) or an anti-sLex antibody (KM 93)

(10 pg/mL) (Serotec Ltd, UK) and with a secondary anti-mouse Ig

horseradish peroxidase-linked antibody (Amersham Life Science).

Chemilumineseenee detection was performed as described in the ECL-
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Western protocol (Amersham Life Science). For lectin analysis, following

transfer, membranes were blocked in 0.5% (w/v) blocking reagent

(Boehringer Mannheim). Membranes were then incubated with Snmbucus

nigra agglutinin (SNA) lectin labelled with digoxigenin (1.5:1000 dilution)

(Boehringer Mannheim) and with an anti-digoxigenin-AP (1:1000 dilution)

(Boehringer Mannheim). Staining of the membranes was performed by

incubation of the filters in a solution containing 0.375% X-phosphate and

0.5% nitroblue tetrazolium chloride (NBT) until bands were visible,

RESULTS AND DISCUSSION

Synthesis of sCD34 coding sequences, construction of constitutive and

inducible expression vectors and protein purification

The soluble CD34 (sCD34) coding sequences were created by PCR from

a membrane bound template, In order to obtain a final product that could be

directly purified from the culture medium, two runs of PCR were carried

out as depicted in Figure 5.1. During the first PCR step, two primers (CD34N

and CD34C) were employed which, by annealing at the 5'-region and the

pre-transmembrane 3'-region of the CD34 cDNA, respectively, were

amplifying a DNA fragment encoding only the extracellular domain of the

membrane bound CD34. Lhe second PCR step consisted in adding to the 3'-

region of the newly synthesized template, via a CD34HLs primer,

nucleotides coding for six tandem repeated histidine. This modification at

the C-terminus of sCD34 was included to facilitate later protein purification.

A stop codon to terminate translation and new restriction sites for later

subcloning followed the 6XHis repeat.
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I PCR:

HindIII/Notl

FINAL sCD34 DNAs:

V . Ly OTl

Tt PCR-
5'HindIII/NoH v

SCD34

TMD

HindlTT/Notl sCD34 tnterokinase 6XHis STOP Pstl/Clal

Figure 5.1: Schematic representation of PCR steps for the synthesis of
solubleCD34

(sCD34)

DNA

6XFlis-Tag for purification.

solubleCD34

(sCD34) DNAs. Shown are restriction sites for cloning and the

Both final sCD34 DNAs, differing from each other only in the

restriction sites added to their termini, were subcloned into pBluescript II

KS + (data not shown) and sequenced to confirm that they contained the

expected substitutions. Both sequences revealed 100% homology to the

native membrane-bound CD34. A comparison of the amino acid sequence

of the newly created sCD34 and its membrane anchored counterpart is given

in Figure 5.2.



M P R G Vi T A L C L L S L L P S G F M 3 L D N N G T A T P E L P T Q G T FS8V Majority

—N— —N—
rrm

1 M P R G W T A L C L L S L L P S G F M S L D N N G T A T P E L P T 0 G T F S N V %3Y,
M P R G W T A L C L L S L L P S G F M S L D N N G T A T P E L P T Q G T F S N V sC,D34

S T N V S Y Q E T T T P S T L G S T S I, H P V S Q H G N E A T T N I T E T T V K Majority
—N_- —n—

41 S T N V S Y Q E T T T ? S T L G S T S I, E P V S Q H G K E A T T N 1 T E T T V K CD34
SYNVSYCJETTTPSTY G S T S L K P V 3 Q H G N H A T T K I T E T T V K sCD34

F T S T S V I T S V Y G N T H S S V C 5 Q T 5 V I S T 7 F T T ? A N V S T P 5 T Majority

...N— —n—

81 F T S T S V I T S V Y G N T N 3 S y Q S 2 T S V I S T Y F T E P A N V S T P E T CD34

FTSTSVIT3VYGNTNi3SyQ33,Y5VI3 Y "/ F T T P A N V 3 T P E T sCD34

TLKPSLSPGNVSDLS Y Y3Y3YA"S?yEYYYS3SPIL5DIK Majority
—N—

_ ^ „n

T L K P S L S P G K ¥ S 3 L S î i1 S 7s L A T S F T K ? Y î S 3 3 ? U S D î K SCD34

ABIKCSGIREVRY T OGICLByNKTSSCAFEKKDRGSGL AR Majority

161 A E I K C S G I R E Y K Y T 3 3 I 3 T. E Q W K T 3 S C A S F K K 3 R G E G L A R CD34
A E I K C S G I R E Y K L Y ;• G 3 3 Y E Q N K T S S C A S F Y K Y R G E G L A R sCD34

V I, C G E S Q A Y A 3 A 3 A Y Y 3 ? 3 Y L A Q S B v R Y Q 3 Y Y L y Y A N R T E Majority
...N—

201 V L C G E E Q A D A Y A G A 3 Y 3 3 Y Y L A Y S E -3 R ? 3 3 Y Y L V L A N R T E CD34
V L C G E E Q A D A Y A G A Y Y 3 3 Y Y Y A Q £ E '3 R P 3 Y Y Y L V L A N R T E sCD34

I S S K L Q 3, :3 K K H Y 3 Y Y K K Y 3 ï R p ? G E C Y '3 A 3 Y Y 5 Y S Q K T L I Majority

241 I S S K L Q L Y Y Y H Q £ Y Y K K Y G Y L D F Y E 3 Y Y A 3 K Q 3 Y S Q K T ÎTÏ CD34

I S S K L Q L K X K H Q S D Y K K L- G I L D F T £ C r y A S H Q S Y S Q K T D D sCD34

A L V T S G A EL A Y Y G Y Y 3 Y R Y M K R R S Y 3 P T G E R Y G 33; P Y Y Y E Majority

281 A L V T S G A Y Y A Y 3. 3 3 Y G Y P L M N E R 3 Y S ? T G E R L G E Y P Y Y T E CD34

D D K K R R H H E sCD34

N G G G Q G Y 3 S G ? G T 3 P E A Q G K A S V N R G A Q E N G T G 0 A T S R N G Majority

321 N G G G Q G Y 3 S G P G T S ? S A G G K A S V M ?. G A Q S M G T G Q A T S R N G CD34

H S A R Q H Y y AD TEL Majority

361 H S A R Q Y Y y A D T E L CD34

Figure 5.2: Comparison of the amino acid sequences of the constructed

soluble CD34 and the native membrane-bound CD34. The hydrophobic
transmembrane domain is double underlined. The nine sites of potential
N-linked glycosylation are denoted by the symbol —N—,

After confirmation of sCD34 sequences, two different type of

mammalian expression vectors were generated, both carrying in their

respectively multicloning site the digested sCD34 DNA suitable for cloning

(Figure 5.3). The constitutive vector pZeoSV2(+)-sCD34. directs expression of

sCD34 DNA via the strong SV40 promoter whereas the inducible vector

pSEAP-sCD34-2 carries the minimal tetracvcline-responsive promoter

PhCMV*-i and, *n the first cistron, the reporter gene encoding the human

secreted alkaline phosphatase (SEAP) (Berger et al., 1988). Measurement of
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SEAP activity provides a conveniently assayed indicator of sCD34

expression from this multicistronic vector.

Hindlll

Claî

Figure 5.3: Construction of the constitutive and inducible expression vectors

for sC034, The procedure for construction of these expression vectors is

described in "Materials and Methods".

A purification step was performed in order to obtain the desired sCD34

mucin-like glycoprotein post-transient transfecfion of the producing cell

lines. ITistidine-tagged glycoproteins are selectively retained in an NL+

charged column, and can be afterward desorbed from the column matrix

with buffers containing imidazole.

In order to optimize purification of sCD34, a stepwise gradient

elution was performed. Samples obtained from each elution were divided

in two and simultaneously applied to a Coomassie blue stain and to a

Western blot analysis. As represented m Figure 3.4 panel A, the Coomassie

blue stain of the 7.5°y SDS-PAGE shows that bv increasing imidazole

concentration from 10 mM (lane 1) up to 80 mM (lane 4) samples resulting

from each individual elution step are increasing!}' less contaminated by

proteins other than sCD34. The optimal elution of the histidine-tagged

sCD34 is achieved by using an imidazole concentration of 80 mM as shown

in Figure 5.4 panel B lane 4. From the Western blot analysis in panel B,

whose preparation procedure was identical to the one of the Coomassine
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blue stain m panel A, it is notable that already by an elution concentration

of 60 mM imidazole, sCD34 looses affinity for the NC+ column, but

unfortunately is still contaminated bv other proteins, see panel A lane 3.

With an imidazole concentration of 80 mM however, the total amount of

still retained sCD34 sample is in pure form released (compare both panels in

Figure 5.4 lane 4).

A B

kDa

Figure 5.4: Metal affinity chromatography purification and Western blot

analysis of sCD34 after transient transfecfion in CHO-sLex-I. Panel A:

Coomassie blue staining of the purification steps performed with different

imidazole concentrations. Panel B: Western blot analysis of the

corresponding panel A using a CD34 monoclonal antibody (My 10). Panel A

and B: lane 1 elution with 10 mM, Jane 2 elution with 40 mM, lane 3

elution with 60 mM and lane 4 elution with 80 mM imidazole. Each sample
reported In panel A and B were obtained from 4 confluent wells of a 6-well

plate, purified and divided in two prior to SDS-PAGE,

This result proves not only the expression and synthesis of the new sCD34

glycoprotein, but also the functionality of the bXHis added by PCR (Figure

5.1) to the C-terminus of sCD34 for metal chelate affinity chromatography

purification. All further results described withm this work concerning

purification of sCD34 were performed by directly equilibrating the NC

charged columns with b0 mM imidazole after which samples, obtained from
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the individual transfecfion experiments, were applied, and elutions of

samples were done with an imidazole concentration of 80 mM.

Transient expression of constitutive and inducible sCD34 in CHO-DG44 and

CHO-sLex-I cell lines. Establishment of a new stable cell line CHO-sLex-I-

sCD34 with synthesis of sCD34 with glycosylation inhibitor

Transient expression was studied since this method rapidly allows

checking of the integrity of the expression construct and testing some

properties of the derived product. Reported here are transient experiments

which were carried out with both the constitutive pZeoSV2(+)-sCD34 and

the inducible pSFAP-sCD34-2 expression \ectors. The tetracycline-regulated

vector pSEAP-sCD34-2 was utilized to transfect CHO-sLeM, a tetracycline-

responsive cell line (Prati, Suter et al., 1999), m the absence and in the

presence of tetracycline in the culture medium to synthesize or not sCD34.

The constitutive expression vector pZeoSY2(+)~sCD34 was used to produce

sCD34 in CFlO-sLeM as well as from its parental cell line CE10-DG44.

Iransfection of CHO-DG44 and CHO-sLeM cells was performed into b-well

plates once cells reached 60-80% confluency. Cultures of transfected ceils

were harvested 72 hours following transfecfion, applied to the NL+ charged

columns for sCD34 purification as described above. The eluted recombinant

mucin-type glycoproteins were detected by Western blot analysis. In Figure

5.5 Western blot analyses of the different transient experiments are

represented. Figure 5.5 panel A, detection using the My 10 antibody against

CD34, shows in lane I analysis ot stipernatants of CLIO-sLeM cells

transiently transfected with the constitutive \ector pZeoSV2(+)-sCD34, lane

2 and lane 3 are from CHO-sLeM cultures transfected with the inducible

vector pSEAP-sCD34-2 (lane 2 m the presence ot tetracycline, lane 3 in the

absence of tetracycline m the culture medium), lane 4 shows analysis of the

medium of CHO-sLeM cells transiently transfected with pMF124. The

membrane from panel A was stripped ot the bound Mv 10 antibody and

reproved with the anti-sLex antibody KM 93 as shown m Figure 5.5 panel B,
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Lhe sLex tetrasaccharide epitope is present on sCD34, lane 1 and 3 of panel B,

because of al,3-Fuc-TVI activity present in the engineered CHO-sLeM cell

line (Prati et al., 1998). For this construct, however, the sLex antigen is

exposed only on those oligosaccharide branches which are N-linked to the

peptide backbone of sCD34. In order to have synthesis of this same epitope

on O-linked sugars, an extra enzvmatic activity (in addition to ocl,3~Euc-T) is

required: C2GnT (see Chapter IV, Figure 4.1) (Li et al., 1996).

kDa

116-

kDa

116 _J

B D

II III IV

Figure 5.5: Transient expression of constitutive and inducible sCD34 in

CHO-sLeM and CHO-DG44 cells. Panel A and C: Western blot analysis using
an anti-CD34 monoclonal antibody (Mv 10). Panel B and D: Western blot

analysis using an anti-sLex monoclonal antibody (KM 93). Panel A and B:

lane 1 PZeoSV2(+)-sCD34/CHO-sLex-l, lane 2 PSEAP-sCD34-2/CHO-sLcM +

tetracycline, lane 3 pSEAP-sCD34-2/CHO-sLeM - tetracycline and lane 4

pSEAP/CHO-sLeM - tetracycline. Samples were obtained from 2 confluent

wells of a b-well plate. Panel C and D: lane 1 pZeoSV2(+)-sCD34/CHO-sLeM,
lane 2 PZeoSV2%)/CHO-sLeM, lane 3 pZeoSV2(+)-sCD34/CHO-DG44 and

lane 4 pZeoSV2(+)/CHO-DG44. Samples were obtained from 1 confluent

well of a b-well plate.

Panel C in Figure 5.5 shows analyses of supernatants of CHO-sLeM

transiently transfected with pZeoSV2(+)-sCD34 (lane 1) and with
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pZeoSV2(+) only (lane II). Lane III reports sCD34 expressed by parental cell

line CHO-DG44 with pZeoSV2(+)-sCD34, and lane IV with pZeoSV2(+)

only. Bands in panel C are present because they react with the anti-CD34

antibody (My 10). Panel D shows samples from the same cultures as Panel C,

but in panel D bands were detected with anti-sLex antibody (KM 93). As

expected, lane III in panel D does not show anv antibody reaction because of

the incapability of CHO-DG44 ceils to express al,3-Fuc-TVL Results shown

in Figure 5.5 indicate that eonstituthe and inducible expression of the

soluble form of a normally membrane-bound mucin-type glycoprotein is

possible. Moreover, post-translational modification of the protein is

influenced by metabolic engineering of the host cell glycosylation pathway

such that synthesis of a novel N-linked epitope (sLex) is achieved.

Prompted by the positive results concerning the production of sCD34

in CLIO cells, a stable cell line was established. This was performed by co-

transfecting the inducible cell line CHO-sLeM with pSEAP-sCD34-2 and

pPUR. Clones were screened by measuring SEAP activity, and one positive

clone out of 40 was then checked for its capacity to synthesize sCD34.

Unfortunately the yield given by the new stable cell line CLIO~sLeM-sCD34

was very low. Lo detect even a small amount of sCD34 by Western blot

analysis, more than 10 T 75 culture flasks (200 ml medium) were needed.

In view of future experiments involving the detection of sLex

antigen on O-linked glycans only, the elimination of total N-linked glycan

residues was necessary. Therefore, CHO-sLeM-sCD34 cells were grown in

the presence of tunicamvcin. Tunicamvcin is a strong antibiotic that blocks

synthesis of N-linked oligosaccharide precursor because of its structural

analogy to UDP-GlcNAc (Elbein, 1987). Figure 5.b shows results obtained

from two different cultivations of CHO-sLeM-sCD34 performed during a 5

day time period.
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Figure 5.6: Western blot analysis of sCD34 produced by the stable cell line

CHO-sLex-LsCD34. Detection was performed by using an anti-CD34

monoclonal antibody (My 10). Lane I sCD34, lane 2 sCD34 produced in the

presence of tunicamvcin. Each sample has been obtained from 8 T 75 culture

flasks.

In lane I there is the sCD34 produced by CblO-sLexT-sCD34, in lane 2 sCD34

produced by CHO-sLeM-sCD34 in the presence of tunicamvcin in the

culture medium. Although glycosylation inhibiting reagents have been

successfully used in prior researches, in our case the result was generally

reduced synthesis of sCD34. The faint band in lane 2 of Figure 5.6 is probably

due to the loss of inhibitory effect of the reagent happening at the end of the

culture period. The importance of glycosylation for protein secretion can be

crucial. In some cases it is of no consequence, while in others active protein

is not secreted unless glvcosvlation has occurred. For example, recombinant

erythropoietin, to stimulate red blood cell growth in anaemic patients,

produced in the presence oï tunicamvcin is not secreted (Takeuchi and

Kobata, 1991). It has been hypothesised that N- and O-linked

oligosaccharides promote protein secretion for some proteins by assisting in

the achievement ot the proper tertiary or quaternary structure necessary for

exit from the endoplasmic reticulum, which may be the case for sCD34.

Given the negative results obtained with tunicamvcin as N-glycosylation

inhibitor, release ol these type of glycans was later performed by digesting

the purified sCD34 with PNGase F.
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sCD34 expressed in CHO is modified with core 2 O-linked glycans when it is

co-expressed with C2GnT

To determine if co-expression of C2Gn'T with sCD34 caused the

addition of core 2 O-linked glvcans to sCD34, "double" transient experiments

were performed, consisting of a first round of transfecfion with the

inducible vector pSEAP-C2GnT-2/ASST-3 and, three days later, of a second

transfecfion with the constitutive vector pZeoSV2(+)-sCD34, As control,

transient expression with pZeoSV2(+)-sCD34 only was done at the same

time as CHO-sI ex-I "double" transfectants. Purification on HiTrap column

of sCD34 produced by the "double" transfectants (designed here as sCD34-0)

and of sCD34 produced by the control transfectants (designed here as sCD34)

was performed. Half of each eluted sample was submitted to digestion with

PNGase F prior Western blot analysis. The enzymatic release with PNGase F

of N-linked glvcans relies on the fact that PNGase F cleaves the link between

the first sugar added to the Asn residue of the peptide backbone. Figure 5.7

shows the results obtained. "Double" transfectants produced a sCD34-0

slightly higher in molecular weight than the control (compare lane 2 with

lane 3 in panel A, Figure 5.7). This thin increase in sCD34-0 molecular

weight can be attributed to C2GnT expression of the transfected cells as

reported in Table 5.1. Modification of the peptide backbone via the action of

C2GnT, responsible for synthesis of core 2 structure which can be further

elongated by other glycosyltransferases, has already been shown to be the

reason of the increment in molecular weight of the mucin-tvpe glycoprotein

under study (Bierhuizen et al., 1994).

Even more interesting was the pattern of bands of sCD34-0 obtained

after overnight digestion with PNGase F. Three bands, differing in their

resolution on the SDS-PAGE, are visible as consequence of presumably

differently O-linked attached oligosaccharides (Figure 5.7 panel A lane 1).

This can be attributed to the concomitant action of ASST which reduces

disialylated oligosaccharide extensions and the overexpression of C2GnT

which gives rise to different lactosamine branches (compare also lane 1 with

lane 4 from panel A).
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Table 5.1: C2GnT enzymatic activity in CHO-sLeM control cells and in CHO-

sLeM cells following transient transfecfion with pSEAP-C2GnT-2/ASST-3.
Results are given as an average of 4 independent experiments.

Cell line /vector C2GnT

specific activity

(nmol Aiig/h)

CHO-sLeM

(control)

CHO-sLeM

pSEAP-C2GnT-2/ASST-3

pZeoSV2(+)-sCD34

When the same samples from Figure 5.7 panel A were detected with an

antibody against sLex (KM 93) as shown m Figure 5.7 panel B, interesting

changes in band-pattern detections occurred. A verv relevant result is the

one obtained in panel B lane 1. Sample of sCD34-0 loaded on this lane have

been previously digested with PNGase F in order to release, from the core

protein, N-linked glycans. Consequently, the detection of apparently only

one band in panel B lane 1 is due to the presence of O-linked expressed sLex.

Indeed, detection with anti-sLex antibody of sCD34 digested with PNGase F

(lane 4 panel B), which has not been synthesized bv ceils transfected to

express C2GnT (as it is the case for sample in lane I panel B), does not occur.

Furthermore, detection of sCD34 in panel B lane 3 but not in lane 4, suggest

that treatment of sCD34 with PNGase F totally released N-linked glycans

and excluded any possible sLex detection on N-linked carbohydrates in such

digested protein.

0.12 ± 0.09

5.04 ± 0.53
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Figure 5.7: Western blot analysis of sCD34-0 produced after "double"

transfecfion and of sCD34 control from CHO-sLeM cells. Detection was

performed by using an anti-CD34 monoclonal antibody (My 10) panel A,

and an anti-sLex monoclonal antibody (KM 93) panel B. Lane 1, sCD34-G

produced by the "double" transfectants after overnight digestion with

PNGase F, lane 2 same as lane 1 without PNGase F treatment. Lane 3, sCD84

produced as control from CHO-sLex-l transfected only with pZeoSV2(+>
sCD34 and lane 4 same as lane 3 with overnight digestion of sCD34 with

PNGase F. Each sample has been obtained from 3 confluent wells of a 6-well

plate.

Results given m Figure 5.7 suggest that different giycoforms of sCD34

were produced by the "double" transfected cells, of which some were

harbouring the tetrasaccharide sLex on their terminal glvcans. This system

has proved to be possibly an ideal host system for the synthesis of mucin-

like glycoproteins,
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Lectin blot analysis of sCD34 produced by cells transiently transfected with

PSEAP-C2GnT-2/ASST-3 or not and pZeoSV2(+)-sCD34

All results presented so far concern the modification of the mucin-

type glycoprotein sCD34 with respect to addition ot new glycan structures to

the molecule. Because of constitutive al,3-Fuc-TVI activity of the cell line

used, sCD34 was so glycosylated to present the antigen sLex on its N-linked

glycans. Furthermore we demonstrated that transient expression of C2GnT

in combination with od,3-Fuc-TVI permitted also synthesis of the

tetrasaccharide epitope sLex on O-linked glycans of sCD34 (sCD34-0). One

intriguing question we wanted to answer was if it is possible also to detect

reduced specific carbohydrate structures on the new form of protein we

were studding. As previously reported (Prati, Suter et al., 1999; Prati,

Sburlati et al., 1999), inhibition of ST3Gal l can be induced in CHO-sLeM

cells by transient expression of pSEAP-C2GnT-2/ASST-3. This vector

contains in its third cistron part of the sequence of the CHO ST3Gal 1 in the

antisense orientation (ASST) (Prati, Suter et al, 1999). By "double"

transfecting CHO-sLeM first with pSEAP-C2GnT-2/ASST-3 and afterwards

with pZeoSV2(+)-sCD34 ,
what we were expecting was a reduced binding

capacity of the lectin Saiubuco nigra agglutinin (SNA) to the purified

glycoprotein sCD34-0. SNA is a plant lectin specific for binding to

SAa2,6GalNAc-R of O-linked oligosaccharides (Shibuya et al., 1987), and

this type of branch can be synthesized on O-linked backbones which have

been previously modified by the enzyme ST3Gal I (see Chapter IV, Figure

4.1). Theoretically, when a decrease in enzymatic activity of ST3Gal I occurs

a correlated diminishing of its product should take place, reducing therefore

the availability of SAa2,bGalNAc-R branch and preventing the binding

capacity of SNA to its recognized carbohydrate epitope. As shown in Figure

5.8, SNA lectin binds with stronger avidity to the sample in lane 2, which

represent sCD34 produced by CLIO-sLeM only transfected with pZeoSV2(+)-

sCD34. Lane 1 shows reduced staining of sCD34-0 protein, likely because of
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the diminished activity of STSGal I due to the antisense action of ASS1

fragment expressed in those cells.

80_

Figure 5.8: Lectin blot analysis ot sCD34-G produced after "double"

transfecfion and of control sCD34 from CHO-sLeM cells. Lane 1, sCD34-0

produced by the "double" transfectants (pSEAP-C2GnT-2/ASST-3 and

pZeoSV2(+)-sCD34), lane 2, sCD34 produced by the control transfected cells

(pZeoSV2(+)-sCD34 only).

This last result provided us with the ability to manipulate the

glycosylation profile of sCD34 by reducing activity of an endogenous

enzyme (STSGal I) of the host cells by antisense technology.

We have demonstrated within this work the capability to render a

membrane bound mucin-type glycoprotein a soluble one. We have

modified its coding sequence to facilitate its purification by metal affinity

chromatography. We utilized an inducible cell line in order to perform

several experiments concerning changes in the glycosylation profile of the

molecule itself. Future experiments regarding a more detailed sugar

analysis of the protein will require construction of a cell line which more

highly expresses sCD34.

Engineering the glycosylation machiner}' of CHO cells to produce and

manipulate the glycan profile of a O-linked mucin-type glycoproteins is an

emerging additional tool for tailoring the biological activities of product of

the biotechnology industry.
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6.1 CONCLUSION AND OUTLOOK

The main goal of this thesis was to engineer the glycosylation

pathway of CHO cells in order to produce new variants of mucin-type O-

linked glycoproteins. Since CLIO cells lack critical glycosyltransferase

activities to glycosylate in this fashion, their glycosylation machinery was so

remodeled to resemble the human one. Several changes in the

glycosyltransferase repertoire of the CHO host cell line were accomplished.

This requires installation of a suitable fucosyltransferase activity (such as

al,3-Fuc-TVT) and C2GnT activities in CHO cells. Previous works done in

other laboratories indicated that overexpression of C2GnT did not

dramatically increase expression of its derived oligosaccharide structures

(Bierhuizen et al., 1994; Nakamura et al., 1998). Taking this into account, we

decided, along with C2GnT overexpression, to inhibit the activity of another

enzyme of the same O-glycosylation pathway, namely ST3Gal I, which

competes with C2GnT for a common substrate.

Within this thesis we have reported the establishment of a cell line

which constifutively expresses al,3-Fuc-T\T activity governing synthesis of

N-linked sLex epitopes on cell surface molecules allowing therefore

adhesion to E-selectin expressing FlUVECs. Furthermore, regulation of

expression of the sLex epitope was accomplished by antisense gene transfer

technology which specifically targets al/3-Fuc-TVl activity. A concomitant

reduction in the enzyme activity and E-selectin binding capacity was

measured in different antisense clones.

The concept of antisense manipulation of CHO cells was then

expanded by associating this technique with a regulated expression system,

specifically one repressed by tetracycline in the cell culture medium. The cell

line expressing the heterologous cxl,3-Fuc-TVl gene was further engineered

to respond, upon tetracycline withdrawal from the culture medium, to

inhibit an endogenous glycosyltransferase, namely the enzyme ST3Gal I.

When transfected cells were assayed for specific activity of ST3Gal I they

exhibited a eightv-one percent lower activity of the CHO STSGal I enzyme.

Although the cloned CLIO STSGal I fragment used to performe antisense
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methodology was spanning only a reduced region of the total sequence, it

has proven possible to accomplish a major reduction in this activity. In

addition, by combining tetracycline regulatable overexpression of C2GnT

and inhibition of STSGal I genes m the inducible cell line, we demonstrated

that fine tuning of glycosyltransferases activity is possible. By simply varying

the tetracycline concentration in the culture medium of the transfected cells

under studies we have been able to coordinately change two enzymatic

activity in opposite way. Related effects like the diminishing of STSGal 1

products was proved to take place as indicated by the cell surface

glycoproteins analysis.

We finally constructed a secreted, soluble form of an O-linked mucin-

type glycoprotein to be used as a model protein. sCD34 proved to be

differently glycosylated depending on the cell type used and the

glycosyltransferase activities present. Synthesis of sCD34 from the

constitutive expressing al,3-Fuc-TVI cell line transiently transfected with

the expression vector providing regulated overexpression of C2GnT and

inhibition of STSGal I resulted in the formation of O-linked glvcans similar

to those occurring in humans. Although results obtained from the synthesis

and glycosylation modification of sCD34 are preliminary, we can conclude

that the establishment of a new system for synthesis of O-linked mucin-type

glycoproteins has been achieved.

The extent to which the system we have established can be

manipulated to maximize synthesis of the desired givcan structures is a

topic for future work. It will be interesting to determine if C2GnT

overexpression alone or STSGal I inhibition alone will give raise to

carbohydrate structures completely different from those synthesized when

the two enzyme activities are coordinate!}' modified.

The establishment of a stable cell line which produces greater amount

of the reporter molecule sCD34 will certainly facilitate this task.

An accurate sugar analysis of glycan structures synthesized on the

new molecule sCD34 will accompany each of this future experiments.

Finally, it would be desirable to try to further maximize the fraction

of polylactosamine harboring tetrasaccharide epitope sLex and perform
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adhesion assays of the differently glycosylated molecules to the three types

of seleetins. Visible are also the further molecule modification by enzvmatic

reaction in order to link sulfate structure (Hiraoka et al., 1999) indispensable

tor the mentioned cell-cell interactions. The strategy presented here may

also be applicable to other O-hnked mucin-tvpe glycoproteins, which are

increasingly gaining importance and interest for degenerated processes such

as cancer metastasis.
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6,3 ABBREVIATIONS AND GLOSSARY

Carbohycirtates and glycosyltransferases:
Eue

Gal

GalNAc

Glc

GlcNAc

LacNAc

Man

NeuAc

NeuGc

SA

Xyl
C2GnT

Fuc-T

a 1,3-Fuc-TVI
GnT

ST

STSGal I

Amino acids:

Asn (N)
Gin (Q)
His (IT)
Pro (P)
Ser (S)
Thr (T)
Xaa

fucose

galactose
N-acetvlgalactosamine
glucose
N-acetlyglucosamine
polylactosamine
mannose

N-acetylneurammic acid (sialic acid)

N-glycoh'lneuraminie acid

sialic acid

xylose

UDP-GlcNAc:Galßl,3GalNAc-Rßl,6-N-aeetyl~

glucosaminyl-transferase core 2 ßl,6-N-

acetylglucosaminyl transferase

fucosyltransferase

a 1,3-fucosyltransferase VI

N-acetvlglucosammyltransferase
sialyltransferase
CXIP-sialic acid:Galßl,3GaINAca2,3-sialyltransferase

asparagme

glu famine
histidine

proline
serine

threonine

any amino acid except Pro

aa

AP

ASST

ATC C

ATG

BCA

BHK

bp
BS A

Ci

CHO

CMP

DNA

do

amino acid

alkaline phosphatase/anchor primer
a cDNA fragment of CFIO STSGal I cloned in the antisense

orientation

American Type and Culture Collection

start cocion

bicinchomcin acid

baby hamster kidney
base pairs
bovine serum albumine

Curie

chmese hamster ovarv

cyto s ine monopho sphate

deoxyribonucleic acid

down stream
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EPO erythropoietin
ER endoplasmic reticulum

PAC S fluorescence-activated cell sorter

PCS foetal calf serum

F1TC fluorescein isothiocyanate
G418

GDP

LIPPES

geneticin
guanosine diphosphate
biological buffer. N-2-hydroxyethy-lpiperazine-N'-2-
ethanesulfonic acid

FTUVEC human umbilical vein endothelial cells

1L-2 interleukin-2

1FN interferon

kDa kilo Dalton

lamp
MES

lysosome-associated membrane protein
biological buffer. 2-N-morpholinoethanesulfonic acid

MOPS biological buffer. 3-N-morphohnopropanesulfonic acid

mRNA messenger ribonucleic acid

N-CAM neural cell adhesion molecule

oligos oligonucleotides
ORF open reading frame

PAGE

PBS

Polyacrylamide gel electrophoresis
phosphate buffered saline

PCR polymerase chain reaction

PNGase F

RACE

peptide-N-glvcosiciase F

rapid amplification of cDNA ends

RNase H ribonuclease H

sCD34 soluble closter designetion 34

SDS

SEAP

sodium dodecyl sulphate
secreted alkaline phosphatase

sLex

SNA

sialyl Lewis X: SAa2-3Galßl-4(Fucal-3)GlcNAcßl-R
Sanibucus nigra agglutinin

tet tetracycline

tPA tissue plasminogen activator

tTA tetracycline regulated transactivator protein
TNT tumor necrosis factor

UDP und ine di phospha te

UP up stream

w / V weight per volume

Anomers Sugars containing different arrangements of

atoms around CI. For D pyranose sugars, the a

anomer has the O atom lying in an axial

orientation while the ß anomer has the O atom in

an equatorial orientation.

Antenna Galßl-4GlcNAcßl unit linked to Man of the

pentasaccharide core of N-linked oligosaccharide
(see Chapter I, Figure 1.1).



120

Antigenic determinant

Antisense technology

Carbohydrate or peptide moietv which reacts in a

specific manner with antibody.
Methodology to "switch off" gene expression by
interferring specifically with the translation of the

encoded protein at the messenger RNA level.

Complex oligosaccharide N-linked oligosaccharide containing an N-acetyl-
lactosamme unit (Galßl-4GlcNAc) on two or

more antennae of the core pentasaccharide. This

structure rn.iv be further substituted by other

sugars (see Chapter 1, Figure 1.1).

Peptide sequence which is antigenic.
A haemopoietic hormone responsible for the

regulating the growth and terminal maturation of

erythroid progenitor cells.

Oligosaccharide chain

A family of glycoproteins containing identical

protein but different covalently attached

Epitope
Erythropoietin (EPO)

Glycan
Giycoforms

Glycopeptide
Glycoprotein
Glycosidic linkage
Glycosidase

Glycosyltransferase

Llybrid oligosaccharide

Lectin

Mucins

N-glycan

Oligonucleotides

Oligosaccharide

oligosaccharide structures.

Protein with covalently attached oligosaccharide.
Protein with covalently attached oligosaccharide.
Linkage involving Ci ot a sugar.

Enzyme involved in cleavage of a glycosidic
linkage.
En/vme involved in the transfer of a sugar from a

nucleotide donor to an oligosaccharide acceptor.
N-hnked oligosaccharide containing one or two

mannose units on the J-6 arm of the core along
with at least one complex (N-aeetyllactosamine)
unit on the 1-3 arm of the core (see Chapter I,

Figure 1.1).

Plant- or animal-derived protein which binds

specifically to a carbohydrate moiety.
Mucins are high molecular weight glycoproteins
that is they are proteins which have a large
number of O-linked sugar residues attached to

them. Up to 70% of their molecular weight is

made up of sugar units. They are usually
expressed on the surface of epithelial ceils. They
have the functions of cellular protection and

lubrication.

Oligosaccharide linked via N to Asn (see Chapter
I, Figure 1.1).

Antisense molecules which are synthetic
segments of DNA or RNA, designed to mirror

specific mRNA sequences and block protein-
production.
Two to about twenty monosaccharides covalently
linked through glycosidic bonds.
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O-glycan

Sequon

Sialylated

Tissue plasminogen
activator (tPA)

Oligosaccharides linked via O to Ser or Thr (see

Chapter I, Figure 1.2)

Sequence of amino acids necessary for

glycosylation.
containing sialic (neuraminic acid) in terminal

position.

A serine protease secreted m the vascular

thrombolysis system. It converts plasminogen
into plasmm which in turn is able to degrade the

fibrin network that hold blood clots intact.
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