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Terminal glycosylation in cystic fibrosis (CF):
A review emphasizing the airway epithelial cell
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Altered terminal glycosylation, with increased fucosylation and decreased sialylation is a hallmark of the cystic fibrosis (CF)
glycosylation phenotype. Oligosaccharides purified from the surface membrane glycoconjugates of CF airway epithelial
cells have the Lewis x, selectin ligand in terminal positions. This review is focused on the investigations of the glyco-
conjugates of the CF airway epithelial cell surface. Two of the major bacterial pathogens in CF, Pseudomonas aeruginosa
and Haemophilus influenzae, have binding proteins which recognize fucose in «-1,3 linkage and asialoglycoconjugates.
Therefore, consideration has been given to the possibility that the altered terminal glycosylation of airway epithelial gly-
coproteins in CF contributes to both the chronic infection and the robust, but ineffective, inflammatory response in the CF
lung. Since the glycosylation phenotype of CF airway epithelial cells have been modulated by the expression of wtCFTR,
the hypotheses which have been proposed to relate altered function of CFTR to the regulation of the glycosyltransferases
are discussed. Understanding the effects of mutant CFTR on glycosylation may provide further insight into the regulation
of glycoconjugate processing as well as new approaches to the therapy of CF.
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Abbreviations: CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator; wt, wild type; AF508, CF
gene mutation in which phenylalanine is substituted at position 508; TNFa, Tumor necrosis factor alpha; NMR, nuclear
magnetic resonance; Fuca1,3/4GIcNAc, fucosyl residues in «1,3/4 position to antennary N-acetylglucosamine; FucT, fu-
cosyltransferase; ST, sialyltransferase; TGN, trans Golgi network; WGA, wheat germ (Triticum vulgaris) agglutinin; SNA,
Sambucus nigra agglutinin; MAA, Maackia amurensis agglutinin; PNA, peanut agglutinin; CTB, B subunit of cholera toxin.

Introduction phenotype, an increased ratio of Fucw1,3/4GIcNAc to sialic
acid, is also present on the glycoproteins of the CF airway ep-
ithelial cells. Moreover, this CF phenotype of altered terminal
glycosylation in the surface membrane glycopeptides from CF
airway epithelial cells is directly related to the presence of either
wt or mutant CFTR [4]. In this review, the relationship between
the CF glycosylation phenotype and mutations in CFTR will be
discussed. In addition, the potential therapeutic implications for
the infection with specific bacterial pathogens and the robust,
but ineffective, inflammatory response in the CF airway will be
considered.

The surface of the airway epithelial cell is an important and com-
plex interface of the lung with the environment. This surface is
marked by the interaction of secreted products endogenous to
the host with a variety of extrinsic agents and organisms. The
functions and responses of the airway epithelial cells serve to
maintain normal pulmonary function. However, the cascade of
events which result from mutations in the CFTR gene [1] un-
derlie the pathogenesis of the chronic, progressive lung disease,
which is the hallmark of CF [2]. A well-described feature of
a variety of fractions of CF glycoconjugates has been an alter-
ation in the ratios of monosaccharides which are in terminal

positions on the branches of the oligosaccharides [3]. More re-
cently, it has been demonstrated that this altered glycosylation
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CF glycosylation phenotype

The observation of altered glycosylation in CF has been docu-
mented by many different methods. Since the finding by Dische
and colleagues that duodenal and pancreatic mucoprotein frac-
tions had an increased ratio of fucose to sialic acid content [5],
it has been widely reported that an alteration in glycosylation
is a characteristic manifestation of the CF phenotype (Table 1).
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Table 1. Glycosylation phenotype of CF airway epithelial cells

Rhim et al.

Tissue Cell type Fraction examined Method Reference
Increased fucose
Nasal epithelia CF/T43! Membrane glycoproteins Lentil lectin binding [16]
Nasal polyp Primary cells? Peripheral glycopept Fucosidases [4]
Trachea Primary cells Cilia PA Il fucose binding lectin [59]
Lung wtCFTR-/-mouse® Lung sections Lectin binding [60]
Nasal epithelia CF/T43 Membrane glycopeptides Fucosidases [4]
Trachea CF/T14 Membrane glycopeptides Fucosidases [4]
Decreased sialic acid

Nasal polyps Primary cells Secreted glycoprotein/lipid Radioassay [18]
Nasal epithelia Primary cells Cell surface Flow cytometry [19]
Nasal polyps Primary cells Cell surface Lectin binding [21]
Trachea 9/HTEo-® Cell surface Cholera toxin binding [61]
Nasal epithelia CF/T43 Peripheral glycoconjugates Chemical [4]
Nasal epithelia Primary cells Peripheral glycoconjugates Chemical [4]
Trachea CFT/ Peripheral glycoconjugates Chemical [4]

"Immortalized nasal polyps (AF508/AF508).

2Cells from tissue grown in primary culture.
SwtCFTR-/-mouse, wtCFTR knockout mouse.
4lmmortalized tracheal epithelial cells (AF508/AF508).

SImmortalized non-CF human tracheal epithelial cells with constitutive expression of wtCFTR.

This body of work represents research on a number of differ-
ent types of cells by a number of different methods. The data
point to a characteristic decrease in sialic acid and an increase
in fucose content of glycoconjugates on the surface of CF cells.
The following is a selected review detailing the CF glycosyla-
tion phenotype with an emphasis on the airway epithelial cell.
For a more comprehensive review, see [3]. It is important to
note that the altered terminal glycosylation phenotype which
has been confirmed many times in CF intestinal mucins is not
characteristic of CF airway mucins [6]. Roussel and colleagues
have implicated the inflammation and infection in the CF lung
as an important factor in modifying the glycosylation of CF
airway mucins. They report that TNF« increases the expres-
sion of specific glycosyltransferases and sulfotransferases in
human bronchial mucosa [7]. For a review of CF airway mucin
glycosylation, see Lamblin et al. [6].

Altered fucosylation in CF fibroblasts

Early studies on membrane glycoproteins employed CF fibrob-
lasts as it was postulated that these cells were not subjected to the
damaging pathophysiology of the disease [8]. The monosaccha-
ride content of partially purified released membrane glycopep-
tides from a total of seven fibroblast cell lines obtained from CF
patients and matched controls was analyzed by gas liquid chro-
matography [9,10]. These studies showed that the hydrolyzed
CF fibroblast membrane glycoproteins had an increased ratio
of fucose to the monosaccharides mannose and galactose as
compared to matched controls. Additionally, analysis of a high
molecular weight glycoprotein found in the fibroblast medium
of both CF and control cultures found a significant difference

in carbohydrate composition of the CF isolate as compared to
controls—the mean fucose content of the CF glycopeptides ver-
sus normal controls was 2.33 £ 1.7 and 0.31 £ 0.05 nmol/10°
cells, respectively [9].

Similar membrane glycoproteins and secreted fibronectin
obtained from CF fibroblasts were further characterized by
500-MHz 'H-NMR spectroscopy [11]. NMR analysis con-
firmed the aforementioned finding of increased fucosylation of
CF membrane glycopeptides. Fucosyl residues were found in
a 1,3 linkage to branch GlcNAc in CF but not non-CF membrane
glycopeptides. Fucose was found in « 1,6 linkage to GlcNAc-1
in CF and non-CF oligosaccharides. However, the ratio of fu-
cosyl residues in «-1,6 linkage to GlcNAc1 relative to NeuNAc
was 1:5 versus the 1:15 ratio seen in oligosaccharides of non-
CF glycopeptides. Further, this analysis revealed the presence
of triantennary oligosaccharides in CF cell glycoprotein frac-
tions. Interpretation of the findings of this analysis led to the
proposal of the oligosaccharide structure derived from CF fi-
broblast glycopeptides (Figure 1).

Altered fucosylation in CF airway epithelial cells

As the site of the most lethal pathology in cystic fibrosis is
the respiratory tract [2], research focused on the analysis of
the airway epithelium (Table 1). Immortalized airway epithe-
lial cells became available [12—-14] and were studied. CF/T43,
nasal epithelium from a CF patient homozygous for the AF508
mutation immortalized by the SV40 T-antigen [12], and BEAS-
2B [15], bronchial epithelium immortalized by adeno/SV40
virus were particularly useful. These cells were incubated with
[*H]Fuc [16] and membrane glycoproteins were released and
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Figure 1. Oligosaccharide structure obtained from 'H-NMR spectroscopy of glycopeptides isolated from membrane glycoproteins
of CF fibroblasts. *Denote the fucosyl residues and + denotes the decrease in sialic acid on one or more branches, representing
the glycosylation phenotype of CF. «1,3 fucosyl residues can also occur on GIcNAc 5 or 7 [11].

partially purified as previously described [10]. Subsequent
binding of CF and non-CF *H-glycopeptides to lentil lectin
Sepharose displayed a result similar to that found from the
fibroblast experiments—43% of glycoproteins from CF/T43
cells bound to the lentil lectin versus 23% of glycoproteins
from BEAS-2B cells. These results confirmed the presence of
more Fuca1,6GlcNAc on CF oligosaccharides than the non-
CF cells. Table 1 summarizes additional studies demonstrating
increased fucosylation in CF airway cells.

In another subsequent study [4], CF/T43 and BEAS-2B cells
were incubated in culture with [*H]Fuc, and the glycopeptides
were exposed to almond «-1,3/4 fucosidase. Similar to prior
studies, the amount of Fuca1,3/4GlcNAc was found to be in-
creased 9-fold in CF cells compared to non-CF cells. Similar
analysis yielded 9-fold more Fuce1,3/4GIcNAc in CF polyps
than in non-CF polyps.

Specific fucosidases [17] were used to compare the con-
tent of Fuca1,3/4GIcNAc and Fuca1,2Gal of membrane gly-
copeptides in CF/T43 and BEAS-2B cells. An inverse re-
lationship was demonstrated: CF cells had a high ratio of
Fuca1,3/4GlcNAc to Fucw1,2Gal, whereas non-CF cells had
a low ratio. This trend was also demonstrated in CF and
non-CF primary cells. However, CF/T43 cells displayed 50%
greater activity in o1,2 fucosyltransferase assays than BEAS-
2B cells, which was consistent with the finding of 50% less
a1,2 fucosyltransferase mRNA in BEAS-2B cells compared
to that of CF/T43 cells. Thus, this reciprocal relationship of
Fuco1,3GlcNAc and Fuca 1,2Gal on the surface membranes in
CF cells was not due to lack of biochemical machinery.

Altered sialylation of CF cells

Barasch et al. [18] examined the sialylation of SV40 immortal-
ized airway epithelium from a CF nasal polyp and from non-CF
trachea (Table 1). In their first experiment, these cells were incu-
bated with [*H]N-acetyl mannosamine overnight for 12 h and
neuraminidase-treated transferrin for 4 h. The transferrin from
the culture supernatant was isolated. Subsequent treatment with
neuraminidase yielded 50% less sialic acid from the CF trans-
ferrin than non-CF transferrin. As the rate of incorporation of
[*H]N-acetyl mannosamine and ['**I]transferrin in the cytoso-
lic fractions of CF and non-CF cells were equal, these results
suggested that sialylation of secreted transferrin is decreased in
the CF cells.

To further study the sialic acid content of all secreted
glycoproteins, cells were incubated [18] with [FHIN -acetyl
mannosamine and [>>S]methionine for 18 h. The amount of
[*H]sialic acid incorporated into the secreted glycoproteins
from the normal cells was significantly greater than from the
CF cells. Additionally, the amount of cytosolic incorporated
[*S]methionine were similar. Hence, it was suggested that sia-
lylation of most secreted glycopeptides is decreased in immor-
talized CF airway cells.

Finally, cells were incubated with [14C]butyrate and [PH]N-
acetyl mannosamine to analyze glycolipids [18]. After cell ex-
traction, gangliosides were analyzed by thin layer chromatog-
raphy. Using appropriate standards, it was shown that CF cells
had a higher ratio of asialoGM, :sialoGM compared to non-CF
cells (2.8 versus 2.3, respectively).

Asialo GM; residues from CF and non-CF airway cells from
primary culture were subsequently quantified [19]. Using flow
cytometric analysis, they found that 12% of CF cells and only
2.9% of control cells contained surface asialo GM; residues
(P = 0.03). It was also shown that binding to CF cells by ['*°I]-
labeled Pseudomonas aeruginosa derived pilin could be com-
petitively inhibited by the addition of asialo GM;. The inves-
tigators suggested that the phenotype of decreased sialylation
in CF cells could lead to an increase in the amount of nonsia-
lylated ganglioside residues, one of which, asialo GM|, could
play arole in P. aeruginosa adhesion. Hence, this was one of the
first studies to relate pathophysiology, increased P. aeruginosa
binding and infection of airways, to the phenotype of altered
glycosylation in CF airways.

A number of investigators have attempted to characterize the
sialylation of membrane glycoconjugates by lectin binding. An
early report analyzing the composition of glycoconjugates of
various types of skin cells with a panel of lectins yielded no dif-
ference in lectin-binding characteristics between CF and non-
CF cells [20]. However, numerous studies have subsequently
been conducted [3], and the consensus of these studies con-
cluded that there is a difference in lectin binding between CF
and non-CF cells.

To address the question of whether sialic acid specific lectin-
binding characteristics are altered in primary CF nasal polyps,
47 non-CF and 14 CF nasal polyps were analyzed with a panel
of biotinylated lectins [21]. Among the lectins employed were
wheat germ (7riticum vulgaris) agglutinin (WGA) which binds
GIcNAc and neuraminic acid residues (NeuSAc); Maackia
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amurensis agglutinin (MAA) which binds «-2,3 sialic acid—
GalB-1,4 GlcNAc; and Sambucus nigra agglutinin (SNA)
which binds «-2,6 sialic acid—GalNAc. After quantitating
lectin binding with computer assisted microscopy, it was found
that there was a significant difference between CF and non-
CF epithelium in the staining intensity of WGA bound to the
glandular epithelium, SNA staining intensity in the glandular
epithelium, and the number of cells with positive MAA staining
in the surface epithelium.

While analysis of cell surface glycoconjugates by lectin-
binding experiments serves to be a straightforward and effi-
cient method, such experiments can be susceptible to variables
leading to imprecision. For example, while affinities of cer-
tain lectins have been characterized, binding of lectins are not
entirely specific [22]. Hence, it has been suggested that all
lectin-binding experiments be interpreted with parallel bind-
ing inhibition studies employing the appropriate carbohydrate
ligand [22]. Unfortunately, many of the published reports of
lectin-binding experiments in CF cells lack appropriate inhi-
bition studies. Additionally, there exists a limited number of
lectins specific for sialic acid residues. The use of a wide panel
of such lectins in binding experiments thus provides only a qual-
itative estimate of total sialic acid content on the cell surface.

To quantify the total sialic acid content of airway cell mem-
brane glycoproteins, partially purified membrane glycopeptides
were analyzed [4] by the thiobarbituric acid assay [23]. It was
shown that CF/T43 cells had more than a three-fold decrease in
sialic acid content compared to non-CF BEAS-2B cells. More
importantly, similar analysis showed a significant two-fold de-
crease in sialic acid content in CF primary cells compared to
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non-CF primary cells. To date, this study is the most compre-
hensive analysis of total sialic acid content of CF and non-CF
airway epithelial cells.

Fucosylation and sialylation are modulated
by CFTR expression

Since the identification of the CF gene, numerous methods have
been used to transfect CFTR cDNA into cells and subsequently
express CFTR in cells [24]. Consequently, a number of investi-
gators have used these techniques to probe the role that CFTR
expression has in the alteration of terminal glycosylation in CF,
as summarized in Table 2.

To address the role that mutated CFTR could play in the
alteration of terminal glycosylation, C127 mouse mammary
epithelial cells, which do not express CFTR, were transfected
with AF508 CFTR cDNA or wtCFTR cDNA [25]. Sialylation
of membrane glycoconjugates was characterized by WGA and
SNA lectin binding and a fluorescent cholera toxin B probe,
which is specific for the glycosphingolipid GM,. C127 cells
expressing wtCFTR had approximately the same level of sia-
lylation as naive C127 cells. However, C127 cells expressing
AF508 had significantly decreased amounts of sialic acid com-
pared to naive and wtCFTR-expressing C127 cells. This was
early evidence that exogenous expression of mutated CFTR
could lead to an altered glycosylation phenotype.

The effect of the addition of AF508 CFTR expression on ter-
minal glycosylation was further investigated [26]. Normal hu-
man tracheal epithelial cells, 9/HTEo~, which endogenously
express wtCFTR, were transfected with AF508 cDNA by a

Table 2. Modulation of CF terminal glycosylation phenotype by CFTR expression

Cell type' Transfection? Compared with non-transfected cells® Reference
CF/T1 wtCFTR | Fuca1,3/4GIcNAc; 7 SA [62]
witCFTR | Fuca1,3/4GIcNAc; 1 SA [4]
wtCFTR | Fuca1,3/4GlIcNAc; T Fuca1,2Gal [17]
WICFTR | PNA* [29]
IB3 WICFTR | PNA [28]
WICFTR 1 PNA [29]
wiCFTR | asialo GM; [27]
CFPAC witCFTR | asialo GM; [27]
9/HTEo™ CFTR R-domain 4 asialo GM; [63]
AF508 | SNA® [26]
CFTR R-domain 1 SNA [26]
c127 AF508 | WGA® [25]

'Cell line in which the experiments were conducted: CF/T1, immortalized CF tracheal epithelial cells (AF508/AF508); IB3, CF bronchial cells (AF508/
W1282X); CFPAC, immortalized CF pancreatic epithelial cells; 9/HTEo~, immortalized non-CF human tracheal epithelial cells with constitutive

expression of wtCFTR; C127, mouse mammary epithelial cells.

2cDNA transfected into and expressed in the cell type denoted: wtCFTR, wild-type CFTR cDNA; AF508, AF508 CFTR cDNA; CFTR R-domain,

cDNA of the R domain of wtCFTR.

SResult of experiments as compared to cells not expressing the denoted cDNA: |, decreased compared to non transfected cells; 1, increased

compared to non-transfected cells.

4Binding of PNA (reported specificity to galactose residues linked 8 1 — 3 to N-acetyl-D-galactosamine in the terminal position).

5Binding of SNA (reported specificity to sialic acid linked «-2,6 to GalNAc).
6Binding of WGA (reported specificity to GIcNAc and sialic acid residues (Neu5Ac)).
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liposomal vector. Quantitative fluorescence microscopy was
then used to assess binding to several lectins and cholera
toxin B. Their results suggested that the expression of AF508
CFTR decreased «?2,6-sialylation even in the presence of
endogenous WtCFTR. cAMP-stimulated [*°Cl]-efflux assays
showed that 9/HTEo™ cells expressing AF508 CFTR had sig-
nificantly decreased chloride channel function compared to
controls. Hence, it was posited that «2,6-sialylation could be
dependent on normal wtCFTR function. To assess this hypoth-
esis, the R-domain of wtCFTR was transfected by a liposo-
mal vector into 9/HTEo~ cells [26]. Overexpression of this
R-domain had been shown to inhibit the chloride channel ac-
tivity of wtCFTR and was confirmed again by chloride efflux
assay. Their experiments supported the hypothesis that CFTR
chloride channel function could play a role in the glycosylation
phenotype.

To investigate if wtCFTR expression could reverse the de-
fective sialylation of membrane gangliosides in CF cells, IB3
CF bronchial cells and CFPAC CF pancreatic cells were trans-
fected with wtCFTR [27]. Asialo GM; residues were detected
by immunofluorescence. In both bronchial and pancreatic cells,
transfected progeny had significantly less anti-asialo GM; an-
tibody binding than naive CF cells. The authors suggest that
expression of wtCFTR led to a change in sialylation of mem-
brane gangliosides. These results correlated with experiments
showing that significantly more P. aeruginosa PAO1 bound to
non transfected CF cells. Further, it was shown that this bind-
ing could be inhibited in a dose-related manner with anti-asialo
GM; antibody.

To characterize the terminal glycosylation of rescued immor-
talized CF airway cells, quantitative lectin-binding assays were
performed with HRP-conjugated PNA and HRP-WGA. PNA
has been reported to preferentially bind to galactose residues
linked B1 — 3 to N-acetyl-D-galactosamine in the terminal
position, commonly found on non-sialylated O-linked oligosac-
charides. The IB3 cell line and two IB3 clonal cell lines stably
transfected with wtCFTR, S9 [28] and C38 [29], were analyzed
in two separate experiments. There was no difference appreci-
ated in the binding of WGA to IB3 and S9 cells [28]. However,
S9 bound 60% less PNA than IB3 cells at all concentrations and
times [28,29]. C38 cells bound 70% less PNA than IB3 cells
[29]. These results suggest that IB3 cells had more galactose
residues in a terminal position than S9 or C38 cells. The authors
suggest that this could be a reflection of a decrease in sialylation
of membrane glycoconjugates. This conclusion was supported
when the difference in PNA binding was abolished when IB3
cells were incubated with neuraminidase.

As was illustrated above, experiments using lectin-binding
assays have produced a number of conflicting reports regarding
whether or not the glycosylation phenotype is dependent on
wtCFTR expression and the degree of decreased sialylation in
CF cells. Hence, investigators sought to concretely relate the de-
gree of altered sialylation and fucosylation with the expression
of wtCFTR.
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Figure 2. The dependence of sialic acid and Fuca1,3/4GIcNAc
content of peripheral glycopeptides of airway epithelial cells
on the expression of wtCFTR. Line represents the exponen-
tial equation generated characterizing this relationship. (A) The
sialic acid content of CF/T1 cells is increased with the expres-
sion of wtCFTR where as (B) Fuca1,3GIcNAc is decreased [4].

A unique cell system was used where CF/T1 cells, im-
mortalized airway epithelial cells from the trachea of a cys-
tic fibrosis patient homozygous for the AF508 mutation, were
transfected with wtCFTR cDNA [13]. These cells subsequently
expressed high levels of functional wtCFTR at the cell mem-
brane as verified by Western blot and patch-clamp analy-
sis. The transfected cells were cultured for an extended time
[4]. After the defined time, wtCFTR expression declines at a
demonstrably predictable and calculable exponential rate, as
verified by in situ hybridization of CFTR mRNA and West-
ern analysis [4], before losing all detectable wtCFTR expres-
sion. Fucose and sialic acid content of glycoproteins released
from these cells as CFTR expression declined were analyzed
(Figure 2).

As in previous studies [16], cells were incubated in cul-
ture with [*H]Fuc and subsequently exposed to almond a-1,3/4
fucosidase. Similar to prior results, the amount of Fucw1,3/
4GIcNAc was found to be increased 3-fold in CF cells com-
pared to the corrected CF cells. It was also shown that
Fuca1,3/4GlcNAc significantly increased as wtCFTR expre-
ssion decreased whereas nontransfected CF/T1 cells consis-
tently displayed high levels of Fuco1,3/4GIcNAc. Further, the
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Figure 3. Comparison of Fuca1,3/4GIcNAc and Fuce1,2Gal
from the membrane glycopeptides of CF/T1 cells. CF/T1
cells were transfected with wtCFTR and subsequently ex-
pressed high or low levels of wtCFTR as determined by West-
ern blot analysis. Fucosyl residues were released by spe-
cific a-L-fucosidases. A reciprocal relationship is seen between
Fuca1,3/4GlcNAc (black bar) and Fuca1,2Gal (striped bar) [17].

dependence of decreased « 1,3/4 fucosylation on wtCFTR could
be characterized as an exponential equation with high correla-
tion (Figure 2B).

A subsequent study employing the same cell lines compared
the content of Fucar1,3/4GIlcNAc and Fuc 1,2Gal in membrane
glycopeptides with the use of specific fucosidases [17]. In trans-
fected CF/T1 cells expressing low levels of wtCFTR, the ra-
tio of Fuca1,3/4GlcNAc to Fuca 1,2Gal was approximately 3,
whereas those transfected cells expressing wtCFTR exhibited a
ratio of approximately 0.33 (Figure 3). In nontransfected CF/T1
cells, the ratio was also approximately 3. The results obtained
showed an actual alteration in the composition of membrane
glycoproteins that was modulated by wtCFTR expression with-
out a compensatory change in the mRNA expression and activ-
ity of fucosyltransferases.

To definitively quantitate the total sialic acid content of CF
and rescued airway epithelial cells, the thiobarbituric acid as-
say [23] was used [4]. In a reciprocal relationship to Fuca 1,3/
4GIcNAc, total sialic acid was found to decrease exponen-
tially as the transfected CF/T1 cells gradually lost expression
of wtCFTR (Figure 2A). Total sialic acid could be expressed
as an exponential function of the degree of wtCFTR expression
with a high degree of correlation.

It was thus shown that the ratio of sialic acid to Fuco1,3/
4GlcNAc in CF glycopeptides from airway cells was decreased
similar to that reported in CF fibroblasts [11]. Transfection and
expression of wtCFTR in CF cells reversed the phenotype, and,
with subsequent regression of these transfected cells to the pre-
vious CF phenotype, the initial low ratio of sialic acid to fucose
also returned.

This study unequivocally showed that the glycosylation phe-
notype correlated with degree of wtCFTR expression over an
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extended time. Further, this study provided distinct evidence
that alterations in glycosylation in CF airway cells could be
reversed with transfection of wtCFTR cDNA.

CFTR as a membrane glycoprotein

CFTR is a transmembrane glycoprotein, which functions as a
CI™ channel at the apical surface of epithelial cells [1]. It may
also be involved in the regulation of other ion channels in the
plasma membrane [30-32] and intravesicular trafficking and
endosome fusion [33]. It is reported to function in the endo-
plasmic reticulum [34], clathrin-coated vesicles [35] and it has
recently been proposed to play arole in the sorting and compart-
mentalization of the glycosyltransferases which are involved in
terminal glycosylation in the Golgi [17,36]. It is reported that
CFTR with the most common mutation, AF508, has a defect in
processing which results in an inefficiently folded glycoprotein
that has reduced delivery to its destination [3,33,37].

Cheng et al. [38] reported that the decrease in the size of
oligosaccharides of CFTR is responsible for the synthesis of
immature CFTR in CF, and it is accepted that the AF508 mu-
tation belongs to this category [37]. It has been proposed that
CFTR may utilize an atypical and highly regulated pathway
for transit to the cell surface [39]. In other studies, AF508 was
shown to interfere with a step in the maturation of immature
CFTR from ER to the Golgi complex [40,41]. Others showed
that the ER-retained immature form of CFTR was more suscep-
tible to protease digestion [42,43]. Studies by Kopito et al. [44]
suggested that up to 75% of wild-type CFTR is degraded prior
to localization in the surface membrane. However it is impor-
tant to remember that many of the studies of the processing of
CFTR were performed on cells that were overexpressing CFTR
and that they may not reflect the situation of airway epithelial
cells expressing endogenous levels of CFTR [45].

The degradation of CFTR occurred at a faster rate than the
synthesis in the presence of castanospermine, an inhibitor of
glycosylation processing [46]. It was pointed out that the lack
of the proper oligosaccharides on the mutant CFTR might con-
tribute to its rapid degradation. The inhibitor-induced lack of
glycosylation may be similar to the deglycosylated intermedi-
ary reported prior to degradation [47]. Thus although CFTR
has only two potential glycosylation sites, it appears that the
glycosylation may be the key to CFTR survival.

In a detailed report on the glycosylation of CFTR, O’Riordan
et al. [48] have shown that the fully mature, glycosylated form
of CFTR, expressed in CHO cells and in a mammary tumor
cell line transfected with wtCFTR, contained a unique pattern
of glycosylation which consisted of complex oligosaccharides
containing N-acetyllactosamine repeating units. The finding
may be significant taking into account the proposed role of
these structures to protect the mature protein from proteolytic
degradation [49]. O’Riordan et al. [48] stressed the fact that
the elongation of polylactosamine in the Golgi at 21°C cor-
relates with the fact that AF508 will traffic to the membrane



Terminal glycosylation in cystic fibrosis

at low speed [50]. Thus as a result of the low temperature the
AF508 CFTR may traffic through the Golgi slowly, and the
polylactosamine structures are synthesized. In a discussion of
the report by O’Riordan, it was acknowledged that this was the
only critical analysis reported on the oligosaccharides of CFTR.
However, it was pointed out that polylactosamine is a product
of tumor cells and CHO cells, and the experiments should be
repeated on endogenous CFTR in CF and non-CF airway cells
[45]. Therefore it is not yet known if CFTR, which modulates
the glycosylation phenotype of the cell membrane, is itself sub-
ject to the expression of the CF glycosylation phenotype.

Hypotheses proposed for the expression
of the glycosylation phenotype

Several hypotheses have been proposed for the glycosylation
phenotype in CF. Since the terminal glycosylation of the gly-
coproteins or glycolipids in the surface membrane is the area
of specific change any hypothesis must involve Golgi and
specifically the TGN. In the CF cells, sialic acid is decreased
and Fuco1,3GIcNAc is increased when compared to non-CF
cells (Table 1). Moreover, Fuca 1,2Gal is decreased as recently
shown [17].

Barasch et al. [18] reported defective acidification and a de-
crease in sialic acid of CF cells. They observed that the pH of
the Golgi in CF cells was altered and hypothesized that the lack
of acidity in the Golgi vesicles inhibited the action of the sia-
lyltransferase and thus caused a decrease in sialylation of the
surface glycoproteins and glycolipids. The CF TGN pH value
of 6.8 compared to the non-CF TGN pH of 6.5 that they re-
ported were hardly significant enough to inhibit the activity of
sialyltransferases. As shown in Table 3, both fucosyl- and sia-
lyltransferases usually have a broader pH range and not as sharp
an optimum. Subsequently, others were not able to detect a dif-
ference in pH values between Golgi of CF and non-CF cells
[51,52]. Radioimaging was used to detect hyperacidification
(pH 6.0 t0 6.2) in the TGN of immortalized epithelial cells from
CF lungs. The acidification was correlated with PNA binding
to the cell lines [29]. However, again, the pH values that they
suggest would inhibit specific glycosyltransferase activity do
not agree with the pH values reported for either the fucosyl-
or sialyltransferases (Table 3). This contradicts the hypothesis
of Barasch et al. [18] which evoked an effect of acidity on the
sialyltransferases. Moreover, the experiments of Poschet et al.
[29] directly duplicated those of Rhim et al. [4] which showed
unequivocally by chemical assay the modulation of sialic acid
by wtCFTR. Other observations on the modulation of glycosy-
lation have been reviewed in Table 2 and [3]. Although others
[52] could not show a relationship of CFTR to acidification they
acknowledged a number of potential reasons for the disparity.
These included the possibility of differences in membrane po-
tential caused by CFTR.

Delmotte et al. [7] have hypothesized that the hypersialyla-
tion they observed in mucins of patients with severe lung disease
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Table 3. Range of optimum pH values of fucosyl- and
sialyltransferases

pH values' Reference
Fucosyltransferases
FUT2 («2-FucT) 6.0-7.2 [64]
FUT3 («3/4-FucT) 6.0-7.4 [65]
FUT4 (a3-FucT) 6.2-7.0 [66]
FUT5 (a3-FucT) 5.0-7.0 [67]
FUT6 («3-FucT) 7.2-8.0 [66]
FUT7 («3-FucT) 6.2-7.0 [68,69]
FUT8 (a6-FucT) 5.6,7.0 [70-72]
FUT9 («3-FucT) 6.8-7.2 [73]
Sialyltransferases
ST3Gal-I 6.0-6.5 [74,75]
ST3Gal-ll 6.0-6.5 [76,77]
ST3Gal-lll 6.0-6.5 [78,79]
ST3Gal-IV 6.0-6.8 [76,80]
ST3Gal-V 6.0-6.5 [81,82]
ST3Gal VI 6.0 [83]
STéGal-I 6.0-6.8 [84-87]
STeGalNAc-I 6.0-6.5 [88—90]
ST6GalNAc-II 6.0-6.5 [89,91]
ST6GalNAc-1lI 6.0-6.5 [92,93]
ST6GalNAc-IV 6.0-6.5 [92,93]
STeGalNAc-V 6.0-6.5 [94,95]
ST6GalNAc-VI 6.0 [96]

"May vary with the tissue source and buffer composition. These selected
references and others are discussed extensively in [97].

was due to the action of cytokines which increased the action
of sialyl and fucosyltransferases. They attribute TNF« to initi-
ating the sialylation. In their case, sialylation was increased in
CF mucins in comparison to normal mucins.

Recently, Scanlin and Glick [17,36] have proposed that
wtCFTR acts on the TGN and aids in the function of the TGN
in terms of terminal glycosylation processing. CFTR is pro-
posed to act as an ion channel intracellularly as well as at the
surface membrane where it serves as a Cl~ channel as has been
described [53].

Rhim et al. [4] reported a reciprocal relationship for
Fucar1,3GIcNAc and NeuAc in CF and non-CF airway cell
membranes. Glick et al. [17] further expanded the ter-
minal glycosylation to show a reciprocal relationship be-
tween Fucal,3GIcNAc and Fuca1,2Gal. That is, a high
amount of Fuca1,2Gal and sialic acid, and a low amount of
Fuca 1,3GIcNAc were found in surface membrane glycocon-
jugates of non-CF cells. In contrast, Fuca 1,3GIcNAc was in-
creased, and Fuco 1,2Gal and NeuAc were decreased in the CF
cell membrane glycoproteins. On the other hand, when the ac-
tivity of «1,2fucosyltransferase was examined, significant ac-
tivity was present and the mRNA expression for FucT-2 was
present in both CF and non-CF cells to a significant extent.
Thus it is puzzling why the non-CF cells have a large amount
of Fuca 1,2Gal on their surface when the CF cells do not.
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Since these three terminal transferases act on the same sub-
strates one can assume that if the order of action is altered and
1,3 FucT acts first in CF then NeuAcT or «a1,2FucT could
not act, therefore the glycosylation phenotype is expressed on
the CF cells. We propose that wtCFTR aids in compartmen-
talization of the terminal glycosyltransferases in the Golgi, and
mutant CFTR (AF508) does not perform this function properly,
and actually interferes with compartmentalization.

As discussed, the role of CFTR in acidification of endosomes
and Golgi, particularly the TGN has been addressed by sev-
eral investigators after the report of Barasch et al. [18] that
the pH values of the Golgi vesicle could be responsible for
the alteration in sialic acid. It is generally agreed that wtCFTR
recycles from the surface membrane through internal vesicles
[33,46], but it is not agreed what role it has in protein sorting
and glycosylation.

The hypothesis that we propose depends on the sorting of
glycosyltransferases via autograde/retrograde transport of pro-
teins through the Golgi as described by Allan and Balch [54]
or Weiss and Nilsson [55]. We propose that wtCFTR functions
in the TGN to maintain the proper compartmentalization of
the sorting enzymes (specifically the terminal glycosyltrans-
ferases) as they pass through the Golgi, to and from the surface
membrane carrying the glycoconjugates which require process-
ing (Figure 4). Mutated CFTR does not have this function [17]
even though it may reach the surface membrane and recycle to
the TGN [46]. In the presence of mutant CFTR the terminal
glycosyltransferases are not sorted to the proper compartments

cell surface

coo T
v
endosome
sorting @ ‘
v

determinants

CFTR
Action

processing

o
enzymes v

Golgi compartments

sorting Q T

determinants | o000

Endoplasmic reticulum

Figure 4. Schematic representation of protein sorting by di-
rected maturation of the Golgi compartments proposed by Allan
and Balch [54]. We hypothesize that CFTR acts on the sorting
determinants in the TGN, as denoted. When CFTR is mutated,
compartmentalization of terminal glycosyltransferases are al-
tered resulting in the CF glycosylation phenotype [17,36].

Rhim et al.

and therefore act on the processing glycoproteins in an aber-
rant order. As discussed, if «1,3FucT acts first it will prevent
the activity of the two other terminal glycosyltransferases, sia-
lyltransferase, and «1,2FucT. These latter two enzymes will
not act after the glycoconjugates are o 1,3 fucosylated, yielding
the glycosylation phenotype as reported for CF (Table 1). At
this time we cannot predict if the role of wtCFTR in the TGN
is based on its ion channel function, acidification, membrane
potential, or other undescribed mechanisms.

Future directions

In recent years, there has been renewed interest in identify-
ing modifier genes which could influence the severity of CF in
individuals with a given set of mutations in CFTR [56]. The
recent study by Bronsveld et al. [57] of siblings who are ho-
mozygous for the AF508 mutation provided strong support for
the hypothesis that there is a genetic modifier of the severity of
the clinical disease in CF as well as directly of the function of
mutant CFTR. We propose that many of the enzymes, which
regulate the biosynthesis and processing of surface membrane
glycoproteins, are potentially important candidates for modi-
fier genes in CF. In this review, we emphasized that for many of
the glycosyltransferases which are involved in terminal glyco-
sylation, subtle differences in pH alone would not explain the
altered glycosylation phenotype which has been described in
CF [4] (Table 3).

Another class of diseases, the congenital disorders of glyco-
sylation, is an area of active investigation [58]. There have been
several reports of CF serum glycoproteins that have glycosy-
lation patterns that are similar to those seen in some patients
with congenital disorders of glycosylation. It is proposed here,
and is under active investigation, that mutations in some of the
enzymes that are described to result in syndromes of congenital
disorders of glycosylation could serve to modify the severity of
CF. This hypothesis is currently under investigation (TF Scanlin
and HH Freeze, unpublished).

In addition to providing potential therapeutic targets for the
treatment of CF, detailed dissection of the pathways for pro-
cessing and sorting surface membrane glycoproteins and gly-
colipids in CF airway epithelial cells may shed new light on
the regulatory elements of these highly conserved and complex
processes.
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