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Effect of transforming growth factor-$1 and basic fibroblast growth factor

on the expression of cell surface proteoglycans in human lung fibroblasts
Enhanced glycanation and fibronectin-binding of CD44 proteoglycan, and down-regulation of glypican
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We have tested the effects of transforming growth factor-g1
(TGF-g1), basic fibroblast growth factor (bFGF) and TGF-
B1+bFGF on the expression of the cell surface proteoglycans
(CD44, syndecans and glypican) in cultures of human lung
fibroblasts (HLF). Cell surface proteoglycan expression was
monitored by quantitative immunoprecipitation from meta-
bolically labelled cells, Western and Northern blotting and
evaluation of the glycanation of the proteoglycans. Stimulation
of the cells with TGF-41 increased the length of the chondroitin
sulphate (CS) chains on CD44 (~ 1.6-fold). bFGF, administered
solely, also increased the length of the CS chains on CD44
(~ 1.4-fold), whereas the combination of TGF-p1+bFGF
nearly doubled both the length and the number of the CS chains
on CD44. None of these treatments lead to changes in CD44

message or core-protein expression. This enhanced glycanation
of CD44 after the TGF-g#1, bFGF and combined treatments
correlated with a 2-fold increase in the affinity of the proteoglycan
for fibronectin but had no influence on the binding to type I
collagen. TGF-g1, alone or in combination with bFGF, also
stimulated the CS content of syndecan-1, but none of the other
syndecans was significantly affected by any of the factors or
combinations tested. The expression of glypican however was
significantly decreased (nearly halved) by the combination of
TGF-81+bFGF, less so by TGF-41 and not at all by bFGF.
This decrease occurred both at the level of the message and of the
core protein. These data demonstrate specific and differential
effects of TGF-g1 and bFGF on the structure, expression and
interactions of the cell surface proteoglycans of HLF.

INTRODUCTION

The cell surface proteoglycans represent a heterogeneous group
of receptors for cell adhesion molecules, growth factors, matrix
components, enzymes and enzyme inhibitors that are found, in
varying combinations, at the surfaces of virtually all types of cells
[1-4]. Their functions appear auxiliary in the sense that, generally,
their ligands in addition bind to other receptor structures at the
cell surface, often with unique specificities or with specificities
that by far exceed those that characterize the interactions of the
proteoglycans. The interactions of these proteoglycans are not
accessory, however, as in certain cases they seem required for the
activation or stability of the ligand. In that sense the cell surface
proteoglycans function as essential modulators of processes that
control the shape, growth and migration of cells [5,6].

The common denominator which groups these otherwise
unique membrane proteins is their substitution with glycos-
aminoglycan (GAG) chains. These consist of heparan sulphate
(HS) or chondroitin sulphate (CS) chains, sometimes both
together, which in large part determine the types and affinities of
the proteoglycan interactions. Some cell surface proteoglycans
share, in addition, structural motifs in their protein moieties, or
feature structural elements that have also been encountered in
other proteoglycans or glycoproteins with defined functions.
Syndecan (syndecan-1), fibroglycan (syndecan-2), N-syndecan
(syndecan-3) and amphiglycan or ryudocan (syndecan-4) have
transmembrane and cytoplasmic domains that are highly similar
and that may interact with the same or similar intracellular
structures (reviewed in [7]). These four proteins are entirely
distinct from glypican [8] and cerebroglycan [9], membrane HS
proteoglycans that are linked to the cell surface through glycosyl-
phosphatidylinositol moieties, and from CD44, a polymorphic

membrane protein (reviewed in [10]) with various degrees of
glycanation [11] that bears a resemblance to hyaluronan-binding
proteins and proteoglycans of the extracellular matrix [12,13]
and that functions as a cell surface receptor for hyaluronate [14],
fibronectin [15] and type I collagen [16].

On the other hand, various cytokines, and TGF-41 in par-
ticular, influence cellular behaviour and differentiation by affec-
ting the production, composition and turnover of the extra-
cellular matrix and of the cellular receptors for the matrix,
whereby the matrix also influences the activities of the cytokine
itself [17]. Effects of transforming growth factor-g1 (TGF-$1) on
secreted matrix GAGs and proteoglycans include stimulation of
the production of hyaluronate [18], biglycan [19,20] and versican
[20,21], changes in the glycanation of these molecules [22] and
enhanced expression of the basement membrane proteoglycan
perlecan [23]. In mouse mammary epithelial cells TGF-81 has
also been shown to enhance the incorporation of CS in syndecan-
1, while leaving the amount of HS on this hybrid molecule
relatively unaffected [24]. In combination with basic fibroblast
growth factor (bFGF), TGF-g1 stimulates the production of
syndecan-1 message and protein in 3T3 cells, but not in mouse
mammary epithelial cells, suggesting synergistic effects of
different cytokines and differences in responsiveness amongst
cells [25]. Interestingly, TGF-£1 in turn binds to the core protein
of decorin [26], biglycan and fibromodulin [27], and to the core
protein of betaglycan, a polymorphic hybrid proteoglycan that
occurs both at the cell surface [28-31] and in the extracellular
matrix [32].

Cultured human lung fibroblasts (HLF), in particular, respond
to TGF-B1 by an increased production of collagen [33], fibro-
nectin [34] and biglycan [19] and by enhanced expression of
integrins at their cell surfaces [34,35], primarily through tran-

Abbreviations used: TGF-g, transforming growth factor-g; bFGF, basic fibroblast growth factor; HLF, human lung fibroblasts; CS, chondroitin
sulphate; HS, heparan sulphate; GAG, glycosaminoglycan; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; mAb, monoclonal antibody.
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scriptional mechanisms. These cells express all four syndecans
[36], glypican [8] and two forms of cell surface CS [37] that in
concert with the integrins may act as receptors for matrix
components. In the current paper we have examined the effects
of TGF-g1 and bFGF on the expression of these cell surface
proteoglycans. TGF-41 was found to significantly stimulate the
amount of GAG on the cell surface CS proteoglycan that was
identified as a glycanated form of the CD44/hyaluronate re-
ceptor, with little or no stimulatory effects on the HS proteo-
glycans. TGF-g1 increased the length of the CS chains on CD44,
without affecting the RNA messages or the levels of the glyco-
protein and proteoglycan forms of this protein. The com-
bination of TGF-f#1 and bFGF, which has been shown to
stimulate syndecan-1 at the mRNA and protein level in 3T3 cells
[25], did not stimulate the accumulation of CD44 or syndecan
messages and core proteins in HLF. Yet, this combination
markedly enhanced the glycanation of CD44, by increasing both
the length and the number of CS chains on this proteoglycan,
and decreased the expression of glypican. The effect on the
glycanation of CD44 correlated with an increase in the affinity of
this proteoglycan for fibronectin. TGF-$1 and bFGF, in this
sense, behave as specific modulators of the expression and
properties of the cell surface proteoglycans in HLF.

MATERIALS AND METHODS
Materials

TGF-g1 from human platelets was purchased from British
Biotechnology Ltd. (Oxford, U.K.), bFGF and fibronectin were
from GIBCO BRL (Gent, Belgium). Heparitinase (heparin
sulphate lyase, EC 4.2.2.8), heparinase (heparin lyase, EC 4.2.2.7)
and chondroitinase ABC (chondroitin ABC lyase, EC 4.2.2.4)
were from Seikagaku Kogyo (Tokyo, Japan). Endopeptidase K
(Proteinase K; EC 3.4.21.64) was from Merck (Darmstadt,
Germany). HS and CS were obtained from Sigma (St. Louis,
MO, U.S.A.). The monoclonal antibodies (mAbs) Hermes-1 and
Hermes-3 were gifts from Dr. S. Jalkanen (National Public
Health Institute, Turku, Finland). Polyclonal ‘anti-CS stub’
antibodies 36/4 and 36/6, raised against chondroitinase ABC-
digested aggrecan and directed against the desaturated uronates
on the residual CS stubs of the proteoglycan, were gifts from Dr.
J.R. Couchman (University of Alabama, Birmingham, AL,
U.S.A)). All other antibodies have been described before [37-39]).

Cell culture

Normal HLF, between passages 11 and 18, were cultured in a
1:1 mixture of Ham’s F12 and Dulbecco’s modified Eagle’s
medium supplemented with 109, (v/v) fetal calf serum. Sub-
confluent cultures were grown in serum-free medium for 8 h
before each experiment. Then, TGF-81 (2.5 ng/ml), bFGF
(10 ng/ml) or a combination of TGF-#1+bFGF were added
and the cells were incubated further for an additional 16 h. At the
same time, when needed, labelling with 100 mCi/ml of carrier-
free H,*SO, (New England Nuclear) or with 50 #Ci/ml of both
H,*»SO, and [*H]glucosamine in low-sulphate medium
(0.08 mM) was initiated. No effects on cell proliferation were
noticeable after the 16 h treatments, for any of the cytokines
tested.

For the time-course experiments with TGF-41 the cells were
treated for 0, 6, 12, 24 and 48 h with 2.5 ng/ml of TGF-g1.
Medium and cytokine were changed after 24 h. Labelling with

880, was carried out during the last 6 h of the treatment. For the -

dose-response experiment the cells were stimulated for 16 h at
various concentrations of TGF-41 [19].

Proteoglycan isolation

The media were removed and the monolayers were washed three
times with cold PBS. The cell surface proteoglycans were
extracted in Triton X-100 buffer as described before [40] and
absorbed on DEAE-Trisacryl M beads. The beads were rinsed
with 0.2 M NaCl/20 mM Tris/HCI, pH 7.4/0.5 %, Triton X-100
and the proteoglycans eluted with 0.9 M NaCl in the same buffer
(DEAE eluate). The eluates were used for immunopurifications
or analysed by Western blotting as described below.

Immunopurification

The anti-core-protein mAbs, 2E9 (which reacts with both syn-
decan-1 and syndecan-3), 6G12 and 10H4 (anti-syndecan-2),
1C7 (anti-syndecan-3), 8G3 (anti-syndecan-4), S1 and 1Gl1
(anti-glypican) and 7D8 (anti-CD44) were immobilized on CNBr-
activated Sepharose 4B [38]. The identification of mAb 7D8 [37]
as an anti-CD44 antibody was based on the cross-reactivity of
the 7D8-immunopurified proteoglycan with the Hermes-1 and
Hermes-3 antibodies. The expression of the different proteo-
glycans was measured by incubating DEAE eluates from **SO,-
labelled cells overnight at 4 °C with the different immunobeads in
0.1% Triton X-100/150 mM NaCl/50 mM Tris/HCIl, pH 7.4.
Bound proteoglycans were eluted from the various immunobeads
with 0.19% Triton X-100/4 M guanidinium chloride/50 mM
Tris/HCIl, pH 8.0. Eluted proteoglycan was quantified by g-
counting or analysed by electrophoresis in SDS/4 %, NuSieve
agarose or 6-20 %, polyacrylamide gradient gels and detected by
autoradiography [37]. In some cases, after the immunopurifi-
cations, the proteoglycans were digested with chondroitinase
ABC, heparitinase or both enzymes to study the effects on CS
and HS synthesis.

Western blotting

The DEAE eluates were incubated for 3 h at 37 °C with 50 m-
units/ml of chondroitinase ABC, with 10 m-units/ml of hepari-
tinase or with both chondroitinase ABC and heparitinase in
100 mM NaCl, 1 mM CaCl,, 50 mM sodium-Hepes (pH 7.0)
and 50 ug/ml BSA. The digests were resolved by SDS/PAGE
(6209, acrylamide gradients) under non-reducing conditions,
transferred to Z-Probe membranes (Bio-Rad) and incubated
with mAbs (anti-core-protein, anti-‘HS stub’) and polyclonal
anti-* CS stub’ antibodies in PBS /0.5 9%, casein buffer as described
[38,39]. The binding of the antibodies was detected by chemi-
luminescence using alkaline phosphatase-conjugated rabbit anti-
(mouse immunoglobulin) or goat anti-(rabbit immunoglobulin).
Quantification of the band intensities was performed with a
Personal Densitometer using ImageQuant software (Molecular
Dynamics). The readings represented the averages of four
independent experiments and were taken from exposures falling
within the linear range of the film response.

Northern biotting

CD44 cDNA was amplified from total RNA extracts from HLF
using the RNA-PCR-Kit from Perkin-Elmer Cetus. Sense (5'-
GCTGTCGACACCATGGACAAGTTTTGGTGG) and anti-

-sense (5-ATGGTCGACGTGTTACACCCCAATCTTCAT)
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primers were synthesized according to published CD44 sequences
[12,13] and used during 35 thermal cycles (1 min at 94 °C, 1 min
at 50 °C and 1 min at 72 °C). The single PCR product (approxi-
mately 1100 bp) was restricted with PstI and BamHI and
subcloned into pGEM3Z (Promega) for sequence verification. A
probe for mouse syndecan-3 was produced using the primer
combination and a mouse lung cDNA library as template source
for the amplification, as described by others [41].

RNA from control and cytokine-treated HLF was extracted
using the acid/guanidinium thiocyanate/phenol/chloroform
protocol [42]. Aliquots of 10 ug of total RNA were fractionated
ina 1.2 9, agarose gel in the presence of formaldehyde, transferred
to Hybond-N membranes (Amersham) and hybridized with 32P-
labelled cDNA probes for mouse syndecan-3 and human syn-
decan-1 (HUSYN), fibroglycan (48KS5), amphiglycan (35K17),
glypican (64K 1) and CD44, as described before [8,36,40,43].

Chromatography

380,-labelled CD44 was purified from control, TGF-41-,
bFGF-and TGF-g1 + bFGF-treated cells using antibody 7D8.
To isolate protein-free CS chains the proteoglycan was digested
with 100 ug/ml of proteinase K and then treated with
10 m-units/ml of heparinase and 10 m-units/ml of heparitinase
or, alternatively, with nitrous acid at pH 1.5 [44]. The presence of
only CS chains in the residue was confirmed by further digestion
with 50 m-units/ml of chondroitinase ABC, precipitating the
sample with 95 %, ethanol/1 % sodium acetate/1 ug/ml of carrier
CS, and counting the label in the pellets and supernatants.

The [**S]CS chains were sized by chromatography over Seph-
arose CL6B (60 x 1 cm) equilibrated with 0.1 9, SDS and 0.1 M
Tris/HCI, pH 8.0. Fractions of 0.5 ml were collected at a flow
rate of 0.5 ml/min. Purified CS chains from 3*SO,-labelled CD44
were loaded on a DEAE-Trisacryl M column (4 ml of beads) and
eluted with a linear (02 M) NaCl gradient in 0.59, Triton X-
100/6 M urea/S0 mM Tris/HCl, pH 8.0, at a flow rate of
0.5 ml/min [38]. Fractions of 0.6 ml were collected and counted
in an LKB g-counter.

Doubly *SO,- and [*H]glucosamine-labelled CD44 was iso-
lated from control and TGF-g1-stimulated cells as described
above. Doubly labelled CS chains were isolated from CD44 and
from non-CD44 proteoglycan fractions by proteinase K diges-
tion, nitrous acid degradation at pH 1.5 and reabsorption on
DEAE. The non-CD44-derived CS from stimulated and non-
stimulated cells was digested with chondroitinase ABC, the
ADi-4S products present in the digests were isolated by TLC
in n-butanol/glacial acetic acid/1 M ammonia (2:3:1) and the
35S/%H ratio was measured [45].

Binding experiments

Unlabelled or S-labelled CD44 proteoglycan was purified from
control, TGF-$1-, bFGF- or TGF-£1+bFGF-treated cells as
described above. Unlabelled CD44 was radio-iodinated using
chloramine T as described before [38]. Both [3*S]JCD44 and
125]-CD44 were analysed for binding to fibronectin that had been
coupled to CNBr-Sepharose beads. Serial dilutions of the labelled
proteoglycans were incubated with 1 ug of immobilized fibro-
nectin in 1 ml of 10 mM sodium phosphate, pH 7.4, 150 mM
NaCl, 0.59, Triton X-100 and 0.01 9, casein. After overnight
incubation at 4 °C the fibronectin beads were pelleted by centri-
fugation. Both the supernatants and the pellets were analysed in
a p- or y-counter. The CD44-fibronectin binding experiments
were also done after the digestion of the proteoglycan with
chondroitinase ABC, heparitinase or chondroitinase ABC+
heparitinase. For the calculation of the K, value we assumed two

CS chains per CD44 core in the TGF-p-treated cells. In those
particluar experiments 1 d.p.m. of incorporated S corresponded
to 1 fmol of incorporated sulphate or 0.008 fmol of CD44.

125].CD44 was incubated with 20 ug of rat tail collagen either
during or after fibrillogenesis in 1 ml of PBS/0.5 %, Triton X-100
at 37 °C for 24 h, as described before [46]. After the incubation,
the samples were centrifuged at 15000 g for 10 min, the pellets
were washed three times with PBS and counted in a y-counter.
The collagen-binding experiments were done both in the absence
or presence of 1 ug/ml of CS, HS, BSA or casein, and both
before and after digestions with chondroitinase ABC, hepa-
ritinase or both enzymes. Samples incubated without collagen
were included as controls.

All the Figures represent typical results from at least two
independent experiments.

RESULTS
Effects on cell surface proteoglycan metabolic labelling

We initially tested the effects of TGF-$1, bFGF and the
combination of TGF-$1+4bFGF on the metabolic **SO,-label-
ling of the four members of the family of syndecan-like proteo-
glycans, glypican and CD44 (Table 1). We observed a ~ 2.4-fold
increase in the amount of 3*S-label immunoprecipitated with
mAb 7D8 (anti-CD44) when the cells were treated with TGF-41.
Cells treated with bFGF showed only a moderate, ~ 1.4-fold
increase, while cells treated with both TGF-41 and bFGF showed
a near 4-fold increase in CD44-associated **S-label. No major
effects were observed for the other proteoglycans analysed,
except for glypican where the combination of TGF-g1 and
bFGF resulted in a clear decrease in incorporated label. In time-
course experiments, whereby the cells were treated with only
TGF-81 for 048 h, the effect of the growth factor on the
incorporation of label in CD44 was maximal (~ 3-fold stimu-
lation) after 12 h of incubation, decreasing slightly (~ 2-fold
increase only) after a treatment of 24 h or longer (results not
shown). In dose-response experiments (0.1-10 ng/ml), a pro-
gressive increase was observed with near maximal effects (~ 3-
fold increase) at concentrations of TGF-£1 > 5 ng/ml (results
not shown). In all these instances the effect of TGF-$1 remained

Table 1 Effect of cytokines on the incorporation of **S into proteoglycans

Effects of TGF-41, bFGF and bFGF + TGF-41 on the incorporation of **S in different cell surface
proteoglycans, expressed as percentages of the respective control values (amounts of S
immunoprecipitated from non-treated cells). The numbers represent means and S.D.s (in
parenthesis) for five independent experiments.

Incorporation of %S (%)

Proteoglycan bFGF +
fraction TGF-p1 bFGF TGF-p1

Syndecan-1 43 122 (24) 105 (7) 162 (39)
Syndecan-2 138 (41) 109 (18) 144 (10)
Syndecan-3 90 (19) 78 (21) 83 (22)
Syndecan-4 116 (21) 98 (16) 101 (8)

Glypican 86 (14) 99 (20) 63 (19)
CD44 242 (67) 143 (24) 414 (87)

* The mAb 2E9 reacts with both syndecan-1 and syndecan-3. These samples were further
processed to isolate the CS chains which, in contrast to the HS in the sample, stemmed only
from syndecan-1. Exposure to TGF-£1 resulted in a 2—3-fold stimulation of this syndecan-1-
associated CS (see the Discussion section).
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Figure 1 Sizing and enzyme susceptibility of [**S]CD44 proteoglycan

[3*S]CD44 proteoglycan was isolated from unstimulated (—) cells and from cells stimulated
(+) with bFGF, TGF-B1 or bFGF+TGF-41 by absorption on DEAE-trisacryl M and
immunoprecipitation with mAb 7D8. The immunopurified samples were analysed by
electrophoresis in SDS/4% NuSieve agarose without digestion (—) or after digestion (+) with
either chondroitinase ABC (Case) or heparitinase (Hase), and traced by autoradiography.

inferior to that of the combined administration of TGF-£1 and
bFGF.

The effects of these factors on CD44 were further investigated
by SDS/agarose gel electrophoresis, blotting and autoradio-
graphy of the immunopurified %S-labelled proteoglycan (Figure
1). In agarose gels, the [**S]CD44 samples isolated from control
and bFGF-treated cells migrated as fuzzy streaking bands
(~ 100 kDa), whereas samples from cells exposed to TGF-41 or
the combination of TGF-£1 and bFGF migrated as broad smears
with average apparent molecular masses of 150-180 kDa. Little
or no effects on these migrations were observed when the CD44
samples were incubated with heparitinase, indicating that, at
most, traces of HS-CD44 were produced. Digestion with chon-
droitinase ABC, in contrast, removed virtually all 3°S label from
all samples, indicating that most of this label was present in CS.
The small amounts of residual label were not further affected by
heparitinase (results not shown), suggesting incomplete ABCase
digestions or trace contamination of the immunoprecipitates
with sulphoprotein.

To further investigate the composition of the immuno-
precipitates and the effect of TGF-£1 (see also below), CD44 was
immunoprecipitated from extracts of TGF-g1-stimulated and
unstimulated cells that were doubly metabolically labelled with
[*H]glucosamine and **SO, (Figure 2). Analysis of the immuno-
precipitates from the DEAE eluates (proteoglycan fractions) by
SDS/PAGE and autoradiography, without and after digestion
with heparitinase and chondroitinase ABC, revealed only a
single core in control and in stimulated cells, and more intensely
labelled CD44 proteoglycans and CD44 proteoglycan cores in
stimulated than in control cells (lanes 14). The CD44 molecules
in the extracts that failed to bind to DEAE (glycoprotein
fractions) were not sensitive to heparitinase or chondroitinase
ABC and were also more intensely labelled in stimulated than in
unstimulated cells (lanes 5 and 6). Yet, for both stimulated and
unstimulated cells, the amount of *H-label precipitated as CD44-
glycoprotein represented ~ 80-85 %, of the total enzyme-resistant
3H-label incorporated into CD44 (glycoprotein + proteoglycan
core), suggesting that TGF-41 had no influence on the proportion
of the CD44 molecules that became substituted with GAG
chains.
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Figure 2 CD44 isolated from doubly labelled cells

CD44 was isolated, by immunoprecipitation with mAb 7D8, from doubly, %5S- and
[®H]glucosamine-labelled unstimulated (—) and TGF-41-stimulated (+) cells, both from the
proteoglycan (PG) fractions that bound and from the glycoprotein (GP) fractions that failed to
bind to DEAE-Trisacryl M, and subjected to SDS/PAGE and fluorography, either without (—)
or after (+) digestion with both heparitinase and chondroitinase ABC (H + Case).

Effects on the proteoglycan cores

Possible effects of TGF-g1, bFGF and TGF-31+bFGF on the
expression and substitution of the core proteins of the different
cell surface proteoglycans were also studied by dot blotting and
Western blotting.

For CD44 more specifically, titration of the 7D8 epitope in the
unfractionated detergent extracts or in the fall-through fractions
and eluates from the DEAE columns revealed no differences
between stimulated and non-stimulated cells, neither in the total
amount of epitope nor in the fractions recovered as proteoglycan,
which confirmed that the growth factors did not augment the
conversion of CD44 into proteoglycan (results not shown). In
stimulated and unstimulated situations there was 2—4 times more
7D8 epitope (CD44) in the glycoprotein than in the proteoglycan
fractions, without noticeable effects of the growth factors on the
total amounts of these materials. The proteoglycan fractions
were also analysd by SDS/PAGE and Western blotting using the
antibodies 7D8 and Hermes-3. The 7D8 antibody recognized the
~ 85kDa protein core of a proteoglycan that was primarily
substituted with CS, as evident from separate and combined
enzyme digestions. In the absence of any enzyme treatment or
after only heparitinase, 7D8-reactive materials were barely trans-
ferable from the gels, whereas prominent and equally stained
~ 85 kDa bands were detected after chondroitinase ABC or com-
bined enzyme digestions (results for controls and cells stimulated
with TGF-g1 are shown in Figure 3). The Hermes antibody
yielded similar banding patterns and staining differences as mAb
7D8, confirming the specificity of mAb 7D8 and providing an
independent assessment of the expression of this core protein
(results not shown). On Western blots from total proteoglycan
extracts the 7D8 antibody did not detect significant changes in
the expression of CD44 proteoglycan after TGF-£1 stimulation,
stimulation with bFGF or combined stimulation (results not
shown). Likewise, neither TGF-#1 nor bFGF, nor the com-
bination of TGF-g1+bFGF, increased the amount of CD44
core protein present in 7D8 immunoprecipitates from total cell
extracts (results not shown) or in immunoprecipitates from the
proteoglycan (DEAE-binding) fractions of these extracts (Figure
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Figure 3 Effect of TGF-£#1 on the CD44 proteoglycan core protein

Triton X-100 extracts from unstimulated (— ) and TGF-1-treated (+) cells were concentrated
on DEAE-Trisacryl M, left untreated (—) or treated (+) with heparitinase (Hase), with
chondroitinase ABC (Case), or with both enzymes, and fractionated in a 6—20% polyacrylamide
gel gradient in the presence of SDS before transfer to Z-probe and staining with mAb 7D8.
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Figure 4 Effects of TGF-£1 and bFGF on the glycanation of CD44 and the
expression of glypican

CD44 was immunopurified (a and ¢) from control, bFGF-, TGF-£1- and bFGF + TGF-A1-
stimulated cells. Immunopurified CD44 samples were digested with both chondroitinase ABC
and heparitinase (in a) or were compared with (+) or without (—) these enzyme digestions
(in ¢). The products were applied on a 6—20% polyacrylamide gel gradient, transferred to a Z-
probe filter and stained with mAb 7D8 (@) or with a polyclonal anti-CS-stub antibody (€). Total
proteoglycan extracts (b) from these cells were digested similarly with both enzymes,
fractionated by electrophoresis, blotted and stained with a mixture of the anti-glypican mAbs
St and 1G11.

4a). In contrast, we observed a decrease in glypican core protein
in the proteoglycan fractions after TGF-41 treatment (~ 30 %)
and after TGF-g1+bFGF treatment (~ 54 %), while an incu-
bation with bFGF alone had no effect (Figure 4b). No significant
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Figure 5 Northern blot analyses of the messages for CD44 and glypican

Total RNA samples from control HLF and from cells treated with TGF-#1, bFGF or TGF-
1+ bFGF were fractionated in a denaturating formaldehyde agarose gel, blotted to nylon filters
and analysed by hybridization to specific probes for CD44, glypican, biglycan and GAPDH.

effects were observed in similar tests with the anti-(syndecan
core protein) antibodies (results not shown).

Effects on proteoglycan messages

In further studies we investigated the effects of TGF-41, bFGF
and TGF-81+bFGF on the mRNA levels for syndecan-1,
syndecan-2, syndecan-3, syndecan-4, glypican and CD44 in HLF.
For CD44, three different messages (1.5, 2.2, and 4.5 kb) were
detected under high-stringency conditions of hybridization
(Figure 5). None of the three bands showed significant changes
(the average of three separate experiments showing maximally
209, deviation from control) after the treatments with TGF-41
(lane 2), bFGF (lane 3) or TGF-41 + bFGF (lane 4). TGF-41 and
TGF-p1+bFGF, in contrast, decreased the levels of the glypican
mRNA ([relative to the glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) message in the same sample] by ~ 35 and
~ 559, respectively (Figure 5). No significant effects were
observed on the various syndecan messages (not shown). A
biglycan probe, used as a positive control, showed an ~ 5-fold
increase in message in TGF-41- and TGF-41 + bFGF-stimulated
cells (Figure 5).

Effects on glycanation of the proteoglycans

The above results suggested that for CD44 the main effects of the
cytokines were on the post-translational modifications of the
proteoglycan fraction of this protein. Proteinase K, nitrous acid
and chondroitinase ABC treatments (see Materials and methods
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Figure 6 Sizing of the CD44-associated CS chains

[¥S]CD44 was immunopurified with mAb 7D8 from control (: ) and from TGF-A31- (@),
bFGF- (M) and TGF-£1 + bFGF- (A) treated HLF, digested with proteinase K, heparitinase
and heparinase, normalized by c.p.m. number (except for the control sample) and loaded on a
Sepharose CL 6B column. V;, void volume; V,, total volume.

section) confirmed that virtually all 3°S label in CD44 was
incorporated into CS and that TGF-41 and bFGF, in the various
combinations, stimulated the amount of this [**S]CS by a factor
of ~ 2.5 (TGF-p1) to 4 (TGF-$1+bFGF).

When sized by gel-filtration chromatography over Sepharose
CL 6B and compared with controls, the CS chains isolated from
CD44 in TGF-g1-treated cells were displaced towards the void
volume of the column, indicating a greater length than in control
cells (Figure 6). This change was calculated to correspond toa ~
1.6-fold increase in the molecular mass of the chains (from ~ 16
to ~ 26 kDa). Increases in the sizes of the CS chains were also
observed for CD44 immunoprecipitated from bFGF- (~ 23kDa)
and from TGF-81+ bFGF-treated cells (~ 30 kDa). No differ-
ences in chain length were observed when similar tests were done
for the HS chains isolated from syndecan-1, syndecan-2, syn-
decan-3, syndecan-4 and glypican after treatment of the cells
with TGF-£1, bFGF or both together (not shown).

Staining of blots of heparitinase- and chondroitinase ABC-
digested proteoglycan fractions with the anti-* HS stub’ antibody
3G10 (which reacts with the desaturated uronates that terminate
the heparitinase-resistant linkage regions of the chains) indicated
that similar numbers of HS chains were initiated on the different
syndecan cores under all conditions tested and that none were
initiated on CD44 (not shown). When immunopurified CD44
proteoglycan was digested with chondroitinase ABC and hepar-
itinase and stained with an anti-‘CS stub’ antibody, however, a
clear enhancement of the staining of the core was observed when
the cells were stimulated with TGF-g1+bFGF (~ 2.2-fold
increase versus controls), indicating that this combination did
increase the number of (at least a particular kind of) CS chains
in CD44 (Figure 4c). No effect on chain number was measured
after incubation with only bFGF (~ 0.9-fold increase) or only
TGF-p1 (~ 1.1-fold increase). Since all four CD44 bands stained
identically for the 7D8 epitope, this indicated a doubling of the
number of CS chains per CD44 core after TGF-81+bFGF
stimulation in comparison to the control and single stimulations.

To assess whether TGF-$1 might affect the sulphation of the
CS chains we isolated CD44 from doubly **SO,- and [*H]glucos-
amine-labelled cells (see Figure 2). Measurement of the **S/°H
ratios in whole CD44-CS chains and in reference ADi-4S spots

Table 2 Effect of TGF-£1 on the sulphation of CD44-CS

33 and [*H]glucosamine-labelled CS chains were isolated from the CD44 and non-CD44 (all
other cell surface proteoglycans) proteoglycan fractions of TGF-41-stimulated and control cells.
The 3°S/°H label ratio was measured in the CS chains from the CD44 fractions and in the ADi-
4S spot obtained from the digestion of the non-CD44 proteoglycans with chondroitinase ABC.
Since the sulphate/disaccharide molar ratio in these chondroitinase ABC digestion products is
equal to 1, the average amount of sulphate per disaccharide in the CD44 CS chains was
calculated by dividing the label ratios obtained for the CD44 chains by the label ratios measured
in the ADi-4S spots from the corresponding cultures.

Measured label ratio Calculated molar ratio

(S/%H) (S0,/disaccharide)
TGF-p1 ADi-4S CD44 CD44
- 1.217 1.233 0.966
+ 0.864 0.789 0913

obtained from the digestion of CS chains from the corresponding
cultures indicated that the average sulphation of the CD44-CS
chains was close to one sulphate per disaccharide in control cells
and was virtually unaltered by TGF-£1 (Table 2). Possible effects
of the growth factors and their combinations on the sulphation
of the CS chains were also studied by ion-exchange chroma-
tography over DEAE. All profiles obtained were very similar,
with only slightly different elution positions for CD44-derived
CS chains from control and cytokine-treated cells, revealing, at
most, slight differences in negative charge densities (not shown).

Binding experiments

Since the above results indicated that the growth factors altered
the glycanation of CD44 and therefore could modify the inter-
actions and associations of this proteoglycan, binding studies
were undertaken using known ligands for CD44 proteoglycan.
Both [3S]CD44 and '**I-CD44 preparations were used as ligands
for binding to fibronectin-coated beads, with similar results.
Increasing concentrations of soluble proteoglycan from both
stimulated and unstimulated cells were mixed with fixed amounts
of immobilized fibronectin. When these data were represented as
Scatchard plots, CD44-associated label isolated from TGF-41-,
bFGF- and TGF-$1 + bFGF- treated fibroblasts showed a nearly
2-fold higher affinity for fibronectin than CD44 from control
cells (Figure 7). Both TGF-£1 and bFGF, alone or in com-
bination, decreased the K, value by ~ 44+59, to an estimated
value of ~ 50 pM (average of three separate experiments) both
for the **S-labelled and for the '?I-labelled CD44. The total
number of binding sites for CD44-associated label on fibronectin
appeared similar for all the growth factors tested. The fibro-
nectin—CD44 binding interaction depended on the CS chains of
the proteoglycan, since after chondroitinase ABC treatment of
125].CD44 or the addition of free heparin only background
binding was observed (not shown). Casein, in contrast, had no
effect on this binding.

CD44 bound also to type I collagen purified from rat tail, both
during and after fibrillogenesis. Some 30—40 %, of the #I-CD44
isolated from control cells bound to collagen and a similar extent
of binding was observed when CD44 was isolated from cells
stimulated with TGF-g81, bFGF or TGF-g1 +bFGF. The bind-
ing to collagen was inhibited by treating the proteoglycan with
chondroitinase ABC and by the addition of CS or HS (not
shown). -
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Figure 7 Binding of CD44 to fibronectin

[**S]CD44 proteoglycan was immunopurified from (a) control, (b) bFGF-, (¢) TGF-81- and (d)
bFGF 4 TGF-£1-treated HLF and incubated overnight at various concentrations with fibronectin
beads. The beads were separated by centrifugation and analysed in a -counter. Scatchard plots
of these binding experiments are shown. The abscissa shows bound label in c.p.m., the
ordinate the ratios of bound and free label.

DISCUSSION

We have investigated the effects of TGF-g1, bFGF and TGF-
P1+bFGF on the synthesis of cell surface proteoglycans by
HLF. TGF-g1 alone, and more so in combination with bFGF,
reduced the amount of glypican mRNA and core protein in these
cells and significantly enhanced the amount of CD44-associated
CS. No major effects of TGF-£1, alone or in combination and at
the levels that were tested, were observed on the expression of the
syndecans in these cells.

The results indicate that TGF-g1 and bFGF affect the structure
and potential interactions of the CS proteoglycan that represents
the glycanated form of the CD44 /Hermes homing or hyaluronate
receptor. TGF-81 increases the length and, at least in com-
bination with bFGF, also the number of CS chains that are
implanted on the proteoglycan form of this protein, without
significantly affecting the levels of the protein or increasing the
fraction that is processed into proteoglycan. This enhanced
glycanation allows the proteoglycan form of CD44 to bind with
an almost 2-fold greater affinity to fibronectin but does not affect
the binding of CD44 to type I collagen.

Exposing the cells to bFGF only, led to a ~ 40 %, increase in
the average length of the CD44-associated CS chains without
detectable effect on the number of chains implanted on the CD44
core protein itself, consistent with the observed ~ 43 %, increase
in CD44-associated immunoprecipitated radiosulphate. In the
presence of both bFGF and TGF-pS1, the average size of the
CD44-associated CS chains and the number of these chains
(traced as immunoreactive CS-stubs after a chondroitinase ABC
digestion) were almost double what was measured for the chains
associated with CD44 in control cells, which appears consistent
with the near 4-fold increase in immunoprecipitated radio-
sulphate and CS in that situation. The effects of TGF-£1, added
as single factor, on the number of CS GAG chains per CD44-
core, as detected by the anti-CS stub antibody (no or little effect),
and on the length (1.6-fold increase) of these chains, in contrast,
do not seem to account for the ~ 2.4-fold increases in total
CD44-associated radiosulphate and [**S]CS that were observed.
The reason for this discrepancy is not clear. It did not pertain to
the incorporation of radiosulphate into HS or into the non-GAG
moiety of the proteoglycan (see Figure 2), to a change in the

degree of sulfation of the chains (Table 2) or to the contamination
of the immunoprecipitates by other (e.g. CD44-associated) CS-
substituted molecules (see Figure 2 and Figure 4c), unless these
CS chains were present on cores that were not labelled or not
retained on the blotting membranes. Confirmatory immuno-
precipitations from radio-iodinated proteoglycan extracts yielded
also only a single ~ 85 kDa core (not shown). One alternative
possibility could be that the anti-CS antibody does not recognize
all the residual chondroitinase ABC-resistant stubs on the
enzyme-treated cores, for steric reasons or because of the
potential heterogeneity of these stubs in terms of structure and
epitope content. In that case the results may indicate that TGF-
p1 alone also enhances the number of chains in the CD44
proteoglycan, but with superimposed effects on the sequence
microheterogeneity of the chains (and of the chain stubs pro-
duced). Attempts to obtain further direct evidence for this
interpretation using currently available mAbs that differentially
react with various chondroitinase digestion products were how-
ever unsuccessful (not shown). On the other hand, the observation
that treatment of the CD44 proteoglycan with chondroitinase
ABC (which always leaves a residual and potentially sulphated
CS-disaccharide on the chain stubs) left ~ 2 times more residual
3580, on the CD44 core when the cells were exposed to TGF-51
than under the control conditions (not shown) is potentially
consistent with this interpretation.

The TGF-g1 effect on CD44 seems to confirm a general
enhancement of CS production by this cytokine. These effects on
the glycanation of CD44 in human fibroblasts are indeed similar
to the changes in the structure of syndecan-1 previously reported
for mouse mammary epithelial cells exposed to this cytokine [47].
TGF-p1 in these cells had only moderate effects on the sub-
stitution of syndecan with HS (which accounts for the bulk of the
GAG in this proteoglycan) but markedly stimulated its CS
content by tripling the number of these chains and nearly
doubling their length [6]. A closer comparison of the immuno-
precipitates obtained with mAb 2E9, which in fibroblasts reacts
with syndecan-1 but also with a second proteoglycan (syndecan-
3) that carries only HS, also revealed a 2-3-fold stimulation of
the amount of CS in this fraction, suggesting that TGF-£1 also
modulates the structure of syndecan-1 in fibroblasts (not shown).
However, there was nearly 20 times less CS present on syndecan-
1 than on CD44 in HLF, so the changes in syndecan, although
of similar relative magnitude, represented only minor changes in
absolute amounts of GAG in fibroblasts. TGF-f1 has also been
shown to increase the length of the CS chains present on the
small proteoglycans biglycan and decorin [20,22] and on versican
[21], indicating that it generally affects the elongation and
termination of this type of GAG.

Serine-glycine sequences that occur in acidic contexts are
proposed consensus structures for the attachment of GAG chains
[48—50]. Sequences of the type acidic-XSG-acidic, of which there
are three examples in syndecan-1, have been shown to function
for the attachment of CS in this proteoglycan [51], and glycan-
ation sites of this sequence have also been identified in proteo-
glycans that carry only CS [52]. The amino acid determinants
that drive the expression of HS are more complex [50]. Splice
variants of CD44 have been reported (CD44E) that also carry
HS [53-55], but enzyme digestions of the metabolically labelled
proteoglycans and the use of the anti-HS stub mAb 3G10
indicated that these forms are not expressed in HLF, irrespective
of the cytokines used. The form of CD44 that fibroblasts express
(a contention supported by the obtention of only a single PCR
product in these cells) probably features four SG sequences. Yet,
only two of these are preceded by a cluster of acidic residues and
may therefore be amenable to substitution with GAG chains.



80 M. Romaris, A. Bassols and G. David

The increase in CS chain numbers after TGF-81 + bFGF treat-
ment in any case implies that these SG sequences are not always
fully substituted in the proteoglycan form of the molecule. The
doubling that is observed would be consistent with a two
acceptor-site model, whereby under basal conditions only part of
the CD44 population becomes substituted and probably carries
only one chain, whereas the treatment with TGF-1+bFGF
does not affect the fraction that becomes substituted but increases
the proportion of the proteoglycan fraction that becomes fully
substituted. The data also suggest that in fibroblasts only a
specific fraction of CD44 can be confronted with the CS synthesis
machinery and that the cytokines augment the efficiency of the
machinery but not the way it is fed with substrate.

In HLF, the combination of TGF-#1 and bFGF had no effect
on the syndecan-1 mRNA levels or core protein levels (only on
its CS moiety, see above), in contrast with what occurs in 3T3
cells where both factors together lead to a several-fold increase in
the syndecan-1 message and proteoglycan [25], suggesting dif-
ferent syndecan-1 regulatory mechanisms for HLF. For CD44
too, in fibroblasts, the only increase observed after TGF-
1+ bFGF treatment was in the CS moiety, without changes in
message or protein levels. The message and protein levels for the
other syndecans were also not significantly affected by TGF-51
or the combination with bFGF. On the other hand, TGF-£1 and
especially TGF-$1+bFGF down-regulated the expression of
glypican mRNA, correlated with similar decreases at the core-
protein and proteoglycan levels. This glypican decrease contrasts
with the effects of TGF-41 in human fibroblasts on the expression
of integrins and of several extracellular matrix components,
including type I collagen, fibronectin, versican and biglycan. For
all of these components 5-20-fold increments in the levels of
transcription have been observed, representing a major mech-
anism by which TGF-g affects the accumulation of these proteins
[56]. Further experiments will be needed to clarify whether
glypican belongs to a category of components that are negatively
transcriptionally regulated by TGF-$1 or whether the regulation
occurs at post-transcriptional levels.

The significance of the TGF-1- and bFGF-induced structural
changes of CD44 for the fates or functions of this proteoglycan
and for the biological actions of these cytokines still has to be
established. CD44 has been described as a receptor for hyal-
uronate [14], type I collagen [16] and fibronectin [15]. The
binding to fibronectin occurs for the CS-containing form of the
molecule. The affinity of this binding is quite high and the
increase of the CS moiety in CD44 even further enhances this
binding, as the present study shows. Cytokine-modulated binding
affinities could be part of a complex regulation of the extracellular
matrix organization and recognition by cells in diseases where
these growth factors are overexpressed, as is the case for TGF-
A1 in glomerulonephritis [57]. It has been reported (while this
work was in progress) that TGF-£1 also has an effect on the CS
substitution of CD44 in mouse melanoma cells [58] and it has
been suggested that this increase stimulates the motility of these
cells on type I collagen gels, implying possible differences in
affinity for this substrate. In our experiments, in HLF the
binding with type I collagen was not altered in CD44 isolated
from TGF-g1-treated cells, possibly because the interaction with
collagen does not rely exclusively on the CS moiety of the
proteoglycan [59]. Interestingly, mouse melanoma cells also rely
on a phosphatidylinositol-anchored HS proteoglycan for their
adhesive interactions with fibronectin-coated substrates [60]. In
competition for the same ligands, the opposite regulation of
glypican (which is also a collagen- and fibronectin-binding
proteoglycan) and of CD44 in human fibroblasts by the com-
bination of TGF-#1 and bFGF may have synergistic effects on

the ‘throwing of switches’ in cell-matrix interactions. Such ad-
hesive switches may modulate signalling pathways that may be
activated as a result of these interactions and that translate into,
for example, cytoskeletal reorganizations and enhanced motility
of cells. At the minimum our results imply that CD44- and
glypican-supported cellular interactions with the matrix may be
regulated by cytokines.
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