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ABSTRACT 

Mouse 3T3 cells and their Simian Virus 40-transformed derivatives (3T3SV) were 
used to assess the relationship of transformation, cell density, and growth control 
to the cellular distribution of newly synthesized glycosaminoglycan (GAG).  Glu- 
cosamine- and galactosamine-containing G A G  were labeled equivalently by [all]- 
glucose regardless of culture type, allowing incorporation into the various G A G  
to be compared under all conditions studied. Three components of each culture 
type were examined: the cells, which contain the bulk of newly synthesized G A G  
and are enriched in chondroitin sulfate and heparan sulfate; cell surface materials 
released by trypsin, which contain predominantly hyaluronic acid; and the media, 
which contain predominantly hyaluronic acid and undersulfated chondroitin 
sulfate. 

Increased cell density and viral transformation reduce incorporation into G A G  
relative to the incorporation into other polysaccharides. Transformation, how- 
ever, does not substantially alter the type or distribution of newly synthesized 
GAG;  the relative amounts and cellular distributions were very similar in 3T3 and 
3T3SV cultures growing at similar rates at low densities. On the other hand, 
increased cell density as well as density-dependent growth inhibition modified the 
type and distribution of newly synthesized GAG.  At high cell densities both cell 
types showed reduced incorporation into hyaluronate and an increase in cellular 
G A G  due to enhanced labeling of chondroitin sulfate and heparan sulfate. These 
changes were more marked in confluent 3T3 cultures which also differed in 
showing substantially more G A G  label in the medium and in chondroitin-6-sulfate 
and heparan sulfate at the cell surface. 

Since cell density and possibly density-dependent inhibition of growth but not 
viral transformation are major factors controlling the cellular distribution and type 
of newly synthesized GAG,  differences due to GAGs in the culture behavior of 
normal and transformed cells may occur only at high cell density. The density- 
induced G A G  alterations most likely involved are increased chondroitin-6-sulfate 
and heparan sulfate and decreased hyaluronic acid at the cell surface. 
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Glycosaminoglycans are major components of the 
carbohydrate at the surfaces of animal cells (20). 
Cell surface glycosaminoglycan (GAG) has been 
implicated in a variety of phenomena including 
cell recognition and intercellular adhesion (32), 
cell mobility (49), embryonic induction (27), and 
maintenance of embryonic organ morphology (1). 
Several studies implicate cell surface G A G  in the 
control of fibroblast growth in vitro. The growth 
rate of cells in suspension cultures is inhibited by 
addition of several types of sulfated G A G  (24) 
and of dextran sulfate, a GAG-like polyanion (13, 
28), which also reversibly reduces saturation dens- 
ities of cells in monolayer culture (6). Viral trans- 
formation of cells to the neoplastic state alters 
their in vitro growth behavior, and transformation 
has repeatedly been shown to decrease sulfated 
G A G  synthesis (12, 34, 36, 48), but there are 
conflicting reports of its effect on hyaluronic acid 
synthesis (15, 39). 

Compared to normal cells, the surfaces of trans- 
formed ceils show greater heterogeneity of gluco- 
samine-labeled G A G  (52) and a thicker layer of 
ruthenium red-staining material, presumably rep- 
resenting G A G  (25). After removal of cells from 
the substratum with chelators, a greater propor- 
tion of sulfate-labeled G A G  remains bound to the 
substratum in cultures with low saturation densi- 
ties than in transformed cell cultures (34), al- 
though studies of the G A G  remaining bound to 
the substratum using glucosamine labeling re- 
vealed few quantitative differences between the 
cell types (34). Heparan sulfate at the cell surface 
is selectively lost to the medium just before mitosis 
(22) and is more susceptible to removal by trypsin 
on normal cells than on transformed cells (4), 
suggesting that it may play a role in controlling cell 
growth. A possible mechanism for this control has 
recently been proposed (34, 48) which suggests 
that increased G A G  at the cell surface may be 
involved in enhancing cell-substratum adhesion, 
thereby reducing saturation densities. 

While such studies have suggested that surface 
G A G  influences or reflects the growth behavior of 
cells in culture, most of these studies have used 
radiosulfate as the G A G  precursor, preventing 
assessment of hyaluronic acid and undersulfated 
proteoglycan production, and in no instance to 
our knowledge has the cellular distribution of 
sulfated and nonsulfated G A G  been systemati- 
cally examined in normal and transformed cells 
under varying growing conditions. In the present 
study, the cellular distribution of newly synthe- 

sized glucose-labeled G A G  was assessed in mouse 
3T3 and SV40-transformed 3T3 cells at low cell 
densities where the cells were growing at equiva- 
lent rates and at high cell densities where the 
3T3 cells were growth inhibited. Under the 
labeling conditions used, G A G  precursors were at 
the same specific activities regardless of culture 
type. Three components were isolated from each 
culture type (Fig. 1): (a) the medium, which con- 
tains G A G  secreted during the labeling period; 
(b) the cell surface, containing the G A G  removed 
from the cells and the substratum with crystalline 
trypsin; and (c) the cells, which were free of tryp- 
sin-sensitive surface materials. For each fraction, 
[3H]glucose incorporation into the following 
G A G  was measured: the galactosaminoglycans, 
chondroitin-6-sulfate, dermatan and chondroitin- 
4-sulfate, and chondroitin; and the glucosamino- 
glycans, hyaluronic acid, and heparan sulfate. This 
experimental design allowed an assessment of the 
relationship of transformation, cell density, and 
density-dependent growth inhibition to the cellu- 
lar distribution of newly synthesized GAG.  

MATERIALS AND METHODS 

R e a g e n t s  

Trypsin (3 x crystalline) was obtained from Worthing- 
ton Biochemical Corp. (Freehold, N. J.) and pronase, B 
grade, from Calbiochem (San Diego, Calif.). Chondro- 
itinase ABC (lot 7201), chondro-4-sulfatase, and chon- 
dro-6-sulfatase from Proteus vulgaris, and the unsatu- 
rated disaccharides, Adi-4S, t Adi-6S, and Adi-OS were 
obtained from Miles Laboratories, Inc. (Elkhart, Ind.). 
Hyaluronic acid, potassium salt (grade III-P), and crude 
chondroitin sulfate were obtained from Sigma Chemical 
Co. (St. Louis, Mo.), and NCS scintillation solubilizer 
from Amersham-Searle Corp. (Arlington Heights, I11.). 
[3-3H]Glucose (6.7 Ci per mmol) was obtained from 
New England Nuclear (Boston, Mass.). Dulbecco's 
modified Eagle's Medium (DME) and Eagle's Basal 
Medium (BME) were obtained from Gibco (Chagrin 
Falls, Ohio). Heparin, heparan sulfate, and dermatan 

t Abbreviations used in this paper: GIcNAc, N-acetylglu- 
cosamine (2-acetamido-2-deoxy-t~glucose); GalNAc, 
N-acetylgalactosamine (2-acet amido-2-deoxy-o-galac- 
tose); and for the unsaturated disaccharides: Adi-4S, 
2-acetamido-2-deoxy-3-O- (~o-gluco-4-enepyranosyl- 
uronic acid)-4-O-sulfo-v-galactose; Adi-6S, 2-acet- 
amido-2-deoxy- 3-O- (fl-o-gluco-4- enepyranosyluronic 
acid) - 6 - O - sulfo - o - galactose; A di- OS, 2- acetamido- 2- 
deoxy-3-O- (fl-o-gluco-4-enepyranosyluronic acid)-o-ga- 
lactose; Adi-OHA, 2-acetamido-2-deoxy-3-O-(/3-D-gluco- 
4-enepyranosyluronic acid)-o-glucose. 
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FIGURE 1 Schematization of parameters examined. 
Cells, trypsin-released cell-surface materials, and media 
of both low and high density cultures of the two cell types 
(3T3 and 3T3SV) were assessed for labeled glucosami- 
noglycans and galactosaminoglycans. 

sulfate were kindly supplied by Dr. J. Cifonelli (Uni- 
versity of Chicago). 

Preparation o f  A di-OHA from 
Hyaluronic Acid 

Hyaluronic acid (15 rag) was dissolved in 2 ml of 
enriched Tris buffer (37) at pH 6.8, and 2.5 U of 
chondroitinase ABC (in 0.5 ml) was added. The reaction 
mixture was incubated for 17 h at 37~ applied to 
Whatman 3 MM paper (Whatman Inc., Clifton, N.J.) 
and chromatographed for 19 h in solvent A (1-butanol- 
acetic acid-1 N NI-14OH [2:3:1, by volume] [37]). Products 
were visualized as bands under ultraviolet light, and the 
band migrating faster than the Adi-OS standard was cut 
out and eluted with water. This material was further 
purified by paper chromatography for 72 h in solvent B 
(1-butanol-ethanol-water[52:32:16, by volume] [51]). 
The single major band visualized was eluted with water. 
The material migrated as a single spot in solvents A and 
B and had an absorption maximum at 232 nm (0.04 N 
HC1). Assuming an E~ 2 of 5.7 x 103 M ll  cm -I (23, 
51), it had an E~ ~ of 16.0 x 103 M -1 cm ~ in the 
Morgan-Elson reaction (46). The overall yield was 
48%. 

Cells and Culture Conditions 
The established mouse embryo BALB/c cell line 3T3 

and its SV40-transformed derivative (3T3SV) were gifts 
from Dr. P. Berg, Stanford University. Cells were cul- 
tured in 60-ram tissue culture dishes (Falcon Plastics, 
Division of BioQuest,  Oxnard, Calif.; 21.9 cm 2) con- 
taining bicarbonate-buffered DME (supplemented with 
2 mM glutamine, 100 U penicillin and 5 /~g streptomy- 
cin per ml, and 10% calf serum) and incubated at 37~ 
in an atmosphere of 5% CO2, 95% air, and 100% 
humidity. Cells were routinely passaged after reaching 
confluent densities by trypsinization (0.05% Difeo 
trypsin [1:250] [Difco Laboratories, Detroit,  Mich.] in 
0.02% (EDTA),  0.02 M Tris-buffered saline, pH 7.4). 

No attempt was made to maintain low saturation densi- 
ties by routine passaging at low cell densities. Both cell 
types were found to be free of Mycoplasma contamina- 
tion by culture (courtesy of Dr. L. Hayflick, Stanford 
University) and by [aH]thymidine autoradiography (8). 

Data from growth curves determined the plating 
densities which would provide cells at the proper 
growth phase and cell densities for labeling. Cells were 
plated as follows (in cells per square centimeter): 3T3, 
9.5 x 10 a and 6.6 x 104; 3T3SV, 4.7 • 10 a and 3.1 x 
104. The medium was changed 24 h after plating and 
the cells were cultured for an additional 24 h before 
labeling. Cell densities (average of four replicate dishes 
for each cell type) in cells per square centimeter at the 
time of labeling were as follows: logarithmically grow- 
ing low density 3T3 cells, 3.3 • 104; growth-inhibited 
confluent 3T3 cells, 7.4 • 104; logarithmically growing 
low density 3T3SV cells, 1.7 • 104; and logarithmically 
growing crowded 3T3SV cells, 13.4 • 104. Protein 
determinations (31) gave the following protein content 
per 106 trypsinized cells: low density 3T3 cells, 233/zg; 
confluent 3T3 cells, 258 ~g; low density 3T3SV, 101 
p,g; crowded 3T3SV cells, 173 ,e.g. Differences in pro- 
tein content per cell between normal and transformed 
cells, and between cells at high and low density have 
been previously reported (30, 31). 

Labeling and Preparation of  
Culture Components 

Labeling medium was serum- and glucose-free bicar- 
bonate-buffered BME containing 2 mM glutamine and 
10 mM sodium pyruvate. Serum was omitted to avoid 
possible differential effects of fresh serum in the differ- 
ent culture types. Control studies using glucose-free 
serum showed that the absence of serum during label- 
ing did not alter the incorporation of glucose into GAG 
or total polysaccharide of low density 3T3 cells. Dupli- 
cate culture dishes were washed three times with label- 
ing medium, and 1.5 ml labeling medium containing 
100 ~Ci per ml [3-3H]glucose was added to each dish 
and the cells were incubated for 4.5 h. The labeling 
medium was removed and each dish rinsed with 0.5 ml 
Earle's balanced salt solution (BSS) which was pooled 
with the medium. The pooled solution was centrifuged 
at 1,000g for 10 min at 4~ This cell-free supernate 
constituted the medium fraction. 

To prepare surface and cell fractions, the cells were 
further rinsed five times with BSS and the rinses dis- 
carded. Trypsin (1.0 ml of 0.05% 3• crystalline trypsin 
in Tris-buffered saline, pH 7.5) was added to each dish 
and the cells were incubated at 37~ for 10 min to 
suspend the cells. More than 97% of the cells removed 
were viable by trypan blue exclusion. The cells and 
trypsin solution were removed from the dishes at room 
temperature and placed on ice. The dishes were rinsed 
with 0.5 ml of BSS which was added to the cell suspen- 
sion. The cells were centrifuged at 400 g for 10 rain at 
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4~ washed with BSS, and centrifuged again. The com- 
bined supernate constituted the surface fraction, which 
included any GAG removed from the dish by trypsin. 
The cell fraction was obtained by washing the trypsinized 
cells three times as before, discarding the wash solutions, 
and suspending the cells in 0.5 ml H~O. The labeled 
components were quick frozen and stored at -20~  

Purification of  Polysaccharides for 
GAG Analysis 

Labeled medium, surface, and cell components from 
each duplicate dish were handled identically, except as 
indicated. The cells were disrupted by sonication at 0~ 
Carrier hyaluronic acid and crude chondroitin sulfate 
(12.5 /zg each) were added to each sample and the 
solutions adjusted to contain 150 mM Tris (pH 8.3), 1.5 
mM CaCIz, and 0.2 mM glucose. The samples were 
boiled for 10 min, cooled to room temperature, and 2 
mg of pronase was added to each. After incubation at 
55~ for 8 h, the samples were mixed, an equal amount 
of fresh pronase added, and incubation continued for 16 
h. The digests were boiled for 10 rain and clarified by 
centrifugation (20,000 g for 15 rain). 3 vol of ice'cold 
95% ethanol (containing 1% potassium acetate) was 
added to each supernate and the samples were stored at 
-20~  overnight. Samples were centrifuged (30,000 g 
for 20 min) and the precipitate obtained was dried in 
vacuo. The precipitates were dissolved in 0.5 ml of water 
and reprecipitated twice with 3 vol of 95% ethanol 
containing 1% potassium acetate to remove any remain- 
ing free !sotope. The medium fractions were reprecipi- 
tated one more time. Precipitates were collected by cen- 
trifugation and dried in vacuo. 

Determination of  Chondroitinase- 
Susceptible GAG 

The methodology used was similar to that described 
by Saito et al. (37), except that more enzyme was used 
and the pH of the digestion was 7.4 rather than 8.0. 
Aliquots of the dried samples dissolved in 0.05 ml of 
Tris-enriched buffer (pH 7.4) received 0.05 ml (0.25 U) 
of chondroitinase ABC solution (5 U per ml in the same 
buffer). After incubation at 37~ for 3 h, carrier Adi- 
OS, Adi-OHA, Adi-6S, and Adi-4S (25 /xg each) in a 
total volume of 0.01 ml were added to each digestion 
mixture. Adequacy of chondroitinase digestion was as- 
sessed as described by Yamagata et al. (51). Digestion of 
250 #g of hyaluronic acid or chondroitin sulfate 
(amounts that are 10-fold the amount of carrier used in 
experimental reactions) by 0.15 U of chondroitinase 
ABC was complete within 2 h (Fig. 2). The plateau in 
absorbance at limiting enzyme concentration and after 
completion of the reactions demonstrates the absence of 
possible contaminating activities which cleave the disac- 
charides. Incubation of the enzyme with Adi-4S and 
Adi-6S as well as with chondroitin-4-sulfate, chondro- 
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FIGURE 2 Adequacy of chondroitinase ABC diges- 
tion. Chondroitin sulfate or hyaluronic acid (250/~g) was 
incubated with 0.01 U of chondroitinase ABC in 0.1 ml 
of Tris-enriched buffer (pH 7.4) at 37~ At 40 min 
(arrow) an additional 0.15 U of enzyme was added. 

itin-6-sulfate, and dermatan sulfate followed by chroma- 
tography failed to demonstrate contaminating sulfatase 
activity. 

The samples were quantitatively spotted on Whatman 
3MM paper, dried in a stream of warm air, and chromat- 
ographed for 19-24 h in solvent A. The UV-absorbing 
spots were cut out, divided into pieces, placed in scintil- 
lation vials containing 0.3 ml of H20 and 2.0 ml of NCS, 
and incubated at 50~ for 2 h. After allowing the vials to 
cool, 15 ml of toluene-based sclntillant was added to 
each. Counting efficiency for paper containing aH-sam- 
ples was 48% in a Beckman LS-233 refrigerated liquid 
scintillation counter (Beckman Instruments, Inc., Fuller- 
ton, Calif.). Radioactivity detected on chromatograms 
(disaccharides plus resistant material) averaged 95.5% 
of that applied. 

The following disacharides represent their parent 
GAGs: Adi-6S is derived from chondroitin-6-sulfate; 
Adi-4S is derived from chondroitin-4-sulfate and derma- 
tan-4-sulfate (23); Adi-OS is derived from chondroitin 
and nonsulfated residues of the chondroitin sulfates; 
Adi-OHA is derived from hyaluronic acid. The relative 
mobilities (mean -+ SE, n = 12) for Adi-OS, Adi-OHA, 
Adi-4S, and Adi-6S were 1.00, 1.36_+0.006, 
0.66-+0.0036, and 0.37---0.0085. The spots were clearly 
separated from each other and from any possible 
[all]glucose (relative mobility of 1.61). 

Determination of  Heparan Sulfate 
Heparin and heparan sulfate are closely related mole- 

cules resistant to chondroitinase ABC digestion and con- 
taining unsubstituted and O-sulfated uronic acid, and O- 
sulfated N-acetylglucosamine, as well as N-sulfated glu- 
cosamine (20). Heparin is produced almost exclusively 
by mucus-producing epithelia and mast cells and was not 
differentiated from heparan sulfate in this report. Ni- 
trous acid cleaves heparan sulfate at the glycosidic bond 
adjacent to N-sulfate group while bonds adjacent to N- 
acetylhexosamines are resistant (5). Thus, quantitation 
of sugar-labeled heparan sulfate by measuring the 
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amount of label resistant to nitrous acid degradation by 
subtraction procedures may underestimate the amount 
of label by the proportion of hexosamines which are not 
sulfated (estimated to be approx. 40% for lung heparan 
sulfate [5]). Heparan sulfate is precipitable by cetylpyr- 
idinium chloride (CPC) at 0.6 M NaCI, whereas other 
chondroitinase-resistant polysaccharides potentially la- 
beled with glucose, such as nucleic acids, keratan sulfate, 
and glycogen are not (35). 

High molecular weight heparan sulfate was deter- 
mined by selective CPC precipitation of chondroitinase 
ABC-treated mixtures. Carrier heparin and heparan sul- 
fate (20 ~g each) were added to aliquots of [3H]glucose- 
labeled polysaccharide fractions and the samples exhaus- 
tively digested with chondroitinase ABC as described 
above. The mixture was made 0.6 M NaCI, and heparan 
sulfate was precipitated by incubation in 0.05% CPC at 
37~ for 1 h. The precipitates were collected on glass 
fiber filters, washed with 0.005% CPC in 0.6 M NaC1 
and then with water. The filters were dried and counted 
in toluene scintillant at an efficiency of 38%. 

Precipitation with CPC was compared with HNOz 
degradation by measuring the apparent yield of both 
methods. Aliquots of chondroitinase ABC-resistant la- 
beled polysaccharides from crowded 3T3SV ceils were 
CPC precipitated as above and were treated with HNO2 
(19). The degree of HNOz degradation was determined 
after chromatography (42) of the reaction mixture for 
120 h. About 30% more chondroitinase-resistant poly- 
saccharide, presumably heparan sulfate, was precipitated 
by CPC in 0.6 M NaC1 than was degraded by HNOz. 

Determination of the Fraction of 
Disaccharide Label Due to 
N-A cetylhexosamine 

Labeled polysaccharides derived from low density 
3T3 and crowded 3T3SV cells (approx. 20,000 dpm 
each) were converted to unsulfated disaccharides by in- 
cubation with chondroitinase ABC (0.25 U), chondro-4- 
sulfatase, and chondro-6-sulfatase (0.08 U each) in Tris- 
enriched buffer (pH 7.4) for 3 h at 37~ Control studies 
showed that under these conditions one-half of these 
levels of sulfatase completely and specifically converted 
50 p,g of Adi-6S to Adi-OS. After incubation, 50 p.g of 
carrier Adi-OS and Adi-OHA were added and the di- 
gests chromatographed on 3 MM paper for 19 h in 
solvent A. After elution of the UV-absorbing spots, an 
additional 100 p,g of Adi-OS and Adi-OHA were added 
to the eluant to minimize losses of radioactivity during 
the subsequent procedures. Aliquots were taken from 
each disaccharide fraction for determination of radioac- 
tivity and measurement of disaccharide content with the 
Morgan-Elson reaction (46). Comparison of the ab- 
sorbancies of the disaccharides at 232 nm and of the 
Morgan-Elson disaccharide chromophore (585 nm) 
yielded F_~ of 13.8 x 10 a M -1 cm -~ for Adi-OS and 
16.0 • 10 3 M -~ cm -~ for Adi-OHA. The disaccharides 

were hydrolyzed (0.04 N HCI in sealed vials at 100~ for 
1 h [47]) and the hydrolysates were chromatographed in 
solvent A for 17 h alongside N-acetylgalactosamine 
(GalNAc) and N-acetylglucosamine (GIcNAc) stand- 
ards which were visualized with a silver dip reagent 
(45). Areas from the samples corresponding to the 
standards were eluted with water. Eluants were dried in 
vacuo and redissolved in water. Aliquots were taken 
for determination of radioactivity and to estimate re- 
coveries by measurement of N-acetylhexosamine con- 
tent. The E ~  of the Morgan-Elson chromophore was 
determined to be 7.2 x 103 M -1 cm -1 for GalNAc and 
11.3 • 103 M -1 cm -t for GlcNAc. 

R E S U L T S  

Comparison of [3H]glucose Utilization 
for GAG Synthesis by 3T3 and 
3T3SV Cells 

Since the relat ive p ropor t ions  of var ious glu- 
cose- labeled G A G  were being compared  in this 
study, it was necessary to know whe the r  3T3 and  
3T3SV cells incorpora te  [3H]glucose equiva-  
lently into the various polysaccharides .  Unsul-  
fated disaccharides  were p repa red  f rom G A G  
isolated f rom low densi ty  3T3 and  crowded 
3T3SV cells labeled  with [3H]glucose as de- 
scribed in Mater ia ls  and  Methods .  It was as- 
sumed  tha t  the uronic  acid moiety of the disac- 
char ide  was equivalent ly  labeled  regardless  of 
G A G  type (16) ,  and  the p ropor t ion  of the label 
der ived f rom hexosamine  was d e t e r m i n e d  in the 
disaccharide der ived f rom hya lu rona te  (Adi- 
O H A ,  which conta ins  GIcNAc)  and in the  disac- 
charide der ived f rom the chondro i t in  sulfates 
(Adi-OS, which conta ins  G a l N A c ) .  These  pro- 
por t ions  were equiva lent  for bo th  low densi ty 
3T3 and  c rowded  3T3SV cells (Table  I), demon-  
strat ing that  glucose labels GlcNAc-  and  
Ga lNAc-con ta in ing  G A G  equivalent ly  regard- 
less of cul ture type. Since approximate ly  50% of 
the label in the  disaccharides  was found in the 
amino  sugar,  this resul t  also indicates  tha t  under  
the condi t ions  of label ing,  the specific activities 
of the precursor  nucleot ide  sugars were approxi-  
mately equal .  Glucose incorpora t ion  in-to the 
var ious G A G  types,  the re fo re ,  can be  compared  
in t r ans fo rmed  and  un t r ans fo rmed  cells. 

[3H]Glucose Incorporation by Transformed 
and Untransformed Cells 

Low densi ty and  conf luent  3T3 cells and  low 
densi ty and  crowded 3T3SV cells were labeled  
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with Jail]glucose for 4.5 h. As indica ted  above ,  
this per iod  is sufficient for  the  G A G  precursors  
to reach  the  same specific activity. The  growth  
rate  of these cells is shown in Fig. 3 and  the  

TABLE I 

[all]Glucose Labeling of GAGs by 3T3 and 3T3SV 
Cells 

Percent of label in N-acctylhexosamine 

Disaccharide Low density 3T3 Crowded 3T3SV 

Experiment 1 
Adi-OHA 42.1 49.7 
Adi-OS 44.6 50.0 

Experiment 2 
Adi-OHA 45.2 46.7 
Adi-OS 50.7 51.1 

Labeled disaccharides were prepared from GAG iso- 
lated from Jail]glucose-labeled cells by chondroitinase 
treatment. Sulfated disaccharides were converted to Adi- 
OS with specific sulfatases. The percent of disaccharide 
label in N-acetylhexosamine was determined for Adi- 
OHA and Adi-OS by hydrolysis of the disaccharides and 
correcting for recoveries. For experimental details, see 
Materials and Methods. 

degree  of cell contac t  in Fig. 4. The  genera t ion  
t ime of the  3T3 ceils was t 8 . 3  h and  tha t  of the 
3T3SV cells was 20.1 h. Crowded  3T3SV cells 
were dividing at the  same ra te  as low densi ty 
3T3SV cells and  were not  de tach ing  f rom cul ture  
dishes.  Low densi ty  3T3 cells were at abou t  4 5 %  
confluence.  

The incorpora t ion  of  [3H]glucose into macro-  
molecules  res is tant  to p ronase  digest ion and  pre- 
cipi table with e thano l ,  opera t iona l ly  def ined as 
polysaccharide,  is shown in Fig. 5. In the absence  
of any a l te ra t ions  in ut i l izat ion,  d i f ferences  be- 
tween cul ture  types in to ta l  incorpora t ion  into 
polysacchar ide should  reflect  dif ferences  in the  
t ranspor t  and  in t racel lu lar  pools  of glucose. A t  
low densi t ies ,  3T3SV cells incorpora te  abou t  five 
t imes more  total  label than  3T3 cells, a difference 
consis tent  with the  2.5- to 4-fold difference in 
the i r  ra te  of hexose  t r anspor t  pe r  mil l igram pro- 
tein (17,  41) .  With  increased  cell densi t ies ,  glu- 
cose incorpora t ion  into polysacchar ide  was 
markedly  inh ib i ted  in bo th  t r an s fo rmed  and  un- 
t r ans fo rmed  cells. The  l 1-fold reduc t ion  in in- 
corpora t ion  as the 3T3 cells b e c o m e  conf luent  is 
consis tent  with the  8- to 10-fold decrease  in hex- 
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DAYS IN CULTURE 
FIGORE 3 Growth curves of 3T3 and 3T3SV cells. Cells were plated into 35-ram dishes (8.8 cm z) at a 
density of approx. 5 x 10 a cells per cm 2 and the medium was changed 24 h after plating. Cell numbers were 
determined on duplicate dishes every 24 h with a Coulter Counter (Coulter Electronics, Inc., Hialeah, 
Fla.) after removal of the cells with 0.05% Difco trypsin (1:250) in 0.02% EDTA, 0.02 M Tris-buffered 
saline, pH 7.4. (A) 3T3 cells; (B) 3T3SV cells. Arrows point to cell densities at which experiments proper 
were performed. 
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FIGURE 4 Photomicrographs of fixed and stained 3T3 and 3T3SV cells at low and high density. Cultures 
were plated at approx. 5 x 103 cells per cm z in 35-mm dishes and allowed to grow to densities (determined 
by counting two replicate dishes) similar to those used in the experiments proper. Cultures were washed 
three times with BSS, fixed in 2% glutaraldehyde (buffered with 75 mM PO4 at pH 7.2) for 1 h, and stored 
in the cold in 0.18 M sucrose in the same buffer. For photography, the cultures were rinsed with BSS, 
stained with 0.5% toluidine blue in 1% sodium borate for 10 rain, and then rinsed three times with water. 
Magnification • (4a) Low-density, logarithmically growing 3T3 cells at a density of 4.0 • 104 cells per 
cm 2, a density slightly greater than that used in the experiments, showing minimal intimate cell contact. 
(4b) Confluent, nongrowing 3T3 cells at a density of 7.4 • 104 cells per cm 2 showing a nearly complete 
monolayer of cells in intimate contact. (4 c) Low-density, logarithmically growing 3T3SV cells at a density 
of 1.7 x 104 cells per cm z. At this density, there is very little cell contact. (4d) Crowded, logarithmically 
growing 3T3SV cells at a density of 1.3 x 105 cells per cm 2. These cells are in intimate contact and have 
formed heavily stained, multilayered cell arrays. 

ose t ransport  rate occurring under  similar cir- 
cumstances  (2, 41). The threefold reduct ion in 
total incorporat ion with 3T3SV cells is not ac- 
counted for by differences in t ransport  since low- 
and high-density 3T3SV cells have similar rates 
of hexose uptake (41). 

The propor t ion  of [3H]glucose incorporated 

into G A G  should not be altered by t ranspor t  or 
pool size differences.  In both  t ransformed and 
unt ransformed cells, however ,  the propor t ion  of 
label incorpora ted  into G A G  decreased at high 
cell densit ies,  and this decrease was more  pro- 
nounced in t ransformed cells (Fig. 5). These re- 
sults suggest that  high degrees  of cell contact  
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reduce the incorporation of glucose into GAG. 
These findings are consistent with the decrease in 
radiosulfate incorporation into GAG observed 
after long-term labeling of analogous cultures 
(12, 34, 36). 

The distribution of glucose-labeled polysac- 

I00 45,900 9,500 IB,900 860 dpm/,=~ 

bJ 

r~ 8o < 
r 
o 

o 

o 

i+'+.++" 
Low Density High Density 

Non-GAG 

GAG 

FIGURE 5 Incorporation of [all]glucose into polysac- 
charide. Materials which are resistant to pronase diges- 
tion and precipitable with ethanol are operationally de- 
fined as polysaccharide (see Materials and Methods). 
GAG represents chondroitinase ABC susceptible poly- 
saccharide plus heparan sulfate, while non-GAG repre- 
sents total polysaccharide less GAG. Results are the 
average of analyses of duplicate cultures and represent 
the sum of all culture components. Above the bars is 
indicated the disintegrations per minute [3H]glucose in- 
corporated into total polysaccharide per microgram cell 
protein. 

charide among the culture components is shown 
in Table II. At low cell densities, each culture 
component contained a similar proportion of to- 
tal polysaccharide label in GAG. At high cell 
densities, GAG labeling relative to other poly- 
saccharides decreases due to a greater decrease 
of GAG label in the cell and surface fractions 
than in the medium. 

Incorporation into GA G o f  Various 

Culture Components 

Whereas differences between culture types in 
incorporation into total polysaccharide and in the 
proportion of this label in GAG may be due to 
differences in Jail]glucose utilization, the distri- 
bution of labeled GAG among the culture com- 
ponents should be independent of this variable. 
The distribution of labeled GAG among the 
cells, surface materials, and medium was similar 
for 3T3 and 3T3SV cells growing at low densities 
(Fig. 6), The proportion of labeled GAG associ- 
ated with the cells was nearly equivalent to that 
removed by trypsin and about twice that found in 
the medium. In crowded 3T3SV cultures, how- 
ever, the proportion of newly synthesized GAG 
in the cells increased while that in the surface 
fraction decreased. A more marked density-in- 
duced decrease in surface GAG was seen in 3T3 
cultures, and, in addition, confluent 3T3 cells 
showed a greater proportion of labeled GAG in 
the medium. These data indicate that the cellular 
distribution of newly synthesized GAG varies 
with the density of the culture, and possibly with 
growth control, but not with viral transforma- 
tion. 

TABLE 11 

Distribution of Labeled Polysaccharide among Culture Components 

Cells Surface Medium 

Total polysac- Total polysac- Total polysac- 
charide GAG charide GAG charide GAG 

dpml t~g % dpml lAg % dpml pg % 

Low density 3T3SV 18,600 60.9 18,700 63.6 8,580 75.6 
Low density 3T3 4,190 78.7 3,300 86.5 1,980 83.3 
Crowded 3T3SV 9,420 29.8 2,650 44.4 1,790 53.6 
Confluent 3T3 511 55.7 125 59.2 225 80.7 

Three components were prepared from the cultures: the medium, containing newly synthesized polysaccharides 
secreted by the cells during incubation; the cell surface, containing labeled polysaccharides released from the cells by 
treatment with crystalline trypsin; and the cells, which are free of trypsin-susceptible surface polysaccharides. Total 
polysaccharide and GAG are defined in Fig. 5. Results are the average of analyses of duplicate cultures. Incorpora- 
tion data are disintegrations per minute [SH]glucose per microgram cell protein. 
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Relative Incorporation into Various 

Types of  GAG 

Table III shows the proport ions of the various 
types of labeled G A G  according to culture type. 
At  low cell density, 3T3 and 3T3SV cultures 
showed similar proport ions of the various types 
of newly synthesized G A G .  Most of the label was 
incorporated into hyaluronate ,  while among the 
galactosaminoglycans the lowest incorporat ion 
was that into chondroit in-6-sulfate.  With in- 
creased cell density, both  t ransformed and un- 
transformed cell cultures incorporated a greater  
proport ion of label into sulfated G A G ,  and this 
change was more marked  in 3T3 cultures. As 
indicated above,  less labeled G A G  is produced at 

29,700 7,800 5,000 540 dpm/,,,v.g 
'~176 ~ ~ [--]} Medium~jz~ll Surface % OF ~. 

[~H] GAG I I } Cells 
o 

Low Density High Density 
FIGURE 6 Incorporation of [3H]glucose into GAG. 
Culture components are as in Table II, and GAG is 
defined in Fig. 5. Above the bars is indicated the disinte- 
grations per minute [all]glucose incorporated into total 
GAG per microgram cell protein. Results are the aver- 
age of separate analyses of duplicate cultures. 

high density, but this inhibition was least marked  
for heparan sulfate and chondroitin-6-sulfate and 
most marked for hyaluronic acid. 

Distribution of Labeled GAGs among 

Culture Components 

The distribution of various types of newly syn- 
thesized G A G  among the medium,  cell surface, 
and cell components  was examined to assess 
whether  specific types of  polysaccharides accu- 
mulated at distinct sites under different growth 
conditions. Data are presented for labeled G A G  
according to type (Fig. 7) and within each culture 
component  (Table IV). 

T Y P E S  OF L A B E L E D  G A G  

The various polysacharides have distinct distri- 
butions among the culture components  (Fig. 7). 
At  low densities, the surface and cell components  
contained the bulk of newly synthesized hyalu- 
ronate.  At  high cell densities, the proport ion of 
labeled hyaluronate decreased at cell surfaces 
and increased in the media.  Nearly all of the 
newly synthesized heparan sulfate was associated 
with the ceils regardless of growth condit ion or 
transformation.  At  low densities, the major  pro- 
port ion of galactosaminoglycan label was associ- 
ated with the cells, and this proport ion increased 
in cultures labeled at high densities. 

These data show that the cellular distribution 
of various types of labeled G A G  is similar for 
3T3 and 3T3SV cultures growing at low densi- 

TABLE III 

Relative Incorporation into Various GAGs 

Percent of total GAG 

Type of GAG Low density 3T3SV Low density 3T3 Crowded 3T3SV Confluent 3T3 

Hyaluronic acid 

Heparan sulfate 

Galactosaminoglycan 
Chondroitin-6-sulfate 

Dermatan-4-sulfate ~. 
Chrondr oitin-4-sulfate / 

Chrondroitin 

76.6 77.9 62.2 39.8 

8.3 5.9 15.2 10.7 

15.2 16.2 22.6 49.5 
1.9 1.8 4.7 13.4 

6.6 8.0 10.5 21.2 

6.7 6.4 7.4 14.9 

Data are presented as the percent of the total GAG label in the various types of GAG by each culture type. The 
extent of incorporation by each cell type is shown in Fig. 6. Results are the average of analyses of duplicate cultures. 
The mean difference between duplicate cultures was 1.1%. 
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FIGURE 7 Distribution of labeled OAOs among cul- 
ture components. Cellular components are as in Table II. 
Data are presented as the percent of each type of 
[3H]GAG in each cellular component. Results are the 
average of separate analyses of duplicate cultures. 

ties. The change in labeled G A G  distribution 
occurring with increased density of 3T3SV cul- 
tures is a shift of label into the cells; from the 
medium for galactosaminoglycans, and from the 
surface fraction for hyaluronate and heparan 
sulfate. On the other hand, in 3T3 cultures which 
have reached confluence, galactosaminoglycan 
label is shifted from surface components into the 
cells, and hyaluronate label from the surface into 
the medium. 

C E L L S  

The cells are enriched in galactosaminoglycan 
and contain the bulk of heparan sulfate (Table 
IV). Transformed cells label heparan sulfate 
more heavily than untransformed cells regardless 
of density. Except for this difference, low density 
3T3 and 3T3SV cells were similar. Dense cul- 
tures showed a lower proportion of cellular G A G  
in hyaluronic acid than sparse cultures, a differ- 
ence that was substantially greater in confluent 
3T3 cells. 

SURFACE 

Hyaluronic acid is the predominant polysac- 
charide released by trypsinization (Table IV) 
even for cultures labeled at high densities, in 
which there is a lower proportion of total hyalu- 

ronate and of surface label. Label in heparan 
sulfate was relatively resistant to removal from 
the cells by trypsin. Nevertheless, heparan sul- 
fate accounted for a greater proportion of the 
surface label on high density cells. 

M E D I U M  

The G A G  label in the medium (Table IV) was 
predominantly in unsulfated polysaccharides, hy- 
aluronic acid, and chondroitin, the latter presum- 
ably derived from undersulfated chondroitin sul- 
fate (42). This low degree of sulfation resulted 
from at least half of the secreted galactosamino- 
glycan being unsulfated. Although the proportion 
of unsulfated polysaccharide label was remarka- 
bly similar for all culture types (ranging from a 
low of 80.6% for confluent 3T3 to a high of 
91.0% for low density 3T3SV cultures), growth- 
inhibited cultures showed substantially more 
chondroitin. Compared to either the cells or the 
surface materials, the medium contained the low- 
est relative abundance of labeled heparan sul- 
fate. 

DISCUSSION 

The intent of this study was to assess the cellular 
distribution of newly synthesized GAGs associ- 
ated with viral transformation, with changes in cell 
density, and with growth control. The results re- 
ported here show that cell density and possibly 
density-dependent inhibition of growth but not 
viral transformation are major factors controlling 
the cellular distribution and type of newly synthe- 
sized GAG.  Thus, there is no simple relationship 
between GAGs and the differences in culture be- 
havior of normal and transformed cells. 

Total G A G  Produced 

Glucose was used as the precursor to allow 
comparisons of incorporation into all types of 
GAG.  Although the various GAGs  were shown to 
be equivalently labeled by [3H]glucose under the 
conditions used, the incorporation of [3H]glucose 
does not represent synthesis only. For example, 
density-dependent differences in rates of hexose 
transport between the cell types are well known 
(4, 17, 41). By analyzing the relative proportion 
of total labeled polysaccharide in G A G ,  differ- 
ences in transport are minimized. The analysis 
(Fig. 5 and Table II) shows that transformation 
and increased cell density reduce G A G  produc- 
tion. This is in agreement with the findings that 
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less radiosulfate is incorporated into G A G  by 
transformed and by high density cells than by 
untransformed (12, 36, 48) and low density cells 
(34), and with the results of chemical measure- 
ments of the amount of G A G  produced by pri- 
mary fibroblast cultures growing at low and high 
density (24). The decrease in G A G  production 
due to transformation observed here, however, is 
relatively small but is further reduced when trans- 
formed cells reach high density. Therefore, a re- 
duction in G A G  production at high density occurs 
even in cells not showing density-dependent inhi- 
bition. 

Cellular Distribution o f  GAG 

The major differences between cell types and 
growth conditions were in the distribution of la- 
beled G A G  in the three culture components. 
Each component had a distinct composition re- 
gardless of growth conditions or transformation, 
indicating that the components represent qualita- 
tively distinct pools of GAG.  The cells contained 
the majority of newly synthesized G A G  (Fig. 6) 
and most of the sulfated galactosaminoglycan and 
heparan sulfate (Fig. 7). The bulk of this G A G  
represents G A G  stored for eventual degradation 
(21, 29), and an unknown proportion is in not yet 
completed chains. The fraction released from ceils 
and substratum by trypsin treatment showed 
nearly as much G A G  label as the cells in low 
density cultures (Fig. 6), and was predominantly 
hyaluronic acid (Table IV). This fraction should 
be almost totally derived from G A G  at cell sur- 
faces, since after prolonged labeling of analogous 
cultures less than 4% of cell-associated glucosa- 
mine-labeled G A G  remains with the substratum 
when cells are removed with EGTA (48). The 
labeled G A G  secreted into the medium was pre- 
dominantly unsulfated, consisting of hyaluronate 
and chondroitin, and likely contained some high 
molecular weight products of intracellular degra- 
dation. 

Effect o f  Cell Density 

At low cell densities, the distribution of label 
among the culture components and relative 
amounts of the various types of labeled G A G  in 
each of these components were very similar in 
transformed and untransformed cultures, al- 
though transformed cells contained slightly more 
labeled heparan sulfate label at the cell surface. 
These data establish that viral transformation per 

se does not substantially alter the type or distribu- 
tion of newly synthesized GAG.  

Upon increased cell density, both transformed 
and normal cells showed substantially more G A G  
label within the cells and substantially less at the 
surface with corresponding changes in the pre- 
dominant G A G  type in these components. Possi- 
ble explanations for the change in G A G  distribu- 
tion include decreased susceptibility of the surface 
material to release by trypsin, reduced deposition 
of G A G  at the surface, increased G A G  uptake 
from the medium, and a reduction in secretion. 
The latter two possibilities are unlikely, since an 
increase in density produced little change in the 
amount of G A G  label in the medium in 3T3SV 
cultures, and an increase in the amount in 3T3 
cultures (Fig. 6). The possibility that the G A G  at 
the surface of crowded cells is less susceptible to 
trypsin release is consistent with the observations 
that trypsinization releases less glycopeptide from 
the surfaces of high density cells (3, 26, 38). The 
data are equally consistent, however, with a re- 
duction in the deposition of newly synthesized 
G A G  at the cell surface at high cell densities. Less 
deposition of newly synthesized GAG at the sur- 
face might, in the steady state, cause new GAG to 
accumulate intracellularly, thereby slowing the 
rate or reducing the synthesis of GAG.  Thus, 
reduction in surface G A G  deposition could ac- 
count for the reduced incorporation observed in 
high density cultures. 

The changes in the type and distribution of 
labeled G A G  occurring at high density were more 
marked in 3T3 cultures, especially the increased 
labeling of chondroitin-6-sulfate and heparan sul- 
fate at the cell surface and the reduction in hyalu- 
ronic acid production. 

Relationship of  Culture Behavior to 

GAG Distribution 

Are the cellular distributions of newly synthe- 
sized G A G  relevant to the differences in culture 
behavior shown by 3T3 and 3T3SV cells? Trans- 
formed cells show reduced adhesivity to the sub- 
stratum regardless of density (11,43)  and, except 
at very low densities, the motility of transformed 
cells is greater than that of untransformed cells 
(10). In contrast to untransformed cells, trans- 
formed cells show high or indefinite saturation 
density and little density-dependent inhibition of 
movement (10) or growth (9). The behavioral dif- 
ferences evident at low density probably do not 
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involve differences in cell surface GAG because, 
although there is a small difference in amount, the 
types and relative proportions of labeled surface 
GAG on low density 3T3 and 3T3SV cells are 
very similar. This conclusion is consistent with the 
report that cell locomotion is not modified by 
inhibition of GAG synthesis (44). 

Differences in culture behavior at high densi- 
ties, however, may be related to differences in 
GAG distribution. Inhibition of growth appears to 
correlate with increased GAG in the medium. A 
shift of GAG label into the medium was seen 
when 3T3 cells reached confluence, but not when 
3T3SV cells became crowded. GAG secretion is 
markedly increased by addition of several adenyl- 
ate cyclase inhibitors to primary mouse fibroblasts 
(40) and of dibutyryl cyclic adenosine monophos- 
phate and theophylline to normal and transformed 
cells (12). These treatments, which slow the 
growth rate and decrease the saturation density of 
untransformed cells (18), are analogous to those 
of adding dextran sulfate (6, 13) and sulfated 
GAG (28) to the medium. Thus, it is possible that 
GAG accumulation in the medium may contribute 
to growth inhibition. 

Cultures with low saturation densities (3T3 and 
3T3SV revertant) show more sulfated GAG re- 
maining attached to the substratum than 3T3SV 
cultures, findings which have led to the proposal 
that increased cell surface GAG contributes to 
lowering of the saturation density (34). Substan- 
tial evidence, however, indicates that transformed 
cells have higher anionic surface charge than un- 
transformed cells and that even after sialidase 
treatment, their surface charges are similar (50). 

A possible resolution of these conflicting results 
is that low saturation densities are associated with 
changes in surface GAG which do not alter the 
surface charge. Compared with other culture 
types, confluent 3T3 cells show more surface la- 
beling of the most anionic GAG, chondroitin-6- 
sulfate and heparan sulfate, and less surface label- 
ing of the least anionic GAG, hyaluronic acid 
(Table IV). These changes might result in no net 
change in surface charge since the reduction in 
anionic charge due to decreased hyaluronate 
would be counter-balanced by the increase in the 
highly anionic GAGs. If these anionic GAGs were 
more firmly bound to the substratum, despite the 
lower surface GAG label on confluent cells, more 
sulfated GAG would remain with the substratum 
after cells were removed. 

The relationship between low saturation density 

and surface GAG is unclear. Enhanced cell-sub- 
stratum adherence has been proposed (7, 34), 
based upon the idea that the GAG binds cells to 
the substratum by a calcium ion bridging mecha- 
nism. However, normal and transformed cells dif- 
fer in substratum adherence regardless of density, 
but show major differences in surface GAG only 
at high density. Therefore, although changes in 
surface GAG at high density may contribute to 
enhanced adhesion, processes other than adhesion 
to the substratum must also be considered. The 
similarity in GAG distributions of normal and 
transformed cells at low density and the differ- 
ences induced by high density suggest the possibil- 
ity that GAG is involved in cell-cell interactions. 
The most striking density-induced change is in 
hyaluronic acid production and, although hyalu- 
ronate has been implicated in various cellular in- 
teractions (32, 33, 49), and knowledge of its mo- 
lecular structure is emerging (14), very little is 
known about its biological effects. 
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