
Heparan Sulfate Degradation: Relation to Tumor Invasive and 
Metastatic Properties of Mouse B16 Melanoma Sublines 

Abstract. After transport in the blood and implantation in the microcirculation, 
metastatic tumor cells must invade the vascular endothelium and underlying basal 
lamina. Mouse B16 melanoma sublines were used to determine the relation between 
metastatic properties and the ability of the sublines to degrade enzymatically the 
sulfated glycosaminoglycans present in the extracellular matrix of cultured vascular 
endothelial cells. Highly invasive and metastatic B16 sublines degraded matrix 
glycosaminoglycans faster than did sublines of lower metastatic potential. The main 
products of this matrix degradation were heparan sulfate fragments. Intact B16 cells 
(or their cell-free homogenates) with a high potential for lung colonization degraded 
purified heparan sulfate from bovine lung at higher rates than did B16 cells with a 
poor potential for lung colonization. Analysis of the degradation fragments indicated 
that 816 cells have a heparan sulfate endoglycosidase. Thus the abilities of B16 
melanoma cells to extravasate and successfully colonize the lung may be related to 
their capacities to degrade heparan sulfate in the walls of pulmonary blood vessels. 

In blood-borne tumor metastasis, ma- 
lignant cells are spread to distant, often 
specific, organ sites (I). After implanta- 
tion in the microcirculation, metastatic 
tumor cells must cross both the endothe- 
lial cell layer and the underlying base- 
ment membrane or basal lamina (1). This 
process appears to be dependent, in part, 
on turnor cell enzymes capable of de- 
grading extracellular components of host 
tissues (2-7). The interactions between 
malignant cells and vascular endotheli- 
um have been studied in monolayers of 
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Fig. 1. Solubilization of sulfated glycosami- 
noglycans from subendothelial matrix by B16 
melanoma metastatic variants. The degrada- 
tion assay was performed as described (5, 6) 
except (hat 3 X lo5 B16 melanoma cells were 
plated on [35S]sulfate-labeled subendothelial 
matrix produced by bovine endothelial cells in 
culture (plate diameter, 35 mm). Radioactive 
counts resulting from a nonenzymatic process 
(5) were subtracted from the raw data. Each 
symbol represents the average of triplicate 
samples (standard deviation < I percent). 
The least significant difference and Q tests for 
significance of the means at P = .05 or .01 
(20) at 2!4 hours show that F1 differs signifi- 
cantly from the other sublines and that FlO 
and 01.3 differ significantly from BL6 and 
B15b. 

vascular endothelial cells that synthesize 
an extracellular matrix resembling the 
basal lamina (5-8). With this model, we 
found that metastatic tumor cells de- 
grade matrix glycoproteins such as fi- 
bronectin and matrix-sulfated glycos- 
aminoglycans such as heparan sulfate 
(5). Since heparan sulfate was released in 
solution as fragments approximately 
one-third their original size, we proposed 
that metastatic tumor cells have a he- 
paran sulfate endoglycosidase (5). We 
have now examined a series of sublines 
of mouse melanoma cells of different 
metastatic potentials for their abilities to 
degrade sulfated proteoglycans of the 
subendothelial matrix as well as purified 
heparan sulfate from lung. 

Malignant tumors are composed of 
heterogenous mixtures of cells with 
widely different metastatic potentials (1). 
Procedures for selection in vivo have 
vielded B16 melanoma cells with in- 
creased potential for colonization of lung 
(9), brain (lo), ovary (11), or liver (12), 
whereas techniques for selection in vitro 
have yielded B16 cells with increased 
invasiveness of tissues (13) or blood 
veins (14). We have used early passage 
sublines with low (B16-F1) or high (B16- 
F10) potential for lung colonization, high 
potential for colonization of ovary (B 16- 
013) or brain (B16-B15b), or a high po- 
tential for tissue invasion (B16-BL6) 
(15). 

We had found earlier that B16-BL6 
cells solubilized sulfated glycosamino- 
glycans in the subendothelial matrix at 
higher rates than did B16-F1 cells (6). 
We therefore examined the abilities of 
five B16 sublines to solubilize matrix 
labeled with [35S]sulfate and found that 
sublines with higher potentials for meta- 
static and organ colonization had signifi- 
cantly higher activities (Fig. 1). 

We also examined five B16 sublines 
for their abilities to degrade purified lung 

heparan sulfate in vitro and we analyzed 
the heparan sulfate fragments by poly- 
acrylamide gel electrophoresis (16). With 
this technique, purified glycosaminogly- 
cans, after being stained, show single, 
broad spots resulting from polymer het- 
erogeneity. A plot of the logarithm of 
molecular weight of the glycosaminogly- 
cans against their relative average migra- 
tions in the gel forms a straight line (Fig. 
2A). The stained gels were scanned with 
a densitometer (Fig. 2B) and the relative 
heparan sulfate-degrading activity was 
determined by measuring the decrease in 
the first half of the densitometric peak 
(shaded areas in Fig. 2), which repre- 
sents the higher molecular weight mole- 
cules of heparan sulfate. The pH opti- 
mum for degradation of heparan sulfate 
by B16 cell homogenates was approxi- 
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Fig. 2. Electrophoresis of lung heparan sulfate 
and its degradation products. Samples of puri- 
fied heparan sulfate from bovine lung were 
incubated with homogenates prepared from 
B 16-F10 melanoma cells for various times. A 
control sample contained a boiled cell homog- 
enate. The samples were prepared for electro- 
phoresis, and the gels were stained with tolu- 
idine blue and scanned with a densitometer 
(16). (A) Relative mobilities were determined 
and compared to the standard glycosamino- 
glycans chondroitin 6-sulfate (C6S) (molecu- 
lar weights, - 60,000 and - 40,000), heparan 
sulfate (HS) (molecular weight, - 34,000), 
dermatan sulfate (DS) (molecular weight, - 27,000), chondroitin 4-sulfate (molecular 
weight, - 12,000), and heparin (molecular 
weight, - 11,000). (B) The decrease in total 
area of the densitometry peak indicates degra- 
dation of heparan sulfate to low molecular 
weight components not retained on the gel. 
The decrease in the left portion of the peak 
(shaded area) indicates degradation of high 
molecular weight heparan sulfate to interme- 
diate and low molecular weight components. 
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. Fig. 3.  'Time course of degra- 
dation of lung heparan sulfate 

B15b (HS) by intact, viable cells and F:: cell-free homogenates of B16 
F1  melanoma metastatic variants. 

(A) Cells (1 x lo5) were incu- 
013 bated with 50 kg of purified 

heparan sulfate from bovine 
lung for various times in 200 p1 
of medium (15) containing 20 
mM Tricine (pH 7.3) at 37'C. 

I , - (B) Cell homogenates were in- 
0 2 4 6  v 0 2 4 6  cubated with purified heparan 

lncubatlon t ime  (hours) sulfate [for assay conditions 
see Fig. 2 and (16)]. The rela- 

tive degradation activities were calculated from the decrease in area of the high molecular 
weight half of the heparan sulfate peak (Fig. 2B). Each symbol represents the average of 
quadruplicate samples (standard deviation < 10 percent of data). The least significant difference 
and Q tests for significance of the means at P = .05 or .01 (20) at 6 hours show that F1 differs 
significantly from the other sublines and that F10 differs significantly from BL6 and B15b. 

mately 5, but we performed all assays at 
pH 6 to prevent precipitation of cell 
proteins. Of the five glycosaminoglycans 
used as  substrates (heparan sulfate, hep- 
arin. chondroitin 6-sulfate, chondroitin 
4-sulfate, and dermatan sulfate), lung 
heparan sulfate was degraded at  higher 
rates by B16 cell homogenates than any 
other glycosaminoglycan tested, in 
agreement with our earlier observations 
that heparan sulfate is the predominant 
glycosaminoglycan solubilized from sub- 
endothelial matrix by B16 cells (5) .  

When heparan sulfate from bovine 
lung was incubated with B16 cells, the 
rates of appearance of degradation prod- 
ucts of decreased molecular weights 
(Fig. 3) were higher than the rates of 
total degradation of lieparan sulfate (data 
not shown), indicating that heparan sul- 
fate of high molecular weight was de- 
graded to large fragments rather than to 
monosaccharides. This suggests the ac- 
tion of an endoglycosidase capable of 
acting on heparan sulfate, a conclusion 
consistent with our previous results indi- 
cating that B16 melanoma cells degrade 
heparan sulfate from subendothelial ma- 
trix to discrete fragments (5 ) .  In addi- 
tion, the same degradation products 
were obtained when B16 cell homoge- 
nates were incubated with lung heparan 
sulfate in the presence of u-saccharic 
acid 1,4-lactone (an inhibitor of p-glu- 
curonidase). These products could be 
easily separated from undegraded he- 
paran sulfate by gel chromatography on 
Sephadex G-75 or Sephacryl S-200 in 
pyridine-acetate buffer (data not shown). 

When we compared the various B16 
sublines for their activities in degrading 
lung heparan sulfate, using either intact 
cells (Fig. 3A) or  their cell-free homoge- 
nates (Fig. 3B), we found that the sub- 
lines with the highest lung colonization 
potentials, such as B16-BL6 and B16- 
F10, had the highest degradation activi- 
ties, and the sublines with the lowest 

lung colonization potentials, such as  
B16-013 and B16-F1, had the lowest 
activities. These differences were signifi- 
cant (see legend to Fig. 3). The decreases 
in degradation rates at the later incuba- 
tion times (Fig. 3) probably represent 
substrate depletion, since the total 
amount of substrate added to the assay 
had to be limited in order to  determine its 
quantity by the techniques we used (16). 
The fact that intact cells were able to  
degrade heparan sulfate suggested that 
specific endoglycosidases are present on 
the cell surface as membrane-bound en- 
zymes, or they are released from cells. 
The heparan sulfate-degrading enzyme 
has been partially purified from B16 cells 
by affinity chromatography on columns 
of immobilized concanavalin A and 
therefore may be a glycoprotein. We 
have also found heparan sulfate endogly- 
cosidase activities in homogenates of 
normal cells in which the enzyme con- 
centrations appear to be related to  the 
abilities of the cells to invade blood 
vessel walls. Thus, blood leukocytes had 
high concentrations of heparan sulfate 
endoglycosidase (relative activity per 
cellular protein), whereas fibroblasts had 
low concentrations. 

Other enzymatic activities have been 
correlated with metastasis. Liotta et al. 
(4) found that the abilities to  degrade 
type IV collagen, but not other types, 
were related to  B16 metastatic poten- 
tials. Sloane et al. (3) reported that the 
amounts of the lysosomal cathepsin B in 
B16 cells correlate with metastatic po- 
tential. Cathepsin B can also degrade 
collagen and activate latent collagenases 
(17). We found that the activity of a 
specific glycosaminoglycan-degrading 
enzyme, heparan sulfate endoglycosi- 
dase, also correlates with the malignant 
behavior of B16 cells and their ability to 
colonize the lung. In our results, sublines 
B 16-0 13 and B 16-F10 solubilized the 
sulfated glycosaminoglycans of the 

extracellular matrix of endothelial cells 
at similar rates (Fig. 1). However, ovary- 
colonizing B 16-0 13 cells showed the 
lowest activity in degrading purified lung 
heparan sulfate (Fig. 3), suggesting that 
lung heparan sulfate degradation may 
require a specific endoglycosidase or  
that matrix degradation may require, in 
addition, proteolytic activities. 

Heparan sulfate-degrading endogly- 
cosidases have been described in various 
tissues (18), but their physiological func- 
tion is still unknown. An endoglucuroni- 
dase in murine mastocytoma cells that 
specifically degrades macromolecular 
heparin to physiologically active frag- 
ments has been reported (19). Further 
studies should elucidate the role of this 
heparan sulfate endoglycosidase in tu- 
mor cell invasion and metastasis. 
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of coupling efficiencies of less than 1 
percent, lengthy purification procedures 
are required to  remove hydrolytic prod- 
ucts. 

We have developed a simple and effi- 
cient method of covalently coupling 
DTPA to proteins by using the bicyclic 
anhydride of DTPA. The anhydride is 
prepared by a one-step synthesis and,  
when protected from moisture, is stable 
for many months at  room temperature. 
Characterization by infrared spectrosco- 
py, nuclear magnetic resonance (6), and 
mass spectroscopy confirmed the struc- 
ture of the anhydride to  be: 

0 0 
I I I I 

/CCH2\ NCH2CH2 NCH2CH2N 7H2 COO- /CHzC \ 
0 0 

\ C C H ~ /  A .I- '""2 $' 
I I 
0 0 

Coupling to antibodies is accom- 
plished as  described previously for albu- 
min and fibrinogen (6, 7). A solution of 
the antibody (typically 20 p1 containing 

Abstract. A simple and eficient method of covalently coupling the strong chelator 0.3 mg of protein) buffered a t p H  7.0 with 
diethylenetriaminepentaacetic acid to proteins was developed for radiolabeling 0.05M bicarbonate is added to the solid 
immunoglobulin G antibodies. After being coupled and labeled with indium-Il l ,  a anhydride (typically 0.7 to 0.9 pg) and 
monoclonal antibody to carcinoembryonic antigen retained its ability to bind to its the solution is agitated for 1 minute. 
antigen in vitro and in vivo. In nude mice with a human colorectal xenograft, 41 Coupling efficiency, defined as  the per- 
percent of the injected radioactivity became localized in each gram ofxenograft at 24 centage of anhydride molecules that co- 
hours compared with 9 percent for control antibody and 19 percent for radioiodi- valently attach to the protein, is 70 r 5 
nated lzntibody to carcinoembryonic antigen. percent when reacted at  anhydride-to- 

protein molar ratios of 1: 1 and,  under 
The detection of tumor tissue by ra- in mice. Although these and other meth- these conditions, the IgG antibodies pos- 

dioimnlunological methods is receiving ods provide coupled proteins, they are sess an average of 0.7 DTPA groups per 
considerable attention as  a result of the invariably characterized by complicated molecule. The efficiency of coupling de- 
development of hybridoma technology. syntheses and,  most important, by low creases at  pH values above or below 
One assessment is that the use of radiola- coupling efficiencies. As a consequence neutrality, with increasing anhydride-to- 
beled inonoclonal antibody will obviate 
manv of the vroblems that occur when 
affinity purified antibody is used for this 
purpose. A difficulty that will not be 
alleviated in this way is that of the radio- 
label; most investigators continue to use 
13'1 as  the externally detectable tracer 
despite its poor imaging characteristics, 
somewhat involved labeling procedures, 
and high degree of instability on anti- 
body in vivo (1) .  Alternative labeling 
methods have been investigated in which 
strong chelating groups are covalently 
attached to proteins so  that they may be 
radiolabeled with metallic radionuclides, 
often resulting in high stability in vivo. 
Using a method developed by Krejcarek 
and Tucker ( 2 ) ,  Khaw et a / .  (3) coupl- 
ed diethylenetriaminepentaacetic acid 
(DTPA) to immunoglobulin G (IgG) frag- 
ments active against myosin and investi- 
gated the localization of the "'In-labeled 
protein in canine myocardial infarcts. 
Recently, Scheinberg et a / .  (4) used both 
this method and that of Yeh et a / .  (5) to 
prepare "'In-labeled monoclonal anti- 
body specific for erythroleukemic cells 

- Antibody to CEA + CEA Fig. 1 .  Radioactivity ---- Antibody to CEA traces obtained by 
- .- Antibody to PAP + CEA HPLC analysis of 
........ Antibody to PAP 6 " 'In-labeled antibod- 

,j \ ies to CEA and PAP 
samples both with Ini 

Free DTPA and without CEA. 
Samples with the anti- ( body to CEA consist- 
ed of two identical so- 
lutions containing 22 
pg of labeled anti- 
body (specific activi- 
ty, 1.2 ~ C i l p g )  in 80 
p1 of 2 percent bo- 
vine serum albumin, 

\ 'L 
\,*c 0.05M Hepes buffer, 

i;s- and 0.9 percent NaC1. 
To one sample, 30 ul 
of a solution of CEA 

Retention time (1 pglpl) was added 
and the samples were 

analyzed. The samples with antibody to PAP were prepared in the same way, except that only 
13 kg of labeled antibody was present (specific activity, 3.0 ~ C i l p g ) .  All four samples were 
unpurified from free DTPA so that the 'i'In-labeled free DTPA peak could serve as a marker. 
Since the molecular weights of CEA and IgG are roughly equal, a large shift to higher molecular 
weight and shorter retention times is expected in the case where binding with the antigen 
occurs. This shift to shorter retention time is apparent only in the radioactivity traces for the 
sample containing antibody to CEA. An identical shift was observed in the corresponding 
ultraviolet traces. 




