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ABSTRACT

The biochemical composition of proteoglycans was investigated in
human breast tissues of different age either with invasive mammary
carcinoma or with benign lesions of the breast.

Proteoglycans were extracted from tissues under dissociative condi
tions (4 M guanidine-HCl), isolated by CsCl gradient ultracentrifugation,
and purified by gel exclusion and ion exchange chromatography. Glycos-
aminoglycan side chain compositions of proteoglycans were evaluated by
enzymatic analysis (chondroitinases ABC and AC) and nitrous acid
degradation. Biochemical data indicated that proteoglycans of high den
sity and molecular size were increased (per wet weight of tissue) in
neoplastic compared to nonneoplastic tissues. Overall proteoglycan con
tent was increased almost 2-fold in tumors. Furthermore, enzymatic data
revealed a change in the proportions of glycosaminoglycan chains in
neoplastic and nonneoplastic tissues. In particular, an increase in chon-
droitin sulfate (63% versus 35%, respectively) together with a decrease
of dermatan sulfate (12% versus 45%, respectively) characterized tumors
in comparison to mammary tissues with benign lesions, while the relative
content of heparan sulfate side chains remained similar in both tissues.
However, morphometric analyses revealed that heparan sulfate content
per epithelial cell volume was in fact decreased in neoplastic tissue. These
differences in proteoglycans indicate that there are significant changes in
the extracellular matrix and surface properties of cells in breast cancer
tissue.

INTRODUCTION

The extracellular matrix forms the environment in which
tumor cells proliferate and invade. Characteristic components
of extracellular matrix are collagen and proteoglycan. Collagen
is the most abundant protein in mammals and is present in the
extracellular matrix of all connective tissues. It provides the
tissue with strength and integrity. In the connective tissue
stroma of human breast tissues, the major collagen is type I;
type III, type IV, and type V collagens are also present (1).
Proteoglycans are complex macromolecules that contain a pro
tein core to which one or more glycosaminoglycan chains are
covalently bound (2). They are most prominent in connective
tissues, but they are also present in the extracellular matrix of
tissues, in basement membranes, and at the cell surface (3).
Compelling evidence has been presented that these macromol
ecules are involved in the organization and function of the
extracellular matrix as well as in several important biological
processes, such as cell proliferation, cell-to-cell contact, and
cell migration (3-6).

The changes in proteoglycans in neoplasms have been docu
mented by several investigators, who have reported significant
quantitative and qualitative differences in these molecules in

Received 9/13/89: accepted 12/17/90.
The costs of publication of this article Â«eredefrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 I'.S.C. Section 1734 solely to indicate this fact.

' The SocietÃ  Fiduciaria Fides. Lugano. Switzerland, is gratefully acknowl

edged for its financial support.
2 Present address: Shriners Hospital for Crippled Children. Joint Diseases

Laboratory. Division of Surgical Research. Department of Surgery. McGill I'ni-

versity. 1529 Cedar Avenue. Montreal, Quebec, H3G 1A6 Canada.
3To whom requests for reprints should be addressed, at Laboratory of Cellular

Pathology. Istituto Cantonale di Patologia. 6604 Locamo. Switzerland.

various tumors (for reviews see Ref. 7). However, there is no
information concerning the compositions and the structures of
proteoglycans isolated from human breast tissue. In fact, only
Takeuchi et al. (8) and Emerman et al. (9) have reported studies
on the glycosaminoglycan side chains from human mammary
gland tissues and from human mammary epithelial cells in
primary culture, respectively. In our study we have, to the best
of our knowledge, isolated proteoglycans for the first time from
human breast tissues and have partially characterized them. We
have compared human mammary tissue from mammoplastic
reduction with infiltrating ductal carcinomas.

MATERIALS AND METHODS

Materials. m-Hydroxydiphenyl was purchased from Kodak (Roch
ester, NY). Chondroitinase ABC (Proteus vulgaris) and chondroitinase
AC (Arthrobacter aurescens) were obtained from Seikagaku Kogjo Co.,
Ltd. (Tokyo. Japan). AG 501-X8D ion exchange resin was obtained
from Bio-Rad Laboratories (Glattbrugg, Switzerland).

Tissue Source, Characterization, and Preparation. Nonneoplastic hu
man mammary gland samples (n = 8) were obtained surgically from
mammoplastic reduction performed at the regional hospital of Locarno.
Neoplastic tissues (n = 5) from breast biopsies or mastectomy of
untreated patients were obtained from the Institute of Pathology of
Locarno. Age matched normal tissues (n = 2) were obtained as distal
as possible from the tumor mass at mastectomy. After removal of
adipose tissue, samples were stored in liquid nitrogen before use.
Histopathological analysis of the neoplastic tissues by the Institute of
Pathology revealed intracanalicular infiltrating carcinoma, while the
nonneoplastic tissues showed stromal hypertrophy.

Morphometric Analysis. To determine the proportion of epithelial
tissue in each biopsy, morphometric analyses were carried out on
nonneoplastic and neoplastic tissues. After formalin fixation, the tissue
was embedded in paraffin, sectioned at 8 Â¿im,and stained with hema-
toxylin and eosin. The sections (4 for each specimen) were photo
graphed (45-64 photographs) using a Zeiss photomicroscope with a x
63 magnification. Using a Durst 1200 enlarger, the Â¡magewas projected
at a final magnification of x 630 onto a 100-point square lattice (10).
Applying the point counting method (10). the proportion of epithelial
tissue (K) was calculated by the ratio of points falling on the epithelial
cells (P,,) to the total number of lattice points (P,), according to the
equation

K = 100 x />.,//>,

Proteoglycan and Glycosaminoglycan Extraction. The tissue was finely
chopped and proteoglycans were extracted in 4 M GdmCl'4 10 mM
sodium acetate, pH 5.8. containing 5 mM benzamidine-HCl. 10 mM 6-
aminohexanoic acid, and 10 mM EDTA as protease inhibitors for 24 h
at 4Â°C,with gentle stirring (11-13). After 30 min centrifugation at

24,000 x g. the supernatant was collected while the pellet was resus-
pended and reextracted as described above. The two supernatants were
pooled and subjected to dissociative CsCl density gradient ultracentrif
ugation (described below) while the final residue was rinsed with dis
tilled water to remove the GdmCl and. further extracted in 0.1 M
sodium acetate, pH 5.8, containing 5 mM cysteine, 5 mM EDTA, and
0.5 mg/ml papain for 12 h at 65Â°C.To ensure complete extraction of

glycosaminoglycans, additional fresh papain (0.5 mg/ml) was added at
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Table l Proieoglycun\ (us urnnic acidi extrai Â¡eilfrom Â¡implosileunti
nnnnt'ttplÃistictissues with 4 M (Ã¬dmCI

The quantity of uronic acid per g wet weight of tissue was calculated as the
total uronic acid extracted with 4 M GdmCT. I'ronic acid in the residue was

determined after papain digestion of the pellet following 4 \i GdmCI extraction.
Number of samples analyzed: n = 5. neoplastic tissues: n = 8. nonneoplastic
tissues; n = 2. normal tissues. All \alues represent the mean Â±SD. (a) significantly
different from (h) (P < 0.01).

I'ronic acid recovery(%)TissueNeoplastic

(n =5)Nonneoplastic

(n = 8)
Normal (n = 2)Age

(yr)69

Â±17

28 Â±6

68 Â±3Tronic

acid
(/jg/g wetwt)250

Â±44 (a)

134 Â±26 (b)

112 Â±46Extracted

with
GdmCI81.4

Â±6.7

84.7 Â±5.5

ND"In

theresidue18.6

Â±6.7

I5.3Â± 5.5

ND
" ND. not determined.

12 h and the reaction was continued for another 12 h. The digestion
Â»asterminated by heating at 100Â°Cfor 2-3 min. Following centrifu-

gation at 10,000 x. g for 30 min. the glycosaminoglycan chains in the
digest were precipitated with cetylpyridinium chloride (1 g/100 ml).
The precipitated pellet was washed under conditions described by
Wagner et al. (14) and reconstituted in deionized water for further
characterization.

CsCl Gradient t Itracentrifugation. The pooled extraction superna-
tants in 4 M GdmCI were ccntrifuged (39 ml/tube) in a vertical Ti-50
rotor (Beckman) at 135.000 x g for 70 h at 8Â°Cafter its initial density

was adjusted to 1.37 g/ml with 0.41 g/ml CsCl (13. 14). Three fractions
were collected and characterized by their density and volume: D,. 8 ml
and density of 1.43 g/ml: D?. 18 ml and density of 1.37 g/ml: and D,.
13 ml and density of 1.28 g/ml. Each fraction was dialyzed against 20
mM sodium acetate (5 changes of 5 liters) followed by distilled water
(2 changes of 5 liters) prior to lyophilization.

Gel Filtration Chromatograph). The D, and D; fractions were dis
solved in 4 M GdmCI-10 m\i sodium acetate, 0.2 g/100 ml of 3-[(3-
cholaniidopropyl)dimethylamino]-l-propancsulfbnate. pH 5.8, and
chromatographed on a Sepharose CL-4B column (0.8 x 60 cm) Â¡nthe
same buffer, at a flow rate of 6 ml/h at room temperature (16, 17).
Fractions (4 ml) containing proteoglycans. determined by uronic acid
analysis (18). were dialyzed as above, pooled, and lyophilized.

Ion KxchanRCChromatograph). Proteoglycans. partially purified by
gel filtration, were redissolved in 7 M urea-5 mM Tris-HCI. pH 6.8. and
chromatographed on DEAE-cellulose (0.25 x 3 cm). Proteoglycans
were eluted with a discontinuous NaCl gradient under the conditions
described by Antonopoulos et al. (19). Fractions containing proteogly
cans were dialyzed as above, pooled, and lyophilized. The urea solution
was dcionized before use on an AG 501-X8D ion exchange column.

Kn/ymatic Treatment. Proteoglycan aliquots were treated with either
chondroitinase ABC (EC 4.2.2.5) or chondroitinase AC (EC 4.2.2.4)
as described by Gurr et al. (20) and Murata (21). Under these conditions
these glycosidases can digest chondroitin sulfate/dermatan sulfate
(chondroitinase ABC) and chondroitin sulfate only (chondroitinase AC)
in proteoglycan preparations. Undegraded proteoglycans were precipi
tated with cold ethanol containing 1.3 g/100 ml of potassium acetate
(4 volumes) for 24 h at 4Â°C.After centrifugation at 10.000 x g for 30

min the pellet was dried with nitrogen and redissolved Â¡ndistilled water.
Uronic acid determinations were performed before digestion and after
enzymatic digestion on the precipitated proteoglycans.

Nitrous Acid Treatment. To detect heparan sulfate, which is specifi
cally cleaved by nitrous acid, proteoglycan samples (15-25 Â¿ig/100M|)
were mixed with 400 ^1 of HNO:. prepared by the methods of Shively
and Conrad (22) and incubated for 10 min at room temperature. After
neutralization with sodium carbonate, undegraded proteoglycans were
precipitated with cold ethanol as described above. The precipitate was
dissolved in distilled water.

Chemical Analyses. Protein was determined by the assay of Lowry et
at. (23). and proteoglycan content was quantitated by a uronic acid
assay (18).

Statistical Data. Due to a limited sample number, the distribution of
the results cannot be considered normal or gaussian. Therefore, the

Mann-Whitney i test for two independent samples was used. Student's

t test was also performed (Table 6).

RESULTS

Buoyant Densities of Kxtractablc Proteoglycans. The percent
age recovery of proteoglycans cxtractable with 4 M GdmCI was
similar in malignant and nonneoplastic tissue (Table 1). Ex-
tractability was influenced by neither age differences nor the
nature of the tissue groups (Table 1). However, the absolute
amount of proteoglycan extracted per g of carcinoma tissue was
approximately twice that in the nonneoplastic and normal
tissues (Table 1).

After CsCl gradient ultracentrifugation, the majority of the
proteoglycans (>90'r) in all tissues was recovered in the high

density fractions. D, and D:. Because of its high protein content

Table 2 Percentage ofprottOgtycan distribution in I), anil Â¡infractionsafter CsCl
gradient ultractnlrifitgation

All \alucs represent the mean Â±SD. (a) significantly different from (b) (/' <
0.001).

Tissue D,

Neoplastic
(n = 4)

Nonneoplaslic
(n= 7)

Normal
(n = 2)

56.5 Â±4.2 (a)

37.0 Â±7.2 (b)

38.8 Â±2.1

43.5 Â±4.2 (a)

63.0 Â±1.2 (b)

62.0 Â±2.1
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Fig. 1. Distribution of proteoglycans (as uronic acid) in the dissociative CsCl
gradient (starting density. 1.37 g/ml) after ultracenlrifugation at 135,000 x K for
70 h at 8Â°C.The gradient was divided into 2-ml fractions. In the last fractions

(top of the tube, lowest density) the determination of the uronic acid level was
not possible due to the high protein content. Fractions 1-4 represent the D,
fraction (8 ml): fractions 5-13 represent (he D: fraction (18 ml): fractions 14-19
represent the D( fraction (13 ml) for both tissues, (a) I'ronic acid distribution
from nonneoplastic tissue, (h) I'ronic acid distribution from neoplastic tissue.
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Fig. 2. Typical Chromatographie profiles (Sepharose C1.-4B) of the protcoglycans recovered (as uronic acid) in the D, and D; C'sCI gradient fractions. The

proteoglycans were eluted \\ilh 4 \i (idmCI-IO niM sodium acetate. pH 5.X. containing 0.2 g/100 ml of 3-|(3-cholaniidopropyl)dimethylamino]-l-propanesulfonate.
The exclusion \tilume of the column is at 41 ml (arrow) and the total \olume (not indicated) at 122 ml. (a) Proteoglyeans from the D, fraction of nonneoplastic
tissues ( ) and of normal tissues ( ). (h) Proteoglyeans from the D, fraction of neoplastic tissues, (r) Proteoglyeans from the D; fraction of nonneoplastic
tissues ( ) and of normal tissues ( ). (</) Proteoglyeans from the D? fraction of neoplastic tissues.

(90'V of the total extract) and its low content of proteoglycan

in both tissues, the D.i fraction was not characterized further.
The distribution of proteoglycans in fractions D, and D: was
significantly different in these tissues. Neoplastic tissues con
tained a greater proportion of higher buoyant density proteo
glycan populations than nonneoplastic samples, as indicated by
the respective yields in the D, fractions (Table 2). Such differ
ences are seen in more detail by the proteoglycan distribution
profiles, shown in Fig. 1. The proteoglycans isolated from
malignant tissues were mainly concentrated in the lower half
of the gradient, reaching a maximum concentration in fractions
1 and 2 of the highest density (Fig. 1h). In contrast, proteogly
cans from nonneoplastic tissue were maximally concentrated in
fractions 4-9 (Fig. la)- Normal tissues showed similar distri
butions to those of nonneoplastic tissues, as indicated by the
low yields in the D, fractions (Table 2).

Gel Chromatography of Extracted Proteoglycans. In the D,
fraction of neoplastic tissues, the peak eluting near the void
volume (Fig. 2b, A';l>= 0.102) included about 20fV of the eluted

proteoglycans (Table 3), while the corresponding peak of the
nonneoplastic tissues (Fig. 2Â«,A';11= 0.091) only included 8%

of the total proteoglycans (Table 3). This distribution was also
reproduced in D: fractions. In neoplastic tissues the peak near
the void volume (A";ll= 0.133) contained about 16rr of the total

proteoglycan (Fig. 2d: Table 3). while the peak in the nonneo
plastic samples (A".u= 0.037) contained only 61c of the eluting

molecules (Fig. 2c: Table 3). In nonneoplastic tissues, therefore,
the majority of proteoglycans were of lower molecular weight.
The Chromatographie profiles of the normal tissues were very-

similar to those of nonneoplastic tissues (Fig. 2, a and c, broken
lines). Due to the small amount of normal breast tissue available
(about 1.5 g). further analyses were not possible.

Mean values of elution parameters (A';11)established for D,

and D: fractions, isolated from different samples after gel

filtration chromatography, are shown in Table 4. A greater
polydispersity in the Chromatographie profiles is seen for pro
teoglycans isolated from neoplastic tissues, compared to those
from nonneoplastic tissues. Moreover, it can be seen that the
data were very reproducible from sample to sample for each
type of tissue (Table 4).

Before enzymatic treatment of the D, and D: fractions, the
D: fraction was further purified by ion exchange chromatogra-

Table 3 Percentage ofproteoglyeanx to uronic acid) eliitinx near the void
volume

Kelatixc quantity of uronic acid eluting near the void volume (A'â€ž< 0.134) of

the Sepharose OL-4B column. The number of samples analyzed was: n = 4 for
neoplastic tissues and n = 6 for nonneoplastic tissues. All \alues represent the
mean Â±SD.

Tissue D, D2

Neoplastic (n = 4)
Nonneoplastic (n = 6)20.0

Â±4.3
8.4 Â±2.516.5

Â±3.8
6.3 Â±1.7

Table 4 A'â€ž,determination* of the different proteoglycan populations
A',,,determinations ol'differenl proteoglycan populations (uronic acid profiles)

for neoplastic and nonneoplastic proleoglycans. isolated from the Di and D?
fractions, after chromatography on Sepharose CL-4B. to demonstrate proteogly
can dispcrsily and similarities between tissue samples. Values correspond to the
edition positions of the proteoglycan populations (for a representati\e elution
profile see Kig. 2) present Â¡nfractions D, and D2 of neoplastic and normal tissues.
All \alues represent the mean Â±SD.

TissueNeoplastic

(Â«=4)Nonneoplaslic

(n = 6)D,0.100.180.280.400.530.090.230.470.000.010.010.020.010.010.010.000.63

0.00D,0.

13 Â±0.000.34
Â±0.020.47
Â±0.570.04

Â±0.000.53
Â±0.01
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Table 5 Analysis ofglyeosamutogfycaiu contents after incubation of
proteoglycuns with choadroitinases AHÃ•ami AC

Relative contents of chondroitin sulfate (CS). dermatan sulfate (DS), and
heparan sulfate (IIS), in D, and D2 CsCI gradient fractions, after gel filtration
and ion exchange chromatography. The quantitative evaluation of CS. DS. and
US content in our samples was made possible by measuring uremie acid contents
of the precipitated proteoglycans before and after en/ymatic digestion. The
number of samples analyzed was 3 in both tissues. All values represent the mean
Â±SD.

CS (%) DS (%) HS (%)

Tissue D,

Neoplastic 63 Â±3.8 64 Â±10.4 12 Â±5.2 15 Â±8.5 25 + 8.0 21 Â±3.2
(n = 3)

Nonneoplastic 39 Â±5.6 32 Â±4.4 39 Â±3.8 50 Â±4.4 22 Â±2.1 18 Â±1.1
(n = 3)

Table 6 Heparan saltale content per unit ot epithelial cell volume density
All values represent the mean Â±SD. (a) significantly different from (b) (P =

0.013). by Student's t test.

TissueNeoplastic

(Â«= 3)
NonneoplasticEpithelial

cell
\olume dcnsitv

(%)"18.1

Â±5.6

6.6 Â±3.9HS

content (D, + D
(>ig/g wetwt)*44.8

Â±8.027.7

Â±5.4HS

content/unit of
:) epithelial cell

volume'2.5

Â±0.5 (a)

4.2 Â±0.8 (b)

" The epithelial cell volume density was calculated by the point-counting
method described by We Â¡beI (see "Materials and Methods").

h The total content (per wet weight) of heparan sulfate (HS) was calculated

from the respective amounts of proteoglycans (as uronic acid) in each analysisrecovered in D, and D: after CsCI gradient ultracentril'ugation (more than 90'V

of the proteoglycans content was recovered in these two fractions), and by knowing
the relative content ('V)of HSin each analysis which was determined by en/ymatic
digestion (the mean Â±SD is shown in Table 5).

cThe HS content per unit of epithelial cell volume density was calculated by
dividing the absolute content of HS (ng/g wet weight) by the epithelial cell volume
density.

phy. The recovery rate after DEAE-cellulose was low (50-60%).
However, this additional step was necessary, for it resulted in a
considerable reduction in the amount of non-proteoglycan pro
teins and provided a more homogeneous preparation for enzy
matic analysis.

Proteoglycan Glycosaminoglycan Contents. Quantitative analysis
after en/ymatic and nitrous acid digestion revealed that there
are significant changes in glycosaminoglycan content in neo-
plastic compared with nonneoplastic tissues of the human mam
mary gland (Table 5). Chondroitin sulfate from the D, fraction
increased from 39% in nonneoplastic tissues to 63% in neo-
plastic tissues. In contrast, dermatan sulfate decreased from
39% to 12% in neoplastic tissues. Similarly, in the D? fraction
of neoplastic tissues, chondroitin sulfate increased from 32%
to 64%:, whereas dermatan sulfate decreased from 50% to 15%.
The relative heparan sulfate content was similar in both tissues
and in both fractions. However, the morphometric data showed
that the relative epithelial cell volume was higher in neoplastic
tissues compared with those in nonneoplastic samples (Table
6). Consequently, the absolute quantity of heparan sulfate pro
teoglycans, expressed per unit of epithelial cell volume density,
showed a decrease in neoplastic tissues (Table 6).

DISCUSSION

This study has revealed that proteoglycans isolated from
infiltrating human mammary carcinomas differ qualitatively
and quantitatively from proteoglycans isolated from nonneo
plastic mammary tissue. The absolute amount of proteoglycan
per g wet weight was higher in neoplastic tissues compared with
nonneoplastic samples. Proteoglycans from neoplastic tissues

showed increases in the proportion of high buoyant density
molecules. They also exhibited increases in size as determined
by gel chromatography. These results indicate the presence of
a higher proportion of proteoglycans of greater molecular
weight in tumor extracellular matrix and confirm electron
microscopic data that demonstrated that proteoglycans are 2-
3 times longer in neoplastic mammary tissues than those in
nonneoplastic tissues (24).

The enzymatic characterization of glycosaminoglycans re
vealed significant changes in their relative content. In neoplastic
tissues, an increase in chondroitin sulfate contrasted with a
decrease in dermatan sulfate content per wet weight of tissue.
An increased level of chondroitin sulfate has been found in
leiomyosarcomas (25), in liver carcinomas (26), and in human
colon carcinomas (27, 28) compared to the nonmalignant forms
from those tissues. In vitro (29) and in viro (30) studies have
shown that chondroitin sulfate can stimulate tumor cell growth
and that degradation of these glycosaminoglycans delays tumor
cell proliferation (31). The significant decrease in dermatan
sulfate content in neoplastic tissues could result from a defi
ciency in the enzyme C-5 epimerase (which converts glucuronic
acid to iduronic acid), which would also account for the corre
sponding increase in chondroitin sulfate. A change in the idu-
ronic/glucuronic ratio could have a profound effect on the
biological interaction of glycosaminoglycan chains with the
different proteins of the extracellular matrix, due to confor-
mational changes that occur in the carbohydrate moieties (32).

While the relative contents of heparan sulfate proteoglycans
remained similar in both tissues, there was a decrease in heparan
sulfate content in neoplastic tissues when expressed per unit of
epithelial cell volume density. The dissolution of the basement
membrane component, characteristic of almost every infiltrat
ing tumor (33, 34), could in part reflect the reduction in heparan
sulfate in the tumor samples. Moreover, there is evidence that
heparan sulfate proteoglycans may play an opposite role to that
of chondroitin sulfate in cellular growth control (3). Prize et al.
(35) have shown an antiproliferative effect of membrane hepa
ran sulfate on smooth muscle cells of the aorta in vitro.

To exclude the possible influence of age on the composition
of the proteoglycans, we have also performed limited analyses
of proteoglycans extracted from two age matched normal hu
man breast tissues obtained at mastectomy. These results, al
though incomplete, strongly indicated that the changes ob
served between nonneoplastic and neoplastic tissues were not
attributable to age differences but to the presence of the
malignancy.

In conclusion, this biochemical study has demonstrated
changes in quantity, composition, and sizes of proteoglycans
present in neoplastic tissues of the mammary gland, compared
to those isolated from nonneoplastic tissues. These qualitative
and quantitative changes, which are characterized by a decrease
in heparan sulfate per epithelial volume and an increase in
chondroitin sulfate, may significantly influence the behavior of
proliferating human mammary tumor cells by producing an
environment which favors cell migration and growth.
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