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ABSTRACT

The structure of colonie mudÂ»,which is thought to be important in
several diseases, including ulcerative colitis and colon cancer, is poorly
understood. Mucin was isolated from nude mouse xenografts of the
LS174T colonie adenocarcinoma cell line by gel filtration and CsCl
density gradient centrifugation. The isolated muchi had a high content of
threonine, serine, and proline, with 28% of the total amino acids O-
glycosylated. The carbohydrates present were fucose, sialic acid, galac
tose, W-acetyl-glucosamine, and /V-acetyl-galactosamine in the ratio of
0.4:1.5:1.0:0.9:1.4. Rabbit antibodies were prepared that recognized pri
marily protein-dependent determinants. By DEAE-celluIose chromatog-
raphy, the purified mucin was found to be heterogeneous, with three
major components that had small differences in carbohydrate composi
tion. LS174T was antigenically and chromatographically similar to mu-
cins in colon cancer tissue specimens and in nonmalignant colonie mii-
cosae.

INTRODUCTION

The structure of human colonie mucins is poorly understood.
A number of immunohistochemical studies have suggested that
there are differences in the carbohydrates of colon cancer mucin
and normal colonie mucin. These include alterations in the
relative amounts of sialomucins and sulfomucins (1), decreased
0-acetylation of sialic acids (1), and increased binding of peanut
agglutinin (2). Alterations in the expression of blood group
antigens, including ABH, sialyl Lewis A, and sialyl Lewis X,
which may be expressed either on glycoproteins or glycolipids,
have also been noted (2). There has not yet been an appropriate
experimental model for biochemical characterization of colon
cancer mucins. Previous studies of normal and diseased colonie
tissues have shown the presence of high molecular weight
carbohydrate-rich glycoproteins with chemical properties simi
lar to those of mucins isolated from other sources (3-6). Typi
cally, mucins have been found to contain high proportions of
threonine, serine, and proline, and large amounts of 0-glyco-
sidically linked carbohydrate, consisting of ./V-acetyl-galactos-
amine, JV-acetyl-glucosamine, galactose, sialic acids, and fucose,
in varying proportions (reviewed in References 7 and 8). De
tailed structures of a number of oligosaccharides present on
normal human colonie mucins have been reported (9, 10).
Especially for mucins isolated from colonie tissue, the possibil
ity of ;irt ifact ual degradation of secreted mucin by bacterial and
cell surface proteases and glycosidases cannot be ignored. Be
cause of the great variability in compositions often found (4,
5), elucidation of the biochemistry of colonie mucins would be
greatly aided by the availability of a suitable experimental
model. We have found that nude mouse xenografts of colon
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cancer cells accumulate mucin, as evidenced by histochemistry
and lectin binding (11). Nude mouse xenografts have also been
used as a source for the partial purification of the antigen
recognized by monoclonal antibody B72.3 (12).

MATERIALS AND METHODS

Xenograft Production

The colonie adenocarcinoma cell line LS174T (13) was obtained
from Dr. Barry Kahan (University of Texas Medical School, Houston,
TX) and was maintained in cell culture in DME-H21 medium with 5%
fetal calf serum (11). Cells from passage 8 were grown to confluence,
harvested by scraping, and resuspended in DME-21 medium for injec
tion into nude mice. Athymic mice (nu/nu in a BALB/C background)
were obtained from the Animal Genetics branch of the National Cancer
Institute and were housed in a germ-free facility. Each animal was
injected with a total of 2 x IO6 LS174T cells in four s.c. sites. After
tumor diameters had reached 0.5-1.0 cm (15-17 days), the tumors
were harvested, freed from extraneous tissue, and frozen at â€”¿�20Â°Cuntil

extraction.

Mucin Purification

Xenograft tumors were extracted essentially as described by Gold et
al. (14) and mucins were purified essentially as described by Podolsky
& Isselbacher (3). Except as noted, all steps were performed at 0-4Â°C.

The frozen tumors (20-40 g per batch) were thawed and minced,
homogenized (2x2 min with a Polytron homogenizer) in 5 volumes
of 0.1 M NHâ€žHCO3,0.5 M NaCl, 0.1 mM PMSF,5 and centrifuged 45

min at 45,000 x g. The supernatant, after removing a lipid layer, was
recentrifuged for 45 min at 45,000 x g and dialyzed overnight against
10 min tris pH 8. The dialyzed extract was centrifuged 30 min at 27,000
x g, and the supernatant was applied to a column of 5.0 x 95 cm
Sepharose CL-4B in 10 mM tris pH 8. The column was eluted with the
same buffer at a flow rate of 48 ml/h. Absorbance at 280 nm was
monitored with a UA-5 detector (ISCO). Fractions of 16 ml were
collected and analyzed for hexose, antigen, and lectin binding. The void
volume fraction was dialyzed against water, lyophilized, and resus
pended in PBS, 1 mM MgSC-4, 0.1 mM PMSF, 0.2% NaN3. RNase A
and DNase I were added to give a 1:100 protein/protein ratio for each
nuclease, and the suspension was stirred for 20 h at room temperature.
The nuclease digest was centrifuged for 30 min at 27,000 x g and the
supernatant was dialyzed overnight against PBS. To the dialyzed su
pernatant, 0.54 g/ml CsCl was added, and the CsCl solution was
centrifuged for 72 h at 1.6 x 10s x g in a Beckman SW-41 rotor.

Fractions of 1.0 ml were removed and weighed to determine density,
then dialyzed against water and assayed for protein, hexose, antigen,
and lectin binding. The bottom three to four fractions (typically 1.3 to
1.5 g/ml density) were pooled and rechromatographed on Sepharose
CL-4B. The void volume after rechromatography was dialyzed, lyoph
ilized, and designated purified mucin.

Antibody Production

Two New Zealand white rabbits (Simensen Labs., Gilroy, CA) were
injected intramuscularly and s.c. with 0.5 mg purified mucin in Freund's

complete adjuvant (GIBCO). After 3 weeks, a booster of 0.1 mg purified

5The abbreviations used are: PMSF, phenylmethylsulfonyl fluoride; PBS, 10
mM phosphate (pH 7.4), 0.15 M NaCl; ELISA, enzyme-linked immunosorbent
assay; BSA, bovine serum albumin; RCA, Ricinus communis agglutinin; HPLC,
high-performance liquid chromatography; SDS, sodium dodecyl sulfate.
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mudn in Freund's incomplete adjuvant was administered, and after an

additional 2 weeks, serum was collected. For some experiments, the
antibody was purified by affinity chromatography on protein A-agarose.

Immunoassayof Mucin

96-well ELISA. Mucins (up to 10 /Â¿g/mlin PBS) were absorbed to
polystyrene 96-well microtiter plates (Costar, Cambridge, MA), using
50 Â¿il/wellof antigen incubated overnight at 4Â°C.The plates were then

washed with PBS, blocked with 200 ^ of 1% BSA for l h at room
temperature. After washing twice with PBS, 50 ^1 of affinity-purified
IgG, diluted to 2-3 fig/ml in PBS/0.5% BSA was added and allowed
to bind for l h at room temperature. After incubation with first
antibody, the plates were washed with PBS and 50 Â¿ilof peroxidase-
labeled goat anti-rabbit IgH (H+L) (purchased from Zymed), diluted
1:500 in PBS/0.5% BSA was added and incubated for l h at room
temperature. The plates were washed as described above, and peroxi-
dase activity was detected using 100 ^I/well of a substrate solution of
0.03% H2O2,1 HIM2,2-azino-di(3-ethylbenzthiazoline) sulfonate in 0.1
M citrate (pH 4.0). After 30 min at room temperature, the reaction was
stopped with 50 M' 0.02% NaN3 and the plates were analyzed on an
ELISA reader (Titertek Multiscan) at 414 nm.

Inhibition ELISA. Purified mucin (50 ng protein) was absorbed to
96-well plate as above. Unknown antigens were pre-incubated at varied
concentrations in 0.5% BSA/PBS with 3 ^g/ml rabbit anti-mucin IgG,
then the 96-well ELISA was performed as above.

ELISA of Tissue Homogenates. For measurement of mucin antigen
in tissue homogenates, 24-well plates were coated with 20 ng to 20 Mg
protein (duplicates of 10 concentrations), using 200 ^I/well of antigen,
200 /Â¿I/wellof rabbit anti-mucin antiserum (diluted 10,000-fold), and
200 ^I/well of peroxidase-labeled second antibody. The peroxidase
reaction was stopped with 1.2 ml of 0.02% NaN3, and A414 was
measured in a spectrophotometer. The blank, with no antigen gave 0.28
A414. The A414 of normal colon homogenates, when plotted against
log (Â¿igprotein) was linear with slopes of 0.10 Â±0.01 and correlation
coefficients of 0.973 Â±0.025. The amount of homogenate protein
necessary to give 0.15 A414 above the blank, based upon the least-
squares line of log protein versus A414 for the 4 to 6 points with A414
0.1 to 0.2 above the blank, was used to calculate A414/^g.

Lectin-binding Assays

Peroxidase-labeled RCA, peanut agglutinin, Bandeirea simplificolia-
I agglutinin, and Lotus tetragonolobus agglutinin (all from Sigma) at
concentrations of 1 to 10 /ug/rnl in 0.5% BSA/PBS were incubated for
l h at room temperature with BSA-blocked plates to which mucin was
adsorbed. Peroxidase was detected as described for 96-well ELISAs.
Monoclonal anti-T, obtained from Chem Biomed, was used at a 1:500
dilution and detected with peroxidase-labeled goat anti-mouse
IgA+G+M. For neuraminidase digestion, purified mucin was incubated
for 24 h at 37Â°Cwith 0.1 U/ml Aerobacter aerogenes neuraminidase

(EY Labs) in PBS, then adsorbed to 96-well plates. For 0-glycanase
digestion, neuraminidase-treated mucin was incubated for 24 h at 37Â°C
with 2 mU/mloi/J/ococciM/wieumon/aeendo-a-A'-acetyl-galactosaiTiin-
idase (Genzyme) then adsorbed to 96-well plates.

Size-Exclusion HPLC

Analytical-scale size exclusion chromatography was performed on a
column (0.75 x 30 cm) of Spherogel TSK-4000SW (Altex). Elution
was at room temperature with PBS at a flow rate of 0.5 ml/min with a
Beckman model 450 HPLC. Proteins were monitored at 214 nm with
a Beckman model 160 detector.

Analyses

Protein was assayed according to Lowry et al. (15), with BSA as
standard, and hexose by the phenol-sulfuric assay with galactose as
standard (16). Sulfate was determined by the barium rhodizonate
method after pyrolysis (17). Sugar compositions were determined by
gas-liquid chromatography, with a mannitol internal standard, of tri-
methylsilyl ethers after methanoiysis for 16 h at 90Â°C(18). Amino acid

compositions were determined after hydrolysis for 24 h in a N2 atmos

phere in 6 N HC1 at 105Â°C(19). Quantitation was by external standards,
without correction for hydrolytic losses. 3H was determined by scintil

lation counting with 0.4% Omnifluor (New England Nuclear) in tol-
uene:Triton X-100, 2:1.

Oligosaccharide Analysis

Purified mucin (36 mg hexose) was subjected to alkaline borohydride
treatment (0.05 M NaOH, 1 M NaBH4) for 48 h at 50Â°C.Excess NaBH4

was destroyed by addition of acetone, then a twofold excess of acetic
acid. Released oligosaccharides soluble in 95% acetone (26 mg hexose)
were deionized on AG50WX12 H+, and per-evaporated from methanol/

acetic acid, 200/1. The composition of the Oligosaccharide mixture was
determined by gas-liquid chromatography. A mixture of mannitol and
A'-acetyl-galactosaminitol, prepared by NaBH4 reduction of mannose
and A'-acetyl-galactosamine, was used to correct for destruction of A'-
acetyl-galactosaminitol during methanoiysis. Half of the Oligosaccha
ride mixture (13 mg hexose) was chromatographed on a column (2.5 x
208 cm) of BioGel P4 (400 mesh) that had been calibrated with the
Oligosaccharide mixture from partially hydrolyzed dextran.

Electrophoresis

SDS-polyacrylamide gel electrophoresis was performed with the
discontinuous buffer system of Laemmli (20) using a 3% acrylamide
stacking gel and a 7% acrylamide separating gel. A constant amperage
of 50 mA/gel was maintained for 2 h. Gels were stained by the periodic
acid/Schiff technique (21) after fixation in 40% methanol, 10% acetic
acid. For immunoblotting, proteins were transferred to nitrocellulose
paper, applying 120 mA overnight. The nitrocellulose sheet was satu
rated with 2% BSA in PBS for l h at room temperature, then incubated
3 h at room temperature with gentle shaking, in a solution of rabbit
anti-serum diluted 100-fold in 2% BSA/PBS, then in a solution of '"I-

labeled protein A. After l h at room temperature, the sheet was washed
as above, dried, and subjected to autoradiography for 20 h at â€”¿�70Â°C

using an intensifying screen.

Processing of Surgical Specimens

Surgical specimens of colon cancers and remote nonmalignant co-
Ionic mucosa were obtained from four patients through the Pathology
Department of this medical center. The specimens studied were: R. M.,
sigmoid cancer and normal descending colon; D. H.. cancer of the
ascending colon and nonmalignant ulcerative colitis mucosa of the
ascending colon; J. S., sigmoid cancer and normal sigmoid mucosa;
and W. M., sigmoid cancer and normal rectal mucosa. Normal mucosa!
scrapings and minced tumors were homogenized in 5 to 20 volumes of
PBS, 0.1 mM PMSF, and centrifuged 60 min at 10* x g. An amount

of the supernatant corresponding to 50 mg wet weight of tissue was
radiolabeled with 3H by the method of Podolsky & Isselbacher (22).

Immunohistochemistry

Formalin-fixed paraffin-embedded specimens of normal and cancer
ous colonie tissues were cut into 5-Mmsections and stained with affinity-
purified anti-LSI74T antibody using a sensitive streptavidin immuno-
peroxidase technique as described previously (23). Aminoethyl carba-
zole was used as substrate and hematoxylin as counterstain.

RESULTS

Isolation of Mucin. Mucin was purified from nude mouse
xenografts of LS174T colonie adenocardnoma cells by gel
filtration and centrifugation in a CsCl density gradient. The
initial chromatography on Sepharose CL-4B removed low mo
lecular weight carbohydrate and protein lacking antigenic activ
ity. Activity for the binding of RCA and of rabbit antibody
prepared against purified LS174T xenograft mucin was pre
dominately at the void volume. The gel filtration behavior of
LS174T mucin was unaffected by guanidine. For both purified
mucin and for xenografts homogenized directly in 4 M guani-
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dine, antigen, and RCA-binding activity were at the void volume
of Sepharose CL-4B (data not shown).

When the high molecular weight glycoprotein fraction was
digested with nucleases and centrifuged in a CsCl density gra
dient, a low density (1.2 g/ml) protein fraction was separated
from a high density (1.3-1.5 g/ml) glycoprotein fraction. An-
tigenic activity was at a slightly lower density than the bulk of
the carbohydrate. The pooled fractions from the CsCl gradient
were examined by analytical size-exclusion HPLC (Fig. 1). Only
the high density fraction (pool III) was devoid of low molecular
weight proteins. The high density fraction was taken for re-
chromatography on Sepharose CL-4B (Fig. 2). Both antigen
and carbohydrate were exclusively at the void volume. The
pooled void volume and a fraction eluted immediately after the
void volume were analyzed by size-exclusion HPLC (Fig. 1,
fourth and fifth traces). Except for dialyzable components of
the Sepharose CL-4B column buffer, UV-absorbing material
was exclusively at the void volume of TSK3000SW.

The purified mucin was obtained in a total yield of 0.3 mg
(protein + hexose) per g tumor (range, 0.23-0.53 in four
preparations). Using the inhibition ELISA for quantitation of
mucin (Fig. 3), the mucin was purified more than 500-fold
relative to homogenate. The two most effective steps were the
initial gel filtration and the CsCl density gradient.

When the purified mucin was examined by SDS-polyacryl-
amide gel electrophoresis, it was found to be polydisperse, but
predominately of high molecular weight (Fig. 4). Coomassie
blue failed to stain any bands, but periodic acid/Schiff staining
showed a broad band at the top of the 7% acrylamide separating
gel, of apparent molecular weight greater than 400,000. Anti
gen, in nonreduced samples, was also predominately of high

III II I

l n

4 8 12 16
elution volume (ml)

Fig. I. Analytical size-exclusion HPLC of fractions from CsCl gradient and
second Sepharose CL-4B column. Pooled fractions from the CsCl gradient (Fig.
3) and from rechromatography on Sepharose CL-4B (Fig. 5) were analyzed on
TSK3000SW. Arrows at top (left to right), void volume, elution volumes of ferritin,
BSA, Irypsin, soybean trypsin inhibitor, and the total column volume. Samples,
from top to bottom, CsCl gradient Pool I (6.2 >igprotein applied, 0.0079 maximum
A214); CsCl gradient Pool II (5.6 Â»igapplied, 0.0096 maximum A214); CsCl
gradient Pool III (3.1 Â¿tgapplied, 0.061 maximum A214); Pool I from second
Sepharose CL-4B column (13 *ig applied, 0.098 maximum A2I4; and Pool II
from second Sepharose CL-4B column (12 UKanalyzed, 0.020 maximum A214).
The two peaks near the total volume in the lower two profiles are dialyzable
components of the column buffer.

40 80 120
fraction number

Fig. 2. Rechromatography of high-density fraction. Pool III from the CsCl
density gradient was rechromatographed on Sepharose CL-4B. Fractions of 16
ml were assayed for (A) binding of RCA, (B) antibody binding, and Â«) neutral
sugar. Han. fractions pooled for HPLC analysis (Fig. 1). Pool I was dialyzed,
lyophilized, and taken as purified mucin.
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Fig. 3. Inhibition ELISA of crude extract and purified mucin. Samples of the
initial homogenate (â€¢),the supernatant before gel nitration (O), the void volume
of the first Sepharose CL-4B column (A), the high-density fraction after CsCl
density gradient centrifugation (D), and the void volume after rechromatography
on Sepharose CL-4B (â€¢)were assayed by the 96-well inhibition ELISA using
rabbit anti-LSI74T xenograft mucin IgG.

molecular weight. In addition to the glycoprotein band at the
top of the separating gel, there was antibody binding in the
stacking gel, which may be to aggregated mucin. With pro
longed exposure, diffuse bands as low as 120,000 in apparent
molecular weight were visible. It is not known whether these
bands are mucin subunits or low-level contaminants. Inclusion
of 2-mercaptoethanol had little effort on the mobility of mucin
stained with periodic acid/Schiff stain, but greatly decreased
antibody binding (not shown).

Composition of Purified Mucin. The amino acid and carbo
hydrate compositions of the purified mucin were consistent
with those found in mucins purified from a number of other
sources (7). By amino acid analysis (Table I), LS174T xenograft
mucin was high in threonine, proline, and serine. The glycopro
tein had substantial amounts of hexosamines, with twice as
much galactosamine as glucosamine.

In order to establish the linkage of carbohydrate to protein,
the mucin was treated with mild alkali in the presence of
NaBH4, a procedure which releases 0-linked oligosaccharides
by /3-elimination (24). As shown in Fig. 5, 78% of the total
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Fig. 4. SDS-polyacrylamide gel electrophoresis of LS174T xenograft mucin.
10 fig of protein per lane was subjected to electrophoresis on slab gels with a 3%
acrylamide stacking gel and a 7% acrylamide separating gel. Arrows, position of
the interface and of molecular weight standards. Lane a, Coomassie blue staining;
Lane b, periodic acid Schiff staining; Lane c, autoradiogram of immunoblot with
rabbit anti-LSI74T mucin (without 2-mercaptoethanol).

Table 1 Amino acid composition of LSI 74T xenograft mucin
Residue"AsxThrSerGlxProGlyAlaValDeLeuTyrPheHisLysArgGlcN'GalNfmol/100mol*4.3

Â±1.028.4
Â±2.112.9

Â±1.76.4
Â±1.314.1
Â±1.56.2
Â±0.85.6
Â±0.44.6
Â±0.43.2
Â±0.44.5
Â±0.51.2

Â±0.31.6
Â±0.53.2

Â±0.43.5
Â±0.62.0
Â±0.617.1

Â±5.427.5
Â±2.4

HCI.

' Determined by amino acid analysis after hydrolysis for 24 h at 105'C in 6 N

* Mean Â±standard deviation of nine preparations.
' Not corrected for hydrolytic losses.

threonine was converted to a-amino-butyric acid over the course

of 48 h, indicating the presence of approximately 22 mol/100
mol amino acid of O-glycosyl threonine. From the conversion

of 61% of the total serine to alanine, there are also approxi
mately 6.5 mol/100 mol of O-glycosyl serine residues. The

galactosamine:glucosamine ratio in the acid hydrolyzates de
creased from 44.5:20.0 to 20.1:30.5 after ^-elimination. Assum
ing that the actual yV-acetyl-glucosamine content was constant,

approximately 70% of the total galactosamine in LS174T mu
cin was destroyed by mild alkaline borohydride treatment,

24
â€¢¿�Incubation tlmÂ», h

Fig. 5. Amino acid analysis of LS174T xenograft mucin after alkaline boro
hydride treatment. Purified mucin was incubated with 0.05 M NaOH, l M NaBHÂ«
at 50Â°Cfor various lengths of time, then acid-hydrolyzed and subjected to amino
acid analysis. â€¢¿�,threonine; O, a-aminobutyric acid; â€¢¿�serine; D, alanine; *,
galactosamine/glucosamine ratio, uncorrected.

Table 2 Carbohydrate composition of LSI 74T xenograft mucin

ResidueFucose

Galactose
A'-Acetyl-glucosamine
/V-Acetyl-galactosamine
Sialic acid
Sulfate*mol/mol

Gal-NAc"0.26

(0.20-0.29)
0.70 (0.68-0.73)
0.62 (0.55-0.72)

= 1
1.07(0.95-1.16)
0.15(0.07-0.20)mol/mol

Gal0.4

= 1
0.9
1.4
1.5
0.2

" Determined by GLC. Mean and range of four preparations.
* Determined with barium rhodizonate after pyrolysis; three preparations were

analyzed.

suggesting that 30% of the total galactosamine is not directly
linked to protein.

By gas-liquid Chromatographie analysis (Table 2), the purified
mucin contained fucose, galactose, jY-acetyl-galactosamine, N-
acetyl-glucosamine, and sialic acid in the approximate molar

ratio of 0.3:0.7:1.0:0.6:1.1. Mannose, xylose, glucuronic acid,
ribose, and deoxyribose were not detected, indicating the lack
of contamination by serum-type glycoproteins, proteoglycans,
and nucleic acids. Sulfate analysis, by the barium rhodizonate
method (17), demonstrated the presence of sulfate in the gly-

coprotein, but in an amount well below that of the constituent
sugars.

From these results, it can be calculated that LS174T mucin
has 28% of the total amino acids O-glycosylated, with
an average oligosaccharide composition of GalNAco.4Puco.2
Siai.sGali.oGlcNAco^GalNAc. Oligosaccharides released by al
kaline borohydride treatment (24) had a composition similar
to that of the intact glycoprotein: GalNAco.4Fuco.5
Siai.5Gali.iGlcNAco.7GalNAc-ol. When the oligosaccharides
released by alkaline borohydride treatment were separated by
gel filtration on BioGel P-4, it was found that there was a
large degree of heterogeneity, with a number of hexose-con-
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taining species from trisaccharide size up to the exclusion
limit of the column (Fig. 6).

Lectin Binding. The carbohydrate moieties present in LS174T
xenograft mucin were investigated by binding of peroxidase-
labeled lectins (Fig. 7). The purified mucin bound lectins from
Ricinus communis (Fig. 7/4), peanut (Fig. IB), Bandeirea sim-

plificolia (Fig. 1C), and Lotus tetragonolobus (Fig. ID), and
also from Helix pomatia, Vicia villosa, and wheat germ (not
shown). Prior neuraminidase digestion greatly increased the
binding of peanut agglutinin, suggesting that much of the T-
antigen, Gal/33GalNAc, in LS174T mucin is sialylated. Treat
ment of asialo mucin with endo-a-W-acetyl-galactosaminidase
decreased binding of peanut agglutinin about 6-fold, confirming
the presence of Gal03GalNAc in the asialomucin. Monoclonal
antibody to T-antigen bound to asialomucin (Fig. 7) but not to
native mucin (not shown). Binding of Bandeirea simplificolia
agglutinin I, specific for Â»-linkedgalactose and jV-acetylgalac-
tosamine (25), and Lotus tetragonolobus agglutinin, a fucose-

- 40
E

20

16
n Â»Â»

60 120 180 240

fraction number
Fig. 6. Gel nitration of oligosaccharides released by alkaline borohydride.

LS174T mucin oligosaccharides were applied to a column of 2.5 x 208cm BioGel
P4 (â€”400mesh) which was equilibrated and eluted, at room temperature, with
water, at a flow rate of 24 ml/h. Fractions were assayed for neutral sugar by the
phenol-sulfuric assay. Arrows show the elution positions of glucose oligomers
from a mild acid hydrolyzate of dextran.

10 100 1000 10 100 1000

protein, ng

Fig. 7. Lectin binding to LS174T xenograft mucin. Purified mucin (â€¢),mucin
digested with neuraminidase (â€¢,D). or with neuraminidase then O-glycanase (A)
was absorbed to 96-well plates and tested for binding of peroxidase-labeled lectins
as described in "Materials and Methods." . I. 10 ug nil RCA; //. 5 Mg/ml peanut
agglutinin (â€¢,â€¢¿�A), or monoclonal anti-T (D); C, 5 fig/ml Bandeirea simplificolia
agglutinin I: A 10 numi Lotus tetragonolobus agglutinin.

specific lectin that binds preferentially to H type 2 chains,
Fuca2Galj34GlcNAc (26), was also increased by neuraminidase
treatment.

Antigenic Activity. Rabbit antibody prepared against the pu
rified mucin was used to establish a semiquantitative assay for
monitoring mucin purification. The antibody has also been used
to screen for variants of LS 174T that differ in amount of mucin
and in biological properties (27). When the mucin was treated
with dithiothreitol, most of the antigenic activity was lost (not
shown). Denaturation with 6 M guanidine or alkylation of free
sulfhydryls with iodoacetamide, on the other hand, caused little
irreversible loss of antigen. When LS 174T mucin was treated
with trypsin, there was little change in antigenic activity, but
digestion with Pronase gave a relatively rapid loss of immuno-
reactivity as measured by direct ELISA and inhibition ELISA.
Periodate oxidation (28), with 1 to 5 mM periodate for l h at
room temperature, gave little decrease in antigenic activity (data
not shown). Taken together, these results indicate that the
protein, rather than the carbohydrate component of LS174T
mucin is the principal antigenic determinant recognized by
rabbit antibody. This is in agreement with a recent report on
the antigenicity of human small intestinal mucin (29).

Because the antibody was prepared against mucin from a
single human colon cancer cell line, it was important to deter
mine whether other colon cancers and normal human colon
have antigenic activity. When colon cancer specimens and
paired nonmalignant mucosa! scrapings from four patients were
examined by direct ELISA, it was found that all of the normal
colonie mucosa! homogenates had antigenic activity. Seven
normal homogenates had a net activity of 0.120 Â±0.041 A414/
/Â¿g(range, 0.040-0.171). The four colon cancer homogenates
had little or no antigenic activity: 0.005 Â±0.007 A414/^g
(range, 0-0.016) in the same assay.

Formalin-fixed tissue sections were examined immunohisto-
chemically, using the antibody prepared against LS174T mu-
cins (Fig. 8). In normal colonie mucosae, there was extracellular
staining in the crypts and in a mucous layer facing the colonie
lumen (Fig. 8/1). Goblet cell staining was weak in the normal
colon. Goblet cells in transitional mucosae near regions of colon
cancer were much more heavily stained than either normal
colon or colon cancers (Fig. 8Ã„).Similar results were obtained
with alcohol-fixed tissue sections. Both ascending and descend
ing colon were stained, as well as small intestine. The antibody
did not stain normal stomach or pancreas (0/2 cases). In spite
of the small number of tissues examined here, it is clear that
the antibody prepared against LS174T colon cancer mucin
recognized secreted mucin in normal colon and intracellular
mucin in transitional mucosa and colon cancer. A more exten
sive survey with the same antibody has recently demonstrated
staining of 27/27 normal colon specimens and 16/25 colon
cancers (30).

DEAE-Cellulose Chromatography. When purified mucin was
chromatographed on DEAE-cellulose, several peaks were de
tected, indicating the charge heterogeneity of LS 174T xenograft
mucin (Fig. 9). Similar elution profiles have been reported for
mucins from other sources (3, 31-33). The peak eluted by 0.2
M NaCl, Peak IV, which is a major component of LS174T
mucin, may be similar to that reported by Podolsky & Issel-
bacher to be specifically decreased in ulcerative colitis patients
(3).

The major DEAE-cellulose subfractions, Peaks III, IV, and
V, were analyzed for amino acid and sugar composition. Except
for some decrease in the content of threonine and proline in
Peaks III and V, no distinctive differences were observed on
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Fig. 8. A, normal colonie mucosa demonstrating the reactivity of anti-LSI74T antibody with secretions in the lower colonie crypts (arrow) and in the colonie
nen; B, transitional mucosa immediately adjacent to a focus of colon cancer (lower right corner). Note the striking increase in antigen expression within goblet cell
cuoles; C, mucinous carcinoma of the colon demonstrating exuberant production of mucus which reacts strongly with anti-LSI 74T antibody.
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Fig. 9. Subfractionation of LS174T mucin on DEAE-cellulose. Purified mucin
(7.6 mg protein) was applied to a column of 2.5 x 5.9 cm DEAE-cellulose in 10
mM tris (pH 8.0) at 4*C. The column was washed with the same buffer, then

eluted with 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 M NaCl in the same buffer (arrows
at top). Fractions of 9.4 ml were assayed for neutral carbohydrate (A), absorbance
at 280 nm (B), antigenic activity by 24 well direct ELISA (O, and binding of
RCA (D). Fractions pooled are indicated by bars at bottom.

amino acid analysis. By gas-liquid chromatography, Peak V
had twice as much GlcNAc as Peaks III and IV, and was also
higher in fucose and galactose. Peak III was lower in sulfate
content than Peaks IV and V, consistent with its elution behav
ior on DEAE-cellulose. Sugar compositions of the separated
peaks (one preparation of each, normalized to GalNAc) were:
Peak III, Fuc0.27Siao.67Galo.64GlcNAco.67SO4-o.o3GalNAc;Peak
IV, Fuc0.27Siao.86Galo.64GlcNAco.57SO4"o.i4GalNAc;and Peak V,
Fuco.49Siao.75Gali,01GlcN Aci ,31SO4"o.16GalNAc.

Since LS174T xenograft mucin is considered to be a model
for human colonie mucins, it was important to examine the
DEAE-cellulose Chromatographie behavior of other colon can
cer mucins and of mucin from nonmalignant colonie mucosae.
When paired extracts of colon cancers and distant mucosal
scrapings were radiolabeled by the method of Podolsky &
Isselbacher (22), purified on Sepharose CL-4B, and examined
on small columns of DEAE-cellulose, it was found that all
samples had Peak IV, eluted by 0.2 M NaCl, as the major
labeled species (Fig. 10). It is noteworthy that the colon cancer
mucins were very similar in Chromatographie behavior to the
normal colonie mucins. The ratio of peaks III+V/IV was 0.31
Â±0.15 (range, 0.08-0.50) in the four noncancerous mucosal
samples and 0.48 Â±0.24 (range, 0.12-0.75) in the four cancers.
The ratio of III/V was 0.34 Â±0.25 (range, 0.03-0.62) for the
noncancerous mucosae and 0.78 Â±0.61 (range, 0.07-1.71) for
the colon cancer samples. When purified LS174T xenograft
Peak IV was 3H-labeled with galactose oxidase and mild per
iodate, 84% of the total 3H rechromatographed in Peak IV,
indicating that the labeling procedure did not change the ion-
exchange behavior of mucin.

DISCUSSION

Mucins have been the object of considerable recent interest,
primarily because of their possible usefulness as cancer-associ
ated antigens. There are intrinsic difficulties in working with
these high molecular weight glycoproteins, for example their
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Fig. 10. DEAE-cellulose chromatography of 'II labeled mucins from colon

cancers and normal colonie mucose. Extracts of nonmalignant colonie mucosal
scrapings (.â€¢(,/( ) and of colon cancers (C, D) from patients W. M. (I, f ) and J.
S. (B, D), were labeled with 'II and purified by gel filtration on Sepharose CL-
4B, as described in "Materials and Methods," then applied to small columns (0.9
x 3.1 cm) of DEAE-cellulose, at 4'C in 10 mM tris (pH 8). Arrows (left to right),

show the elution with SO, 100, ISO, 200, 2SO, 300, and 3SO mM NaCl in 10 mM
tris (pH 8). Paired samples from two additional patients (R. M. and D. B.) also
had the peak at 200 mM NaCl as their major labeled component.

indicate the presence of T-antigen, Gal/33GalNAc, which was
not present in the core regions of oligosaccharides from normal
colonie mucin (9, 10).

It has been suggested, on the basis of composition, protease
susceptibility, and antibody reactivity, that there are at least
two distinct species of mucin polypeptide in colon (37) and
small intestine (38). According to this hypothesis, mucin A is a
threonine-rich sialomucin, while mucin B is a serine-rich fuco-
mucin. By these criteria, LS174T mucin is of the threonine-
rich sialomucin type. No experimental source for the serine-
rich fucomucin is yet available. The possibility that the type of
mucin expressed is controlled by preferential synthesis of one
or the other polypeptide, rather than by levels of glycosyltrans-

ferases, could be important in understanding the expression of
mucins in different organs and in ulcerative colitis, cystic fibro-

sis, and gastrointestinal cancers. Complete characterization of
the polypeptide of colonie mucin will require generation of
deglycosylated mucin and antiapomucin antibodies, and ulti
mately isolation and sequencing of colonie mucin cDNA. The
availability of a relatively well-characterized colon cancer mucin
from an experimental model system should allow further elu
cidation of the process of mucin synthesis and processing.

extensive heterogeneity and the limited applicability of electro-
phoretic techniques for mucin analysis. An appropriate exper
imental model system has also been lacking; mucins isolated
from surgical and autopsy specimens can vary widely. We have
chosen to use human colon cancer cells grown as xenograft
tumors in nude mice as an experimental model for colonie
mucin. We found earlier that the LS174T cell line has high
levels of mucin, as seen by histochemistry, lectin binding, and
analysis of partially purified glycoprotein (11).

The composition of purified LS174T mucin can be compared
to the compositions reported for other human colonie mucins.
A mucous glycoprotein isolated from a rectal adenocarcinoma
was very similar in amino acid composition and had a high
sialic acid content, but was devoid of fucose (6). The Pronase-
digested mucin from an appendicial tumor, on the other hand,
had the same ratio of fucose to .V-acetyl-galactosaminc as
LS174T mucin, but had a lower sialic acid content (34). It is
noteworthy that, in both of these colon cancer mucins, there
are Ar-acetylgalactosaminyl residues not linked directly to pro

tein (34, 35). Mucin from the LS174T cell line, derived from a
blood group O patient (36), has A'-acetylgalactosamine that is

not susceptible to ^-elimination, but the oligosaccharide struc
tures are unknown.

In the compositions reported for normal colonie mucins,
there is a 2- to 4-fold range of fucose, galactose, A'-acetylglu-
cosamine, and sialic acid per mol of jV-acetylgalactosamine.
The fucose and galactose content of LS174T mucin is near that
reported by Fraser et al. (5), but the /V-acetylglucosamine con
tent is lower and the sialic acid content higher than in normal
colonie mucins. An increase in the sialic acid content of colon
cancer mucin, relative to normal colonie mucin, has been noted
by Gold & Miller (4). A specific subfraction (Species IV) of
colonie mucin was reported to be specifically decreased in
ulcerative colitis (3, 22). We find that radiolabeled mucins from
colon cancer specimens and from paired nonmalignant colonie
mucosae have very similar Chromatographie profiles on DEAE-
cellulose, with Species IV as the major component. Complete
structures for a number of the oligosaccharides present on
Species IV, and other mucin species, have been reported (9,
10). It is not yet clear how the oligosaccharides of LS174T
might differ, but lectin binding studies of LS174T asialomucin
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