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ABSTRACT

Monoclonal antibodies with specificity for mucin-like antigens have
shown great promise for the diagnosis and therapy of human cancer.
Heterogeneity in the expression of mucin-like antigens by tumor and
normal cells has been noted in several previous studies. An understanding
of the nature of this heterogeneity has important implications for the
diagnostic and therapeutic usefulness of antibodies to mucin-like antigens.
We have studied the mechanism of variability in expression of epitopes
on a mucin-like antigen defined by monoclonal antibodies Wl, W5, and
W9 in the lung carcinoma cell line, Cain-1. Using the fluorescence
activated cell sorter and clonal analysis, we have demonstrated that
intercellular variability in mm in antigen expression by Calu-1 cells can
be explained in part by heritable variation in the tumor cell population.
Clonal cell lines were isolated which differ greatly in levels of epitopes
for all three mucin directed antibodies. Levels of all three epitopes showed
significant variation between different clonal lines but in general were
coordinali1!) regulated. Differences in epitope expression between two
lines studied in detail could be attributed to a dramatic difference in
expression of a high molecular weight mucin-like glycoprotein. In iin-
munoblotting experiments the binding of all three antibodies to this
glycoprotein was affected by sodium periodate and/or neuraminidase
treatment, suggesting that the antibodies recognize carbohydrate epi
topes. Thus, heterogeneity in expression of mucin-like glycoprotein an
tigens can result from heritable variations which affect expression of
multiple carbohydrate epitopes.

INTRODUCTION

With the advent of monoclonal antibody technology, much
effort has been devoted to the search for antigenic differences
between normal and malignant cells. Many of the antigenic
differences describe to date can be attributed to altered patterns
of glycosylation on malignant cells (1). These alterations are
frequently manifested in altered glycolipid metabolism by tu
mor cells (1) but, in an increasing number of cases, can also
represent changes in expression of high molecular weight gly
coprotein antigens. The latter class of antigens typically con
tains a high proportion of 0-linked oligosaccharides, have
apparent molecular weights >250,000, and, because of their
chemical similarities to glycoproteins found in mucus secre
tions, are generally referred to as mucin-like (2-11).

Altered expression of mucin-like glycoproteins has been de
scribed for cancers of the breast (2-6), pancreas (7), colon (8),
and others (9-11). Differences in mucin composition between
normal and malignant colonie tissue have also been described
(12). A particularly useful property of mucin-like antigens is
that they are often found at elevated levels in serum from cancer
patients (2, 13-15). As a result of this property, assays for the
detection of these antigens can be clinically useful for the
management of cancer patients (2, 14, 15).

Mucin-like antigens are typically heterogeneous in size and
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are structurally complex. These molecules can also be complex
antigenically. The antigenic determinants can vary between
different sources, as has been shown for a breast cancer asso
ciated mucin-like antigen by Burchell et al. (16). These inves
tigators showed that the determinants recognized by two anti
bodies, HMFG-1 and HMFG-2, differ in their relative abun
dance depending on the source of the antigen. Since antibodies
HMFG-1 and HMFG-2 appear to recognize carbohydrate epi
topes, these findings suggest that altered glycosylation in some
breast cancers may account for the variation in relative epitope
abundance.

Epitopes on mucin-like antigens may also show marked
intercellular variability in expression within a tumor cell pop
ulation. Phenotypic variability of expression has been the sub
ject of numerous studies involving mucin-like (6, 9, 7-20) and
non-mucin-like antigens (19-25). For mucin-like antigens, het
erogeneity of expression has been noted for epitopes recognized
by antibodies 72.3 (6), Ca-1 (9), HMFG-1 (17), and Mc5 (18-
20).

An important question regarding intercellular variability in
mucin-like antigen expression is how much of it reflects the
epitope variability demonstrated by Burchell et al. (16) and how
much of it is due to variation of expression of the whole antigen
molecule. The answer to this question has potential implica
tions for the use of antibodies to mucin-like antigens for cancer
diagnosis and therapy.

In this paper, we describe studies on antigenic heterogeneity
in Calu-1 cells of the mucin-like antigen recognized by three
previously described (26) anti-breast cancer monoclonal anti
bodies Wl, W5, and W9.3 Our studies show that the observed

heterogeneity of expression of this antigen can be attributed in
part to stable, heritable variation within the tumor cell popu
lation. This variation can coordinately affect levels of expres
sion of several distinct epitopes on the antigen.

MATERIALS AND METHODS

Cell Culture. Calu-1 cells were obtained from the American Type
Culture collection and maintained in Dulbecco's modified Eagle's me

dium (Gibco) supplemented with 10% fetal calf serum. Calu-1, W5-6,
and US-2 cells were periodically tested for Mycoplasma contamination
and were found to be uncontaminated. Cell-cloning was performed by
limiting dilution in microtest wells. Care was taken to select clones
derived from wells containing only single cells, as judged by phase
contract microscopy.

Strain Verification. To ensure that the W5-6 and US-2 lines were
derived from the Calu-1 cell line, isozyme phenotypes for all three lines
were determined by the Cell Culture Laboratory, Children's Hospital,

Detroit Medical Center. All lines have identical phenotypes. Isozymes
detected and their population frequencies were: glucose 6-phosphate
type B, 0.956; phosphoglucomutase 1 type 1-2, 0.360; phosphogluco-
mutase 3 type 1, 0.5; esterase D type 1, 0.812; malic enzyme type 1-2,
0.916; adenylate kinase type 1, 0.916; and glyoxylase 1 type 1-2, 0.488.
The frequency product of these phenotypes was 0.03, indicating that

'These antibodies were originally referred to as 2G3, 120H7, and 245E7,
respectively (26). They were renamed in Seattle in a study to evaluate their
usefulness in the diagnosis of breast cancer.
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VARIATION IN EXPRESSION OF MUCIN-LIKE ANTIGENS

there is a 97% probability that all lines originated from the Calu-1 cell

line (27).
Fluorescent Techniques. Fluorescence microscopy on formalin fixed

monolayers of Calu-1 cells was performed and described previously
(28). For analysis on the FACS,4 cells were collected by mechanical
agitation in a solution of phosphate buffered saline [without Ca2+ or
Mg2+ (Gibco)] containing 5 mM EDTA. Cells were washed with Dul-
becco's modified Eagle's medium containing 10% fetal calf serum and
resuspended in the same medium at a concentration of 1-2 x IO7cells/
ml. Monoclonal antibodies were added at concentrations of 1-2 pg/ml,
and cells were washed, incubated with a fluorescein isothiocyanate
conjugated goat anti-mouse antibody, and again washed twice. Propi-
dium iodide was added to the final wash at a concentration of 0.7 Â¿ig/
ml in order to stain nonviable cells. FACS analysis was performed on
a Becton Dickinson FACS IV modified with a logarithmic amplifier
and a two-color compensator. Nonviable cells (red staining) were elec
tronically gated out prior to analysis. For routine analysis approxi
mately 10,000 viable cells were analyzed. For sorting experiments 100-
500,000 cells were analyzed and the brightest cells (approximately
10%) were collected sterilely. Generally speaking, sorted cells were
grown for a period of 2-3 weeks in order to obtain sufficient cells for
reanalysis. For profiles presented in this paper, the full scale value for
the X axis is 255 channels. For forward light scatter profiles the scale
is linear, while for fluorescence the scale is logarithmic, with 17 chan
nels equaling a doubling of intensity.

Cell Binding Assays. Antibodies were labeled with ' :''l using chlora-

mine-T, and binding to formalin fixed cell monolayers was determined
as described previously (28). Control experiments indicated that for
malin fixation did not affect measurement of epitopes Wl, W5, or W9
but that it increased the precision between replicates by decreasing cell
loss during washing steps.

Antibodies. Monoclonal antibodies Wl, W5, and W9 have been
described previously (26, 43). Antibody VM2, which reacts with a A/r
140,000 cell surface protein (29)5 was provided by Dr. A. Schreiber,

Syntex Corporation. All antibodies were purified from ascites fluid.
Antibodies Wl and W9 were purified by ammonium sulfate fractiona-
tion, followed sequentially by gel filtration on Sephacryl S-200 and ion-
exchange chromatography on DEAE-Sephacel. Antibody W5 was pu
rified by gel filtration on Sepharose S-300.

SDS-PAGE and Immunoblotting. Procedures used have been de
scribed previously (28). The gel system used was a resolving gel of 5-
20% acrylamide, with a 4% stacking gel. Immunoblots were developed
using an alkaline phosphatase conjugated secondary antibody (30).
Blots were treated with periodate according to Woodward et al. (31).
For neuraminidase treatment, blots were incubated with 0.1 unit of
neuraminidase (Vibrio cholerae) in a volume of 2 ml of a solution
containing 0.15 M NaCl, 0.05 M sodium acetate (pH 5.5), and 0.1%
CaCl2, for a period of 60 min at 37Â°C.

Cell Line Nomenclature. Cell populations obtained by FACS enrich
ment are designated by the antibody used for staining, the number of
cycles of enrichment, and a clone number. Thus, W5S2 is a cell
population obtained by twice sorting W5 stained cells. W5-6 is a clone
(no. 6) derived by limiting dilution analysis of W5S2 cells. A subclone
of W5-6 is designated W5-61. Clones derived from unsorted Calu-1
cells (unenriched) are designated as "US" followed by a clone number.

RESULTS

Calu-1 Cells Show a Marked Heterogeneity in Expression of
Antigens Recognized by Antibodies Wl, W5, and W9. In a
previous study we showed that the anti-breast cancer monoclo
nal antibodies Wl and W9 did not cross compete for binding
to cultured cells, suggesting that each antibody recognized a
distinct epitope (43). Both antibodies competed for binding of
a third antibody, W5, suggesting that the latter antibody bound
to an epitope spatially related to the other two (43). Further-

4 The abbreviations used are: FACS, fluorescence activated cell sorter; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

5 Unpublished observation.

more, antibodies Wl and W9 were shown to recognize a high
molecular weight glycoprotein antigen found in elevated
amounts in sera from patients with advanced breast cancer. The
antigen has been shown to be sensitive to alkaline-borohydride
treatment (data not shown), indicating that it contains O-linked
oligosaccharides. Because of this and other physical properties
of the antigen (43), we will hereafter refer to it as a mucin-like
antigen.

In experiments using indirect immunofluorescence assays,
antibodies Wl, W5, and W9 were reactive with a number of
different human breast tumor cell lines (26). Subsequently, we
found that the lung carcinoma cell line, Calu-1, also showed
strong reactivity with all three antibodies. A distinctive feature
of the immunofluorescence staining pattern of all lines tested
was a marked intercellular variability in staining intensity. To
investigate the nature of this heterogeneity, we chose to work
with the Calu-1 cell line because Calu-1 cells form single cell
suspensions more readily than most of the commonly available
breast tumor lines.

The heterogeneity in staining seen with the Calu-1 line is
shown in Fig. 1. A minority of cells in the population stained
quite intensely with the Wl antibody, while other cells showed
no visible staining. This heterogeneity was also seen with cells
stained with W5 or W9. In contrast, VM2, an antibody which
recognizes a M, 140,000 cell surface glycoprotein found on
Calu-1 cells (29),5 was found to stain all cells in a more homo

geneous fashion (data not shown). This indicates that the vari
ability seen in expression of Wl, W5, and W9 antigens is not
a general feature of cell surface antigen expression.

Heritable Factors Influence Variability in Antigen Expression.
To test the possibility that heritable factors could contribute to
the heterogeneity in antigen expression in Calu-1 cells, we
determined whether stable cell populations could be isolated
that expressed elevated amounts of antigens recognized by
antibodies Wl, W5, and W9. This was done by staining cells
by indirect immunofluorescence and isolating fractions of the
most intensely stained cells using the FACS. The sorted popu
lations were grown to mass culture and reanalyzed for elevated
antigen expression. We reasoned that if the sorted population
showed elevated antigen expression, then stable, presumably
heritable, factors could contribute to the variability in antigen
expression. A representative experiment of this type is shown
in Fig. 2.

When Calu-1 cells were stained with the W9 antibody, a
broad heterogeneous peak of positively staining cells consistent
with the variability in antigen expression seen by fluorescence
microscopy was observed. The top 11% of brightest staining
cells were sterilely isolated and grown to mass culture. When
analyzed again, the sorted population still showed considerable
heterogeneity in staining intensity, but the population profile
was shifted toward the brighter end of the scale. When the
brightest 9% of the sorted population was again isolated, grown
up, and reanalyzed, a further shift in staining intensity was
observed. This result indicated that factors affecting staining
intensity were stable during propagation of the sorted popula
tion. Similar results were obtained when cells were stained with
antibodies W5 or Wl before sorting (data not shown).

Coordinate Expression of Wl, W5, and W9 Antigens in Clona)
Cell Lines. Cell populations which had been enriched for
brighter staining cells by two cycles of FACS analysis were then
cloned by limiting dilution. For comparison, the parental Calu-
1 cells were also cloned. A number of clonal isolates from the
Wl, W5, and W9 sorted populations and from the unsorted
Calu-1 cells were then tested for their ability to bind I25Ilabeled
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VARIATION IN EXPRESSION OF MUCIN-LIKE ANTIGENS

Fig. 1. Heterogeneity of mucin-like antigen
expression in Calu-1 cells. Calu-1 cells were
processed for fluorescence microscopy as de
scribed previously (28). WI antibody was used
at a concentration of 2 fig/ml and a fluorescein
isothiocyanate conjugated goat anti-mouse
secondary antibody (Tago) was used at a linai
dilution of 1:50. Total magnification, approx
imately X2000.

Channel Number
Fig. 2. Enrichment for W9 staining cells by FACS selection. Calu-1 cells were

stained for FACS analysis as described in "Materials and Methods." , Calu-
1 cells stained only with the fluorescein isothiocyanate conjugate; , Calu-1
cells stained with W9 antibody, followed by a fluorescein isothiocyanate conjugate;

, cell population isolated from the 11% brightest Calu-1 cells stained with
W9 antibody (W9S1) which was grown to mass culture and stained again with
the W9 antibody followed by a fluorescein isothiocyanate conjugate. Arrow,
position of the lower gate used to sort the initial population of Calu-1 cells.

antibodies Wl, W5, W9, and, as a control, VM2. Specificity of
antibody binding was indicated by the ability of unlabeled
antibody to compete for binding of I25I labeled antibody. The

results of this analysis for W5 and W9 sorted populations are
shown in Table 1. Similar results were obtained with the Wl
sorted populations (data not shown).

It is important to note that the experiments shown in Table
1 were performed under different experimental conditions;
consequently results cannot be directly compared. Variables
affecting comparison include the specific activities and concen
trations of I25l-labeled antibodies used, and other, unexplained

factors affecting levels of binding obtained in different experi
ments. Because of this variability, we found that the best way
to compare between experiments was to normalize binding for
a particular cell line to that obtained with Calu-1 cells in the

same experiment. These ratios were found to be more constant
measures of results between experiments performed under dif
ferent conditions, although there is still some variability (Table
2).

The results presented in Table 1 show that clonal cell lines
could be isolated from sorted or unsorted populations which
displayed elevated levels of Wl, W5, and W9 epitope expression
relative to the Calu-1 parental population. Clonal cell lines were
isolated from the unsorted population which displayed greatly
reduced levels of antigen expression. The range of variation in
antigen levels between cell lines was great: for example, the
W5-6 line bound 83-, 100-, and 260-fold more Wl, W5, and
W9 antibodies than did the US-5 line. In contrast, levels of
VM2 binding varied only slightly more than 2-fold between all
lines tested. (For experiment 1, the coefficients of variation for
the levels of binding of antibodies Wl, W5, and W9 were 0.76,
0.57, and 0.88, respectively, while for VM2 the coefficient of
variation was only 0.21. For experiment 2, the coefficients of
variation were 2.46, 1.26, 1.39, and 0.34 for antibodies Wl,
W5, W9, and VM2, respectively.)

A general trend for coordinate levels of expression of epitopes
Wl, W5, and W9 is shown by the data presented in Table 1.
Although fluctuations in the ratios between relative levels of
these epitopes were seen, in general, cell lines expressing high
(or low) levels of Wl, W5, or W9 epitopes also expressed
correspondingly high (or low) levels of the other epitopes.
Pairwise correlation coefficients for the levels of Wl antigen
with W5 and W9 in experiment 1 were 0.80 and 0.67, respec
tively, while a correlation coefficient of 0.41 was measured
between W5 and W9.

Stable and Unstable Heritable Variation in Wl, W5, and W9
Expression. Some of the cell lines analyzed in Table 1 were
maintained in culture for periods of up to 13 weeks and retested
for their abilities to bind I25I labeled antibodies. The results

obtained with two sorted populations, four clonal isolates, and
the Calu-1 parental population are shown in Table 2.

Both sorted populations maintained the ability to bind ele
vated levels of antibodies Wl, W5, and W9 after extended
periods of culture. Of the clonal cell lines, those derived from
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Table I Antibody binding to Calu-1 cells and derivatives

Cells were seeded and processed for antibody binding as described (28). For
experiment 1, cell densities were 2 x I0'/cm2 for all lines tested; for experiment
2, unsorted Calu-1 cells and clones designated US were seeded at a density of 1
x 105/cm2 while others were seeded at 2 x 10"/cm2. Binding of the indicated

antibodies was measured in duplicate wells and corrected for nonspecific binding
measured in the presence of a 100-fold excess of unlabeled antibody. For experi
ment 1, '"I-labeled Wl was used at 0.4 Mg/ml, W 5 at 0.8 Mg/ml, and VM2 at 0.3
Mg/ml. For experiment 2, '"Habeled Wl, W9, and VM2 were used at 0.2 Mg/ml
and W5 was used at 0.5 Â»<R/ml.Nonspecific binding to W5-6 cells was typically
less than 20% of the total for Wl and less than 5% of the total for WS, W9, and
VM2. Specific binding was normalized to the protein content per well. Protein
was determined on duplicate samples as described by Markwell et al. (40).

Table 2 Stability of donai derivatives of Calu-1 cells

Cellline"ExperimentCalu-1W5S4W5-3W5-4W5-5W5-6W5-7W9S4W9-2W9-3W9-4W9-5W9-7W9-8W9-9ExperimentCalu-1W5-6W5-61US-1US-2US-4US-5US-7Specific

activity antibodybinding(cpm/mg)*Wl

WSW910.47

(1.Of 0.25 (1.0) 0.07(1.0)2.27(4.8)
1.77(7.1)1.33(19)1.94(4.1)
0.98(3.9)3.66(52)1.81(3.9)
1.10(4.4)3.25(46)0.59(1.3)
0.22(0.9)0.06(0.9)2.52(5.4)
1.92(7.7)3.67(52)2.26(4.8)
2.20(8.8)1.23(18)1.99(4.2)
1.33(5.3)1.14(16)0.61(1.3)
0.70(2.8)1.04(15)1.90(4.0)
1.30(5.2)0.72(10)2.04(4.3)
0.49(2.0)1.76(25)1.75(3.7)
1.84(7.4)1.36(19)1.96(4.2)
1.49(6.0)1.36(19)0.84(1.8)
0.82(3.3)0.12(1.7)0.67(1.4)
0.39(1.6)0.17(2.4)20.11(1.0)

0.04(1.0)0.02(1.0)0.68
(6.2) 0.22 (5.5) 0.50(25)0.91
(8.3) 0.23 (5.8) 0.39(20)0.03(0.3)

<0.01 (<0.3) <0.01(<0.5)0.01
(0.1) <0.01 (<0.3) <0.01(<0.5)0.35(3.2)

0.12(3.0)0.24(12)0.01
(0.1) <0.01 (<0.3) <0.01(<0.5)0.02
(0.2) <0.01 (<0.3) <0.01 (<0.5)VM21.04(1.0)1.20(1.2)1.21(1.2)1.12(1.1)1.35(1.3)0.60

(0.6)0.99(1.0)1.14(1.1)0.83

(0.8)1.38(1.3)0.89

(0.9)1.14(1.1)0.91

(0.9)1.30(1.3)0.78

(0.8)0.51

(1.0)1.05(2.1)1.16(2.3)0.66(1.3)0.97(1.9)0.71

(1.4)1.00(2.0)0.40

(0.8)Â°
The nomenclature used for cell lines is described in "Materials andMethods."*
Specific activity of antibody binding was calculatedas:Total

'"I-antibody bound â€”'"I-antibody nonspecificallybound

Total cellular protein

' Numbers in parentheses, ratio of antibody binding on a particular cell line to
that measured on Calu-1 in the same experiment. As discussed in the text, the
ratio of binding for a particular cell line to Calu-1 represents a means of
comparison between experiments.

the W5S4 population tended to be more stable. Both of the W5
selected clones shown in Table 2 which originally showed
elevated binding were stable upon restesting. The W5-6 line
bound consistently elevated levels of antibodies Wl, W5, and
W9 over a period of 13 weeks of culture. A further indication
of the phenotypic stability of the W5-6 line was the finding that
a subclone, W5-61, also bound elevated levels of all three
antibodies (see Table 1). The clone W5-5, which originally was
reduced in its ability to bind Wl, W5, and W9 did not regain
that ability after 12 weeks in culture.

Clones isolated from the Wl and W9 epitope enriched pop
ulations were more variable. One clone, W9-7, which originally
showed elevated levels of antibody binding was stable in culture
for a period of 13 weeks. For this clone, the ratio of binding
actually increased upon extended culture. Other clones, such as
W9-2 and W9-9, were unstable and showed a reduction in their
ability to bind antibodies Wl, W5, and W9. In most cases,
where binding changed over time, levels of binding of Wl, W5,
and W9 antibodies was coordinately affected. The results ob
tained with clones from Wl sorted cells were similar, except
that in this case no clones showing stably elevated binding were
identified.

Clones isolated from the Calu-1 population, such as US-2

Specific activity antibody binding
(cpm/mg)"Cell

lineCalu-1W5S4W5-5W5-6W5-7W9S4W9-2W9-7W9-9Calu-1W5S4W5-5W5-6W5-7W9S4W9-2W9-7W9-9Calu-1W5S4W5-5W5-6W5-7W9S4W9-2W9-7W9-9Calu-1W5S4W5-5W5-6W5-7W9S4W9-2W9-7W9-9Wk10.47(1.0)*2.27

(4.8)0.59(1.3)2.52

(5.4)2.26
(4.8)1.99(4.2)0.61

(1.3)1.96(4.2)0.67(1.4)0.26(1.0)1.77(6.8)0.22

(0.9)1.92(7.4)2.20

(8.5)1.33(5.1)0.70

(2.7)1.49(5.7)0.39(1.5)0.07(1.0)1.34(19)0.06

(0.9)3.67
(52)1.23(18)1.14(16)1.04(14)1.36(19)0.17(2.4)1.04(1.0)2.27

(2.2)1.35(1.3)0.60

(0.6)0.99(1.0)1.14(1.1)0.83

(0.8)0.91
(0.9)0.78

(0.7)Wk

100.55(1.0)3.21

(5.8)0.21

(1.0)1.02

(4.9)125

1-W90.12(1.0)2.33(19)'"/-FA/22.55(1.0)5.08

(2.0)Wk

120.75(1.0)2.09

(2.8)0.17(0.2)3.84(5.1)1.97(2.6)0.38(1.0)1.97(5.2)0.02

(<0.1)2.66
(7.0)1.50(3.9)0.04(1.0)5.1

(130)0.05
(0.9)1.50(29)0.47

(9.3)5.1

(1.0)5.3
(1.0)4.06
(0.8)5.16(1.0)3.23

(0.6)Wk

130.34(1.0)1.54(4.5)1.34(3.9)0.39(1.1)3.55(10)0.14(0.4)0.31

(1.0)1.63(5.3)1.24(4.0)0.29

(0.9)3.10(10)0.11

(0.4)0.08(1.0)1.71(21)0.91

(11)0.11
(1.3)1.56(20)0.03

(0.4)2.05

(0.9)2.67(1.2)3.05(1.4)6.12(2.8)3.72(1.7)

* Cell lines were tested at periodic intervals for their ability to bind the indicated

antibodies, as described in the legend to Table 1. The values for week 1 are from
the experiment described in Table 1.

* Numbers in parentheses, ratio of binding of a particular line with that of
Calu-1 cells.

and US-5 which originally showed virtually no binding of
antibodies Wl, W5, and W9, were stable for more than 6
months in culture (data not shown). Neither line regained the
ability to bind antibodies Wl, W5, or W9 to levels approxi
mating those of the Calu-1 parental population.

Comparison of High and Low Antigen Expressing Cell Lines.
In an attempt to explain the basis for stable variability in antigen
expression, W5-6 and U5-2 cell lines were compared. The
distribution of cells expressing Wl, W5, and W9 epitopes in
these lines was compared by FACS analysis (Fig. 3). W5-6 cells
showed considerably brighter staining with antibodies Wl, W5,
and W9 than did US-2 cells (Fig. 3, C to E). [The degree of
epitope elevation seen in this experiment was less than the
elevation seen when direct 125I-labeled antibody binding was

measured (Table 1) because the signal:noise ratio of the partic
ular fluorescein isothiocyanate conjugated secondary antibody
used was low. When this conjugate was used at a lower dilution
or when other conjugates were used, the degree of staining seen
was greater]. Staining of W5-6 cells with antibodies W l and
W9 was also significantly heterogeneous when compared with
cells from both lines which had been stained with antibody
VM2 (Fig. 3F), indicating that expression of these epitopes,
although elevated, still showed intercellular variability. Forward
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Fig. 3. Comparison of antibody staining of W5-6 and US-2. WS-6 ( ) and

US-2 ( ) lines were stained for FACS analysis as described in "Materials
and Methods." I. forward light scatter profiles, an indication of cell size. The X

axis is a linear scale. B, cells stained only with the fluorescein isothiocyanate
conjugate. This and all subsequent panels use a logarithmic scale. C, cells stained
with the Wl antibody. D, cells stained with the W5 antibody. E, cells stained
with the W9 antibody. F, cells stained with the VM2 antibody.

light scatter profiles, an indication of cell size (Fig. 3A), and
background staining in the absence of monoclonal antibody
(Fig. 3/f) were identical for the two cell lines.

Since cell cycle position can influence expression of some
antigens (32), we examined the distribution of cells from the
two lines in various phases of the cell cycle by FACS analysis
after staining with propalimi) iodide (data not shown). Both
lines showed similar distributions of cells in different phases,
indicating that differences in staining intensity with antibodies
W1, W5, and W9 could not be attributed to major differences
in proportions of cells in different compartments of the cell
cycle. This possibility was also made less likely by the fact that
both lines exhibit similar growth properties.

Molecular Basis for Differences in Epitope Levels. Differences
in epitope levels between W5-6 and US-2 cells could be due to
either (a) differences in levels of the mucin-like antigen recog
nized by antibodies W1, W5, and W9 or (Â¿>)variations in epitope
density on mucin-like antigens made by the two cell lines. To
distinguish between these possibilities, we subjected membrane
preparations from both cell lines to SDS-PAGE (Fig. 4). Paired
samples were examined after electrophoresis by staining for
protein (Fig. 4, Lanes 1 and 2), carbohydrate (Fig. 4, Lanes 3
and 4), and immunoreactivity (Fig. 4, Lanes 5 and 6). Mem
brane preparations from W5-6 cells were found to contain
dramatically elevated levels of a heterogeneous high molecular
weight glycoprotein (Fig. 4, Lane 3) which comigrated with
material showing immunoreactivity with the Wl antibody. This
glycoprotein generally did not migrate out of the stacking gel
(4% acrylamide) used for SDS-PAGE and contained a high
carbohydrate:protein ratio, as evidence by its tendency to be
stained more readily with carbohydrate than protein-specific
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Fig. 4. Analysis of membrane preparations from W5-6 and US-2 cells. W5-6

and US-2 cells were grown in roller bottles, and cell surface membrane prepara
tions were isolated as described (41). Aliquots corresponding to 50 Â¿igof total
membrane protein (40) were fractionated by SDS-PAGE and stained with Coo-
massie blue (Lanes I and 2) or periodate-Schiff reagent (Lanes 3 and 4) or
transferred to nitrocellulose and analyzed for WI immunoreactivity (Lanes 5 and
6). Odd numbers, W5-6 membranes; even numbers, US-2 membranes. Right
ordinate, sizes of molecular weight markers, in thousands. Arrow, position of the
mucin-like antigen recognized by antibodies Wl, W5, and W9.

stains. Although other slight differences between the two mem
brane preparations are visible, they were not consistently ob
served in other preparations. This suggests that the basis for
elevated epitope expression by W5-6 cells is a dramatic eleva
tion in expression of the mucin-like glycoprotein which contains
epitopes for the Wl antibody.

Nature of Epitopes Recognized by Antibodies Wl, W5, and
W9. Since the antigen recognized by antibodies Wl, W5, and
W9 contained high carbohydrate:protein ratio, it was possible
that all three antibodies recognized carbohydrate epitopes. To
examine this possibility, we tested the effects of carbohydrate
modification on binding of antibodies to antigen which had
been purified by SDS-PAGE and immobilized on nitrocellulose
(Fig. 5). Binding of all three antibodies was reduced by treat
ment of the nitrocellulose with sodium periodate, which pref
erentially affects carbohydrate epitopes in immunoblots (31).
Binding of the antibodies was differentially affected by treat
ment with neuraminidase. Binding of the Wl antibody was
moderately reduced, binding of W5 appeared slightly elevated,
and binding of W9 was greatly reduced by this treatment. The
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Fig. 5. Sensitivity of Wl, W5, and W9 epitopes to carbohydrate modifying
treatments. Membranes from W5-6 cells were subjected to SDS-PAGE and
transferred to nitrocellulose as described in Fig. 4. Blots were blocked and treated
with periodate or neuraminidase as described in "Materials and Methods."

Following treatment, blots were again blocked prior to immunostaining. Lanes 1,
no monoclonal antibody; Lanes 2, Wl; Lanes 3, W5; Lanes 4, W9.

differential sensitivity of all three epitopes to neuraminidase
was confirmed in cell binding experiments in which formalin
fixed monolayers were treated with neuraminidase prior to
binding of 125I-labeled antibodies. In this experiment, binding
of I25I-W1 and 125I-W9 were reduced to 23 and 10% of the
untreated control, respectively. In contrast, I25I-W5 binding

was elevated to approximately 170% of the control values.
Thus, epitopes recognized by antibodies Wl, W5, and W9
showed differential sensitivity to carbohydrate modification,
suggesting that all three antibodies recognize distinct carbohy
drate determinants.

DISCUSSION

In this paper we have used clonal analysis to study the
variability of expression in Calu-1 cells of a tumor associated
mucin-like antigen. We have shown that levels of expression of
this antigen can be influenced by heritable factors and that
stable clonal lines can be isolated which differ greatly in the
amount of antigen they express. This suggests that one mech
anism for the striking heterogeneity commonly seen (17-20,
32, 33) in mucin-like antigen expression is heritable variability
within the tumor cell population.

Previous work by others has shown both clonal and nonher-
itable variation in expression of tumor cell surface antigens ( 17,
21-24, 32-34). Nonheritable variation has been implicated in
blood group antigen expression in human bladder tumors (34)
and in expression of other mucin-like antigens (32, 33). Horan
Hand et al. (33) have noted cell contact effects on expression
of the antigen recognized by antibody 72.3. Czerniak et al. (32)
have described fluctuations in Ca-1 antigen expression which
can be correlated with cell cycle position.

Clonal variation in antigen expression has been described for
many non-mucin antigens (21-25). Chang et al. (17) have
described heterogeneity in expression of the HMFG-1 antigen
and differences in growth properties of human milk epithelial
cells selected for its expression. Peterson et al. (19) showed
phenotypic variability in expression of the mucin-like antigen
detected by monoclonal antibody Mc-5. This variability was
severalfold higher in breast carcinoma cell lines than in normal
breast epithelial cells. The latter study was subsequently ex
tended by Ceriani et al. (20), who showed that cells cultured
from breast carcinomas had a significantly higher rate of phe
notypic variability of expression of Mc5 epitopes than did cells
cultured from normal tissues.

In none of these previous studies, however, was stable, her
itable variation in mucin-like antigen expression demonstrated.
Our studies provide the first conclusive evidence that heritable
factors can influence the expression of mucin-like antigens.
Furthermore, our studies show that these events can affect the
expression of multiple epitopes on mucin-like molecules. Since
many of the clonal isolates examined in Table 1 were not stable,
nonheritable factors may also influence expression of mucin-
like antigens in Calu-1 cells. These factors may include the cell
contact effects (33) and cell cycle effects (17) seen for other
mucin-like antigens.

Our findings have important implications for the diagnostic
and therapeutic usefulness of antibodies directed against mucin-
like antigens. As has been pointed out by others (21, 22) clonal
variation in antigenic expression is a factor which must be
considered in monoclonal antibody based therapeutic ap
proaches. Because of this variation, combinations of antibodies
are more likely to be useful than single antibodies alone (21).
Our finding that clonal variation can coordinately affect expres
sion of multiple epitopes indicates that a combination of anti
bodies to different epitopes on mucin-like glycoproteins may
not be much more useful as therapeutic reagents than single
antibodies alone. Likewise, our findings suggest that the best
approach to extending the diagnostic usefulness of mucin-like
antigens (2,14,15) would be to search specifically for antibodies
recognizing epitopes which do not vary coordinately with one
another.

The expression of mucin-like antigens can also be affected by
agents which induce cellular differentiation. Abe and Kufe (35)
have reported that sodium butyrate treatment increases expres
sion of epitopes recognized by monoclonal antibody DF3 on
MCF-7 breast carcinoma cells. These authors did not, however,
demonstrate whether increased epitope expression was tran
sient in nature or whether the effect could persist through
subsequent generations. They also did not determine if in
creased epitope expression was due to increased synthesis or
increased epitope density on the mucin-like glycoprotein. Al
though it is difficult to directly relate these findings to ours, it
will be of interest to determine how sodium butyrate affects
expression of epitopes for Wl, W5, and W9 in W5-6 and US-
2 cells.

The W5-6 and US-2 will be valuable tools for the structural
studies of mucin-like antigens. As pointed out in the introduc
tion, many tumor associated epitopes have been localized on
mucin-like glycoproteins using monoclonal antibodies. Since
some of these antibodies have been shown to be clinically useful
for tumor diagnosis (2, 8, 13-15, 18, 36), it is of interest to
immunochemically and structurally characterize mucin-like gly
coproteins in a systematic fashion. The W5-6 cell line repre
sents a useful source of material for structural studies and for
immunizing and screening for new antibodies. It should be
pointed out that antibodies W1, W5, and W9 recognize epitopes
which originally were identified as being breast tumor associ
ated (26). Since Calu-1 cells were isolated from a lung carci
noma, the mucin-like antigen expressed by them may contain
epitopes which are more specific for lung cancer cells than those
recognized by antibodies Wl, W5, or W9.

Our results also are significant in that they demonstrate
extreme genotypic variability in expression of a cell surface
molecule in tumor cell populations. Since cell surface properties
have been implicated in controlling tumor growth (37), metas
tasis (38), and immunoreactivity (39), the expression of mucin-
like glycoproteins may have important functional significance.
It may be of fundamental importance that these molecules are
frequently aberrantly expressed by cancer cells. Since mucin-
like glycoproteins in W5-6 cells represent a major fraction of
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cell surface glycoproteins (Fig. 4), they could conceivably affect
host-tumor cell interactions. Comparison of growth and meta-
static properties of W5-6 and US-2 cells may shed light on the
role of mucin-like glycoproteins in maintenance of the malig
nant state.
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