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Effect of MUC1 Mucin, an Anti-adhesion Molecule, on Tumor Cell Growth
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MUC1 mucin is expressed in a wide variety of tumors and is considered to function as an
anti-adhesion molecule which inhibits cell-to-cell interactions. To reveal the biological significance of
this activity in tumor cells, MUC1 cDNA was transfected into EJNTH3T3 cells and human colon
cancer cell lines, CHCY1 and DLD1. The in vivo growth rate of MUCH" (MUC1-transfected)
EJNIH3T3, CHCY1 and DLD1 cells in SCID mice was clearly lower than that of MUC1™ (mock
transfectant) cells. Several in vitro experiments using MUC1+ EJNIH3T3 cells were performed to
analyze the mechanisms for the decreased in vivo tumor growth. It was found that (i) the in vitro
growth rate of MUCL " EFNIH3T3 cells was also decreased compared to that of MUC1 ™ cells, (ii) the
DNA synthesis of MUC1* EINIH3T3 cells after stimulation with either growth factor (fetal calf
serum or hombesin) or extracellular matrix (collagen or fibrenectin) was lower than that of MUC1~
cells, and (iii) MUC1™ EJNIH3T3 celis grew more slowly than MUC1 ™ cells on both collagen- and
fibronectin-coated dishes. These data suggest that MUC1 mucin may regulate tumor cell growth

through inhibition of cell-to-cell, growth factor-to-receptor and cell-to-matrix interactions.
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MUCI is a large, heavily glycosylated, type I trans-
membrane protein,'™ and is expressed in a wide variety
of epithelial cells.” The characteristic feature of its pri-
mary structure is its extracellular domain, most of which
consists of around 30 to 90 tandemly repeated sequences,
Onme repeat contains 20 amino acids, being rich in serine,
threonine and proline, and two O-glycosylation sites have
been identified.”? Although the expression of MUCI is
substantially increased in various tumors with high fre-
quency,” its biological functions in them in vive remain
unknown, Tt has recently been shown that overexpression
of MUC1 on the membrane of cultured cells inhibits
their aggregation and interaction with cytotoxic lympho-
cytes, probably due to its large, extended and rigid strue-
ture.®® These findings suggest that MUC1 may impinge
on at least two important steps of the metastatic process,
the release of cells from a tumor and their escape from
immune surveillance.® The results described here indi-
cate another possible important role of MUCI in tumor
cells: regulation of cell growth.

MATERIALS AND METHODS

Cell lines The cell lines used in this study were human
colorectal carcinoma cell lines, CHCY1 and DLDI1, and
a mouse fibroblast cell line transformed by activated
H-ras gene, EYNIH3T3, which were obtained from the
Japanese Cancer Research Resources Bank. They were
maintained in Dulbecco’s modified Fagle’s medium

! To whom requests for reprints should be addressed.

MUCI gene — Mucin — Anti-adhesion activity — Tumor cell growth — Growth

(D-MEM) (GIBCO-BRL, Grand Island, NY) supple-
mented with 200 mg/liter ampicillin, 100 mg/liter kana-
mycin and 10% (vol/vol) fetal calf serum (FCS).
Transfection of cultured cells The mammalian expres-
sion vector pHBAPr-Neo containing the full-length
MUCI1 cDNA and the vector containing antisense MUC1
cDNA were kindly provided by Dr. Metzger (Duke
University). Liposome-DNA mixture was made up of 20
jtg of the plasmid and 60 yl of Transfectace (GIBCO-
BRL) in 6 ml of D-MEM. A mouse fibroblast cell line,
EINTH3T3, and human colorectal cancer cell lines,
CHCY1 and DLDI, were washed twice with D-MEM
and then incubated overnight with 6 ml of liposome-
DNA mixture. Six milli liter of D-MEM supplemented
with 209 FCS (vol/vol) was added, and the cells were
incubated for another 72 h. G418 (Geneticin, GIBCO-
BRL) was then added in the culture medium at the
concentration of 800 ;g/ml. The resultant transfectants
were cloned by the limiting dilution method. The expres-
sion of MUCI gene products on transfectants was con-
firmed by immunostaining with anti-MUCI core protein
monoclonal antibody (mAb)} MUSEI1 as previously
described.' ' The cells transfected with the vector con-
taining anti-sense MUC1 cDNA were used as mock
transfectants. .
Aggregation assays Aggregation assays were performed
basically according to the method of Rojas et al.'® The
transfectants at the point of confluence were detached
from the plastic surfaces by a 5-min incubation in D-
MEM with 5 mM EDTA, and were washed with Puck’s
saline (5 mM KCl1/140 mM NaCl/8 mM NaHCO;, pH
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7.4) 3 times and pushed through a 27 gauge needle 3
times to make single cell suspensions. Triplicate aliquots
(1X10° cells/ml of Puck’s saline with 0.8% FCS and 50
U/ml deoxyribonuclease I (Pharmacia, Uppsaia,
Sweden) with either 10 mM Ca®* or 0 mM Ca’") of the
single cell suspension were seeded in 48-well cell culture
plates (Costar, Cambridge, MA) and shaken in a circular
motion at a frequency of 70 rpm at 37°C. The number of
single cells was counted at 0, 1 and 2 h after shaking
using a hemocytometer and the ratio of aggregated cells
was calculated.

Tumor assay in SCID mouse The transfectants were
detached from the plastic surfaces by a 5-min incubation
in D-MEM with 5 mM EDTA, washed twice with
D-MEM, and pushed through a 27 gauge needle 3 times
to make single cell suspensions. Then 2X 10° or 2 X 10°
cells was inoculated subcutaneously into female SCID
mice (6 weeks) in a volume of 100 ml into the right or
left flank (Fox Chase SCID mouse, Nippon CLEAR,
Tokyo). Mice bearing tumors were killed at 8 weeks after
inoculation. Tumors were surgically resected and a post-
mortem examination was carried out. Each primary
tumor was weighed, fixed in neutral buffered formalin
and embedded in paraffin. Multiple sections of tumors
were stained with hematoxylin and eosin for morpholog-
ical examination.

Flow cytometry Unpermeabilized transfectants were
incubated with mAb MUSEI11 for 30 min at 4°C. They
were washed 3 times with cold phosphate-buffered saline
{PBS) and then incubated with fluorescein isothiocy-
anate-labeled rabbit antibody to mouse immunoglobulins
(Dakopatts, Copenhagen) for 30 min at 4°C. Washing
was repeated in the same manner, and cell surface im-
munofluorescence was analyzed with an EPICS flow
cytometer (Coulter Electronics, Hialeah, FL).
Deglycosylation of transfectants with benzyl-g¢-GalNAc
Transfectants were incubated in 109% FCS/RPMI11640
supplemented with 5 mM benzyl-g-acetylgalactosamine
{(benzyl-a-GalNAc) (Sigma, St. Louis, MQO) for 5 days.
Benzyl-o-GalNAc is a competitive inhibitor of mucin
glycosylation.' The cells were washed with RPMI1640,
and flow cytometry was performed as described above to
examine the effect of deglycosylation on the reactivity of
transfectants with anti-MUCI core protein mAb.

MTT assay To quantify the proliferation of the trans-
fectants, we used colorimetric assay with MTT [3-(4.5-
dimethylthiazol-2-y1)-2,5 diphenylitetrazolium bromide
(Sigma)], as described by Tkeda et al.'® Triplicate ali-
quots of 1X 10° transfectant cells suspended in 100 ml of
D-MEM containing 10% FCS were cultured in 96-well
flat-bottomed microtiter plates for 48 h at 37°C. For the
MTT assay, MTT (10 m! of a 5 mg/ml solution of MTT
in PBS) was added to all wells, and plates were incubated
for 4 h. Acid isopropanol (100 ml of 0.04 N HCI in
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isopropanol) was added to all wells and mixed thoroughly
to dissolve the dark blue crystals. The absorbance was
then measured on a Microelisa plate reader (Dynatech
Laboratories Inc., Alexandria, VA) at a wavelength of
570 nm,

Mitogenic response of transfectants to growth factors or
extracellular matrices Incorporation of [*H]thymidine
into trichloroacetate-insoluble fraction was measured
basically as described by Cai et al.'” Triplicate aliquots of
the 1X10° EINIH3T3 transfectants in 1 ml of D-MEM
supplemented with 0.29 FCS were seeded in 12-well
culture plates. The cells were incubated at 37°C for 48 h
to induce quiescence, then growth-stimulating factors
were added. [*H]Deoxythymidine (New England Nu-
clear, Wilmington, DE) was pulsed at the concentration
of 1 mCi/ml at 20 h after stimulation. After incubation
for 3 h, the cells were washed with cold PBS 3 times and
fixed with 95% methanol. They were then washed with
10% trichloroacetate once and 5% trichloroacetate
twice, lysed with 0.5 ¥ NaOH for 10 min on ice, and
neutralized with 1. ¥ HCL Finally, 10% (wt/vol) trichlo-
roacetate was added. The solution (200 1) was passed
through a Whatman glass fiber filter and the radioactivity
was measured with a liquid scintillation counter. Results
are given as relative [*H]thymidine incorporation, which
is the ratio of [*H]thymidine incorporation of trans-
fectants cultured with growth factors to that without
growth factors.

To test the mitogenic response to extracellular matri-
ces, triplicate aliquots of the 1X10° EJNTH3T3 trans-
fectants in 1 ml of D-MEM supplemented with 0.2%
FCS were sceded in 35 mm collagen- or fibronectin-
coated dishes (Corning, Corning, NY), and the same
procedure as described above was employed.

Cell growth assay on extracellular matrices Triplicate
aliquots of 1 ml of 1< 10° EINIH3T3 transfectants were
seeded in 35 mm collagen- or fibronectin-coated dishes
for 72 h. Non-treated dishes were used as a negative
control. The number of cells was counted at 72 h using a
hemocytometer.

Statistical analysis The significance of differences was
determined by using Student’s two tailed ¢ test and
Wilcoxon’s rank test.

RESULTS

Inhibition of cell aggregation with MUC1 A previcus
study by Ligtenberg ef al. demonstrated that SV40-im-
mortalized normal human mammary epithelial HBL-100
cells and a human melanoma cell line A375, when trans-
fected with MUCI1 cDNA, did not aggregate as efficiently
as their control cells.® An aggregation assay was per-
formed to test whether the transfectants we established
behave in the same manner (Fig. 1). MUC1~ ETNIH313
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Fig. 1. Effect of MUC1 on the aggregation
of EINIH3T3 (A) and CHCY1 (B) cells.
MUC1* and MUCI " indicate MUC1 trans-
fectant and mock transfectant, respectively.

Aggregation assays were performed under cul-
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Fig. 2. Effect of MUCI on in vivo growth of EINTH3T3,
DLDI and CHCY1 cells. The weight (g) of the primary
tumor was measured at § weeks after s.c. inoculation of trans-
fectants. MUC1" and MUC1™ indicate MUC1 transfectant
and mock transfectant, respectively.

cells (mock transfectant) aggregated strongly, i.e., over
80% of the cells showed aggregation at 1 h and 2 h after
incubation, irrespective of the presence of Ca®*. In con-
trast, only 15 to 20% of MUC1™ EINIH3T3 cells (MUCI
transfectant) aggregated, indicating the inhibitory activ-
ity of MUCI on cell aggregation (Fig. 1A). In the case of
CHCY1 cells too, the percentage of aggregated MUCI1™
CHCY1 cells was lower than that of MUC1~ CHCY1
cells. Interestingly, Ca*"-dependent cell aggregation was

50 80 1o The ratio of number of aggregated cells to
number of total cells is indicated as % aggre-
gated cells.
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Fig. 3. Effect of benzyl-a-GalNAc on the reactivity of anti-
MUCI core protein mAb MUSEI1 with MUC! transfectants.
MUC1* and MUCL™ indicate MUC] transfectant and mock
transfectant, respectively. The reactivity of mAb was eval-
uated by flow cytometry. Benzyl-w-GalNAc: §, 5 mM; O, 0
mM.

only partially inhibited by MUC], suggesting the expres-
sion of some potent Ca’*-dependent cell adhesion mole-
cules on CHCY1 cells (Fig. 1B).

Effect of MUCT on in vive tumor cell growth In order to
examine the biological significance of the potent anti-
adhesion activity of MUC1 mucin, we observed the effect
of MUCT on in vivo tumor cell growth by subcutaneously
inoculating MUC1* and MUC1~ EJNIH3T3, CHCY1
and DLDI1 cells into SCID mice. The primary tumor was
weighed at 8 weeks after inoculation (Fig. 2). The tumor
tissues of MUCI transfectomas were positively stained
by mAb MUSEll. The growth rate of MUCI?
EJNIH3T3 cells was clearly lower than that of MUC1~
EINIH3T3 cells in the experiments with either 2 X 10°
(A) or 2X10° (B) inoculated cells. The same tendency
was observed in the case of MUCI* and MUCI1™
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CHCY1 and DLD1 cells, where 2.0X10° cells were
inoculated, although the difference of tumor weight be-
tween MUCI1™ and MUC1 ™ cells was statistically signifi-
cant in EINIHA3T3 and DLD1, but not in CHCY 1. These
results indicate that expression of MUCI mucin sup-
presses the growth of these tumor cells.

Effect of benzyl-a-GalNAc on the reactivity of anti-
MUCI1 core protein mAb with transfectants The effect of
benzyl-¢-GalNAc on the reactivity of an anti-MUCI1
core protein, mAb MUSEL11, with transfectants was ob-
served by flow cytometry to examine the influence of
carbohydrate side chains on the access of the mAb to the
protein core epitope. As shown in Fig. 3, the reactivity of
mAb MUSEI1] was not affected by benzyl-a¢-GalNAc in
MUCI1* EJNIH3T3 cells, whereas it was remarkably
increased in the case of MUC1T CHCY1 cells. This
suggests that the O-glycosylation of MUCI protein on
MUCI1" EINIH3T3 cells could be immature, indicating
that these cells may be appropriate for analysis of the
biological functions of MUC1 gene product.

Effect of MUCI1 on in vifro tumor cell growth To clarify
the mechanisms of the decreased in vive tumor growth,
the following in vitro experiments were performed using
the EINIH3T3 transfectant.

It was demonstrated by MTT assay that MUCI17
EINIH3T3 cells grew more slowly than MUCI™
EINTH3T3 cells in the exponential growing phase (Table
I); their doubling times were 23.5 and 18.3 h, respec-
tively. Thus, MUC1 had a negative effect on tumor cell
growth in vitro.

Mitogenic response of EJNIH3T3 transfectants to
growth factor or extracellular matrix The mitogenic
response of MUC1* EJNTH3T3 cells to fetal calf serum
or bombesin, a potent growth factor for fibroblasts,'®
was compared with that of MUC1 ™ cells. As shown in
Fig, 4, the DNA synthesis of MUC1* EINTH3T3 cells
after stimulation with either FCS or bombesin was sig-
nificantly lower than that of MUCI1 ™ cells. Significant
reduction of growth stimulation of EJNIH3T3 trans-
fectants by extracellular matrix, collagen or fibronectin,

was also observed (Fig. 5). These data suggest that MUC1
inhibits both growth factor-to-cell surface receptor and
extracellular matrix-to-cell surface receptor interactions.
Effect of MUCI on the growth of EJNIH3T3 cells on
extracellular matrix The growth rate of EINTH3T3
transfectants on a collagen- or fibronectin-coated dish
was measured by counting the cell number at 72 h after

Relative le] thymidine incorporation

A. 5% FCS
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0 1.0 20 3.0 40
MUCT1* __H ]Pc0.0S
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Fig. 4. Effect of MUC! on the mitogenic response of
EINIH3T3 cells to 5% FCS (A) or 10 nM bombesin (B).
The relative [*"H]thymidine incorporation is the ratio of [*H]-
thymidine incorporation of transfectants cultured with
growth factors to that without growth factors. MUC1* (open
columns) and MUCI™ (hatched columns) indicate MUCI
transfectant and mock transfectant, respectively. Values are
shown as mean=®8D of triplicate determinations.

Table I. Effect of MUCI on in vitro Tumor Cell Growth
Transfectants Absorbance® Number of cells

Day 0 MUC1*  0.0947-0.009 57403310 ] NS
MUCI™ 0.093£0.002 571070

Day 3 MUCIT 0.450%0.018 504105850 ]P<0 05
MUCI™ 0.540*0.015 873008300 )

Day 6 MUCIT 0.599%20.049 12510043610 ] NS
MUC1~ 0.5761t0.058 108750146170

Doubling time: MUCI transfectant 23.5 h, mock transfectant

18.3 h.
a) MTT assay.
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Fig. 5. Effect of MUC] on the mitogenic response of

EJNIH3T3 cells to collagen (A) or fibronectin (B). The rela-
tive [*H]thymidine incerperation is the ratio of [*H]thymi-
dine incorporation of transfectants cultured in the dish
coated with extracellular matrix to that without extracellular
matrix. The MUC1™ (open columns) and MUC1™ (hatched
columns) indicate MUCI transfectant and mock transfectant,
respectively. Values are shown as mean=®SD of triplicate
deteminations.
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Fig. 6. Effect of MUC! on the growth of
EINIH3T3 transfectant in collagen (A)- or
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Muc1+%‘]*

MUC1+F:|*

fibronectin (B)-coated dishes (open columns)
or in non-treated dishes (hatched columns),
The number of cells at 72 h after incubation
was counted. MUCIY and MUCI1™ indicate
MUCI transfectant and mock transfectant, re-

spectively. Values are shown as meant8SD of

MUCT ™~ 7
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triplicate determinations. L[], collagen- or
fibronectin-coated dish; 7, non treated dish.
* P<0.0L

incubation (Fig. 6). As anticipated from the results in
Fig. 5, MUC1* EINIH3T3 cells grew more slowly on
both collagen- and fibronectin-coated dishes than
MUCI1 " cells did. It should be noted here that the growth
of EINTH3TS3 cells was consistently poor, independent of
the expression of MUCI, when cultured in non-treated
dishes, indicating that interaction with extracellular
matrix could be essential to the growth of EYNIH3T3
cells.

DISCUSSION

We transfected MUC1 ¢DNA into an H-ras-trans-
formed mouse fibroblast cell line, EJNIH3T3, and a
human colon cancer cell line, CHCY, resulting in a
remarkable decrease of the aggregation activity of both
cell lines. This supports the idea that MUC] functions as
an anti-adhesion molecule.®* The inhibition of cell-cell
interaction by MUCI in tumor cells appears to be equiv-
alent to the loss of adhesion molecules, which has been
shown to affect profoundly various biological properties
of tumor cells, including growth rate, differentiation
level, invasion and metastasis.'”™” We therefore ex-
amined the effect of MUCI1 on tumor cell growth in
SCID mice, and found that MUC1 overexpression clearly
lowered the growth rate of EINIH3T3 cells and human
colon cancer DLD1 cells. SCID mice were used to ex-
clude the possibility of an immune response to human
MUCI as a reason for decreased tumor growth.

To elucidate the mechanism for the decreased growth
rate of tumor cells upon expression of MUCI, several
in vitro experiments were performed using EINIH3T3
transfectants. First, cell growth was observed by MTT
assay. MUC1" EINIH3T3 cells grew more slowly than
MUC1™ EJNIH3T3 cells in the exponential growth
phase, suggesting that the decreased growth of the pri-
mary tumor of MUC1* EINTH3T?3 cells in SCID mice is
partly due to decreased proliferative activity of the cells
themselves. Secondly, the effect of MUCI on the mito-
genic response of transfectants to growth factors was
observed. Bombesin is known to stimulate cell growth

through the rapid tyrosine phosphorylation of focal ad-
hesion kinase (p12574%) as well as other neuropeptides in
Swiss 3T3 cells.™ The DNA synthesis of MUC1™
EINIH3T3 cells afier stimulation with either FCS or
bombesin was much lower than that of MUC1™ cells.
Although the precise mechanism of the inhibition of
growth factor-receptor interaction by MUCI is not clear
at present, one possible explanation is the binding of
growth factors to MUCI. It has been shown that pro-
teoglycans, proteins with large carbohydrate chains com-
posed of repeating disaccharide units, function as modu-
lators of growth factors.®” Growth factors that bind to
heparin and heparan sulfate include fibroblast growth
factors, granulocyte-macrophage colony stimulating
factor, interleukin-3 and platelet factor 4,22 Moreover,
transforming growth factor § binds to proteoglycans
through the core protein.*® Alternatively, growth factor
receptors may be down-regulated by the overexpression
of MUCI. When a pancreas cancer cell line with poorly
differentiated phenotype was transfected with MUCI1
cDNA, some differentiated phenotypes appeared,” sug-
gesting the induction of cell differentiation by the expres-
sion of MUCI.

Thirdly, the growth rate of MUC1* EINIH3T3 cells
on collagen- or fibronectin-coated dishes was remarkably
reduced compared to that of MUC1T™ cells. A possible
mechanism for the inhibition of cell-matrix interaction
with MUCI is steric hindrance, as has been observed in
the inhibition of cell aggregation. Proteoglycans have
been shown to interfere with cell-matrix adhesion, prob-
ably by steric hindrance, due to their large and highly
charged structures.”” In addition, a glycoprotein,
tenascin, inhibits integrin-mediated chick fibroblast at-
tachment to fibronectin, laminin, and the GRGDS pep-
tide.”® Cell differentiation induced by the overexpression
of MUCT is implausible as a cause of lowered expression
of integrins; it has been demonstrated that loss of an
integrin, VLAS, could be related to transformation of
human colonic epithelial cells,”™ and gives rise to in-
creased tumorigenicity of a human colon cancer cell line
in nude mice.'" The matrix-integrin interaction stimu-
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lates tyrosine phosphorylation of p125¥4K 3 and MAPK
activation,®” and these alterations of cell signaling mech-
anisms have important effects on cell growth and cell
differentiation. MUC]1 mucin may have profound effects
on this signal transduction pathway.

Since MUC! mucin is expressed with high frequency
in a variety of tumors,” it is conceivable that MUC1 may
be an advantageous phenotype for in vivo tumor devel-
opment. The data presented in this paper suggest that
MUCI could negatively regulate the growth of tumor
cells through interference with cell-cell, growth factor-
receptor and cell-matrix interactions, eventually giving
them an appropriate growth rate and other properties
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