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Figure 6. Morphology of LoVo cells
adherent to laminin. Adhesion assays
were carried out as described in the
legend to fig. 5. After 3 hr of incuba-
tion at 37 °C, wells which had been
coated with laminin (60 |xg/mL) were
rinsed free of nonadherent cells and
fixed with a 1:1 solution of ice-cold
methanol-acetone. Representative
photomicrographs are shown for pa-
rental (A), invasive (B), and noninva-
sive (C) cells. Arrows in (A) point to
the single cytoplasmic processes often
observed on adherent parental (and
noninvasive) cells. Arrow in (B)
points to a cell with multiple cytoplas-
mic protrusions, often observed
among adherent invasive cells.

than the parental and noninvasive cells, the binding of iodinated
laminin to intact, suspended cells from each of the LoVo lines
was measured. When 0.37 nM 125I-laminin was added to the cells
without competitor, the invasive variants bound 2.6-fold more
laminin specifically than did the parental cells (9.1 x 10~7 nmol
vs. 3.5 x 1(T7 nmol per 5 x 105 cells, respectively). The
invasive variants also bound 1.7-fold more laminin specifically
than did the noninvasive variants, which bound 5:4 X 1CT7 nmol
per 5 x 105 cells. The value for invasive cells was significantly
higher than the values for parental (P = .001) and noninvasive
(P < .02) cells. Values for parental and noninvasive cells did not
differ significantly (P < . 1), nor did the affinities (estimated from
the 50% inhibitory concentrations) of each cell line for I25I-
laminin. Unlabeled laminin (0.3-0.6 nM) reduced the specific
binding of labeled laminin to each cell line by 50%. Therefore,
the increased amount of laminin specifically bound to the inva-
sive cells was probably the result of an increased number of
receptor moieties on the surfaces of these cells.

For noninvasive and parental cells, the total binding of 125I-
laminin consisted of similar proportions of specific binding (52%
of the total for noninvasive cells, and 58% of the total for parental
cells) (not shown). In contrast, 79% of the total binding of
invasive cells was specific. The invasive cells therefore had the
highest ratio of specific to nonspecific binding of radiolabeled
soluble laminin.

Discussion

Selection of the variant LoVo sublines with the human amnion
provided highly related cell populations for study that were
enriched for invasive and noninvasive cells. The studies provided
data consistent with the presence of pre-existing, stable, variant
cell subpopulations within the heterogeneous parental LoVo
human tumor line. The stability of the-experimentally assessed
characteristics was maintained in the variant invasive and nonin-
vasive populations through many passages in tissue culture, long
after removal of the selection system. The stability of in vivo
metastatic potential could not be assessed since several different

routes of inoculation of tumor cells into nude mice failed to
produce metastases. However, cells recovered from the resulting
tumors again maintained the experimentally assessed variant
characteristic (data not shown). Only a very small percentage of
cells was invasive in the amnion assay, even in the invasive cell
population (0.06% of the total). Previous studies have docu-
mented similarly low percentages of invading rumor cells (< 1 %)
through this formidable barrier to invasion (9,17,18). The fact
that a small number of cells in the noninvasive population (0.02%
of the total) were able to invade the amnion indicates that,
although they are less invasive than the invasive variant cells,
they still retain a degree of invasive heterogeneity. Despite this,
the selected variant sublines were clearly distinct from each other
and from the parental line in several characteristics.

The invasive subpopulation was found to be endowed with a
combination of factors that may have enabled it to successfully
traverse the entire thickness of the amnion membrane. These
factors include a relatively high capacity for specific laminin
binding (probably due to a higher number of specific receptors),
the associated capacity for strong adhesion and extensive spread-
ing on laminin-coated substrata, and an augmented migratory
response to gradients of soluble and insoluble laminin. Previous
studies have demonstrated that tumor cells with an increased
capacity to attach and migrate to laminin were more invasive and
metastatic (19-21).

Enhanced attachment of tumor cells to laminin exposed on
basement membranes may confer a selective advantage in inva-
sion of these structures. The capacity of laminin to stimulate
directed (13) as well as random (22) migration of tumor cells also
implies an active role for this matrix protein in mediating
invasion. Recently, the motility responses to soluble and insolu-
ble laminin (chemotaxis and haptotaxis) were found to be distin-
guishable at the level of the signal transduction mechanisms (23),
suggesting the involvement of distinct cell surface receptors in the
two types of migration. Although laminin is present in vivo
predominantly as~an insoluble component of basement mem-
branes, invading tumor cells may also encounter soluble laminin
or its fragments as a result of the proteolytic degradation that is
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thought to occur during invasion (24). Therefore, an enhanced
migratory response to both soluble and insoluble laminin, as
observed in the invasive subline, may facilitate tumor cell
penetration of the various boundaries encountered in vivo.

Chemotactic and haptotactic migration of the invasive cells to
laminin declined at concentrations of attractant higher than those
that elicited maximal responses, as observed previously (13,25).
A similar phenomenon in neutrophil chemotaxis to peptide
attractants was termed cellular deactivation (26) and involved a
downmodulation of cellular receptors. An alternative explanation
of this phenomenon in haptotaxis to laminin, suggested by
McCarthy et al. (25), is that the higher concentrations of attrac-
tant in the lower chamber diffuse to a greater extent across the
pores of the filters during the precoating step and settle on the
upper filter surface. As a result, the filters are coated more
uniformly, resulting in a decline in directed motility.

The enhanced laminin-mediated adhesion, spreading, and
migration of the invasive cells suggested a higher number and/or
affinity of specific cell surface laminin receptors. Scatchard plots
of preliminary 125I-laminin binding data (not shown) were non-
linear for each cell line, suggesting the presence of more than one
class of laminin receptor. High-affinity cell surface receptors of
molecular weight 67,000-70,000 (20,27-31) as well as members
of the integrin family (32,33) have been identified as laminin
receptors. Laminin also binds to certain sulfated sugars on cell
surfaces (34,35). It is possible that the elevated specific laminin-
binding activity of invasive cells reflected an increased capacity
to bind soluble laminin in chemotaxis assays and resulted in their
enhanced migration.

When haptotaxis to laminin was assessed in the presence of
antilaminin, migration of the invasive and noninvasive cells was
inhibited by a maximum of 80%. The antibody to laminin
appeared to effectively bind and "cover" the relevant motility-
promoting sites on the molecule. However, the same concentra-
tions of antilaminin inhibited laminin-mediated haptotaxis of the
unselected parental population by a maximum of only 40%. It is
possible that invasive and noninvasive cells, which were selected
for specific laminin binding by using amnion basement mem-
branes, had a requirement for specific interactions with the
laminin molecule (presumably receptor mediated) before migra-
tion could occur. When these specific sites on laminin were
blocked with antibody, the selected cells could not migrate. In
contrast, a significant proportion of the parental population
(distinct from both invasive and noninvasive cells) was appar-
ently able to migrate over antibody-coated laminin without the
involvement of specific laminin receptors. During selection of
invasive and noninvasive cells from the parental population, it is
possible that a significant proportion of the parental cells was
unable to remain attached to the laminin-rich basement mem-
brane owing to a relative lack of specific laminin receptors and
was therefore lost in suspension. The presence of this hypotheti-
cal subset might now be revealed by the behavior of the parental
cells as a whole, as shown in figure 4. Perhaps the moderate
degree of inhibition observed in the parental-cell population was
due to the presence of the constituent invasive and noninvasive
cells.

The unselected parental cells and the selected invasive cells
had relatively high capacities for chemotactic migration and
adhesion towards both type IV collagen and fibronectin. How-

Figure 7. Specific
binding of "5I-lam-
inin to LoVo cells.
125I-Laminin (0.37
nAf) was added to cells
in suspension with or
without increasing
quantities of unlabeled
laminin (LAM) added
as competitor. Non-
specific binding, de-
fined as the quantity of
125I-laminin bound to
the cells in the pres-
ence of a 100-fold ex-
cess of unlabeled lami-
nin, was subtracted from the total binding at each point to obtain specific binding
of l25I-laminin per 5 x 105 parental (•), invasive (•), and noninvasive (o) cells.
Results are expressed as the mean of triplicate determinations ± SEM at each data
point. The quantity of 125l-laminin specifically bound to the invasive cells when
no unlabeled laminin was present (value along the y-axis) was significantly higher
than the corresponding values for both parental (P = .001) and noninvasive (P <
.02) cells.

ever, few of the parental cells migrated or adhered to laminin,
which may be due to the presence of the hypothetical third subset
lacking specific laminin receptors. Recent studies provided evi-
dence that hematopoietic precursor cells (36) and tumor cells (37)
interacted with fibronectin during invasion of the stromal layer of
amniotic membrane. Thus, adhesion and migration to fibronectin
and type IV collagen are apparently necessary but not sufficient
for complete invasion of the amnion.

The noninvasive LoVo cells were characterized by fewer
specific laminin receptors than the invasive LoVo cells (fig. 7),
•which perhaps contributed to their relatively low adhesion and
migration in response to laminin. In addition, the poor adhesion
and migration to fibronectin may have prevented them from
penetrating the interstitial stroma of the amnion. Reduced adher-
ence of the noninvasive cells to basement membrane (type IV)
collagen, together with an apparent loss in chemotactic migration
to high concentrations of this protein, may have also prevented
significant invasion.

The LoVo invasive and noninvasive cell lines thus represent a
unique model for the study of invasiveness in human colon
carcinoma cells. Unlike studies that compare and contrast differ-
ent cell lines, this model allows multiple comparisons to be made
between stable, closely related cell populations selected for
differences in extent of invasiveness. Further studies designed to
elucidate the nature of the laminin receptors on the invasive cells,
as well as the domains of the laminin molecule that are recognized
by these moieties, would provide great insight into some of the
fundamental mechanisms of laminin-mediated migration and
could lead to the development of therapeutic strategies designed
to prevent this type of migration.
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