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ABSTRACT

The present study was designed to find a simple and
effective staining technique to replace the tritiated-
thymidine method in cell adhesion assays in 96-well
microtiter plates. This method, a variation of previously
used staining methods (Cardarelli and Pierschbacher, 1986;
Barer, Lyon, and Draser, 1986), produced higher non-cell-
specific background levels than the tritiated-thymidine
method. But the staining method is useful for diverse cell
types and the results attained through the staining
technique were similar to those attained through the
radiolabeling technique. The staining method produced
reliable results in the screening of laminin and
fibronectin peptides more quickly, less expensively, and

less hazardously than the tritiated-thymidine labeling

technique.



LITERATURE REVIEW AND INTRODUCTION

One focus of the cancer research underway at the
Department of Laboratory Medicine and Pathology of the
University of Minnesota Medical School is the adhesion of
metastatic tumor cells to laminin, fibronectin, and other
adhesive glycoproteins of the basement membranes and the
extracellular matrix.

As the cells of a tumor divide, the primary neoplasm
grows and becomes vascularized. Cells in areas of the
tumor that are growing too rapidly for adequate
vascularization to occur migrate toward regions of greater
nutrient concentration. Tumor cells demonstrate decreased
intercellular adhesion due to enzymatic action, altered
matrix production, cytoskeletal changes, and decreases in
the number of intercellular junctions (McCarthy et al.,
1985) . The adhesive gradient created by decreased
intratumor adhesiveness relative to normal tissue is
hypothesized to provide a driving force for tumor cell
migration (Carter, 1965). In hematogeneous metastasis,
cells actually move through the basement membranes of blood
vessels to enter the circulatory system directly. Once in
blood circulation, the tumor cells form small aggregates,
attach to distant endothelial or subendothelial structures,

and penetrate the underlying basement membrane. The



metastasizing cells then grow to form metastatic nodules at
these secondary sites (McCarthy et al., 1985).

Recent studies indicate that laminin, fibronectin and
other glycoproteins of the basement membrane and the
extracellular matrix may be involved in the formation of
secondary nodules. Cell types associated with the basement
membrane in vivo (e.g., epithelial and endothelial cells)
attach preferentially to laminin (Vlodavsky and
Gospodarowicz, 1981). Mesenchymal cells and related tumors
also produce laminin and attach to laminin-coated substrata
(Couchman et al., 1983). Similar results have been
obtained for fibronectin (Rogers et al., 1985). Both
laminin and fibronectin are glycoproteins of high molecular
weight (660,000 and 220,000, respectively) with multiple
binding sites for other matrix components and the surfaces
of many cell types (McCarthy et al., 1985).

Cells attach to laminin and fibronectin in a dose-
dependent manner (Skubitz et al., 1988), and cells selected
for their ability to adhere to the laminin molecule are
more likely to metastasize (Terranova et al., 1982). Also,
laminin and fibronectin promote significant migration of
Bl6 murine melanoma cells (McCarthy et al., 1985). These
experiments indicate that motility does not occur as a
function of simple chemotaxis or haptotaxis. Rather, the
motility occurs in response to interactions between

adhesion-promoting domains of laminin and fibronectin and



integrins, receptors on the surfaces of cells that
recognize these domains (McCarthy et al., 1985). The
hypothesis being studied in Dr. Furcht's laboratory i1s that
the process by which tumor cell aggregates leave
circulating blood and cross the basement membrane is
dependernt on cell adhesion to the binding sites of laminin
and fibronectin. These glycoproteins may be more
accessible to circulating tumor cells at the point of
extravasation due either to their exposure or to the slow
velocity of blood flow (as in the lung or liver, for
example) .

The possible role of tumor cell adhesion to molecules
in the basement membranes and extracellular matrix in the
arrest and extravasation of metastasizing tumor cells has
been suprorted by recent studies. Isolated fragments of
laminin, to which tumor cells adhere, inhibit the
metastatic behavior of tumor cells; when normally
metastatic tumor cells are incubated ex vivo in the
presence of these reagents prior to injection into mice,
metastasis is not seen (McCarthy et al., 1988). Studies
involving the preincubation of normally metastatic tumor
cells in fragments of fibronectin have provided similar
metastasis-inhibiting results (Furcht et al., 1988). These
experiments suggest that the cell-surface integrins become

saturated by solukle laminin and fibronectin fragments.



If this theory is correct, an interesting treatment to
prevent hematogeneous metastasis in cancer patients may be
possible: intravenously administering adhesive peptides
that saturate the laminin and fibronectin binding sites of
tumor cells may prevent cell recognition of the basement
membrane and subsequent cell extravasation.

The amino acid sequences of the adhesion-promoting
fragments of laminin and fibronectin have been determined,
and many small peptides corresponding to regions of these
fragments are being synthesized. A hydropathy index has
been utilized to select positively charged peptides
(containing lysine and arginine residues) for synthesis;
these peptides may electrostatically attract the negatively
charged proteoglycans that coat cells. A large number of
these peptides are currently being screened for adhesion-
oromoting activity. Several, most notably the laminin-
derived peptides AC-7, 1158, and 1159, display adhesion-
promoting activity rivaling that of intact laminin,
indicating that these sequences include integrin-binding
regions (Charonis et al., 1988). Fibronectin-derived
peptides of similar activity have been synthesized
(McCarthy et al., 1988).

A short peptide (near 10 amino acids long) with strong
adhesion-promoting activity is sought. The huge laminin

and fibronectin molecules display such diverse activity



that unnecessarily large peptides may have potentially
harmful effects that could complicate treatment.

The method employved to screen peptides for adhesion-
promoting activity was the cell adhesion assay using
radiocactively labeled-cells. This method involved adding
tumor cells that had incorporated tritiated-thymidine into
their DNA structure to the protein/peptide coated wells of
a microtiter plate. After an incubation period, cells that
had not adhered to the protein/peptide were aspirated from
the wells, the adherent cells were solubilized, and the
resulting radioactive solution was analyzed in a
scintillation counter. The disintegrations per minute of
the tritium-containing solution is proportional to the
number of cells added per well (Skubitz et al., 1988).

While the use of tritiated cells provides a reliable
method for quantifying cell adhesion, there are several
important disadvantages of radioactive assays: the
incorporation of 3H—thymidine occurs only in cells which
are rapidly dividing, precluding radiocactive assays of non-
dividing cell types (cells derived from normal tissues);
the incorporation of tritiated-thymidine and scintillation
counting are slow; ang the use of radioactive substances
and the reagents for their use are expensive and hazardous.
The present study was designed to find a simple and

effective staining to._.inique to replace the tritiated-



thymidine method in cell adhesion assays in 96-well

microtiter plates.



MATERIALS AND METHODS

Peptide synthesis and purification.

Several peptides corresponding to short sequences of
the intact laminin molecule: AC-7 (RYVVLPRPVCFEKGMNYTVR),
H-30 (VEGVEGPRCDKCTRG), 1158 (KQNCLSSRASFRGCVRNLRLSR), and

1159 (KEGYKVRLDLNITLEFRTTSK) were used in this study.

Cells.

Three cell lines: uv-2237-MM murine fibrosarcoma, K-
1735-M4 murine melanoma, and C-10 murine melanoma, all
kindly provided by Dr. I. J. Fidler (M. D. Anderson
Hospital, University of Texas Health Science Center,
Houston, Texas), were used in the development of this
staining technique. The murine melanoma cell lines were
maintained in Dulbecco's modified Eagle's medium (DMEM)
with 10% calf serum in a 37° humidified incubator
containing 5% CO2. The murine fibrosarcoma cells were
maintained in DMEM containing 10% fetal calf serum in the

same incubator.



Cell Adhesion Assays.

Late log-phase cell cultures (50-70% confluent) were
incubated overnight in the presence of 0.002 mCi/mL
tritiated-thymidine (specific activity, 6 mCi/mL,
Amersham) . The cells were released from the flask by
trypsinization, washed in serum-free DMEM buffered with
0.015 M N-(2-hydroxyethyl) -piperazine-N'-2-ethanesulfonic
acid (Hepes), pH 7.2, and suspended to a final
concentration in DMEM/Hepes containing 2 mg/mL bovine serum
albumin (BSA) from ICN ImmunoBiologicals at desired
concentrations (measured by hemacytometer) .

The cells were dispensed (0.1 mL/well) into 96-well
Immulon 1 (Dynatech) polystyrene microtiter plates that had
been previously coated with proteins or peptides. The
coating process involved the overnight drying of 0.05 mL of
protein/peptide solutions at desired concentrations
dissolved in phosphate-buffered saline (PBS) in a 20° dry
incubator. Nonspecific adhesion to sites on the
polystyrene wells was blocked by preincubating the plates
with 0.2 mL/well 2 mg/mL BSA in PBS.

The plates were incubated for 90-min in a 37©
humidified incubator containing 5% CO2 following the
addition of the cell solutions. After the incubation
period, the wells were washed with 2 mg/mL BSA in

DMEM/Hepes to remove nonadherent cells.



In wells containing bound radiocactively-labeled-cells
to be quantified by scintillation, the adherent cells were
solubilized with 0.5 N NaOH and 1% sodium dodecyl sulfate
(SDS). The resulting radioactive solutions were
transferred to vials containing Ecolume liquid
scintillation cocktail (ICN Biomedicals) and the
radioactive disintegrations per minute were determined in a
Beckman model 3801 liquid scintillation counter.
Experiments involving radiolabeled-cells were performed in
quadruplicate.

In wells containing cells to be stained, attached
cells were fixed with 3% paraformaldehyde and, after a 20
min room temperature incubation period, stained with 0.5%
toluidine blue (Fisher) in 3.7% formaldehyde. The plates
containing the adherent cells in staining and fixing
solutions were incubated overnight at room temperature.

The wells were washed with distilled water the following
day to remove excess fixative and stain, the stain was
freed from the adherent cells with 1% SDS in water, and the
optical densities at 630 nm were determined in a microplate
autoreader (Bio-Tek Instruments model EL 311). The dye was
found to absorb maximally at 630 nm. Experiments involving
toluidine blue stained-cells were done in quadruplicate.
Additionally, four wells at each protein/peptide
concentration that did not receive a cell suspension were

stained and fixed to determine the amount of non-cell-
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specific staining. These wells received 0.1 mL of cell-
free 2mg/mL BSA in DMEM/Hepes rather than 0.1 mL of a cell
suspension in the same solvent; subsequently they received
the same treatment as those wells that had received cells.
The average absorbance of these wells for each
concentration was subtracted from the average absorbances
of the cell-containing wells to give the average absorbance
due to cell-bound stain only. This was necessary since
intact laminin and fibronectin and several of the peptides
derived from these molecules were themselves stained quite
strongly.

In the analysis of the quadruplicate sets of data from
both the radioactively labeled-cell studies and the
toluidine blue stained-cell studies, values were
occasionally seen which deviated greatly from the other
values in their quadruplicates. These deviant values
apparently resulted from the crystallization of the dyed
solutions (in the stained-cell studies) and the inherent
inaccuracy of working with non-uniform cell solutions. 1In
order to systematically remove these deviant values from
the quadruplicate sets of data, the Student-t test was
employed. Any value within a quadruplicate was dropped if
the t-score of that value was greater than four with

respect to the other values in the quadruplicate (allowing

a 95% conifiidence interval).



11

RESULTS

Results showed that the number of radiolabeled C-10
murine melanoma cells added to each laminin-coated well
was, following 90-min incubation, rinsing, and cell
solubilization, proportional to the tritium disintegrations
per min measured by liquid scintillation (Fig. 1). A 90-
min incubation allowed a large percentage of the cells to
adhere to the laminin, yet did not allow time for cell
division to occur. All of the wells were coated with an
amount of laminin (0.001 mg/well) large enough to bind all
of the C10 cells added. Nonspecific binding to the
polystyrene was prevented by preincubation of the plate in
PBS/BSA. The absorbances measured after solubilization
with 1% SDS in dH20 reflect the number of cells present per
well.

As shown in Fig. 2, the absorbance at 630 nm of the
solubilized cell solutions after staining was also
proportional to the number of C-10 cells added per well.
The plate was fixed and stained with 0.5% toluidine blue in
3.7% formaldehyde following a 90-min incubation period.

The proportionality between the 0.D. reading and the
cell number added per well was also shown for M4 murine

melanoma cells (Fig. 3) and for unrelated MM murine
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Tritium Disintegrations
Per Min (x 10 -3)

0 . - - - .
0 10 20 30
Cl10 Cells Added Per
Tl 11 v TN )
Figure 1. Relationship between cell number and tritium
disintegrations per min (DPM). Tritium-labeled C10 murine
melanoma cells were added to polystyrene wells coated with
0.001 mg intact laminin. Following 90-min incubation and
rinsing, the adherent cells were solubilized. The DPM of

the resulting solutions were measured.
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Absorbance at 630 nm
(0.D.
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0 10 20 30

Cl10 Cells Added Per
Well (X 10 -=-3)

Figure 2. Relationship between C10 cell number and O.D.
Cl0 murine melanoma cells were added to polystyrene wells
coated with 0.001 mg intact laminin. Following 90-min
incubation and rinsing, the adherent cells were fixed,
dyed, and solubilized. The 0.D. of the resulting solutions
was measured.
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Figure 3. Relationship between M4 cell
number and O0.D. M4 murine melanoma cells
were added to polystyrene wells coated
with 0.001 mg intact laminin. Following

90-min incubation and rinsing, the
adherent <cells were fixed, dyed, and
solubilized. The O.D. of the resulting
solutions was measured.
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fibrosarcoma cells (Fig. 4).

An assay was performed to determine the correlation
between the absorbance readings measured in the microplate
reader and the number of cells counted in each well with
the aid of an Optomax semiautomatic image analysis system
(Optomax) driven by an Apple II computer. Plots of the
O0.D. readings and Optomax counts (Fig. 5) for wells in
which M4 cells were plated on bovine serum albumin (BSA),
intact laminin, AC-7, and H-30, are roughly similar.

Definitive experiments to determine the reliability of
the toluidine blue staining method involved parallel assays
to compare the method with the widely used 3H—thymidine
method. In the first of these experiments, Cl0 cells
suspended to a concentration of 100,000 cells/mL were added
to wells coated with BSA, laminin, and the laminin peptides
1158, 1159, and H-30. Plots of the resulting data for
absorbances and tritium disintegrations per min are given
(Fig. 6). Plots of similar parallel experiments between
the staining method and the 3H—thymidine technique using

labeled M4 cells (Fig. 7) and MM cells (Fig. 8) are also

given.
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Figure 4. Relationship between MM cell
number and O.D. MM murine fibrosarcoma

cells were added to polystyrene wells
coated with 0.001 mg intact laminin.
Following 90-min incubation and rinsing,
the adherent cells were fixed, dyed, and
solubilized. The O0.D. of the resulting
solutions was measured.
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solubilized and the 0.D. of the resulting solutions was
measured.
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the laminin peptides 1158, 1159, and H-30. Following 90-
min incubation, one quadruplicate set of wells was rinsed,

fixed, stained, and solubilized. The 0.D. of these
solutions was measured. Another quadruplicate set of wells
was rinsed and solubilized. The DPM of these solutions

were measured.
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solutions were measured.
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CONCLUSION AND DISCUSSION

The hypothesis that cell adhesion to laminin,
fibronectin, and other molecules of the basement membrane
and extracellular matrix is a critical process in the
arrest and extravasation of metastasizing tumor cells is
being studied at the Department of Laboratory Medicine and
Pathology of the University of Minnesota Medical School.

In the testing of this hypothesis, short peptides of
laminin and fibronectin are being screened for strong cell
adhesion-promoting activity. It is thought that these
peptides, corresponding to the adhesive domains of the huge
laminin and fibronectin molecules, may saturate the laminin
and fibronectin binding sites of tumor cells in the blood
circulation to prevent cell recognition of the basement
membrane and to prevent cell extravasation and secondary
tumor growth. A short peptide with strong adhesion-
promoting activity and few other effects is sought.

A slow, expensive, and hazardous tritiated-thymidine-
labeling method was previously used in cell adhesion assays
in the search for such a peptide. 1In the present study a
simple toluidine blue staining method was developed to
quantify cell adhesion in peptide-screening assays
performed in 96-well microtiter plates. The staining
method was found to be useful for diverse cell types

including murine fibrosarcoma and melanoma cells. Other
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researchers have used toluidine blue successfully to stain
murine thymocytes (Cardarelli and Pierschbacher, 1986).
The staining method was shown to quantitate cells nearly as
effectively as the reliable tritiated-thymidine method.

The results of this staining technique were compared
with the results obtained from an Optomax semiautomatic
image analysis system (Optomax) driven by an Apple II
computer. The results were seen to be roughly similar;
dissimilarities between the data generated by the two
methods were most likely due to light refracting through
the 96-well microtiter plates which caused errors in
Optomax readings.

The results of cell adhesion assays using the
toluidine blue method were also compared with those of the
reliable tritiated-thymidine method. It was found that
both methods produced similar results when C-10, M4, and MM
cells were added to wells coated with BSA, laminin, and the
laminin peptides 1158, 1159, and H-30.

The major drawback to the method involved the high and
variable non-cell-specific background staining levels.
However, the toluidine blue staining technique produced
reliable results in the screening of laminin and
fibronectin peptides more quickly, less expensively, and

less hazardously than the tritiated-thymidine labeling

technique.
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