
INTRODUCTION

The striking correlation between oncogenic transformation
and the loss of fibronectins (FNs) from the cell surface was
first described in 1973 (Hynes, 1973). It was subsequently
discovered that addition of plasma fibronectin to cultures
of transformed fibroblasts restores to the cell a normal
phenotype (Yamada et al., 1976). These observations initi-
ated a field of research into the role of FNs in transforma-
tion and malignancy (reviewed by Hynes, 1990). Evidence
for a correlation between loss of cell-surface FN and
tumorigenicity is less convincing and is complicated by dif-
ferences in the expression of FNs by tumorigenic cells in
vitro and tumours in vivo. Furthermore, transformation and
tumorigenesis are different processes, and changes in FN
expression that occur with transformation do not necessar-
ily occur in tumours. Nevertheless, a good correlation
between loss of FNs and tumorigenicity has been shown
for some transformed cell lines (Chen et al., 1976; Gal-
limore et al., 1977).

The complexity of the roles of FNs in biological
processes such as tumorigenesis is augmented by the exis-
tence of up to twenty FN isoforms. These show structural
diversity but contain a series of the repeating amino acid
sequences: type I, type II and type III repeats (reviewed by
Hynes, 1985; Owens et al., 1986; see Fig. 1). FN isoforms
are generated by alternative splicing of a single pre-mRNA
in three regions called EDIIIA, EDIIIB and IIICS in man
(Kornblihtt et al., 1984a,b; Zardi et al., 1987), and EIIIA,
EIIIB and V in rat (Schwarzbauer et al., 1983), chicken
(Norton and Hynes, 1987) and Xenopus (DeSimone et al.,
1992). EDIIIA and EDIIIB each encode one complete type
III repeat, which can be either included in, or excluded
from, the FN molecule as a result of alternative splicing
(Fig. 1). The IIICS region encodes two cell type-specific
binding sites, CS1 and CS5 (Humphries et al., 1987) the
expression of which is determined by a more complex pat-
tern of alternative splicing (Mardon and Sebastio, 1992).
Differences in the splicing patterns of EDIIIA, EDIIIB and
IIICS account for the structural diversity of plasma and cel-
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Recent reports have described transformation- and
tumour-specific expression of fibronectin isoforms gen-
erated by alternative splicing of the fibronectin pre-
mRNA. We have investigated the expression and distri-
bution of EDIIIA+ and EDIIIB+ fibronectin splice
variants in tumorigenic and non-tumorigenic somatic
cell hybrids made by fusing fibrosarcoma-derived cells
(HT1080) and normal fibroblasts (GM00097). Alterna-
tive splicing of EDIIIA and EDIIIB was assessed quan-
titatively by S1 nuclease analyses. The levels of EDIIIA+
and EDIIIB+ fibronectin mRNAs were similar in the
parental and hybrid cells. Domain-specific monoclonal
antibodies were used in immunohistochemical studies to
identify EDIIIA+ and EDIIIB+ fibronectins in fixed
cells. GM00097 and the non-tumorigenic hybrid (clone
G3) showed high levels of both EDIIIA+ and EDIIIB+
fibronectin staining. The tumorigenic hybrid (clone C1)

showed reduced amounts of EDIIIA+ fibronectin, but
no detectable EDIIIB+ fibronectin. No fibronectin was
detected on the surface of HT1080 cells. Western blots
of protein extracted from culture supernatants and
extracellular matrices revealed that GM00097 and G3
cells incorporated most of the EDIIIA+ and EDIIIB+
fibronectin into the extracellular matrix  whereas C1
cells released a large proportion of the EDIIIA+
fibronectin, and almost all of the EDIIIB+ fibronectin,
into the supernatant. We conclude that there are dif-
ferences in the presence of EDIIIA+ and EDIIIB+ FNs
on the surface of tumorigenic and non-tumorigenic cells
and that these differences are due to differential incor-
poration of FN variants into the ECM.
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lular FNs (Schwarzbauer et al., 1983; Kornblihtt et al.,
1984a,b).

A number of normal, transformed and tumorigenic cells
and embryonic, normal adult, and malignant tissues have
been analysed for differential expression of EDIIIA+ and
EDIIIB+ mRNAs (Kornblihtt et al., 1984a,b; Norton and
Hynes, 1987; Zardi et al., 1987; Oyama et al., 1989, 1990),
and EDIIIA+ and EDIIIB+ FNs by the use of domain-
specific monoclonal antibodies (Sekiguchi et al., 1985;
Borsi et al., 1987; Vartio et al., 1987; Carnemolla et al.,
1989). The results of these and other studies suggest that
expression of EDIIIB+ FN is elevated during development
and in some transformed and tumour cells relative to their
normal adult counterparts in which EDIIIA+ FN is pre-
dominant. 

Studies in which direct comparisons may be made
between cells which differ in tumorigenicity, but which are
isogenic in the sense that they are derivatives of the same
parental cells, are particularly useful for examining the rela-
tionship between FNs and tumorigenicity. Somatic cell
hybrids derived from one normal and one tumorigenic
parent cell provide an excellent cell system for this kind of
study. These hybrids, which may either be tumorigenic or
suppressed with respect to tumorigenicity, have been used
extensively in the genetic analysis of tumorigenesis
(reviewed by Harris, 1988, 1990). Steel and Harris (1989)
demonstrated that transfection of antisense FN cDNA into
fibroblast × melanoma hybrids in which tumorigenicity was
suppressed inhibited FN expression and restored the abil-
ity of these cells to make tumours in nude mice. However,
the correlation between tumorigenesis and loss of FN was
apparent in some hybrid cells (e.g. see Der et al., 1981;
Zajchowski et al., 1990) but not in others (Der and Stan-
bridge, 1978).

In this study we address the possible relationship between
FN variants and tumorigenicity (as opposed to transforma-
tion). We have used tumorigenic and non-tumorigenic
somatic cell hybrids made by fusing normal fibroblasts and
fibrosarcoma cells to examine more closely the relationship
between tumorigenesis and expression of EDIIIA+ and
EDIIIB+ FNs. We provide measurements of the differen-
tial expression of EDIIIA+ and EDIIIB+ FN mRNA and
protein in the parental cells, a hybrid clone in which tumori-
genicity is suppressed and a tumorigenic hybrid, and we
describe differences in the destination of FN variants in cul-
tures of these cells.

MATERIALS AND METHODS

Cell culture
GM00097 human diploid fibroblasts (Punnett et al., 1974) were
maintained in MEM (GIBCO, UK) + 20% foetal calf serum (FCS;
GIBCO, UK). A human fibrosarcoma cell line HT1080 (Rasheed
et al., 1974), which is HPRT-deficient, and the hybrid clones C1
and G3, were maintained in DMEM + 10% FCS. Cultures were
grown to subconfluence either on pre-washed, no. 2, 22 mm cov-
erslips (Chance, UK), or in 80 cm2 tissue culture flasks (Flow,
UK) and then maintained for a further 24 h in serum-free medium
containing 1:1000 (w:v) insulin-transferrin-sodium selenite sup-
plement (Boeringher Mannheim UK). Cultures were processed for
RNA and protein assays as described below. All the experiments

were done on cultures between the following passage numbers:
GM00097, 9-16; HT1080, 26-36; clone C1, 39-50; clone G3, 10-
31. Cell cultures were photographed using a Leitz Diavert micro-
scope.

Cell fusion
A total of 105 each of GM00097 and HT1080 cells were fused
by means of Sendai virus as described by Harris and Watkins
(1965). Hybrid clones were selected in medium containing HAT
(Littlefield, 1964), expanded in culture, and assayed for tumori-
genicity in nude mice. Chromosome preparations were made as
described by Evans et al. (1982).

Assay for tumorigenicity
Suspensions of 106 C1 or G3 cells in 100 µl DMEM were injected
into the flanks of nude mice. At least 9 mice were injected with
cells from each clone, in batches of 3 from different passage num-
bers within those stated above. The mice were inspected daily for
the appearance of tumours, for up to 92 days. 

S1 nuclease protection assay
RNA was prepared by acid guanidinium thiocyanate-phenol-chlo-
roform extraction of cells (Chomczynski and Sacchi, 1987).
Probes were prepared by labelling the BstEII/EcoRI fragment from
pGEM/A+1 (for EDIIIA probes), and  the BamHI/SspI fragment
from pGEM/B− (for EDIIIB probes), with [γ-32P]ATP using bac-
teriophage T4 polynucleotide kinase. pGEM/A+1 and pGEM/B−
were constructed by cloning the 289 bp AvaI/AvaII fragment
pGEM/A+1 and the 475 bp BamHI/SacI fragment (pGEM/B−)
into the HincII site of pGEM/3Z. S1 nuclease protection assays
were performed as described by Proudfoot et al. (1984). RNA-
DNA hybrids were fractionated by 7 M urea/polyacrylamide gel
electrophoresis (PAGE). Gels were exposed to X-ray film for 24
h at −70oC. Densitometric analysis of the autoradiographs was
done with a LKB Ultrascan densitometer.

Cytochemical and immunohistochemical
localisation of protein  
Cells grown on coverslips were fixed in 95% ethanol for 5 min
at 0oC, and air-dried. Actin was visualised by incubation with 3
units/ml rhodamine phalloidin (Molecular Probes, USA), accord-
ing to the manufacturer’s instructions. FN variant-specific mAbs
IST-4, IST-9 and BC-1 (Sekiguchi et al., 1985; Borsi et al., 1987;
Carnemolla et al., 1989), kindly given to us by L. Zardi, were
used to localise all FNs, EDIIIA+ FN and EDIIIB+ FN, respec-
tively. Immunohistochemical procedures have been described
elsewhere (Mardon et al., 1987). Labelled cells were viewed and
photographed with a Zeiss Axioplan microscope.

Protein extraction and Western blot analyses
Protein was precipitated from culture supernatants by the addition
of 2-3 volumes of ice-cold 95% ethanol. The precipitated protein
from individual replicate 80 cm2 flasks was collected by cen-
trifugation at 2000 revs/min for 5 min and resuspended in 100 µl
protein sample buffer (Laemmli, 1970). Cells were lysed with 0.02
M NH4OH (Gospodarwicz et al., 1984) and the lysate collected.
The material remaining attached to the flask was washed exten-
sively with PBS, and resuspended in 400 µl protein lysis buffer
(1% Triton X-100; 0.5% sodium deoxycholate; 0.5% SDS; 0.1%
NaCl; 5 mM MgCl2; 50 mM Tris-HCl, pH 7.6) containing 3 mM
phenylmethylsulfonyl fluoride, and 1 µg/ml (w/v) each of apro-
tinin, leupeptins and pepstatin. Proteins were precipitated and col-
lected as above and resuspended in 100 µl protein sample buffer,
and a sample was electrophoresed through a 4% polyacrylamide
stacking gel and 6% polyacrylamide resolving gel containing 0.1%
SDS (Laemmli, 1970). Proteins were transferred onto nitrocellu-
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lose filters (Towbin et al., 1979). Actin, the 60 kDa actin-related
protein, and FN variants, were detected with the ECL Western
Blotting System (Amersham), according to the manufacturer’s
instructions. Anti-actin mAbs (Sigma) were followed by mAbs
IST-4; IST9 or BC-1 and then by sheep anti-mouse IgG conju-
gated to horseradish peroxidase (HRP; Sigma, UK). Prestained
protein markers (Gibco BRL, UK) were lysozyme (15 kDa); β-
lactoglobulin (18 kDa); carbonic anhydrase (28 kDa); ovalbumin
(43 kDa); BSA (71 kDa); phosphorylase b (100 kDa) and myosin
(H-chain) (218 kDa). Filters were exposed to X-ray film and den-
sitometric analysis of images was done as above. 

RESULTS

HT1080 GM00097 hybrid clone G3 shows
suppression of tumorigenicity whereas clone C1
is tumorigenic
The fusion of GM00097 fibroblasts and HT1080 fibrosar-
coma cells gave rise to non-tumorigenic and tumorigenic
hybrid cells whose hybrid nature was confirmed by chro-
mosome analysis. The tumorigenicity of two such hybrid
clones, C1 and G3, is shown in Table 1. Clone C1 was
highly tumorigenic when inoculated into nude mice.
Tumours appeared in all 11 mice injected with 106 C1 cells
after a short latency (3-12 days) and grew rapidly (>1.5 cm
diameter after 16 days), whereas clone G3 cells produced
a tumour in only 1 out of 9 mice injected. Furthermore, this
tumour had a long latency (44 days), and was small (<0.25
cm diameter) even after 92 days.

The tumorigenic and non-tumorigenic hybrids are
morphologically different
The morphologies of the two parent cell lines, GM00097
and HT1080, and the hybrid clones C1 and G3, viewed by
phase-contrast microscopy, are shown in Fig. 2. GM00097
cells are large, flat and exhibit typical fibroblastic mor-
phology. HT1080 cells are small and rounded, and their

morphology is characteristic of that of a transformed cell.
G3 cells are relatively large and, like GM00097 cells,
exhibit a high degree of spreading, whereas C1 cells are
smaller and more rounded and resemble HT1080 cells.

Actin organisation is disrupted in HT1080 and C1
cells
Localisation of F-actin by rhodamine-phalloidin (Fig. 3)
shows that GM00097 fibroblasts have a well-organised
cytoskeleton. Actin is localised in prominent stress fibres,
which are features of many non-transformed cells in cul-
ture (Burridge et al., 1988). In HT1080 cells the actin stain-
ing is bright, but diffuse. The actin is localised in small
patches, rather than in linear stress fibres and in a pericel-
lular rim. G3 cells have a pattern of actin staining which
is similar to the GM00097 parent cells, and stress fibres are
clearly visible in most of the cells. The pattern of actin
staining in C1 cells is similar to that observed for HT1080
cells and to that described by Carley et al. (1981) for trans-
formed cells. Actin is very diffuse across the cell and stress
fibres are not visible. A pericellular rim and small, diffuse
patches of actin, can be clearly identified. 

Alternative splicing of EDIIIA and EDIIIB in the
hybrids is not related to tumorigenicity
The pattern of splicing of FN pre-mRNA in the EDIIIA and
EDIIIB regions was investigated by S1 nuclease analysis of
RNA from GM00097, HT1080, and clones C1 and G3 (Fig.
4). The amounts of EDIIIA+ and EDIIIB+ mRNA detected
by densitometric analyses of data from three independent
experiments were expressed as a percentage of the total FN
mRNA. Different amounts of RNA were used from each
cell type to facilitate the analysis of a single exposure of
the autoradiographs. Taking into account these loading dif-
ferences, comparison of the intensity of the bands
corresponding to the total amount of FN mRNA (i.e.
EDIIIA+ plus EDIIIA− in Fig. 4A, and EDIIIB+ plus

Fig. 1. (A) Organisation of type I, type II and type III (1-15) amino acid
repeats in a single FN subunit. The alternatively spliced regions EDIIIA,
EDIIIB and IIICS are underlined. (B) Pattern of alternative splicing of
EDIIIA pre-mRNA. EDIIIA and EDIIIB each encode a single type III
repeat, whereas type IIIs 1-15 are each encoded by two exons. Inclusion of
EDIIIA or EDIIIB exons in the mRNA gives rise to EDIIIA/B+ FN (shown
above); exclusion gives rise to EDIIIA/B− FN (shown below). Open boxes,
exons; continuous lines, introns; type III repeats 11 and 12 correspond to
those in A; shaded box represents EDIIIA. EDIIIB pre-mRNA undergoes
the same pattern of splicing.
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EDIIIB− in Fig. 4B) shows that GM00097 cells expressed
relatively high levels and HT1080 cells very low levels of
FN. However, the level of FN expression in clones C1 and
G3 was similar. Both cell lines expressed higher levels of
FN mRNA than the HT1080 cells (at least 10-fold more),
but less than GM00097 cells. 

The S1 nuclease analysis in Fig. 4A shows, that com-
pared to HT1080, C1 or G3 cells, GM00097 cells expressed
a higher proportion of EDIIIA− mRNA than HT1080, C1
or G3 cells. High levels of EDIIIA− FN mRNA have pre-
viously been reported in normal fibroblasts (Borsi et al.,
1990). All four cell lines synthesized a lower proportion of
EDIIIB+ mRNA than EDIIIB− mRNA (Fig. 4B). These
data also show that all four cell types processed both
EDIIIA and EDIIIB exons accurately. Densitometric analy-
ses of the autoradiographs (Fig. 4C) confirmed that the per-
centages of EDIIIA+ and EDIIIB+ mRNA are similar in all
four cell lines. GM00097 cells express 65% EDIIIA+

mRNA (range 61.5-67.6%) whereas HT1080 cells express
89% (range 86.1-94.5%),  C1 cells 94% (range 92.2-97.4%)
and G3 cells 86% (range 86.2-86.9%) EDIIIA+ mRNA.
Nevertheless, the difference between GM00097 and C1
cells is less than 2-fold (or less than a 6-fold difference in
the expression of EDIIIA− mRNA). The greatest difference
in the expression of EDIIIB+ mRNA is between G3 and
GM00097 and is less than 3-fold. These data are in agree-
ment with previously reported levels of EDIIIB+ mRNA
for HT1080 (Barone et al., 1989) and for some normal skin
fibroblasts (Borsi et al., 1992). Our results suggest that there
is no significant difference in the regulation of splicing of
EDIIIA+ and EDIIIB+ pre-mRNA in GM00097, HT1080,
or clones C1 and G3. 

EDIIIA+ but not EDIIIB+ FN is present in the ECM
of the tumorigenic clone C1 
D o m a i n - s p e c i fic mAbs were used to detect the presence of
all forms of FN (IST-4), EDIIIA+ FNs (IST-9), and EDIIIB+
FNs (BC-1) in the cultures of the parental and hybrid cells
(Fig. 5). The staining obtained with IST-4 shows that both
GM00097 and G3 cells secrete a FN-rich ECM. No stain-
ing with IST-4 was observed in cultures of HT1080, indi-
cating that FN was not present in the ECM of these cells.
FNs were detected in the ECM of C1 cells, but at reduced
levels compared to the ECM of GM00097 and G3 cells. The
level of staining with IST-9 was similar to that observed for
IST-4 for each cell type. EDIIIA is thus abundant in the
matrix of GM00097 and G3 cells, less abundant in C1 cells,
and, as would be expected from the results obtained with
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Table 1. Tumorigenicity of GM00097 HT1080 hybrid
cells injected into nude mice

No. mice Size of 
No. cells with tumours Latency tumour

Hybrid injected no. mice injected (days) (diameter)

Clone C1 106 11 3-12 ≥1.5 cm at 16 days
11

Clone G3 106 1 44 ≤0.25 cm at 92 days
9

Fig. 2. Morphologies of GM00097, HT1080, C1 and G3 cells in
culture observed by phase contrast microscopy. Bar, 10 µm.

Fig. 3. Localisation of F-actin by rhodamine-phalloidin in fixed
cultures of GM00097, HT1080, and clones C1 and G3. Bar, 10
µm.
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IST-4, absent in HT1080 cells. BC-1 gave a lower intensity
of staining (compared to IST-4 and IST-9) in the matrix of
both GM00097 and G3 cells, but was nevertheless clearly
visible. However, there was no staining with BC-1 in C1
cultures, indicating that EDIIIB+ FN is not present in the
ECM of these cells at this level of detection.

EDIIIA+ and EDIIIB+ FNs are differentially
incorporated into the ECM
The destination of EDIIIA+ and EDIIIB+ FNs secreted by
parent and hybrid cells in culture was determined by West-
ern blot analyses of protein collected from culture super-
natants (SN) and from the ECM and cellular membranes
(ECM) remaining attached to the flask after lysis of the

cells (Gospodarowicz et al., 1984). The Western blots
shown in Fig. 6A are representative of at least 4 indepen-
dent experiments. Estimates of the proportions of total FN,
EDIIIA+ or EDIIIB+ FNs in ECM and the supernatants
were made by comparison with the FN band, which com-
prises FN subunits between approximately 220 and 250 kDa
that do not separate sufficiently in these gels to enable res-
olution of individual FNs (Fig. 6A). This variation in size
exists because there are FN isoforms that differ in the IIICS
region of the protein in addition to the EDIIIA and EDIIIB
variants. Actin (42-43 kDa) was detected with anti-actin
mAbs to provide a protein loading control for ECM sam-
ples. The anti-actin mAbs also bound to a secreted 60 kDa

A B

C

Fig. 4. S1 nuclease analysis of total RNA from GM00097 (0.5 µg),
HT1080 (40 µg), clone C1 (3 µg) and clone G3 (3 µg). Probes were
prepared from pGEM 3Z/A+1 (for EDIIIA) or pGEM 3Z/B− (for
EDIIIB) containing fragments of EDIIIA+, EDIIIB− FN cDNA,
pFH111 (Kornblihtt et al., 1984a,b). The probes and protected RNAs
are indicated below the photographs; DNA size markers are shown to
the side. (A) Detection of EDIIIA+ (267b) and EDIIIA− (106b) FN
mRNAs. (B) Detection of EDIIIB+ (370b)and EDIIIB− (475b) FN
mRNAs. (C) Densitometric analyses of S1 nuclease assays of %
EDIIIA+ (black columns) and EDIIIB+ (hatched columns) FN
mRNAs. The columns represent the mean values from three
independent experiments (see Results for ranges).
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protein that has been shown to have epitopes related to actin
(Varma et al., 1987). This protein provided a loading con-
trol for the culture supernatants. The densitometric analy-
sis of the data shown in Fig. 6A, corrected for loading dif-
ferences, is graphically represented in Fig. 6B, in which
ECMs are represented by dark-shaded columns and super-
natants by light-shaded columns and Fig. 6C. All of the
FNs released by these cells in culture were either in the
ECMs or in the supernatants and no FN was detected by
Western blotting of the cell lysate (see Materials and Meth-
ods; data not shown).

These data suggest that of the total amount of FN pro-
duced by GM00097 cells more than 70% accumulated in
the ECM and the remaining 30% or so was released into
the supernatant. The short exposure of the GM00097 tracks
in Fig. 6A clearly shows that more FN was detected in the
ECM than in the supernatant. The pattern is similar in G3
cells in which a large proportion (>80%) of the total FN
was detected in the ECM. This pattern of FN distribution
was reversed for the C1 cells. Only a small proportion of
the total FN (<10%) was detected in the ECM and the rest
was released into the supernatant. FN was barely detectable

Fig. 6. (A) Western blots of protein extracted from ECM (E), or
culture supernatants (S). E tracks were loaded with 5 µl
(GM00097 and G3 cells) or 10 µl (HT1080 and C1 cells) protein
and S tracks with 5 µl (GM00097 and G3 cells) or 1 µl (HT1080
and C1 cells) protein, out of a total of 100 µl from each 80 cm2

culture flask. Domain-specific mAbs detected total FN (IST-4),
EDIIIA+ FNs (IST-9) or EDIIIB+ FNs (B-C1) and anti-actin
mAbs detected actin and the 60 kDa actin-related protein, by ECL.
Bands corresponding to FN subunits are 220-250 kDa and actin is
42-43 kDa. The autoradiographs of the Western blots of
GM00097 cells on the left of the photograph are shorter exposures
of those on the right. Protein standard markers (in kDa) are
shown. (B) Densitometric analyses of the autoradiographs shown
in A, representative of several independent experiments. ECM
proteins are represented by dark-shaded columns and culture
supernatants by light-shaded columns. (C) Densitometric analyses
of the autoradiographs shown in A, representing the percentage of
total FN in the ECM that is EDIIIA+ or EDIIIB+.

A B

C
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in the ECM of HT1080 cells. Approximately half (>40%)
of EDIIIA+ FN secreted by GM00097 cells accumulated in
the ECM, and ECM from G3 cultures contained approxi-
mately 90% of the EDIIIA+ FN. In C1 cultures almost all
(>90%) of the EDIIIA+ FN was released into the super-
natant. EDIIIA+ FN was not detected in the ECM of
HT1080 cells. The distribution of EDIIIB+ FN was simi-
lar in GM00097 and G3 cells. Both GM00097 and G3 cul-
tures contained more EDIIIB+ FN (approximately 60%) in
the ECM than in the supernatant. In C1 cultures almost all
of the EDIIIB+ FN was detected in the supernatant; less
than 2% was detected in the ECM. EDIIIB+ FN was not
detected in the ECM of HT1080 cells. The amount of
EDIIIA+ and EDIIIB+ FNs expressed as a percentage of
the total FN incorporated into the ECM of GM00097, C1
and G3 cells is represented in Fig. 6C. In both GM00097
and G3 cells, EDIIIB+ formed a higher proportion of the
total FN detected in the ECM (24% for GM00097 and 33%
for G3 cells) than to EDIIIA+ (16% for GM00097 and 24%
for G3 cells). The proportion of EDIIIB+ FN detected in
the ECM of C1 cells was at least 4-fold lower (6%) than
that in the ECM of GM00097 and G3 cells, whereas the
percentage of EDIIIA+ FN was about the same (17%).

DISCUSSION

The function of EDIIIA+ and EDIIIB+ FNs in the adhe-
sion of normal and tumorigenic cells is not known. Here
we have explored further the relationship between the
expression of EDIIIA+ and EDIIIB+ FNs and tumorigene-
sis by the use of human somatic cell hybrids made from
the fusion of normal fibroblasts and fibrosarcoma-derived
cells. Our analyses of GM00097 and HT1080 parent cells,
the tumorigenic hybrid clone C1 and the non-tumorigenic
hybrid clone G3 revealed that tumorigenicity is not corre-
lated with alternative splicing of FN pre-mRNA or with
secretion of specific FN EDIIIA+ or EDIIIB+ protein vari-
ants, but it is correlated with the inability of the cell to
incorporate specific FN variants into the ECM.

Since the requirement for FN-mediated adhesion is
altered in other tumorigenic hybrid cells (Der and Stan-
bridge, 1980), it was appropriate to examine FN gene
expression in the parental and hybrid cells used in our
studies. Our data suggest that expression of the FN gene,
as indicated by levels of FN mRNA, is not down-regulated
in the tumorigenic clone C1 relative to the non-tumorigenic
clone G3. Furthermore, there was very little difference
between the cells in the ratio of EDIIIA+ to EDIIIA- and
EDIIIB+ to EDIIIB- mRNAs generated by alternative splic-
ing (Fig. 4C). Several authors have previously observed dif-
ferences in alternative splicing of EDIIIA and EDIIIB
between normal and transformed or tumorigenic cells.
Oncogenic transformation of normal fibroblasts has been
reported to induce a slight increase or decrease in either
EDIIIA+ or EDIIIB+ FN mRNAs (Schwarzbauer et al.,
1987; Magnuson et al., 1991), a significant increase in
EDIIIB+ FN mRNA, (Zardi et al., 1987; Borsi et al., 1992),
or no change in either (Norton and Hynes, 1987). Similarly,
levels of EDIIIA+ and EDIIIB+ FN mRNAs in tumour
tissues can be higher or lower than the normal tissue from

which the tumours were derived (Oyama et al., 1989, 1990).
Differences in splicing of EDIIIA and EDIIIB exons pre-
viously observed in tumour-derived cells in culture and the
data we report here suggest that alternative FN pre-mRNA
splicing is not correlated with tumorigenicity, but may be
regulated according to other factors such as the origin of
the cell or the transforming agent.

However, the pattern of staining we obtained with
immunohistochemical localisation of EDIIIA+ and
EDIIIB+ FNs in fixed cells indicates that the presence of
the variant FN proteins in the cell layer is correlated with
the tumorigenicity of the cell. These data do not appear to
agree with previous reports on the distribution of FN vari-
ant proteins in transformed and tumour-derived cells.
Levels of EDIIIA+ FNs have been reported to be elevated
in transformed and tumorigenic cells (Borsi et al., 1987;
Vartio et al., 1987) whereas in our study, EDIIIA+ FN is
less abundant in the tumorigenic hybrid cells than in the
non-tumorigenic hybrid and normal parent cells (Fig. 5). 

More striking is the disparity between the immunolocal-
isation data presented here and the observations of others
on the expression of EDIIIB+ FNs in transformed and
tumour cells. It has been demonstrated that transformed and
tumour-derived cells secrete high levels of EDIIIB+ FNs
relative to normal fibroblasts and that EDIIIB+ FNs are
present in carcinoma and sarcoma tumour tissue but not in
normal adult tissues (Carnemolla et al., 1989; Nicolò et al.,
1990; Borsi et al., 1992). These findings have led to the
suggestion that EDIIIB+ FN may be a transformation- or
tumour-associated form of FN. Our results clearly show that
EDIIIB+ FN is substantially reduced in the ECM of the
tumorigenic cells in culture. On the contrary, EDIIIB+ FN
is abundant in the ECM of both the normal fibroblasts and
the non-tumorigenic hybrids.

Closer examination of the destination of FN variants in
the parental and hybrid cell cultures, as detected by West-
ern blots of protein extracted from ECM and culture super-
natants, provides an explanation for these apparent incon-
sistencies. We observed a dramatic difference between the
tumorigenic and non-tumorigenic cells in the proportions
of EDIIIA+ and EDIIIB+ FNs that are incorporated into the
ECM compared to what is released into the culture super-
natants (Fig. 6A). Most of the FNs produced both by the
parental GM00097 fibroblasts and the non-tumorigenic G3
cells are incorporated into the ECM, whereas the converse
is true for the HT1080 parent cell and the C1 tumorigenic
hybrid. Similar results to those obtained for HT1080 and
C1 cells have been reported for transformed cell lines
(Hayman et al., 1981; Wagner et al., 1981). A similar pro-
portion of the total FNs in the ECM of GM00097, C1 and
G3 cells is EDIIIA+. However, the proportion of EDIIIB+
FN in the ECM of C1 cells as detected by Western blot-
ting is at least 4-fold lower than that in GM00097 and G3
cell ECM (Fig. 6c). In these hybrid cells tumorigenicity is
thus accompanied by the inability of the cell to incorporate
specific EDIIIB+ FN variants, generated by alternative
splicing, into the ECM efficiently. Our results further indi-
cate that the incorporation of EDIIIA+ and EDIIIB+ FNs
into the ECM is governed by regulatory mechanisms. Two
such mechanisms suggest themselves. One is that there is
degradation of FNs by variant-specific proteases produced
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by tumorigenic cells. Although transformed cells express
proteases that degrade FNs (Chen et al., 1984; Chen and
Chen, 1987), there is so far no evidence that FN variant-
specific proteases are secreted by cells. Furthermore, it is
unlikely that intact EDIIIA+ and EDIIIB+ FNs would be
detected at high levels in the culture supernatants of tumori-
genic cells if they were being specifically degraded. A
second possibility is that there is tumour-specific regulation
of the expression of cell surface receptors that preferentially
bind FN variant proteins. Obvious candidates for such
receptors are the integrins (reviewed by Humphries, 1990;
Hynes, 1992). One FN receptor, the integrin complex α5β1,
has been shown to have some function in the suppression
of transformation and tumorigenesis in oncogenically trans-
formed Chinese hamster ovary cells (Giancotti and
Ruoslahti, 1990; Schreiner et al., 1991). 

We have shown here that the regulation of expression of
EDIIIA+ and EDIIIB+ FNs in normal and tumorigenic cells
does not necessarily occur at the level of splicing. We fur-
ther conclude that EDIIIB+ FNs are specifically lost from
the surface of tumorigenic somatic cell hybrids and that this
loss is due to the failure of EDIIIB+ FN to be incorporated
into the ECM of the tumorigenic cells. 

We thank Dr L. Zardi for the generous gift of the antibodies,
J. Sharps for expert technical assistance, and Dr E. P. Evans and
M. Burtenshaw for the cytogenetic analyses. This work was sup-
ported by the Cancer Research Campaign.
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