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We describe analyses of the structure and expression of the
rat fibronectin gene with particular attention to the 40-kb
stretch from the center of the gene which encodes 17 type-III
repeating units. Each repeat is precisely separated from its
neighbors by introns and most are encoded by pairs of ex-
ons. Three repeats are encoded precisely by single exons and
two of these (EIIIA and EIIIB) are alternatively spliced in
a cell type-specific fashion. A third site of alternative splici-
ing (EIIIB) reported here is similar in expression to the
previously described EITIA segment. Both are excluded from
mRNA in liver cells and are, therefore, absent from plasma
fibronectin. These two alternative splices, plus a third one
(V) reported previously, can occur in all possible combina-
tions giving 12 fibronectin mRNAs from a single gene. These
splicing variations account for most but not all of the known
fibronectin subunit variants. We report investigations design-
ed to detect other regions of alternative splicing. We also show
that the pattern of alternative splicing is somewhat altered
on oncogenic transformation.
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Introduction

Fibronectins are glycoproteins made up of a series of repeating
units of three types (Kornblihtt et al., 1985; Skorstengaard ez
al., 1986) and existing evidence suggests that the fibronectin gene
consists of multiple exons which correspond with these repeating
structural units (Hirano et al., 1983; Hynes, 1985). In the
preceding paper, we report that the type I and II repeats are each
encoded by separate exons (Patel ez al., 1987). In this paper we
report the analysis of the 40 kb of genomic DNA which encode
the type-III repeats.

Several questions are at issue here. Earlier work has suggested
that type-III repeats are typically encoded by pairs of exons (Oder-
matt ef al., 1985; Oldberg and Ruoslahti, 1986). It is also known
that the single fibronectin gene can give rise to multiple different
mRNAs by alternative splicing of certain type-III repeats whose
exon pattern differs from this norm (Tamkun ez al., 1984; Vibe-
Pedersen et al., 1984, 1986; Odermatt et al., 1985). We have
shown, using segment-specific antibodies, that these alternatively
spliced mRNAs encode distinguishable fibronectin subunits which
are characteristic of different cell types and forms of fibronectin
(Schwarzbauer et al., 1985; Paul et al., 1986). However, the
two previously identified regions of alterantive splicing do not
account for all the known subunits (Paul ez al., 1986). We report
here the existence of a third region of alternative splicing of the
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fibronectin transcript and show that it too is spliced in a cell type-
specific fashion. We also investigate the possibility of other
regions of alternative splicing and the effects of oncogenic
transformation on the pattern of alternative splicing of fibronectin.

Results
Isolation and analysis of genomic and cDNA clones

A set of four genomic clones (\fFN2, 3, 4 and 5) covering 40 kb
of the rat fibronectin gene (Figure 1) was isolated as described
(Tamkun et al., 1984; Patel et al., 1987). The clones were analyz-
ed by restriction mapping and by Southern blotting with cDNA
probes. cDNA clones were derived from the genomic clones by
passage through retroviral vectors (Schwarzbauer et al., 1987;
Patel et al., 1987; see Materials and methods).

The cDNA clones and relevant segments of the genomic clones
were subcloned and sequenced. The entire cDNA sequence was
determined by combining the sequences of these derived cDNA
clones with that previously determined from clones isolated from
a rat liver cDNA library (Schwarzbauer er al., 1987; Patel et
al., 1987; unpublished data). The 5’ and 3' parts of this sequence
encode type-I and -II repeats and are reported in the preceding
paper (Patel et al., 1987). The central portion (~5 kb) encodes
a series of type-III repeats and is the subject of the present paper.

The amino acid sequence encoded by this block of cDNA se-
quence is shown in Figure 2. It consists of 17 homologous type-
III repeats each ~90 amino acids long plus a 120-amino acid
segment (the V segment), which is not homologous with any other
sequence. As discussed further below, 15 of the type-III repeats
appear always to be present in mRNA and we number them
1—15. The other two are variably included and we refer to them
as extra type-III repeats (EIIIA and EIIB). The EIIB repeat has
not been detected in previous studies of the primary sequence
of fibronectin or of cDNA clones. Its sequence, like that of EIIIA,
is entirely typical of type-III repeats.

Analysis of the genomic clones encoding the type-III region
allowed us to localize many of the exons encoding these repeats.
Those which have been located and completely sequenced are
shown in Figure 1. In all cases, the sequences of the exons agreed
with those of corresponding cDNA clones except that the EIIIA
and EIIIB exons were not found in any cDNA clones isolated
from the rat liver library. This is because these exons are always
spliced out by hepatocytes (see below).

Positions of introns
Seven type-III repeats each have an intron precisely at their ends
(Odermatt et al., 1985). We have now analyzed seven more and
find that this rule applies also to them (Figure 2). We also noted
previously that the intron at the end of each type-III repeat always
falls after the first base of a codon and, as shown in Table I,
this is true for all 14 repeats analyzed. There is every reason
to suspect that the same will be true for repeats IlI-4 to I11-6.
Figures 1 and 2 also show that most, but not all, type-III repeats
are interrupted by introns which are in variable positions, both
with respect to the amino acid repeats (Figure 2) and with respect
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Fig. 1. Four rat genomic clones which cover the type-III repeats are shown. The scale is marked in kilobases from the start of the gene (Patel er al., 1987).
All BamHI (B), EcoRI (R) and Sall (S) sites are marked. Boxes mark exons which have been sequenced. The structure of A rFN-2 (Odermatt et al., 1985)
and the structure of the 5’ and 3’ ends of the gene (Patel et al., 1987) are reported elsewhere.
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I11-1

I1I-2 SNTVTGETAPFSPVVATSESVTEITASSFVVSWVSASDT-VSGFRVEYELSEEGDE PQYLDLPSTATSVNIP—DLLPGRKYIVNVYQISEEGKQSLILSTSQTT
I11-3 APDAPPDPTVDQVDDTSIVVRWS RPQAP-I'I!;YRI VYSPSVEGSSTELNLPETANSVTLS--DLQPGVQYNITIYAVEENQESTPVFIQQETTGVPRS
I111-4 DDVPAPKDLQFVEVTDVKVT IMWTPPNSA-VTGYRVDVLPVNLPGEHGQRLPVNRNTFAEVT-GLSPGVTYLFKVFAVHQGRESKPLTAQQTT
I1I-5 DNA KLDAPTNLQFVNETDRTVLVTHTPPRAR-IAGYRLTVGLTRGGQPKQYNVGPMASKYPLR—-NLQPGSE"TVTLMAVKGNQQS PKATGVFTTL
I11I-6 QPLRSIPPYNTEVTETTIVITWIPAPR---1 GFKLGVRPSQGGEAPREVTSDSGSIVVS -—-GLTPGVEYTYTIQVLRDGQERDAPIVNRVVTP
III1-7 LSPPTNLHLEANPDTGVLTVSWERSTTIX)ITGYRITTTPTNGQQGTALEEVVHADQS SCTFENRNPGLEYNVSVYTVKDDKESAPISDTVIP
EIIIB EVPQLTDLSFVDITDSSIGLRWTPLNSSTI IG‘!RITVVAAGEGIPIFEDFVDSSVGYYTVT-GLEPGIDYDISVITLINGGESAPTTLTQQT
I11-8 AVPPPTDLRFTNIGPDTHRVT‘!IAPPPS IELTNLLVRYSPVKNEEDVAELSISPSDNAVVLT-!!LLPGTE;LVSVSSVYEQHES IPLRGRQKT
I11-9 CELL GLDSPTGFDSSDVTANSFTVHWVAPRAP-ITGYIIRHHAEHSAGRPRQDRVPPSRNSITLT-NLNPGTEYIVTI IAVNGREESPPLIGQQST'
III-10 VSDVPRDLEVIASTPTSLLISWEPPAVS —VRYYRITYGET'GGNSPVQEFTVPGSKSTATIN-NIKPGADYTITLYAVTGRGDSPASSKPVS INYQ"
III-11 E IDKPSQHQVTDVQDNSISV'RWLPSTSP-VTG%RVTTAPKNGLGPTKSQTVS P'DQTEHTIE—GLQPTVE&VVSVYAQNRNGESQPLVQTAVT
EITIA NIDRPKGLAFTDVDVDSIKIAWESPQGQ-VS R;RVTYSSPEDGIHELF PAPDGDEDTAELH-GLRPGSEYTVSVVALHGGMESQPLIGVQST
I11-12 TIPAPTNLKFTQVS PTTLTAQVIlTAPSVK-LTG&RVRVTPKEKTGPMKE INLSPDSTSVIVS -GLIXIATK&EVS VYALKDTLTSRPAQGVVTTLE
III-13 HEPARIN NVS PPRRARVTDATETTITISWRTKTET-ITGI!‘QVDAIPANGQT PVQRTISPD-VRSYT IT-'GLQPGTDYKIHLYTLNDNARSSPVVIDAS'!
I1I-14 AIDAPSNLRFLTTTPNSLLVSV'IQAPRAR-ITGYI IKYEKPGS PPREVVPRPRPGVTEATIT-!LEPGTEYTIYVIALKNNQKSE PL IGRKK’,

DELPQLVTLPHPNLHGPE ILDVPSTVQKTPFVTNPGYDTENGIQLPGTSHQQPSVGQQMI
V SEGMENT
FEEHGFRRTTPPTAATPVRLRPRPYLPNVDEEVQIGHVPRGDVDYHLYPHVPGLNPNAST
I11-15 GQEALSQTTI SV:VTPFQES --SE‘II I ISCQPVGTDEEPLQ!‘ QVPGTSTSATLT-GLTRGVT?NI IVEALHNQRRHKVREEVVTVGNT

Fig. 2. Amino acid sequence of the 17 type-III repeats and the V segment of rat fibronectin. The sequence is given in single letter code and is deduced from
the sequence of genomic clones, cDNA clones (Schwarzbauer ef al., 1983) and cDNA clones derived from genomic clones (see Materials and methods). The
sequence is arranged to display the repeating homologies: conserved aromatic residues are marked by vertical lines. Many other homologies exist but are not
marked. Introns are marked by arrowheads (repeats III-4 to III-6 have not been completely analyzed). Note that each repeat is separated from the next by an
intron and that most repeats are also interrupted by an intron. Two repeats, EIIIA and EIIIB, are underlined. These repeats are encoded by single exons and
are alternatively spliced. Type III-9 is also encoded by a single exon but is not alternatively spliced in any cell type tested. Repeats 10—15 correspond with
n—~6 to n in Odermatt et al. (1985).

to codon position (Table II). Three repeats, EIIIA, and EIIIB
and II1-9, are encoded by larger exons which are not interrupted
by introns (Figures 1 and 2, Table II). Thus, most type-III repeats
are encoded by a pair of exons of variable size, which together
encode a repeat, while three repeats lack the ‘middle’ intron. In
all cases, the repeating structural units are precisely separated
from one another in the gene.
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Alternative splicing and fibronectin variants

The V region is alternatively spliced in both fibroblasts and
hepatocytes (Schwarzbauer et al., 1983, 1985; Paul et al., 1986;
Sekiguchi ez al., 1986), while the EIIIA segment is always omit-
ted by hepatocytes and is therefore absent from liver mRNA
(Kornblihtt et al., 1984a,b, 1985) and from plasma fibronectin



Alternative splicing of fibronection

Table 1. Intron—exon boundaries between type-III repeats

Table II. Introns interrupting type-III repeats

NOT DONE CCT GTG ACC A gtacgtatcc
v T

PP § 8 £ PPN

ttcectecectttctctag GC AAC ACA CAG ACT ACA G gtatgtgtgctcc
S N T....001-2....0 T T

Cttcctttctttttcttttag CA CCT GAT CCA CGA TCC G gtaacttaaaa
A P D....ITI-3....P R S

NOT DONE GTC ATC CCA G gtaatagaaa
R CY R A S 4

ccectttgettcataactcaatag AG GTG CCC CAG CAA ACG G gtgaatctt
E V P....EIlIB....0 Q T

ttttccttatttgaaatcag CC GTC CCT CAG AAA ACA G gtgagccatg.
AV P....ITI-8....Q0 K T

cccctecttgggtgggaaaaacag GT CTG GAC CAA TCC ACG G gtaatgttg...
G L D....ITl1-9....q S T

ttttcctgtgatttttctag TT TCC GAT TAT CAA ACA G gtaaagattt..
vV D D....ITI-10...Yy Q T

ctttcttttgtccttacag AA ATT GAC GCA GTG ACC A gtacgtaacc..
E I D....ITI-11...A V T

ccattaatttgcctaacag AC ATT GAC CAG TCC ACA G gtatatcggt..
N T D....EIlIIA....0 S T

ccaatgaccatcccgacag CC ATT CTT ACT CTG GAG A gtgagtaatc..
Al P....III-12...T L E

tctgtctgttectacacag AT GTC AGC GCC TCC ACG G gtaactaccc..
N V. S, III-13...A S T

ctttgcttgectttcag CC ATT GAT AAA AAG ACA G gtaaagactc
A 1 D....ITI-14...K K T

aacctctctcttggctag AT GAG CTT
D E L....v-25

tggatgttccctccacag TT CAA AAG
V Q K....v-95

atccaaatgcctctacag GA CAA GAA GGC AAC ACT G gtaggtaacc..
G Q E....ITI-15...6 N T

Coding regions are given in upper case letters grouped in codons. Introns
are in lower case letters. Amino acids are given in single letter code. Note
that all introns between repeats fall at the same position in codons. The first
amino acid of repeat II-12 is either threonine (T) or alanine (A) depending
on whether EIIIA or III-11 precedes.

(Paul er al., 1986). Figure 3B shows nuclease protection ex-
periments which demonstrate that the EIIIB segment is included
in mRNA of fibroblasts and astrocytes but is absent from the
mRNA of liver, just as is the EIIIA segment (Figure 3A).
Therefore, neither EIIl segment can contribute to the heterogenei-
ty of pFN, which is synthesized by liver and hepatocytes (Tamkun
and Hynes, 1983; Paul and Hynes, 1984; Paul er al., 1986).
Thus, EIIIB, like EIIIA, is a cell type-specific segment present
in cFN but not pFN. Both are encoded by single exons (Figures
1 and 2, Tables I and IT) which can apparently be skipped dur-
ing splicing of the primary transcript.

Type III-9 is also encoded by a single exon. Can that exon
also be alternatively spliced? Figure 3C and D shows that III-9
is always included in mRNAs of normal and transformed
fibroblasts, astrocytes and liver cells. The III-9~ form is rare
or non-existent in the cell types examined here. Therefore, alter-
native splicing of this segment does not contribute to the known
heterogeneity of fibronectins. It remains possible that III-9 is omit-
ted in some cell type(s) not yet examined.

Is there a fourth alternative splice?

Faced with unexplained fibronectin variants, we considered the
possibility that there might be yet another alternatively spliced
segment. To explain the known patterns of variants by a single

I11-1 AGA CCT  gt........Ctttgctttatattttgag AAA ACC
R P K T

111-2 TAC CTT G gtgagt..cctttcccctgtatttcaaag AT CTT
Y L D L

111-3 ATC ACA G gtcatc...cttttctcctaaccctgcag GG TAC
I 7T G Y

EITIB INTRON ABSENT

111-8 CTA ACA A gtacgacg...tcccacttgcctcttcag AT CTC
L A N L

111-9 INTRON ABSENT

111-10

GQG AgA G gtctgtag...... ctccttttacactag gA GgA

I1I1-11 AGT CCA G gtaagaataa..... cctttcecctteccag AT CAA
S P D Q

EIIT A INTRON ABSENT

111-12 CTC ATG gtaagaagtg...... cccttgttteccag GTG GCC
L M vV A

111-13 ATT ACA G gtcagtgcgC.eeeresans gaattctag GT TAA
I T G L

111-14 ATC ACT G gtactgcatc...... tgtttcccatcag GT CTG
I T G L

111-15

TTA CAG  gtatatatta.....ctttgggtgtgtag TTC CAA
L Q FoQ

Coding regions are given in upper case letters grouped in codons. Introns
are in lower case letters. Amino acids are given in single letter code.

further alternative splice, one would have to invoke a segment
which is included approximately half the time by both fibroblasts
and hepatocytes (see Discussion). Accordingly, we have screened
almost the entire length of fibronectin mRNA in ribonuclease
protection experiments. The probes diagrammed in Figure 4 were
each tested in hybridization reactions with RNA preparations from
various cell types, always including liver and fibroblasts.
Representative results are shown in Figure 5. Apart from those
which overlap the EIIIB, EIIIA or V segments, none of the pro-
bes gave evidence for alternatively spliced variants. The nature
of these experiments is such that minor variants can be missed
but that a 50:50 mix of two forms (which would protect two
different-sized fragments) should generally be readily detectable
(see Discussion).

Because repeats III-1 and III-2 are separated by a short non-
homologous segment (Kornblihtt ez al., 1985; Skorstengaard et
al., 1986; see Figure 2), we paid particular attention to the
possibility that there might be a special exon, like the V region
exon (Tamkun et al., 1984; Vibe-Pedersen ez al., 1986), in this
region. Nuclease protection experiments covering this region gave
no evidence for alternative splicing (Figure 5F and G). We next
sequenced the genomic clones encoding this region (Figure 6).
The C terminus of III-1 and the N terminus of III-2 each have
a non-homologous extension as shown in Figures 2 and 6.
However, exons III-1b and III-2a are in two different reading
frames. The intron between these exons has terminators in all
three reading frames and there is no obvious way in which
alternative splicing could produce variations in the segment bet-
ween the first two type-III repeats (Figure 6). That is, these ex-
tensions cannot be alternatively spliced like the non-homologous
extension of the V-region exon (Tamkun et al., 1984; Vibe-
Pedersen et al., 1986) because they lack appropriate splice sites.
The same is true of the non-homologous extensions of repeats
II1-3 (Figure 6) and II-10 (not shown). Therefore, this detailed
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analysis of the rat fibronectin gene does not reveal a fourth region
of alternative slicing (see Discussion).

Alternative splicing in normal and transformed cells

Previous analyses of protein variants using antibodies against the
EIIIA and V segments clearly show that (i) all combinations of
EIIIA and V are possible, (ii) different cell types express these
two segments in different proportions and (iii) during in vitro
dedifferentiation of hepatocytes, the splicing of the EIIIA exon
changes (Tamkun and Hynes, 1983; Paul and Hynes, 1984; Paul
et al., 1986). We next investigated these questions further with
particular attention to the alternative splicing of EIIIB. Figure
3 shows that EIIIB, like EIIIA, is included in the mRNA of
fibroblasts but not in that of liver. Figure 7 shows that rat
fibroblasts contain all four possible combinations of EIIIA and
EIIB, although the EMB™ forms (A* B*, A~ B*) are relative-
ly rare. Early passage rat embryo fibroblasts or astrocytes con-
tain relatively more EINIB* mRNA than do established lines
(Figure 3B, Figure 7). Figure 7 also shows that the relative pro-
portions of the different forms change on oncogenic transforma-
tion. Superimposed on the depression in total fibronectin mRNA
levels in transformed cells is a change in the ratio of A*:A~
and B*:B~ forms. The A* forms represent a slightly higher
proportion in transformed cells while the B* forms are relative-
ly somewhat less common. This was the case whether the
transforming virus harbored a p21 Ha-ras oncogene (not shown)
or a pp60**" oncogene (Figure 7) and, in the case of tsRSV-
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transformed cells, these changes correlated with transformation
in temperature-shift experiments (Figure 7).

Therefore, it appears that all combinations of EIIIB, EIIIA and
V regions are possible, that different cells splice these segments
in different ways and that the patterns of splicing in a given cell
type can change in response to physiological stimuli.

Discussion

Data reported here and elsewhere (Tamkun et al., 1984; Oder-
matt et al., 1985) confirm that the majority of type-III repeats
of rat fibronectin are encoded by pairs of exons while three ex-
ceptional repeats are encoded precisely by single exons. In all
cases, each type-IIl is separated from its neighbors by introns;
that is, each type-III structural unit is a separate unit in the gene.
The introns which interrupt most type-III repeats are in very
variable positions (Figure 2). They either arose independently
or have moved during evolution, perhaps by a process of exon
sliding as suggested for proteases (Craik et al., 1983). Com-
parison with available data on the positions of introns in the
human gene (Vibe-Pederson ez al., 1984, 1986; Oldberg and
Ruoslahti, 1986) shows that all or most introns are in identical
locations in the rat and human fibronectin genes. Oldberg and
Ruoslahti (1986) reported an intron in the center of III-8 which
does not agree with our data. However, insufficient information
was given to be certain that it was a true intron—exon boun-
dary. Vibe-Pedersen et al. (1986) report the presence of an ex-

ts
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Fig. 3. Ribonuclease protection experiments demonstrating alternative splicing of EIIIA and EIIIB but not III-9. In each case the probe (P) designated at the
bottom of the panel (see Figure 4) was incubated with RNAs from various sources (Y = yeast control; L = liver; H = hepatocyte; N = rat 1 normal
fibroblast cell line; T = RSV-transformed rat 1; A = astrocyte; F = fibroblast; ts = tsRSV-transformed rat 1 at high and low temperatures as indicated by
arrowheads). After ribonuclease digestion, protected fragments were analysed on sequencing gels. (A and B) Probes for EIIIA and EIIIB respectively show
protected fragments corresponding to inclusion (+) or omission (—) of these segments in most cell types. Liver RNA contains only EIIIA™ and EINIB~
forms. (C and D) Probes crossing the 5’ and 3’ boundaries of repeat III-9 reveal only fragments corresponding to the inclusion of this repeat (+). The
predicted sizes of fragments resulting from omission of this repeat are marked by (—). In the case of probe D, there are nuclease-resistant fragments which
are independent of the RNA used; see the yeast control lanes (Y). These bands are marked by arrowheads and do not represent specifically protected
fragments. The mol. wt markers in panels C and D are Mspl fragments of pBR322 (622, 527, 404, 309, 242, 238, 217, 201, 190, 180, 160, 147, 122 and

110 bp).
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tra 5’ splice site (GTGAG) in the exon encoding the V region
(called lcs in human FN) which is not present in the rat (Tamkun
et al., 1984). Apart from these discrepancies, other introns at
various points in the human gene correspond precisely with those
we have sequenced in the rat gene. Therefore the process of en-
doduplication and divergence of type-III units occurred long
before the divergence of mammals. Consistent with this, the
amino acid sequences of individual type-III repeats in rat (Figure
2), human (Kornblihtt et al., 1985) and bovine (Skorstengaard
et al., 1986) fibronectins are better than 90% conserved, while
different repeats within a species are much less similar (typical-
ly 20—40%).
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Fig. 4. Complementary RNA probes used to screen the fibronectin transcript
for alternative splicing. Data for certain of these probes are shown in
Figures 3, 5 and 7. Each segment was subcloned in pGEM2 and
complementary transcripts prepared with the appropriate polymerase were
hybridized with various RNA preparations.

Alternative splicing of fibronection

One type-III repeat, EIIIA, is alternatively spliced (Kornblihtt
et al., 1984a,b) and is encoded by a single exon (Vibe-Pedersen
etal., 1984; Odermatt et al., 1985; Oldberg and Ruoslahti, 1986).
We show here that a second type-III repeat, EIIIB, is also en-
coded by a single exon which is alternatively spliced in a similar
fashion. Both EIIIA and EIIIB are always omitted by liver cells,
but both can be included by other cell types (Figure 3) and all
combinations occur (Figure 7). The EIIIB repeat is rarer than
the EIIIA repeat in established cell lines but, in early passage
cultures of fibroblasts and astrocytes, the prevalence of EIIIB
is similar to that of EIIIA; ~50% in each case. Because of the
omission of both EIIIA and EIIIB by hepatocytes, neither repeat
occurs in plasma fibronectin (pFN). Inclusion of EIIIA in cellular
fibronectin (CFN) produces the larger and more acidic subunits
of cFN (Paul et al., 1986). We presume that the same will be
true of EIIIB (net negative charge of —6, mol. wt ~10 000
daltons). We have been unable to prepare an antibody reactive
with EIIIB and cannot, therefore, test this directly. However,
it is reasonable to suggest that EIIIB* subunits probably co-
migrate with EIIIA* subunits of cFN while those subunits
which contain both EIIIA and EIIIB probably migrate at an even
higher mol. wt and more acidic position. The ribonuclease pro-
tection experiments (Figure 7) suggest that the EIIIA*/EINIB*
form is rare in established lines but more prominent in early
passage cultures. The same is true of the largest and most acidic
cFN subunits (J.I.Paul and R.O.Hynes, unpublished results). We
have observed EIIIB in chickens (P.Norton and R.O.Hynes, un-
published results) and others have recently detected it in humans

PYLNT PYLNT P YLTN A P YLN P YLN YLNTEP PYL
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Fig. 5. Ribonuclease protection experiments. The probe designated at the bottom of each panel (see Figure 4) was incubated with RNAs from different
sources (Y = yeast control; L = liver; N = rat 1 normal fibroblast cell line; T = RSV-transformed rat 1; A = astrocyte). After ribonuclease digestion,
protected fragments were analyzed on sequencing gels in parallel with undigested probe (P) and mol. wt markers (pBR322 Hinfl fragments in panels E and
F; 1631, 517, 506, 396, 344, 298, 220 bp or pBR322 Mspl fragments in other panels; see Figure 3 legend). The repeat boundaries monitored in each.
experiment can be seen by comparison with Figure 4. In no case were fragments observed which suggested alternative splicing at any of these bouqdanes.
The minor bands in panels F and H do not correspond with positions which could reflect alternative splicing. They represent background bands which are
sometimes seen in these experiments. In particular, in panel F, none of these bands are of the sizes predicted for alternative splicing between repeats IlI-1 and

III-2 and II-3.
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.2a

.2b

.3a

.3b

GGAGATTAAACACCTGCTTTGCTTTATATTTTGAGAAAACCTCTACGGGTCGCTGGAAGG
K T s T G R W K E

AAGCTACCATTCCAGGCCACCTTAACTCCTATACCATCAAAGGCCTGACCCCAGGTGTGA
A T I P G H L NS Y T I K GL T P G V I

TCTACGAGGGACAGCTCATCAGCATCCAGCAGTACGGGCACCAAGAAGTGACTCGCTTTG
Y E G QL I 8 I Q@ Q Y G H Q E V T R F D

ACTTCACCACCAGCGCCAGCACACCTGTGACCAGTACGATCCAGCATCTTTGCGGCTGT
F T T S A ST®PV T

GCCTTCATTGTTCAGACATGGGTTCCCAGAGGAGATTCTGTCCTTAACTGCTGCTTCTCA
TGAATGGTTCCTCCATTTCCCTTTTAACGTCCTCTGCACACAGATTCAGATAACTAACGA

CTCTCATTCCCTCCCCTTTCTCTAGGCAACACAGTGACTGGAGAGACTGCGCCCTTTTCT
S N T VT G E T A P F S

CCTGTTGTGGCCACTTCCGAATCTGTCACTGAAATCACAGCCAGCAGCTTCGTGGTCTCC
P vV V A T s E s VT E I T A S S F V V s

TGGGTCTCAGCTTCCGACACGGTGTCAGGAT TCCGAGTGGAGTACGAACTGAGCGAGGAA
W V s A s DT V s G F R V E Y E L s E E

GGAGATGAGCCTCAGTACCTTGRTGAGTAA. . ... ....750 nucleotides......
G D EP QY L

TAACCTTTCCCCTGTATTTCAAAGATCT TCCAAGCACAGCCACTTCTGTGAACATTCCTG
DL P S T AT S V N 1| P D

ACCTGCTCCCGGGCAGAAAGTACATCGTCAACGTCTATCAGATATCTGAAGAGGGAAAGC
L L P GR K Y I V NVY Q I s E E G K Q

AGAGCTTGATCCTGTCTACATCACAGACTACAGGTATGITGTGCTCCAAACCATGTCAAAA
S L I LS TsaTT

GGAACTTGGATGGAGGTGGGGTACGGTGGGTGATTATGATATATGCATACATTGCATGGT
ACATACATGCGGAAAGCTTTGGGATGCTGAGGCTAGAGGCAGGCTAGTGTGGATGAAAGA
AACACATTTTTAAAGACTC+TTAGTTTTCéTATAAAGCATGGGCTTGTAGCAGCACTGAC

TGACTTCCTTTCTTTTTCTTTTAGCACCTGATGCGCCTCCAGACCCTACTGTGGACCAGG
A P DA P P DUP TV D QV

TTGATGACACTTCCATTGT TGTTCGATGGAGCAGACCCCAGGCACCTATCACAJRTCATIC
D DT S I VVRWSU RZPQATP I T

TTTGGCTTCTGTGTTTGTTTTGATATATAGAT. . ... .. 300 nucleotides......

AAATAAACAE||||E|CCTAACCCTGCAQGGTACAGGATTGTCTATTCACCTTCAGTAGA
G Y R I VvV Y s P sS V E

AGGCAGTAGCACAGAACTCAACCTTCCTGAAACGGCCAACTCCGTCACCCTCAGCGACCT
G S S T E L N L P E T AN S V T L s D L

GCAGCCCGGTGTTCAGTACAACATCACTATCTATGCTGTGGAGGAGAACCAGGAGAGCAC
Q P GV QY N I T I Y AV EENQE S T

ACCCGTTTTCATCCAGCAGGAGACTACTGGCGTCCCACGATCCGGTAACITTAAAACCACC
P V F | Q@ Q E T T G V P R S

Fig. 6. Structure of the gene in the region encoding the first three type-III repeats. The sequences of five exons are shown. The ends of III-1, III-2 and III-3
each have short non-homologous extensions (heavy underlining). The sequence shows that these are unlikely to be alternatively spliced. Splice sites are boxed
and termination codons in the introns are underlined. The short introns between repeats III-1 and I1I-2 and III-3 are shown in their entirety and cannot

obviously encode any extra protein sequence.

(F.E.Baralle, personal communication; A.Kornblihtt, personal
communication).

The relative proportions of EIIIA* and EIIIB* forms of
fibronectin mRNA differ between cell types. Furthermore, they
change on oncogenic transformation in a reproducible fashion.
EIIIB™ forms become even rarer, while the relative proportion
of EIIIA* forms increases somewhat (Figures 3 and 7). The
significance of this change is obscure since the functions of these
variable segments of fibronectin are unknown. However, it is
possible that this change in splicing of fibronectin has a bearing
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on the loss of fibronectin which is characteristic of oncogenic
transformation. Hakomori, Zardi and their colleagues have
reported data using monoclonal antibodies which suggest that
transformed cells contain greatly elevated levels of certain
fibronectin epitopes (Matsuura and Hakomori, 1985; Sekiguchi
et al., 1985; Castellani ez al., 1986; Borsi et al., 1987). They
propose that these epitopes lie in alternatively spliced segments,
specifically the EIIIA and V regions. These data are not all in
accord with ours since we see a decrease in EIIIB content and
only a modest increase in representation of EIIIA. Furthermore,
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Fig. 7. Ribonuclease protection experiments showing all combinations of EIIIA and EIIB splice variants. The long probe AB (Figure 4) which extends from
EIIIB to EIIA was incubated with RNAs from different sources. After ribonuclease digestion, the protected fragments were analyzed on a 5% gel. Long
probes such as this one (P) give background nuclease-resistant bands independent of the RNA used for protection. These are present in the yeast control lanes
(Y) as well as the experimental samples and should be ignored. Fragments corresponding to inclusion of both EIIIA and EIIIB (ab), either one alone (a or b)
or neither (—) are marked. Note that RNA from early passage culture of astrocytes (A) shows significant amounts of EIIIA*/EIIIB* mRNA as well as the
other forms. RNAs from cultured cell lines (T and N) also show all four forms, although the EIIIB* forms (ab,b) are rarer. Liver RNA (L) shows only the
ENIA™/ENIB~ form. Normal rat 1 fibroblasts (N) and their RSV-transformed derivatives (T) grown at various temperatures show that the relative frequency
of inclusion of EIIIA rises on transformation (compare ratios of bands marked a and —) while the inclusion of EIIIB falls (note bands ab and b).

fibroblastic cells make predominantly V* forms (Tamkun and
Hynes, 1983; Paul and Hynes, 1984; Paul et al., 1986), so there
is no chance for a large increase in representation of the V seg-
ment on transformation. At present we cannot explain the
discrepancy between our nucleic acid results and the implica-
tions of the antibody data. One possibility is that the epitopes
being recognized are not primary sequence epitopes.

Thus, both the EIIIA and EIIIB exons are alternatively splic-
ed in a cell type-specific fashion which is subject to modulation
during physiological changes such as transformation (Figures 3
and 7) and dedifferentiation of hepatocytes.

We also report here that type III-9 is encoded by a single ex-
on. However, we do not detect alternative splicing of this exon
in any of the cell types tested so far which include liver, primary
hepatocytes, early passage fibroblasts and astrocytes and both
normal and transformed fibroblastic cell lines (Figure 3D). It re-
mains possible that this exon is alternatively spliced in some cell
type or situation we have not investigated. Therefore, the fact
that a type-III repeat is encoded by a single exon is not sufficient
for alternative splicing. It is clear that cells can discriminate
among the intron —exon boundaries within the fibronectin trans-
cript in a complex fashion. The transcript is probably unique,
with single initiation and poly(A) addition sites (Patel et al.,
1987), so some local features of the transcript are recognized
by the splicing machinery to treat the EIIIA and EIIIB exons dif-
ferently. Furthermore, different cell types do so in different ways.
Casual inspection of the sequences of the intron—exon boundaries
(Table I) does not reveal any unique features of the EIIIA and

EIIIB boundaries. The only obviously unusual boundary is the
5’ boundary of III-9 which has an unusually purine-rich 3’ splice
acceptor sequence.

The three known segments of alternative splicing (EIIIB, EIIA,
V) cannot account fully for the heterogeneity in fibronectin
subunits detectable on 2D gels (Paul ez al., 1986). Known post-
translational modifications (N- and O-linked sugars, sulfation and
phosphorylation) also fail to account for the unexplained
heterogeneity (Paul and Hynes, 1984; Paul ez al., 1986; J.Paul
and R.O.Hynes, unpublished data). Therefore, we have in-
vestigated in some detail the possibility that a fourth region of
alternative splicing may exist. The most obvious possibilities were
the type III-9 exon and the non-homologous segment between
repeats ITI-1 and ITI-2. As discussed above, III-9 is not alternative-
ly spliced in any cell type tested and, as shown in Figures 5 and
6, III-1 and III-2 are not alternatively spliced in any fashion
similar to the V region. A systematic screen of almost the entire
fibronectin sequence by ribonuclease protection experiments also
failed to reveal any other regions of alternative splicing (Figures
4 and 5). The probes used (Figure 4) cover most of the boun-
daries between repeats except those between I-2/1-3 and II-1/11-2.
However, no data suggest the existence of heterogeneity in the
fibrin- or gelatin-binding domains which contain these two boun-
daries. All boundaries between type-III repeats have been screen-
ed and, with the exception of boundaries flanking EIIIB, EIIIA
and V, we have not detected evidence for alternative splicing.
We cannot rule out minor splice variants because of background
bands in some of the nuclease protection experiments (Figures
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3 and 5). However, no alternative splice forms of the prevalence
(~50:50) necessary to explain the other variant fibronectin
subunits were detected. One possibility which would be missed
in these experiments would be further variation occurring precise-
ly at the boundaries of EIIIB, EIIIA or V. We have sequenced
in their entirety the introns preceding V (Tamkun et al., 1984),
and following EIIIB (unpublished data) and much of the introns
preceding EIIB (unpublished results) and flanking EIIIA (Oder-
matt ez al., 1985) without uncovering evidence for any other
unknown exons. We have not detected any long open reading
frames and certainly no other type-III repeats. It remains possi-
ble that further alternatively spliced exons are lurking somewhere
within the 70 kb of the fibronection gene but, at present, no
evidence points to their existence.

In conclusion, the rat fibronection gene is ~ 70 kb long and
contains almost 50 exons. Each of the repeating units of the pro-
tein is encoded by a separate exon or pair of exons. The gene
is transcribed probably from a single initiation site to a single
poly(A) addition site and this 70-kb transcript is spliced to give
mRNAs of ~ 8 kb. At three positions, alternative splicing oc-
curs, giving rise to 12 different mRNAs which encode different
fibronectin subunits (Schwarzbauer ez al., 1983, 1985; Paul et
al., 1985). This alternative splicing is cell type-specific and sub-
ject to modulation by transformation and differentiation state. The
variations produced account for much but not all of the known
heterogeneity of fibronectin subunits. The mechanisms by which
the alternative splicing is regulated are unknown and the func-
tional significance of the segments which are variably included
is unknown. These questions offer fruitful ground for future
research.

Materials and methods

Origin of genomic and cDNA clones

Isolation of genomic clones is described elsewhere (Tamkun ez al., 1984; Patel
et al., 1987). Clones X rFN2 to A rFN5 cover the central part of the gene which
includes all the type-III repeats (Figure 1). cDNA clones isolated from a rat liver
\ gtl1 library cover type-III repeats 9—15 (Schwarzbauer et al., 1983). cDNA
clones covering type-III repeats 1—9 and the two alternatively spliced EIII repeats
were obtained by passage of genomic clones through retroviral vectors (Schwarz-
bauer et al., 1987; Patel et al., 1987).

Analysis of clones

Relevant fragments were subcloned into pGEM vectors (Promega Biotec) and
sequenced by the method of Maxam and Gilbert (1980) or by dideoxy sequenc-
ing using oligonucleotide primers, Klenow fragment of DNA polymerase or reverse
transcriptase and the conditions suggested by Promega Biotec.

Nuclease protection analysis

RNAs were prepared by the guanidine thiocyanate procedure (Chirgwin ez al.,
1979). Complementary RNA probes were prepared using cDNA subclones in
pGEM vectors transcribed with SP6 or T7 polymerase (Promega Biotec) and
purified in acrylamide gels. Five micrograms total RNA plus 5 ug yeast tRNA
were incubated with 1—3 X 10% c.p.m. of probe in 30 ul 80% formamide,
40 mM Pipes pH 6.4, 400 mM NaCl, 1 mM EDTA overnight at 37°C. Excess
unhybridized probe was digested with 2 ug/ml T1 ribonuclease and 40 ug/ml
pancreatic ribonuclease in 10 mM Tris pH 7.5, 300 mM NaCl, 5 mM EDTA
for 30 min at 22°C. The nucleases were removed by digestion with proteinase
K and extraction with phenol —chloroform. Protected fragments were analyzed
on sequencing gels.
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Note added in proof

The cDNA sequence and parts of the genomic sequence have been submitted
to the GenBank and EMBL databases.



