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ABSTRACT Three fibronectin mRNAs exist in rat liver,
differing by the presence or absence of segments of 285 or 360
bases at a point within the coding region. We previously pro-
posed that the three mRNAs are encoded by a single gene and
arise via alternative splicing of a common transcript. In order
to test this hypothesis, we have isolated clones spanning ap-
proximately half of the fibronectin gene from a Fisher rat ge-
nomic library; blot hybridization analyses reveal the presence
of only one fibronectin gene in the haploid rat genome. We
determined the sequence of a portion (1221 nucleotides) of this
gene. This sequence shows clearly that the three fibronectin
mRNAs encoded by this gene are generated by a pattern of
alternative splicing in which one 5’ splice site can be paired
with any one of three 3’ splice sites, one at the beginning of,
and two within, a single complex exon.

Fibronectins are high molecular weight glycoproteins that
are involved in a wide range of biological processes including
cellular adhesion, cytoskeletal organization, cell migration,
hemostasis and thrombosis, and malignant transformation
(1, 2). Fibronectins are composed of similar but nonidentical
210-250 kDa polypeptide subunits. Several distinct forms of
fibronectin exist and have been studied in some detail. One
form is present at considerable levels (300 ug/ml) in plasma
and is synthesized and secreted by hepatocytes (3). A related
fibronectin is found in fibrillar matrices at the surfaces of
many cell types, such as fibroblasts and endothelial cells.
Post-translational modifications alone probably cannot ac-
count for the differences between plasma and cellular fibro-
nectins and among their respective subunits (1-5). This has
led to speculation concerning the number of genes and
mRNAs encoding fibronectins.

We recently reported the isolation and sequencing of sev-
eral fibronectin cDNA clones from a rat liver library con-
structed in the expression vector Agtll (6). S1 nuclease anal-
ysis demonstrated the existence of at least three different
‘fibronectin mRNAs in rat liver. The mRNA sequences pre-
dicted from the cDNA sequence are identical except for a
region 827 bases 5’ of the termination codon. One type of
mRNA contains 285 nucleotides at this position, while a sec-
ond contains this sequence and an additionial 75 nucleotides
5’ to this segment, resulting in the introduction of a total of
360 nucleotides at this position. The third type of mRNA
lacks the entire 360-base segment. The three types of mMRNA
thus encode fibronectin subunits varying by the presence or
absence of stretches of 95 or 120 amino acids. These seg-
ments are located 276 residues from the carboxyl terminus of
fibronectin, near the cell- and heparin-binding domains, and
are likely to account for the difference between the two dif-
ferent subunits of plasma fibronectin. These segments also
may be responsible for one or more properties of the differ-
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ent forms of fibronectin, possibly including self-association
and interactions with other molecules or with cells (6). These
possibilities are currently under investigation, but clearly a
question of major interest concerns the origin of the different
mRNAs.

The identity of nucleotide sequence on either side of the
region of difference suggested that these mRNAs are en-
coded by a single gene (6). Previous Southern blotting analy-
ses have failed to reveal the existence of more than one hu-
man or bovine fibronectin gene (7), but the limited nature of
these analyses did not allow this possibility to be eliminated.
If there were a single gene, the three mRNAs would have to
arise by alternative splicing of a common transcript. Possi-
bilities include separate exons encoding each of the seg-
ments and alternative splicing of a single exon. The presence
of 3’ splice sites within the coding sequence led us to favor
the second of these models (6), but we could not eliminate
other possibilities. Obviously, these hypotheses can be test-
ed only by examining the structure of the gene or genes en-
coding fibronectin.

In this paper, we report the isolation of overlapping fibro-
nectin genomic clones from a rat library constructed in the
vector EMBL 3B (8). Partial sequencing of these clones, as
well as Southern blot analyses, show that a single fibronectin
gene does indeed encode at least three different fibronectin
mRNAs, and that two of these mRNAs arise through the
utilization of 3’ splice sites contained within a single exon.
This represents a pattern of alternative splicing not previous-
ly seen for other cellular genes.

MATERIALS AND METHODS

Materials. All enzymes were purchased from New En-
gland Biolabs, except where otherwise noted. Adult male
Fisher rats were purchased from Charles River Labora-
tories. Bacteriophage A EMBL 3B (8) DNA was generously
provided by Norma Neff.

Preparation of Bacteriophage DNA. Phage (3.75 x 107)
were adsorbed to 2 X 10° bacteria (Escherichia coli strain
LE 392) in 10 mM MgSO, for 20 min at 37°C. NZCM medium
(9) (50 ml) was added, and the culture was shaken vigorously
at 37°C until lysis occurred (7 hr). Phage DNA was isolated
as described for plate lysates (9). For large-scale (=2 liters)
preparation of phage DNA, the purification procedure of Ya-
mamoto et al. (10) was used.

Preparation of Vector. EMBL 3B DNA was digested with
a 5-fold excess of both BamHI and EcoRI. After phenol ex-
traction, the digested DNA was precipitated three times with
0.1 M NaCl and an equal volume of isopropanol to remove
the short BamHI/EcoRI-generated fragments from the
BamHI-generated arms and the EcoRI-generated internal
fragment.

Preparation of Rat DNA. DNA was prepared from adult
male Fisher rat livers as described by Blin and Stafford (11)

Abbreviation: kb, kilobase.
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except that the RNase digestion was omitted and equilibrium
centrifugation in cesium chloride gradients was included as a
final purification step (12). Rat DNA was partially digested
with an amount of Sau3A I (0.17 units/ug) determined to
yield the maximum proportion of 18- to 22-kilobase (kb) frag-
ments (13). Digested DNA was sedimented through 10-40%
linear sucrose gradients (9). Fractions containing fragments
from 16 to 24 kb in size were pooled, dialyzed against 10 mM
Tris chloride, pH 8.0/1 mM EDTA, and precipitated with 0.2
M NaCl and two volumes of ethanol.

Construction of Genomic Library. The 16- to 24-kb Sau3A
I fragments of rat DNA were ligated to EMBL 3B arms for
16 hr at 15°C with T4 DNA ligase. Packaging extracts were
prepared and used as described by Grosveld et al. (14). The
highest cloning efficiencies (approximately 5 x 10° pfu/ug
of rat DNA) were obtained by using a 3:1 molar ratio of arms
to insert at an insert concentration of 42 ug/ml. Ligation and
packaging of arms alone under identical conditions yielded
low numbers of nonrecombinant phage (<3000 pfu/ug of li-
gated arms). Approximately 10’ independent recombinant
phage were produced and stored at —80°C in 7% dimethyl
sulfoxide.

Isolation of Fibronectin Genomic Clones. The probes used
for screening the genomic library were prepared from the rat
liver fibronectin cDNA clone Arlf-2 (ref. 6; see Fig. 1). After
digestion of Arlf-2 DNA with EcoRI, the two insert frag-
ments were separated by agarose gel electrophoresis, eluted
by the glass bead method (15), and labeled by nick-transla-
tion (16) to a specific activity of 10° cpm/ug. Independent
recombinants (7.5 x 10°) were screened by plaque hybridiza-
tion (17) at a density of 150 plaques per cm?. Positive signals
were taken through an additional three rounds of screening
at low-plaque density before plate stocks were made.

Southern Blot Analysis. Phage or genomic DNA was di-
gested with restriction enzymes, fractionated by agarose gel
electrophoresis, and transferred to Zetabind (AMF Cuno Di-
vision, Meriden, CT) essentially as described by Southern
(18) with the following modification. After baking at 80-90°C
for 1-3 hr in a vacuum oven, filters were washed for 1-2 hr at
65°C in 0.1x NaCl/Cit containing 0.1% NaDodSO, (1x
NaCl/Cit = 0.15 M NaCl/0.015 M sodium citrate, pH 7).
Filters were incubated for 3 hr at 65°C in 6x NaCl/Cit con-
taining 0.5% NaDodSO,4, 5% Denhardt’s solution (1x =
0.02% polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine se-
rum albumin) and 100 ug of E. coli DNA per ml prior to
hybridization. Hybridization was allowed to proceed for 16

Proc. Natl. Acad. Sci. USA 81 (1984) 5141

hr at 60°C in 6x NaCl/Cit containing 10 mM EDTA, 5x
Denhardt’s solution, 0.5% NaDodSO,, 100 ug of E. coli
DNA per ml, and 10% dextran sulfate with 10 ng of probe
(=10® cpm/ ug) per filter. Filters were washed with several
changes of either 2x NaCl/Cit containing 0.1% NaDodSO,
at 50°C (low stringency) or 0.1x NaCl/Cit containing 0.1%
NaDodSO, at 65°C (high stringency).

DNA Sequence Determination. End-labeled fragments
were sequenced by the method of Maxam and Gilbert (19).

RESULTS

Isolation of Fibronectin Genomic Clones. Two different
EcoRI fragments from the fibronectin cDNA clone Arlf-2
were used to screen the EMBL 3B rat genomic library (see
Fig. 1). Probe A contains 583 bases of 3’ untranslated se-
quence and the last 310 bases of coding sequence. Probe B
contains the preceding 1200 nucleotides of coding sequence,
including the 360-nucleotide difference segment. Nine fibro-
nectin genomic clones were isolated from approximately
750,000 independent recombinants screened. After partial
restriction mapping and Southern blot analyses of all nine
clones, two clones were selected for further study (Fig. 1).

Both phage contain 18-kb inserts and share 7 kb of over-
lapping sequence. Clone ArFN-1 hybridizes to both probes A
and B, while clone ArFN-2 hybridizes to probe B alone.
DNA sequencing revealed that the last EcoRI site in ArFN-1
encodes the EcoRI site in the untranslated region of the
cDNA (data not shown). Since this EcoRI site is 2 kb from
the 3’ end of the ArFN-1 insert, this clone probably includes
the 3’ end of the gene. The chicken fibronectin gene has been
reported to have an approximate length of 48 kb (20). As-
suming that both rat clones are derived from the same gene,
ArFN-1 and -2, which together span 29 kb of genomic DNA,
represent over half of the rat fibronectin gene.

Southern Blot Analysis. To determine the number of fibro-
nectin genes present in the rat genome, we wanted to use a
probe that had a high probability of detecting multiple genes,
should they exist. We were also particularly interested in the
differences between mRNAs. Accordingly, we chose as a
probe a Bgl I1/Mbo 11 fragment from Arlf-2, which includes
100 nucleotides common to all three cDNAs and most of the
region of difference (see Fig. 3). If the three different fibro-
nectin mRNAs were not encoded by a single gene, one
would expect this probe to yield multiple bands when used
for Southern blots. Because multiple bands are often ob-
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F}G. 1. Restriction enzyme map of the 3’ half of the rat fibronectin gene. The region was mapped by Southern blot analysis with probes
derived from the fibronectin cDNA clones Arlf-1 and Arlf-2 (6) and from restriction mapping of the overlapping genomic clones ArFN-1 and
ArFN-2. The Arlf-2-derived probes used for the screening of the genomic library are represented by shaded (probe A) and unshaded (probe B)
boxes. The EcoRl site at the 5’ end of probe B does not exist in the cDNA but represents a synthetic EcoRI linker introduced in the construction
of the cDNA library. The 3.2-kb BamHI fragment (bold line) of ArFN-1 was subcloned in pBR322, mapped with restriction enzymes, and
partially sequenced (see Fig. 3). R, EcoRI; S, Sal I; B, BamHI. kbp, Kilobase pairs.
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served on Southern blots due to interruptions of the genomic
DNA by introns, we included digests of genomic clone DNA
on our blots to aid in interpretation of the results.

A Southern blot of both Fisher rat genomic DNA and
ArFN-1 DNA digested with a variety of enzymes is shown in
Fig. 2. For all five enzymes used, a single band was found to
hybridize with the Bgl I1/Mbo 1I probe. The patterns ob-
served with genomic and phage DNAs were identical. The
intensity of the signals for the genomic DNA and the phage
DNA, which was present at a level equivalent to one copy
per haploid genome, were roughly equal. These results
strongly suggest that the three mRNAs arise from a single
gene, as predicted from the identity of nucleotide sequences
surrounding the region of difference in the cDNAs. This ex-
periment has been repeated with a number of probes cover-
ing the available 3 kb of fibronectin mRNA sequence (see
ref. 6; data not shown). In all cases, the patterns observed
with genomic DNA were consistent with those seen with
ArEN-1 or -2 DNA. These Southern blotting results provide
no evidence for the presence of more than one fibronectin
gene in the rat genome and show that a single gene encodes
the three different mRNAs. Therefore, these mRNAs must
be the result of alternative splicing.

Sequence Determination Studies. What pattern of RNA
splicing results in the formation of these three mRNAs from
a common transcript? Southern blotting of restriction en-
zyme digests of A\rFN-1 and ArFN-2 using cDNA probes cov-
ering the difference segment showed that this entire region
was contained within a single 3.2-kb BamHI fragment (see
Fig. 1). A continuous sequence of 1221 nucleotides deter-
mined from this fragment (Fig. 3) contains sequence on both
sides of and including the region of difference. The sequence

A B
12 345 123 465

vy

FiG. 2. Determination of fibronectin gene copy number by blot
hybridization. ArFN-1 DNA (A) or Fisher rat genomic DNA (B) was
digested with Bgl 11 (1), HindIII (2), EcoRl/BamH]I (3), EcoRI (4),
or Xba I (5). Ten micrograms of each digested genomic DNA (0.14
ng of digested phage DNA) was fractionated on a 1.0% agarose gel.
After transfer to Zetabind, filters were probed with the 401-bp Bgl/
11/Mbo 11 fragment of Arlf-2 (see Fig. 3). Low-stringency conditions
were used for hybridization (6x NaCl/Cit at 60°C) and washing (2X
NaCl/Cit at 50°C). Note the generation of single bands by each en-
zyme used and the identity of patterns observed for both genomic
and phage DNAs, strongly suggesting the presence of a single fibro-
nectin gene per haploid rat genome. The position of 21.8-, 5.24-,
4.21-, 3.41-, 1.98-, 1.57-, 1.32-, 0.93-, 0.84-, and 0.58-kb HindIII/
EcoRI fragments of phage A DNA are marked by arrowheads.
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begins and ends in introns and contains two complete exons.
The first exon contains 90 bases of coding sequence. The 3’
boundary of this exon coincides exactly with the last nucleo-
tide of sequence common to all three fibronectin mRNAs.
The intron that follows consists of 613 nucleotides of se-
quence, which contains multiple termination codons in all
three reading frames. This intron has typical 5’ and 3’ splice
sites (see D1 and Al in Fig. 4). The organization of the fol-
lowing 467-base exon is quite interesting. The 5’ boundary of
this exon is the first of the 360 nucleotides present in the
largest of the mRNAs. The entire 360-base segment is then
encoded without interruption by introns. This segment is not
immediately followed by an intron but rather by 107 nucleo-
tides of sequence common to all three forms of fibronectin
mRNA. That is, coding sequences of the three different
mRNAs, with and without inclusions of 285 or 360 bases, are
all found within a single exon. As previously noted in the
sequences of the cDNA clones, this segment of coding se-
quence contains two blocks of nucleotides that fit the con-
sensus sequence for 3’ splice sites (see A2 and A3 in Fig. 4).

DISCUSSION

The results reported here clearly demonstrate that the three
rat liver fibronectin mRNAs reported previously (6) are en-
coded by a single gene and must be formed by alternative
processing of a common transcript. The sequence of the
gene shows that a novel pattern of RNA splicing produces
the different fibronectin mRNAs (Fig. 4). As predicted, one
5’ splice site (D1) can be paired with one of three different 3’
splice sites (A1-A3). To produce the mRNA containing the
entire 360-base segment, the 3’ splice site (A1) at the end of
the 613-nucleotide intron is chosen, resulting in the splicing
out of this intron and the inclusion of the largest possible
coding sequence. When either of the other two 3’ splice sites
(A2 or A3) is used, the 5’ 75 or 360 nucleotides of the exon
are deleted along with the intron, resulting in the generation
of the two smaller mRNAs. Thus, two 3’ splice sites within
the second exon can be used with the 5’ splice site at the end
of the first exon to generate two additional types of fibronec-
tin mRNA.

Could other 3’ splice sites be utilized by the 5’ splice site
of the 613-base intron in order to create yet other fibronectin
mRNAs? The presence of a termination codon (TAA) imme-
diately preceding the 3’ splice site of this intron precludes
the possibility that the exon could extend further in the §’
direction and encode insertions of coding sequence longer
than 360 bases. Furthermore, while other potential 3’ splice
sites exist in the 467-nucleotide exon, use of any of these
sites together with D1 would result in the introduction of a
termination codon into the reading frame. Finally, we have
examined the sequence of the 613-base intron for potential
extra exons flanked by acceptor and donor splice sites.
There is such a short block of sequence, starting at either
position 265 or position 289 and ending at position 322 (see
Fig. 4), which could encode 12 or 20 amino acids. Combina-
tion of the 5’ splice site at the end of this sequence with the 3’
splice sites (A1-A3) of the 467-base exon would give rise to
termination codons. However, this 5' splice site could be
paired with a potential 3’ splice site at position 951, which
would lead into the same reading frame as does the combina-
tion of D1 with A1-A3. We previously have noted the possi-
ble existence of other mRNAs; S1 nuclease analysis gave a
minor band that could indicate the presence of an mRNA
arising from a splice at position 951 (see ref. 6). Therefore,
while we only have direct evidence for generation of three
mRNAs by alternative splicing of this complex region of the
rat fibronectin gene, we cannot rule out the possibility of a
fourth, although this would require yet another pattern of
alternative splicing.
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RNA transcripts of several cellular genes are known to be
differentially processed to produce mRNAs encoding vari-
ant polypeptides. Alternative splicing can result in the dele-
tion of entire exons, as in the case of Drosophila myosin (23)
and murine aA-crystallin (24). The use of alternative poly-
adenylation sites permits the deletion of exons at the 3’ end
of RNA transcripts, allowing single genes to encode both the
secreted and membrane-associated forms of immunoglob-
ulins (25, 26). The failure to splice out an intron creates
mRNAs encoding rat fibrinogen chains (yA and yB) with dif-
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Fi1G. 3. Nucleotide sequence of the
portion of the rat fibronectin gene encod-
ing the region of difference between the fi-
bronectin mRNAs. The 1221 nucleotides
of continuous sequence were obtained
from the 3.2-kb BamHI fragment of A\rFN-
1 (see Fig. 1). The amino acid sequence
encoded by the two exons present in this
sequence are shown. Exon/intron bound-
aries are marked by arrowheads. The posi-
tions of the Bgl II (A-G-A-T-C-T) and Mbo
II (G-A-A-G-A) sites used for generating
the probe used for the Southern blot (see
Fig. 2) are underlined.
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ferent COOH-termini (27). The use of alternative promoters
in the yeast invertase (28), murine a-amylase (29) and myo-
sin light chain (30) genes provides yet another mechanism for
the production of multiple mRNAs from a single gene. How-
ever, we know of no other cellular gene in which a single 5’
splice site can combine with several 3’ splice sites as in the
case of fibronectin. The closest parallels occur in animal vi-
ruses such as adenovirus, polyoma, and simian virus 40 (31).

Although the data presented show clearly that the three
fibronectin mRNAs arise from a single gene and, further-



5144 Cell Biology: Tamkun et al.

—_—

mm
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5' SPLICE_SITES
Donor 1 AGIGTAAA
Donor 2 AGIGTATA
Consensus AGIGTRAG
3' SPLICE SITES
Acceptor 0 TTTCCCATCAG
Acceptor 1 CTCTTGGCTAG
Acceptor 2 TCCCTCCACAG
Acceptor 3 TGCCTCTACAG
Consensus YWYAG

FiG. 4. Alternative splicing pattern giving rise to the three fibro-
nectin mRNAs found in rat liver. Introns are represented by thin
lines. Regions encoding sequence common to all three forms of fi-
bronectin mRNA are shown as black boxes. The 285- and 75-nucleo-
tide-included segments are shown as crosshatched and open boxes,
respectively. Splice donor (D) and acceptor (A) sites are marked by
arrowheads. Below this, the sequences of these sites are shown and
compared with consensus sequences for 5’ and 3’ splice sites (32, 33)
in which R = purine, Y = pyrimidine, and N = any base. bp, Base
pairs.

more, that there are no other closely related genes, it is im-
portant to consider whether or not the data rule out the pos-
sibility of other fibronectin genes. We have detected none by
Southern blotting analyses covering about 30% of the coding
sequence (Fig. 2; unpublished data) using conditions of mod-
erately low stringency which would have detected genes
containing significantly diverged homologous sequences.
However, it is known that the sequence of fibronectin con-
tains homologous internal repeats of three different types
(32) that, while clearly homologous at the protein level, dif-
fer by more than 50% at the level of nucleotide sequence (6,
33). The conditions used for the Southern blotting experi-
ments do not reveal crossreactions between homologous re-
peats (type III) that are present in the region analyzed.
Therefore, we would not have detected other genes that are
as closely related as are the endoduplications within one fi-
bronectin gene. If the stringency is lowered further, nonspe-
cific reactions begin to produce unacceptable background
signals. Therefore, we can conclude that, within the range of
homology detectable by Southern blotting analyses, there is
only a single fibronectin gene; but we cannot rule out the
presence of genes encoding related proteins. Nevertheless, it
is clear that the known fibronectin mRNA sequences are ac-
counted for by a single gene.

Kornblihtt et al. (33) have reported the existence in a cul-
tured cell line of human fibronectin mRNAs differing by the
presence or absence of 270 nucleotides of sequence encod-
ing an additional 90-amino-acid type III homology repeat.
This sequence is located 813 nucleotides 5’ of the region of
difference found in the rat fibronectin mRNAs. Perhaps sig-
nificantly, the difference found between the human mRNAs
occurs at the end of a type III homology repeat (33), as do
the differences present in the rat mRNAs (6). However, the
inserted segment in the rat case is not a type III repeat. Vari-
ation among human mRNAs at the position of difference
found in the rat mRNAs was not investigated for the human
cDNA clones, and we have not found any evidence for the
existence of the segment encoding the additional type III re-
peat in any of the rat liver cDNA clones analyzed. However,
if both alternatives can occur in both species, the potential
exists for the production from one gene of six fibronectin
mRNAs containing inclusions at one or the other position or
at both positions.

Another implication of the genomic sequence reported
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here is worthy of note. The sequence defines the positions of
three introns (Figs. 3 and 4). One of these, the one involved
in alternative splicing, occurs at the end of a type III repeat,
while the other two both occur in the middle of homologous
repeats. Therefore, the repeating structure of this region of
fibronectin cannot be explained by the simplest model in
which each type III repeat arises from a single exon.
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