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Characterization of Mouse Fibronectin 
Alternative mRNAs Reveals an Unusual 

Isoform Present Transiently During 
Liver Development
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Fibronectins are found in many extracellular matrices as well as being abundant plasma proteins. The 
plasma isoforms of fibronectin, which are synthesized in the adult by liver hepatocytes, differ from those 
derived from most other cells and tissues due to alternative mRNA splicing. Studies in several vertebrates 
have indicated that FN alternative splicing is regulated spatially and temporally during development. The 
mouse represents an attractive organism in which to study the regulation of fibronectin splicing during 
development, but the patterns of fibronectin alternative splicing were not known for this species. Mouse 
fibronectin cDNA clones were isolated and sequenced, revealing > 95% identity with rat fibronectin at 
the amino acid level; all three segments that undergo alternative splicing are well conserved. RNase 
protection and RT-PCR were used to determine the patterns of alternative splicing that occur in fibroblasts 
and adult liver, sources of cellular and plasma fibronectins. Only A —B — mRNAs were detected in liver, 
and three V region variants were observed, corresponding to the protein isoforms V120, V95, and V0. 
Fibroblasts produced mRNAs that were heterogeneous for A and B splicing, but all RNAs contained 
V120. These patterns contrast with the embryonic form (B + A + V120). Characterization of fibronectin 
mRNAs from livers of fetal and newborn mice revealed that a significant level of B + mRNA was present 
throughout late gestation, declining at birth. Little A+ mRNA was present, and the adult liver V region 
pattern was observed at all stages. Thus, fibronectin splicing changes during liver development are nonco
ordinate. One consequence of this temporal regulation is the transient synthesis of B + mRNAs, including 
a novel isoform, B -I- A — V0.

Fibronectin Alternative mRNA splicing Fetal liver

FIBRONECTINS (FNs) are a family of large ad
hesive glycoproteins that are found in many base
ment membranes and extracellular matrices as 
well as circulating in the blood (22,30). FNs are 
secreted as dimers, and each monomer is com
posed principally of three types of repeating units 
(Types I, II, and III repeats). In all vertebrates 
examined to date, several forms of FN are pro

duced from a single gene via alternative mRNA 
splicing at three positions (38,45). Protein do
mains EIIIA and EIIIB are each encoded by single 
exons, referred to as A and B; omission of either 
exon from mature mRNA results in polypeptides 
lacking the corresponding domain. The V or IIICS 
region is encoded within a single large exon that is 
subdivided by use of internal 5' and/or 3' splice
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sites, resulting in two to five distinct isoforms. The 
precise locations of the alternative V splice sites 
vary from one species to another (44), and com
parisons between mammals and other vertebrates 
have suggested that the C-terminal portion of V is 
relatively divergent compared to the remainder of 
the molecule (12,13,32).

FNs are essential for proper embryonic develop
ment; mice that are homozygous for a disruption 
of the FN gene die by midgestation with numerous 
mesenchymal defects (16). However, it is not 
known whether all FN isoforms are functionally 
equivalent. RNA analyses in several vertebrates 
have shown that early embryos make predomi
nantly A + B + V120 FN, whereas in the adult, 
smaller isoforms generally predominate, with 
characteristic cell and tissue specificity (3,5,7,13, 
15,32,34,37). For instance, plasma FN, which is 
derived from hepatocytes (54), lacks both A and B 
segments, and smaller V region isoforms represent 
a substantial fraction of the total FN protein 
(8,39,44,50). Thus, alternative FN mRNA splicing 
events are regulated both temporally and spatially 
during development, resulting in the production 
of distinct protein isoforms.

The distinct distributions of alternative FN iso
forms readily lead to the hypothesis that the extra 
segments confer novel activities. Several adhesive 
activities and other functions have been mapped 
to the V region (44). The N-terminal 25 amino 
acids, which can be omitted to yield the V95 iso
form, include a binding site for a4j31 integrin
(17,21,55). Also, the central portion of V contains 
sites needed for dimer secretion and for incorpora
tion into blood clots (47,49). The EIIIA segment 
can promote fibroblast adhesion (56) and activate 
lipocytes in culture (24). Adhesive activities also 
have been attributed to EIIIB recently (9), and 
the segment may influence matrix incorporation
(18,27). Thus, although it is likely that each alter
native segment possesses specific adhesive activi
ties, understanding of the distinct functions of 
each individual isoform remains incomplete.

The mouse represents an ideal species in which 
to evaluate FN functions in vivo using genetic and 
molecular techniques. However, the pattern of FN 
alternative splicing has not been determined in the 
mouse. In the present study, we have isolated and 
sequenced mouse FN cDNAs surrounding and in
cluding all three positions of alternative splicing. 
We have used these clones and the sequence infor
mation to determine that the mouse FN pre- 
mRNA is subjected to exactly the same alternative 
splicing events as the rat, with three V region iso
forms (48), not five as in humans (20). Moreover,

we have established that the changes in FN alter
native splicing that occur during liver development 
are noncoordinate, resulting in the transient pro
duction of a previously undescribed mRNA iso
form. Thus, the developing liver may be a useful 
system for studying the regulation of FN alterna
tive splicing as well as the function of the alterna
tive forms.

MATERIALS AND METHODS

Isolation and Sequencing o f Mouse Fibronectin 
cDNA Clones

A XZAPII (Stratagene) library prepared from 
NIH3T3 mouse embryonic fibroblasts (41) was 
plated on XL 1-Blue and screened using standard 
procedures (43). The probe was a Hindlll-PstI 
fragment of rat fibronectin cDNA spanning the 
region from EIIIB to EIIIA [BdP, a slightly trun
cated version of probe AB (46)]. The gel-purified 
fragment was labeled with [32P]dCTP by random- 
primed DNA synthesis using a kit from Boeh- 
ringer Mannheim following the manufacturer’s in
structions. Following plaque purification, positive 
clones were rescued as plasmids by in vivo excision 
following manufacturer’s recommended proce
dures.

DNA sequencing was performed using a Seque- 
nase kit (US Biochemical Corp.) and either [35S] 
or [33P]dATP. Sequence was obtained from nested 
deletions generated using the Erase-A-Base kit 
(Promega Biotech) or from various subclones, and 
was determined from both strands. Sequence as
sembly and analysis employed the Wisconsin Se
quence Analysis Package (Genetics Computer 
Group). The final assembled sequence was based 
largely on clones mfn2 and mfn3 (Fig. 1). How
ever, the reading frame within mfn2 was disrupted 
at one position. Two additional base pairs were 
present at this position in clone mfnl; the inser
tion of these bases preserved the open reading 
frame and was presumed to represent the correct 
sequence. In addition, mfn3 differed at a single 
position from both mfn2 and mfn4; the latter ver
sion was incorporated.

Isolation o f RNA From Cells and Tissues

Mouse L-cell fibroblasts were obtained from 
the laboratory of Dr. M. A. Zern. Mouse livers 
were obtained from either FVB/N or C3H mice; 
fetal mice were staged relative to the detection of 
a copulation plug, which is considered as day E0. 
Livers were removed, dissected away from other
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FIG. 1. Structure of cDNA clones and RNase protection probes. At the top is a schematic diagram 
indicating the modular organization of the FN monomer based on the sequence of other vertebrate 
FNs (22). Type I repeats are depicted as narrow rectangles, Type II repeats as ovals, Type III repeats 
as squares, and untranslated regions of the mRNA are shown as thick lines. The alternatively spliced 
segments are indicated as A, B, and V; major cell adhesion signals are indicated above. The 
structures of the RNase protection probes are indicated below the schematic (A and B). The portions 
of the molecule encoded by each cDNA clone are indicated below, and the clones are identified at 
the left.

tissues, then minced; usually, embryonic livers 
from two to three animals were pooled at this 
stage. Some RNA samples were isolated by lysis 
of cells or minced tissue in guanidinium isothiocy
anate followed by ultracentrifugation through a 
CsCl cushion (10). Alternatively, RNA was iso
lated by acid guanidinium thiocyanate-phenol- 
chloroform extraction (11). Commercially pre
pared Trizol reagent (Gibco/BRL) was added to 
minced tissue, and RNA was isolated following 
manufacturer’s protocols. The concentration of 
purified RNA was determined spectrophotometri- 
cally and its integrity and concentration were con
firmed by agarose gel electrophoresis to visualize 
28S and 18S rRNAs.

Preparation o f RNA Probes and 
RNase Protection

Fragments of the cDNAs were subcloned to 
serve as templates for in vitro transcription. A 
480-bp EcoRI-Hindlll fragment was isolated 
from mfnl and subcloned into pBS— (Stratagene) 
cut with the same enzymes to create a template for 
an EIIIB probe. A 250-bp Styl-BstEII fragment 
was isolated from mfn5, treated with the Klenow 
fragment of DNA polymerasel, and subcloned 
into the EcoRV site of pSKII— (Stratagene) to 
create a template for an EIIIA probe. Following 
linearization with EcoRI (B template) or Hindlll 
(A template), in vitro transcription was performed 
in the presence of [32P]UTP (New England Nu
clear) with T3 RNA polymerase using a kit (Stra
tagene). RNA probes were isolated by denaturing 
polyacrylamide gel electrophoresis. Probes were

eluted from the gel slices in 0.3 M sodium acetate,
0.5% SDS. The recovered probes were resus
pended in 100 iA of water.

RNase protection was performed using modifi
cations of published procedures (19). Typically, 1- 
2 fx 1 of probe (> 105 cpm//d probe) was mixed 
with 5 fig of total RNA (in 1-5 fi\ H20) and 40-45 
jid 6 M guanidinium isothiocyanate. Samples were 
heated to 65 °C for 15 min, and incubated over
night at 45 °C. Following the addition of 500 fi\ of
0.75 X SSC containing RNaseA (10 f ig) and RNase 
T1 (50 units), the samples were incubated at 45 °C 
for 30 min. RNase-resistant fragments were pre
cipitated by the addition of 1.0 ml ethanol con
taining 2% diethylpyrocarbonate and 5 fig carrier 
yeast tRNA. The RNA was collected by microcen
trifugation and resuspended in 90% formamide 
containing 0.1% each bromphenol blue and xy
lene cyanol and 1 mM EDTA. Samples were 
heated to 90°C then applied to a 6% denaturing 
gel. Dried gels were exposed to a Phosphorlmage 
screen (Molecular Dynamics), and the resulting 
images cropped and contrast adjusted using NIH 
Image (W. Rasband, NIH).

Reverse Transcription and Polymerase 
Chain Reaction

Approximately 1 fig of each RNA was incu
bated with 1.0 fil random hexamers (50 fiM) in a 
total of 10 fi\ and heated to 70°C for 5-10 min, 
then chilled on ice. Samples were adjusted to 50 
mM Tris-HCl, pH 8.3, 75 mM KC1, 3.0 mM 
MgCl2, 1.0 mM DTT, 1.0 fi\ RNAse block (Strata
gene), 500 fiM dNTPs, and 1.0 fi\ Superscript re



142 GORSKI, AROS, AND NORTON

verse transcriptase (LifeTechnologies, Inc.); reac
tions were incubated at 37°C for at least 1 h. The 
cDNAs were used immediately in PCR reactions 
or were stored at -20°C .

PCR was performed using either Taq DNA 
polymerase or Elongase enzyme mixture; no dif
ferences were observed in the band patterns pro
duced by the two enzyme preparations. For the 
former, PCR conditions were 50 mM KC1, 10 mM 
Tris-HCl, pH 8.3, 1.5 mM MgCl2, 0.2 mM each 
dATP, dCTP, dGTP, and dTTP, 25-50 pmol 
each primer, 2.5 units Taq DNA polymerase (Stra- 
tagene or Perkin-Elmer/Cetus), and 1 /d cDNA in 
a total of 100 pd. PCR was performed for 35 cy
cles: 94°C, 1 min, 50°C, 1 min, and 72°C, 1 min, 
with a final extension of 7 min at 72°C. Elongase 
reactions (LifeTechnologies, Inc.) were prepared 
with manufacturers’ supplied reagents in a 50 /d 
total volume. Amplifications were for 30-35 cy
cles, with little variation observed with increased 
cycle number (not shown). A list of primers used 
is shown in Table 1. After electrophoresis through 
agarose or polyacrylamide, products were visual
ized by staining with ethidium bromide and photo
graphed. Photos were scanned, and the images 
were reversed, contrast adjusted, and cropped in 
NIH Image.

RESULTS

Isolation and Sequencing o f Mouse 
Fibronectin cDNA Clones

A cDNA library prepared from mouse NIH3T3 
embryonic fibroblasts was screened using a frag
ment of rat cDNA. Screening of ca. 4 x 104 
plaques yielded six positive clones; the structures 
of these are diagrammed in Fig. 1. These clones, 
termed m fnl-6, span all three regions known to 
undergo alternative splicing, indicated in the fig
ure as A, B, and V. Two of the clones, mfn2 and 
mfn3, were sequenced in entirety, and portions of

the other clones were also sequenced (see Materi
als and Methods section). A subclone of mfn6 was 
sequenced to bridge a short gap between mfn3 and 
a previously sequenced segment of the 3' end of 
mouse FN (4). The newly determined composite 
sequence (4435 base pairs) is 94.5% identical to 
rat FN (data not shown; accession number 
X93167). The predicted amino acid sequence is 
shown in Fig. 2; the mouse and rat sequences are 
96% identical, with most changes being conserva
tive substitutions. Specific features of the pre
dicted protein sequence are considered in more de
tail in the Discussion section.

Determination o f the Mouse FN Splicing Pattern

Fragments of mfnl and mfn5 were subcloned 
to serve as RNase protection probes for exons 
EIIIB and EIIIA, respectively, as indicated in Fig.
1. Based on studies of other species (13,26,32, 
36,46), we anticipated that adult liver FN mRNA 
would be B — A —, whereas fibroblasts would con
tain some B+ and/or A + mRNAs. RNase pro
tection analyses of total RNA derived from fibro
blasts using the B probe produced bands of 480 
and 453 bp, representing B+ and B— forms (Fig. 
3A, lane 3). In contrast, only the B— form was 
detected in liver RNA (lane 4). When the A probe 
was hybridized to fibroblast RNA, bands of 250 
and 148 bp were detected (Fig. 3B, lane 3), repre
senting A+ and A — forms, but only A — mRNA 
was detected in liver (lane 4). Thus, splicing of 
these two alternative segments is the same in the 
mouse as in other species.

In the rat, three V region isoforms (VI20, V95, 
and V0) are present in the adult liver, but predom
inantly the full-length VI20 is detected in fibro
blasts (44). This pattern is distinct from the five 
isoforms observed in human liver (20), and thus it 
was necessary to verify the mouse V splicing pat
tern experimentally. RT-PCR analysis of adult 
mouse liver RNA was performed using primers

TABLE 1
PRIM ERS U SE D  FOR PCR EX PER IM ENTS

Primer Sequence (5' -► 3') Usage

VF GCT AC ATT AT C AAGT AT GAG forward primer 5' of V
VR AAT G ATGT ACT C AG A ACT CT reverse primer 3' of V
AF GAAATGACCATTGAAGGTTTG forward primer 5' o f A
AR TT CTTTC ATT GGT CCT GTCTT reverse primer 3' o f A
BF CATGCTGATCAGAGTTCCTG forward primer 5' o f B
BR GGT G AGT AGCGC ACC AAG AG reverse primer 3' of B
IBF T ACCG A AT C AC AGT AGTT GC forward primer within B
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W Y L Y
1 1 14 DNVPPPTDLQFVELTDVKVTIMWTPPDSV VSGYRVEVLPVSLPGEH GQRLPVNRNTFAEITGLSPGVTYLFKVFAVHQGRESNPLTAQQTT

1 1 15 KLDAPTNLQFVNETDRTVLVWTPPRAR IAGYRLTAGLTRGGQPKQ YNVGPLASKYPLRNLQPGSEYTATLVAVKGNQQSPKATGVFTTL

1 1 16  QPLRSIPPYNTEVTETTIVITV/TPAPR IGFKLGVRPSQGGEAPRE VTSDSGSIWSGLTPGVEYTYTIQVLRDGQERDAPIVNRWTP

1 1 17 LSPPTNLHLEANPDTGVLTVSWERSTTPDITGYRITTTPTNGQQGTSLEEWHADQSSCTFENLNPGLEYNVSVYTVKDDKESAPISDTWP 

I I I B  EVPQLTDLSFDITDSSIGLRW TPLNSSTIIGYRITW AAGEGIP IFEDFVDSSVGYYTVTGLEPGIDYDISVITLINGGESAPTTLTQQT

1 1 18  AVPPPTDLRFTNIGPDTMRVTWAPPPSIELTNLLVRYSPVKNEED VAELSISPSDNAWLTNLLPGTEYLVSVSSVYEQHESIPLRGRQKT

1 1 19  GLDSPTGFDSSDITANSFTVHWVAPRAP ITGYIIRHHAEHSVGR PRODRVPPSRNSITLTNLNPGTEYWSIIAVNGREESPPLIGOOAT 

I I I 1 0  VSDIPRDLEVIASTPTSLLISW EPPAVSV RYYRITYGETGGNSP VOEFTVPGSKSTATINNIKPGADYTITLYAVTGRGDSPASSKPVSINYKT  

H i l l  ElDKPSQMQVTDVQDNSISVRWLPSTSP VTGYRVTTTPKNGLGP SKTKTASPDQTEMTIEGLQPTVEYWSVYAQNRNGESQPLVQTAVT 

I I I A  NIDRPKGLAFTDVDVDSIKIAWESPQGQ VSRYRVTYSSPEDGIRE LFPAPDGEDDTAELQGLRPGSEYTVSWALHDDMESQPLIGIQST

1 1 1 1 2  AIPAPTNLKLSQVTPTSFTAQWIAPSVQ LTGYRVRVNPKEKTGPM KEINLSPDSSSVIVSGLMVATKYEVSVYALKDTLTSRPAQGVITTLE

1 1 1 1 3  NVSPPRRARVTDATETTITISWRTKTET ITGFQVDAIPANGQTPV QRSISPDVRSYTITGLQPGTDYKIHLYTLNDNARSSPVIIDAST

1 1 1 1 4  A ID A PSNLRFLTTTPNSLLVSWOAPRAR ITGYIIKYEKPGSPPREW  PRPRPGVTEATITGLEPGTEYTIYVIALKNNQKSEPLIGRKKT

V 25 DELPQLVTLPHPNLHGPEILDVPST

V 95 VQKTPFITNPGYDTENGIQLPGTTHQQPSVGQQMIFEEHGFRRTTPPTAATPVRLRPRPYLPNVDEEVQIGHVPRGDVDYHLYPHVPGLNPNAST

1 1 1 15  GQEALSQTTISWTPFQESSEYIISCQPVGTDEEPLQFQVPGTSTSATLTGLTRGVTYNIIVEALQNQRRHKVREEWTVGNA

1 1 0  VSEGLNQPTDDSCFDPYTVSHYAIGEEWERLSDAGFKLTCQCLGFGSGHFRCDSS

1 1 1  KWCHDN GVNYKIGEKWDRQGENGQRMSCTC LGNGKGEF

FIG. 2. Deduced partial mouse FN protein sequence. The composite sequence was derived from sequencing mfn3 in entirety, most 
of mfn2, and small portions of the other clones. The sequence is presented to emphasize the repeating structure of the protein; 
conserved residues characteristic of FN Type III repeat units are indicated above the aligned sequences. Key features are underlined 
and described in the text.

that flank the V region (Table 1); this analysis 
revealed three bands o f 607, 532, and 247, as pre
dicted for V120, V95, and VO isoforms (Fig. 3C, 
lanes 2 and 3). Only the band corresponding to 
V I20 was produced when fibroblast RNA was 
used as template (lane 1). The precise position o f  
the alternative splice sites used in mouse was deter
mined by subcloning and sequencing o f the PCR

products. This analysis confirmed that the posi
tions o f the alternative 3' splice sites are identical 
in mouse and rat, subdividing the region into V25 
and V95 segments (Fig. 2). Densitometric analyses 
established that over 80% of the FNs present in 
both adult liver samples were VO, slightly higher 
than the value o f 75% previously reported in the 
rat (26). Thus, FN alternative splicing in the

A B c
3 1 0 - lair —

V 120 
V95

2 1 8 -
A +

528~ m B +
181 - B-
161 -  
1 4 8 - A- 4 0 5 - VO

1 2 3 4 1 2 3 4 1 2 3

FIG. 3. Establishment of FN splicing pattern in the mouse. (A) RNase protection analysis of fibroblast 
and liver RNAs with a probe specific for the A exon. Samples were applied to a denaturing 6 % 
polyacrylamide gel; lane 1, probe alone (arrow); lane 2, yeast tRNA control; lane 3, fibroblast RNA; 
lane 4, liver RNA. Fibroblasts contain both forms; liver contains only A — mRNAs. (B) RNase protec
tion analysis of fibroblast and liver RNA with a probe specific for the B exon. Samples were analyzed 
and lanes loaded as in (A); arrow indicates position of intact probe. Fibroblasts contain both forms; 
liver contains only B — mRNAs. (C) RT-PCR analysis o f V region splicing. Primers that flank the V 
region were used in PCR amplification of cDNA prepared from fibroblast (lane 1) or liver RNAs (lanes 
2 and 3, independent preparations); after 35 cycles of amplification, samples were analyzed on a 6 % 
nondenaturing polyacrylamide gel. Products o f 607, 532, and 247 bp were observed for liver, but only 
the largest was detected in fibroblasts. The precise boundaries of the smaller forms were confirmed by 
cloning and sequencing of the amplified products; the resulting protein subdomains are indicated in 
Fig. 2.
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FIG. 4. FN isoforms present during liver development. RT- 
PCR analysis of liver RNAs isolated from E15 (lanes 1), E16 
(lanes 2), E17 (lanes 3), postnatal day 1 (lanes 4 and 5), and 
adult (lane 6) mice and from fibroblasts (lane 7). Lanes M, 
MspI cut pBR322; from top bands are 622, 527, 404, 309, 242/ 
238, 217, 201. Note that not all bands are visible in every panel, 
but the uppermost band always corresponds to the 622-bp frag
ment. The light bands present in (A) and (B) between the la
beled products are PCR artifacts of unknown origin that are 
not always evident. Also, the E16 sample seems to consistently 
give a stronger signal than the other embryonic samples, but 
changes in cycle number did not change the patterns observed 
(not shown). (A) Amplification of A +  and A — species (515 
and 245 bp); samples were analyzed after 35 cycles on a 6% 
nondenaturing polyacrylamide gel. (B) Amplification of B +  
and B -  species (505 and 232); samples were analyzed after 35 
cycles on a 6% nondenaturing polyacrylamide gel. (C) Amplifi
cation of V120, V95, and VO species (607, 532, and 247 bp); 
samples were analyzed after 30 cycles on a 2% agarose gel.

mouse is qualitatively and quantitatively similar to 
that of the rat.

Changes in FN Splicing Pattern 
During Liver Development

In early embryos of several vertebrates, FN 
mRNAs containing all three alternative regions 
predominate, with tissue-specific loss of segments 
observed during development (13,15,32,35,37). 
These and other studies showed that in the adult 
liver, EIIIA and EIIIB are completely excluded 
and > 50% of mRNAs lack all or part of the 
V region; the experiments in Fig. 3 extend these 
findings to include the mouse. We have also ob
served that early mouse embryos contain predomi
nantly B + A + FN mRNAs (unpublished data). 
Thus, changes in alternative splicing must occur at 
all three positions during liver development.

Total RNA was isolated from livers of late fetal 
and newborn mice and analyzed by RT-PCR to 
investigate the temporal sequence of splicing 
changes (gestation is ca. 19 days). The RT-PCR 
data are shown in Fig. 4; these were quantitated 
by scanning densitometry (Table 2), and the re
sults are concordant with RNAse protection anal
yses performed on some of the same samples (Fig. 
3 and data not shown). At all embryonic and post
natal stages examined, the V region splicing pat
tern resembled that of the adult (Fig. 4C, compare 
lanes 1-5 with lane 6), although there was some 
variablility in the precise ratios of the isoforms 
(Table 2). Similarly, most of the FN mRNA in 
fetal and newborn liver was A — (Fig. 4A, lanes 1- 
5). In contrast, a significant fraction of FN 
mRNA present at all embryonic days tested was 
B-b (Fig. 4B, lanes 1-3, Table 2), and a small 
amount was detected in the livers of newborns 
(Fig. 4B, lanes 4 and 5). Thus, splicing changes 
begin early during tissue development, and the 
shift from B-b to B -  is not temporally coordi
nated with changes in A and V.

B-bV0 mRNAs have not been detected pre
viously in vivo. The significant quantities of B-b 
mRNAs present at E15-17 suggested that some 
fraction of these also may be V0. This possibility 
was tested by performing PCR using the reverse V 
region primer and a forward primer internal to B. 
Two products of ca. 2.5 and 2.1 kbp were ampli
fied from cDNA prepared from E17 liver mRNA 
(Fig. 5). These fit well with the predicted sizes of 
2512 for VI20, 2437 for V95, and 2152 for V0; 
presumably, the VI20 and V95 forms were not 
resolved. The structure of these amplified prod
ucts was confirmed by digestion of the PCR prod-
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TABLE 2
QUANTITATION OF SPLICING CHANGES DURING LIVER DEVELOPMENT

Stage Vo A -  FN VoB — FN VoV95 FN Vo V0 FN

E15 95 54 16 58
E16 99 72 9 77
E17 98 72 32 47
PI 99 92 15 75
Adult 100 100 12 85
Fibroblasts 50 73 <2 <2

ucts with BamHI. A large fragment was liberated 
(not shown), along with three smaller fragments 
representing the three V region variants (Fig. 5). 
The relative ratios of the three isoforms observed 
in this experiment agreed with their relative abun
dance in total FN mRNA (Fig. 4C, Table 2), sug
gesting that B and V are independently regulated. 
Thus, a novel FN mRNA isoform, B + A-VO is 
present in fetal liver, representing more than 10% 
of the total FN mRNA.

DISCUSSION

Features o f  the Mouse FN Sequence

Sequencing of cDNA clones representing nearly
4.5 kbp of mouse FN mRNA reveals > 90% iden
tity to other mammalian FNs within the coding 
region, in agreement with an earlier report of the 
3' ca. 1.0 kbp of the mRNA (4), and a recent 
report of a smaller fragment that lies slightly 5' to 
our sequence (53). Thus, it is not surprising to find 
that several adhesion sites characterized in human 
or rat FNs are conserved in the mouse (Fig. 2). 
The critical GRGDSP motif is recognized by sev
eral integrin receptor heterodimers, including 
a5/31 (42). A sequence required for allb(33 interac
tion with FN, DRVPHSRNSIT, is largely con
served (P substituted for H in the mouse) (6). This 
sequence corresponds to one of a pair of sites that 
synergize with the RGD motif for a501 adhesion 
to FN (1). A binding site for a4(31 integrin, with 
the core motif IDAPS is present in the C-terminal 
heparin domain (31). Other adhesive sites for hep
arin and other proteoglycans in repeats III 13 and 
14 are also conserved (2,14,23,28). Thus, mouse 
FN is most likely indistinguishable functionally 
from the previously characterized human and rat 
proteins.

Nonetheless, careful comparison between 
mouse, rat, and human FNs reveals that certain 
regions display greater than average divergence. 
The plot of similarity of mouse, rat, and human

FNs shown in Fig. 6 suggests that III5, as well 
as the C-terminal portion of EIIIA along with a 
portion of neighboring III 12, is less well conserved 
than other regions. The V segment appeared to be 
the most divergent region of FN when compari
sons were made between mammalian FNs and 
those of nonmammalian vertebrates (13,32), but 
V is not especially divergent when the comparison 
is restricted to mammalian FNs (Fig. 6). This con
servation may reflect the acquisition of functions 
specific to mammals. The C-terminal portion of V 
is very poorly conserved in nonmammalian verte
brates (Fig. 7). However, manipulation of the 
alignment reveals a moderately conserved motif 
within the CS5 peptide, represented as RGD. This 
motif or a related sequence (HGD or RED) is pres
ent in all species except chicken; interestingly, the 
chicken is the only species in which this motif is 
present in all isoforms (32).

Bam Bam

IB F ►  v  VR
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FIG. 5. Detection of a B + A -V O  FN mRNA isoform. At the 
top is a diagram of the experimental strategy to determine the 
V composition of mRNAs that contain B. Below left, RT-PCR 
analysis of E17 liver RNA using IBF and VR primers; sample 
was subjected to 35 cycles of amplification and analyzed on a 
1% agarose gel. Only two bands were observed, corresponding 
to V120/V95 (bands of 2512 and 2437 bp did not resolve) and 
V0 (2152 bp); thus, there was no evidence for either additional 
variants or incompletely processed RNAs. Another aliquot of 
this sample was cut with BamHI and the products resolved on 
a 6% polyacrylamide gel (right). A single large fragment was 
observed (>  1.0 kbp, not shown) as well as three smaller frag
ments correponding to the expected sizes of 550, 475, and 190 
bp for the V120, V95, and V0 RNA isoforms.
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Characterization o f Mouse FN  
Alternative Splicing

The similarity of the rat and mouse splicing 
patterns was expected, but it was necessary to con
firm the pattern of splicing in the mouse experi
mentally, especially for the V region, where con
siderable inter species heterogeneity occurs (44). 
The data presented demonstrate that mouse and 
rat FN mRNAs undergo identical alternative splic
ing events. Specifically, the pattern of FN splicing 
in mouse liver is identical to that of the rat
(26,37,46,48). However, the data presented here 
extend previous observations by examination of 
several stages during mouse liver development. 
This analysis revealed that splicing changes at dif
ferent positions are not coordinated during liver 
development. Splicing at the V region in E l5-16 
liver was indistinguishable from that of the adult 
liver, and A — mRNAs were predominant 
throughout the late fetal period. In contrast, sig
nificant levels of B + RNAs were present during 
the late fetal period, declining perinatally. This 
staggered temporal sequence results in the tran
sient production of a novel isoform, B + A -  VO.

Other workers have characterized FN mRNAs 
in the liver at single embyonic stages, and all re
ports agree that fetal liver has a higher proportion

of B +A  + FN than adult. Pagani et al. (37) found 
that E l7 fetal rat liver contained significant levels 
of B + , but detected higher levels of the A + and 
V120 forms than shown in Fig. 4. Oyama et al.
(34) analyzed FN mRNAs isolated from midgesta
tion human fetal livers, and observed similar levels 
of A and B (ca. 25%), but fairly low levels of 
forms equivalent to V95 and VO. Our embryonic 
samples represent pools isolated from two or more 
livers, to reduce individual variation. The differ
ences in our observations could represent interspe
cies differences, or could be due to specimens of 
nonequivalent gestational age.

Identification o f a Novel FN Isoform

The data in Fig. 5 demonstrate the existence of 
a novel FN isoform, B + A-VO in the late fetal 
liver, suggesting that the corresponding protein 
isoforms fulfill a specific but transient function at 
this time. Evidence points to the liver (33), and 
specifically to hepatocytes (54) as the source of 
plasma FN in adult animals. As the liver is a major 
hematopoietic organ in the fetal mouse (29), it is 
attractive to speculate that this role requires the 
presence of novel matrix components. However, 
the loss of B + mRNAs perinatally also coincides 
with increased hepatocyte polarization, and it has

o 500 1000
Position

1500

FIG. 6. Similarity plot of mouse, human, and rat fibronectins. Amino acid se
quences translated from human (Genbank K00799, with M l8177, the human 
EIIIB sequence, added to it) and rat (X I5906) FN sequences were aligned with the 
partial mouse sequence shown in Fig. 2. These aligned sequences were then ana
lyzed for the level of identity (scale at left) by the Plotsimilarity program, with a 
sliding window of 40. The average level o f identity is indicated by the dotted 
horizontal line; identities were assigned a score of 1.0; nonidentities, 0. Regions of 
the protein that are subjected to exclusion by alternative splicing are indicated by 
the labeled bars at the top.
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FIG. 7. V region sequence comparison. The sequences of the V regions of seven vertebrate FNs are 
shown. P, Pleurodeles waltii (12), X, Xenopus laevis (13), C, Gallus domesticus (32); H, Homo 
sapiens (25); B, Bos tarsus (51); R, Rattus norvegicus (48); M, Mus musculus (this study). Vertical 
lines indicate identities, and asterisks highlight residues shared by all species. The LDV cell adhesion 
site is indicated by underlining. A consensus for a second adhesion signal is shown at the bottom 
(RGD; see text).

been suggested that cell-FN interactions could be 
important prior to the establishment of cell-cell 
adhesions (52). Thus, the B segment may play an 
important role in the cell-matrix interactions that 
precede the formation of cell-cell interactions 
characteristic of mature liver.

Although the present study was restricted to 
characterizing variant FNs at the mRNA level, the 
data predict that hepatocytes may produce B + 
FN protein. It remains to be determined whether 
FNs containing B + and A+ are secreted into 
plasma or are retained in the liver. A very low 
level of B + FN was detected in normal adult 
plasma (40), but it is not known whether this ma
terial originated in the liver or was derived from 
other cells such as platelets and endothelial cells,
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