
[CANCER RESEARCH 53. 2005-2011. May 1. 1993]

Coordinate Oncodevelopmental Modulation of Alternative Splicing of Fibronectin
Pre-Messenger RNA at ED-A, ED-B, and CS1 Regions in Human Liver Tbmors1

Fumitaka (Kama,2 Setsuo Hirohashi, Michiie Sakamoto, Koiti Titani, and Kiyotoshi Sekiguchi3

Institute for Comprehensive Medical Science, Fujita Health University; Towake. Aichi470-ll [F. O., K. T., K. S.Â¡:Pathologv Division. National Cancer Center Research Institute,
Tsukiji, Chuo-ku, Tokyo 104 Â¡S.H., M. S.Â¡:and Research Institute. Osaka Medical Center for Maternal and Child Health, kumi, Osaka 590-02 IK. S.Â¡.Japan

ABSTRACT

The molecular diversity of fibronectin arises from alternative RNA
splicing at regions termed ED-A, ED-B, and UK S. We investigated the
splicing patterns of fibronectin pre-mRNA at both ED-B and UK'S re

gions in various human liver tissues with an emphasis on the expression of
the alternative cell adhesive site CS1 within the UK S region. The relative
abundance of the fibronectin mRNA containing the CS1 sequence was
significantly increased in both fetal and cancerous liver tissues, although
it was not affected in nonmalignant tissues with chronic hepatitis and
cirrhosis. Similarly, the relative abundance of the fibronectin mRNA con
taining the ED-B region was also increased in both fetal liver and liver
tumors, showing a close parallelism with the splicing pattern at the ED-A

region. Immunohistochemical examination of cancerous liver tissues with
monoclonal antibodies directed to the ED-A and ED-B segments revealed

that the fibronectin isoforms containing these extra peptide segments were
specifically deposited in the tumor nodules. Other genes encoding kinino-
gen, y chain of fibrinogen, and ÃŸ-amyloidprotein precursor, all of which

had been shown to be alternatively processed, did not show any significant
alteration in the splicing pattern in cancerous liver tissues. These results
indicate that the alternative splicing of fibronectin pre-mRNA at the
ED-A, ED-B, and UK 'S regions is coordinati'!) modulated in both fetal

and cancerous liver tissues toward inclusion of the extra peptide segments
and that not all but only selected genes are susceptible for "fine tuning" of

alternative RNA splicing in cancerous liver tissues.

INTRODUCTION

FNs4 are adhesive glycoproteins (M, 250,000-270.000) present in

various body fluids and extracellular matrix. The monomer subunits
are connected by disulfide bonds near the carboxyl terminus to yield
dimeric and multimeric molecules (see Fig. 1). FN subunits are com
posed of three internally homologous repeats, termed types I, II, and
III (1). These homologous repeats are assembled into a series of
functional domains capable of binding to such ligands as fibrin, he-

parin, certain types of bacteria, and cell surface adhesion receptors
termed integrins (see Refs. 2-4 for recent reviews). Through binding

to these extracellular ligands, FNs play an important role in the at
tachment and spreading of cells and in three-dimensional organization

of extracellular matrices (see the reviews above).
FNs prepared from various cells and tissues have similar properties

but differ in their subunit size (5, 6). Recent studies have revealed that
multiple FN isoforms are generated from a single pre-mRNA by
alternative splicing at three distinct regions referred to as ED-A,
ED-B, and IOCS (7-11). ED-A and ED-B regions, both representing

extra type III repeats, are encoded by individual cassette exons which
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are alternatively excluded from the mature mRNA (10-13). Alterna

tive RNA splicing at each of these regions gives rise to two isoforms
with and without respective ED sequences. IIICS is encoded as a part
of the exon encoding the 5' half of the last type III repeat which

contains internal donor and acceptor sites for optional splicing within
the exon (14, 15). Five mRNA variants (Variants 1-5) arise from a
single pre-mRNA by alternative splicing at this region. Up to 20

different FN isoforms could be generated, if all the combinations
among alternatively spliced variants at the ED-A, ED-B, and IIICS

regions are possible.
Although the physiological roles of the ED-A and ED-B segments

have been only poorly understood, the amino-terminal 25 residues of

the IIICS region, often referred to as CS1, were shown to have a
selective adhesive affinity for lymphoid cells and some tumor cells
(16, 17). Another cell adhesive site was also identified within the
carboxyl-terminal 31 residues of the IIICS region and referred to as

CS5, although the adhesive activity of the CS5 segment was much
weaker than that of the CS1 segment (16). It has been shown that
integrin a4ÃŸ,,a novel FN receptor distinct from the integrin a5ÃŸ,
recognizing the Arg-Gly-Asp sequence within FN, binds specifically

to the CS1 segment (17, 18). The CS1 region functions as an alter
native cell attachment signal for certain cell types and plays an im
portant role in cell adhesion and migration during embryogenesis and
tumor metastasis (19, 20).

Alternative splicing at ED-A, ED-B, and IIICS regions has been
shown to be regulated in a tissue-specific and developmental stage-
specific manner (8, 21-23). We have reported that the tissue-specific
alternative RNA splicing at the ED-A region is deregulated in malig
nant liver tumors so as to increase ED-A-containing (ED-A') FN
mRNA (24). The increased expression of the ED-A* mRNA closely

correlated with the malignancy of the liver tumors. The deregulated
alternative splicing at the ED-B region was also observed in lung

cancer tissues (25).
Recently we found that alternative pre-mRNA splicing of tenascin,

another major component of extracellular matrix, was also deregu
lated in lung cancer tissues (26). These observations raise the ques
tions of whether the expression of the ED-B region and/or the CS1

region is also perturbed during carcinogenesis and whether the alter
native splicing of other hepatic gene transcripts is also deregulated in
the same manner. In the present investigation, we analyzed the pat
terns of alternative splicing at both the ED-B and IIICS regions in

various human liver tissues in order to better understand the in vivo
regulation of ED-B and CS1 expression. We present evidence that the

expression of the three alternatively spliced regions is coordinately
modulated in the liver during organogÃ©nesisand carcinogenesis.

MATERIALS AND METHODS

Nuclease SI was purchased from Boehringer Mannheim Yamanouchi
(Tokyo, Japan). All DNA-modifying enzymes and pUCl 19 were from Takara
Shuzo (Kyoto, Japan). [a-32P]dCTP was from Amersham. pGEM3 was ob

tained from Promega (Madison, WI). All oligonucleotides were synthesized on
an Applied Biosystems 391 DNA synthesizer (Foster City. CA) using the
phosphoramidite method. Human ÃŸ-actincDNA was purchased from Wako

Pure Chemical Industries (Osaka, Japan).
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Tissues. HCC tissues as well as the surrounding nontumorous tissues were
obtained from the surgically resected specimens for pathological examination.
The tissue specimens were immediately frozen at -85Â°C after surgical resec

tion. Tissue specimens with chronic hepatitis and cirrhosis were obtained from
the nontumorous area distal from the tumor nodules. Fetal liver tissues were
obtained from fetuses of 16-27-week gestations at autopsy after therapeutic

abortions. Informed consent was obtained from parent(s) for examination of
the fetal tissues according to the Guidelines for Experiments Using Human
Organs and Tissues issued by the Japanese Association of Obstetrics and

Gynecology. The numbers of each tissue specimens obtained from different
individuals were as follows: normal adult liver, 5; fetal liver, 5; liver with
chronic hepatitis, 6; liver cirrhosis, 10; hepatocellular adenoma, 1; Type 1
HCC, 7; Type 2 HCC. 10; HCC transplanted in nude mice, 2. All HCCs
examined in this investigation were less than or equal to 3 cm in diameter and
were classified into two groups on the basis of absence (Type 1) or presence
(Type 2) of extranodular tumor growth (27).

Preparation of RNA. Total RNA was prepared from 0.5-2.0 g of frozen

tissue as described previously (22, 28).
Probe DNA for Nuclease SI Protection Analysis. The probe DNAs for

nuclease SI protection analysis of the ED-A and ED-B regions were prepared

as described (25). The probe DNA for the IIICS region was prepared from FN
cDNA by PCR amplification using 5'-ACCGTGTGGGTACAGGTG-3' (cor

responding to bases 852-870 of the FN cDNA sequence reported in Ref. 8) and
5'-GTCACAGAGGCTACTAT-3' (corresponding to bases 1280-1296 in Ref.

8) as forward and reverse primers, respectively. cDNA synthesis and subse
quent PCR reaction were performed as described previously (26). The ampli
fied DNA was electrophoresed on 6% polyacrylamide gel. and the cDNA
fragment with an expected size (i.e.. 444 base pairs) was recovered from the
gel and phosphorylated at the 5' end with T4 polynucleotide kinase. The IIICS

cDNA fragment was subcloned to pUCl 19 at the Smal sites. The insert was
then excised by double digestion with Hpall and Hindlll to give rise to a 448
base fragment, of which the 3' 35 bases were derived from the polylinker

region of pUC119.
The probe DNA for human kininogen was prepared from the kininogen

cDNA HTPI1529 (29), which was kindly provided by Dr. Iwao Ohkubo (Shiga
Medical College). The plasmid was double digested with Hindlll and Hinfl,
and the resulting 433-base pair fragment was purified upon agarose gel elec-
trophoresis. The 3' recessed end was filled in with the Klenow fragment of

DNA polymerase I. The DNA fragment was then digested with Sau3AI. and
the resulting fragment (169 base pairs) was subcloned into the BiimHl/Smal
site of pGEM3. The resulting plasmid was digested with 5au3AI and Pvull to
yield the 229-base pair fragment, of which the 5' 169 bases were derived from
HTPI1529 and the 3' 60 bases were from pGEM3.

The DNA probe for the 7 chain of human fibrinogen (bases 1271-1392; Ref.

30) was prepared from the cDNA clone pHIy2 (kindly provided by Dr. D. W.
Chung, University of Washington) by PCR amplification using 5'-ACTTG-
GAAAACCCCGGTG-3' and 5'-ACGTCTCCAGCCTGTTT-3' as the forward

and reverse primers. The amplified cDNA fragment was recovered from the gel
and phosphorylated at the 5' end with T4 polynucleotide kinase. The fibrino

gen y chain cDNA fragment was subcloned to pUCl 19 linearized by digestion
with Smal. The resulting plasmid was digested with Hpa\\ and HindlU to yield
a 146-base pair fragment, of which the 3' 35 bases were derived from the

polylinker region of pUCl 19.
The DNA probe for human APP was prepared as described previously (31).
Probe DNAs for QuantitÃ¤ten of FN and ÃŸ-ActinmRNAs. The DNA

probes for the quantitation of FN and ÃŸ-actinmRNAs were prepared from the
234-base pair BamHI/PvwII fragment of human FN cDNA clone pFHlll (8)
and the 443-base pair Hinfl fragment of human ÃŸ-actincDNA, respectively, as

described previously (26).
Preparation of 3' End-labeled DNA Probe. The DNA probes were la

beled at the 3' end by the end-filling reaction with the Klenow fragment of

DNA polymerase I using [a-12P]dCTP and subjected to strand separation in
order to recover the '2P-labeled antisense strand DNA.

Nuclease SI Protection Analysis. Nuclease SI protection analysis was
performed according to the method of Berk and Sharp (32). The 3' end-labeled,

single-stranded DNA probe was hybridized with 5-10 ug of RNAs extracted
from various liver tissues in 30 ul of 40 rriM piperazine-/V,A''-bis(2-ethane-

sulfonic acid) buffer (pH 6.4) containing 1 ITIMEDTA, 0.4 M NaCI, and 80%
formamide at 43Â°C(probe for ED-B region), 49Â°C(probes for kininogen, y

chain of fibrinogen, and APP), or 53Â°C(probes for ED-A and IIICS region) for

18 h. The DNA/RNA hybrids were digested with 800 units of nuclease SI at
37Â°Cfor 30 min as described (24, 25). The nuclease-resistant fragments were

analyzed by electrophoresis on 6% polyacrylamide sequencing gels containing
7 M urea and subsequent autoradiography. Relative radioactivities of the nu
clease-resistant fragments were determined by a Fujix Bioimage Analyzer

BAI00 using phosphor imaging plates.
For quantitation of the expression level of total FN mRNA, the 234-base

pair BamHl/Pvu\l fragment of pFH 111 was hybridized to RNA together with
the ÃŸ-actinDNA probe and subjected to digestion as described above. The

level of FN mRNA was determined from radioactivities associated with the
protected fragment after normalization against radioactivities associated with
the protected ÃŸ-actinDNA probe.

Immunohistochemistry. Fresh tissue specimens were fixed in 100% cold
acetone at 4Â°Cand embedded in paraffin. Thin sections were cut at a thickness

of 3 urn and stained with monoclonal antibodies IST-9 and BC-1 (generous

gifts from Dr. Luciano Zardi, Istituto Nazionale per la Ricerca sul Cancro,
Genoa), specific to the ED-A and ED-B peptide segments, respectively (33,
34), by using the avidin-biotin complex method.

RESULTS

Oncodevelopmental Regulation of CS1 Expression in Liver Tis
sues. Alternative splicing at the IIICS region potentially generates
five mRNA variants (see Fig. 1). Alternative splicing at this region
was analyzed by nuclease S1 protection analysis using as a probe the
antisense strand cDNA covering the 5' 335 bases of the IIICS se

quence. The probe DNA and its putative fragments protected by five
mRNA variants are schematically illustrated in Fig. 2. The Variant 1
mRNA containing both CS1 and CS5 sequence should fully protect
the probe DNA except for the 5' 35 bases derived from the cloning

vector. The Variant 2 mRNA containing the CS1 but lacking the CS5
sequence should partially protect the probe DNA due to mismatching
after the central 192-base pair sequence. Other mRNA variants. Vari

ants 3, 4, and 5, which are devoid of the CS1 sequence, should protect
only the 5' 78 bases common to all variant mRNAs. Although this

probe cannot individually quantify the relative abundance of the Vari
ant 3, 4, and 5 mRNAs, the overall expression of the FN mRNAs
containing (versus lacking) the CS1 sequence can be estimated with
this probe.

Nuclease SI protection analysis of total RNA extracted from var
ious human liver tissues with the CS 1 probe DNA yielded all three of
the expected fragments at different proportions (data not shown). The
relative radioactivities of the three fragments thus generated are sum
marized in Fig. 3. The Variant 1 mRNA comprised no more than 10%
of the total FN mRNA pool in normal adult liver, noncancerous liver
with chronic hepatitis, cirrhosis, benign adenoma, and HCCs. There
was no significant difference in the percentage of the Variant 1 mRNA
between Type 1 and Type 2 HCCs. the latter of which was defined as
HCC with extranodular tumor growth and considered to be more
malignant than the former. The Variant 1 mRNA comprised slightly
more than 20% of the total FN mRNA pool in fetal liver.

In contrast to the Variant 1 mRNA, the percentage of the Variant 2
mRNA was significantly higher in both fetal and malignant liver
tissues than in nonmalignant adult tissues (Fig. 35). The Variant 2
mRNA accounted for 40-50% of the total FN mRNA pool in normal

and nonmalignant liver tissues, whereas the same mRNA species
comprised 60%, 59%, and 63% in fetal liver. Type 1 HCC, and Type
2 HCC, respectively. No statistically significant difference was ob
served between Type 1 and 2 HCCs. HistolÃ³gica! examination indi
cated that the increased expression of the Variant 2 mRNA in HCCs
was not due to the outgrowth of fibroblasts or infiltration of macroph
ages, but rather to the deregulated alternative splicing of FN pre-

mRNA. This was further supported by the observation that HCC
tumors transplanted into nude mice, which were free from human
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Fig. I. Fibroneclin structure and variants. A, molecular structure of FNs. FN polypeptides are composed of three types of internal homology repeats; type 1 â€¢¿�type II il II. and
type III (D). Binding sites to various extracellular ligands are indicated by hold underlines. B. variations of FN mRNAs. Multiple FN isoforms differing in the structure at the ED-A,
ED-B, and IIICS regions arise from alternative RNA splicing. Two mRNA variants are generated by either inclusion or exclusion of the ED-A and ED-B exons. Five variants are

generated by exon subdivision at the IIICS region.
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Fig. 2. Schematic representation of the probe DNA and the putative fragments pro
tected by FN mRNA variants at the IIICS region. The probe DNA (bold lines) contains
extra nucleotides derived from the cloning vector at the 5' end (wavy lines).

fibroblasts or macrophages, also expressed an elevated level of the
Variant 2 mRNA.

Expression of FN mRNAs lacking the CS1 sequence, i.e.. Variants
3, 4, and 5, was inversely correlated with that of Variant 2 mRNA,
which contained the CSl sequence (Fig. 3C). Variant 3, 4, and 5
mRNAs (collectively termed CSl' mRNAs) were abundant in normal

and noncancerous tissues, whereas the percentage of these mRNA
species within the total FN mRNA pool decreased in both fetal and
malignant liver tissues. These results indicated that the expression of
the cell adhesive CSl segment in FN is oncodevelopmentally regu
lated in the liver.

Coordinate Deregulation of Alternative Splicing at ED-A,
ED-B, and IIICS Regions in Malignant Liver Tumors. Alternative
splicing at two ED exons, i.e., ED-A and ED-B, generates two types

of mRNA species, one with and the other without the ED exons (see
Fig. I ). Previously we reported that alternative splicing at the ED-A

region was deregulated in the malignant liver tumors (24). In order to
extend the observation to the expression of the ED-B region, we
compared the splicing patterns of FN pre-mRNA at both ED-A and
ED-B regions in various liver tissues. Nuclease SI protection analysis
with specific DNA probes for ED-A and ED-B regions revealed a

close parallelism in the alternative splicing patterns at these two ED
regions (Fig. 4). Thus, the ED-B ' mRNA was barely detectable in

normal adult liver, while more than 20% of FN mRNA in the fetal
liver contained the ED-B exon. In noncancerous liver tissues such as

those with chronic hepatitis, cirrhosis, and benign adenoma, the per
centage of ED-B * mRNA was less than 5%, indicating that the

alternative splicing at the ED-B region was not affected in these

nonmalignant diseases.
In contrast, malignant HCCs, both Types I and 2, expressed a

significantly elevated percentage of the ED-B ' mRNA, as was the
case with the ED-A+ mRNA. Further support for the elevated ex
pression of the ED-B^ mRNA in HCCs was obtained with HCC

transplants in nude mice where nearly one-half of the total FN mRNA
contained the ED-B exon. More pronounced expression of the ED-B '

mRNA in HCC transplants than in primary tumors could be due to the
phenotypic drift associated with successive passage of the tumors in
nude mice. These results, taken together, clearly indicated that alter
native splicing of FN pre-mRNA at the ED-A and ED-B regions was

coordinately regulated in liver tissues in an oncodevelopmental man
ner. It should be also noted that there was a close parallelism among
the splicing patterns at all three alternatively spliced regions, i.e.,
ED-A, ED-B, and IIICS, in cancerous and noncancerous liver tissues,

indicating that alternative splicing at these regions was simultaneously
deregulated in liver cancer.

Despite the clear alterations in the alternative splicing patterns of
FN pre-mRNA, the level of the total FN mRNA expressed was not

significantly different between noncancerous and cancerous liver tis
sues, including HCC transplanted in nude mice (Fig. 5). These results
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Fig. 3. Relative abundance of IIICS Variant mRNAs in human liver tissues. The
relative radioactivities of the differentially protected probe DNA fragments were deter
mined with a Fujix Bioimage Analyzer BA100 and expressed as a percentage of the total
radioactivities recovered in all fragments. A, Variant I mRNA; B, Variant 2 mRNA; C,
Variant 3, 4. and 5 mRNAs. The results are shown as mean values of multiple specimens
with SD.

indicate that the FN gene expression is perturbed qualitatively, but not
quantitatively, in liver cancer tissues.

Oncodevelopmental expression of the ED-A+ and/or ED-B+ FN

mRNA was further demonstrated at the protein level by immunohis-

tochemistry of HCCs with monoclonal antibodies specific to these
extra peptide segments. Monoclonal antibody IST-9, specific to the
ED-A segment, specifically immunostained the tumor vessels and

other connective tissues of the tumor nodules, including the fibrous
capsules (Fig. 6/4). The surrounding normal tissue was negative for
immunostaining. A similar staining pattern was obtained with mono
clonal antibody BC-1, specific to the ED-B segment, although the
intensity of the staining was less pronounced than for IST-9 (Fig. 65).

These results confirmed that the FN isoforms containing these extra
peptide segments were synthesized and secreted by liver tumor cells
and deposited at the surrounding extracellular matrix.

Alternative Splicing of Pre-mRNAs for Kininogen, Fibrinogen,
and ÃŸ-AmyloidProtein Precursor. We next tested whether alterna
tive pre-mRNA splicing of other gene transcripts was similarly de

regulated in malignant liver tumors. Three genes which are relatively
abundantly expressed in the liver and processed by alternative RNA
splicing were chosen to examine the splicing patterns in noncancerous
and cancerous liver tissues.

Kininogen gene, a gene encoding the precursor protein for vasoac-
tive kinins, generates two forms of kininogens, high-molecular-weight
and low-molecular-weight kininogens, due to alternative usage of the
3' end exons (29). In normal adult liver, mRNA for low-molecular-

weight kininogen comprised about 80% of the total kininogen mRNA
pool, while the mRNA for high-molecular-weight kininogen ac
counted for only 20% (Fig. 7). The percentage of the low-molecular-

weight kininogen mRNA was essentially the same in all the tissues
from chronic hepatitis, cirrhosis, and HCCs, indicating that the alter
native splicing of kininogen mRNA was not affected during the course
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Fig. 4. Comparison of the patterns of alternative splicing of FN pre-mRNA at ED-A
and ED-B regions in human liver tissues. Ordinate, percentage of ED-A* (f,|) or ED-B*

(â€¢)mRNA species within the total FN mRNA pool.
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Fig. 5. Expression level of total FN mRNA in noncancerous and cancerous liver
tissues. The relative abundance of total FN mRNA was determined by nuclease SI
protection analysis as described under "Materials and Methods." The levels of FN mRNA

were normalized against that for 0-actin mRNA.
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Fig. 6. Immunohistochemical localization of the
ED-A* and ED-B* FN isoforms in liver tumor

tissues. Tissue specimens from Type 2 HCC were
immunostained with monoclonal antibodies IST-9
(A) and BC-1 (B). specific to the ED-A and ED-B
peptide segments, respectively, using the avidin-

biotin complex method. In, tumor nodule: n. normal
liver tissue; c, fibrous capsule.
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Fig. 7. Patterns of alternative splicing of human kininogen pre-mRNA in nonmalignant
and malignant liver tissues. Ordinate, percentage of LMW ( Ã•)and HMW iâ€¢¿�i kininogen
mRNAs within the total kininogen mRNA pool.

of liver carcinogenesis. Neither form of kininogen mRNA was detect
able in fetal liver by nuclease S l protection analysis.

The gene encoding fibrinogen -y chain was also processed by al
ternative splicing, yielding a minor variant form y', which differs

from y chain in the amino acid sequence after Gln-407 (35). The
percentage of the fibrinogen y' chain mRNA in normal adult liver was

no more than 10% of the total fibrinogen mRNA pool and remained
unchanged in noncancerous and cancerous liver tissues (Fig. 8). Nei
ther form of fibrinogen mRNA was detectable in fetal liver.

The third gene we examined was the gene encoding APR APP is a
precursor protein of the ÃŸ-amyloidaccumulating in the brain of Alzhe
imer's disease patients (36) and exists as three major isoforms, APP-

695, APP-751, and APP-770 (37, 38), the latter two of which contain
an alternatively spliced segment homologous to Kunitz-type serine
protease inhibitor. Nuclease S l protection analysis with the antisense-

stand DNA probe partially covering the exon encoding the protease
inhibitor domain showed that there was no significant difference in the
relative abundance of the mRNA species for APP-695, APP-751, and
APP-770 among normal, noncancerous, and cancerous liver tissues

(Fig. 9). The relative abundance of the three different mRNA species
was essentially the same in fetal liver (data not shown). Taken to
gether, these results suggest that the deregulation of the alternative
splicing in malignant liver tumors is not ubiquitous phenomenon
among all the genes being subjected to alternative RNA splicing, but
rather is specific for fibronectin and some other selected genes.

DISCUSSION

Many lines of evidence indicated that tissue-specific alternative
splicing of FN pre-mRNA is oncodevelopmentally regulated in vivo
and in vitro (21-25, 33, 34, 39). In the liver, both the ED-A and ED-B

exons are almost exclusively spliced out of the mature FN mRNA in
adult tissues, although a significant percentage of the FN mRNA pool
in fetal liver contains these extra exons (22, 23). Our present data
clearly showed that not only the ED-A but also the ED-B exon was

coordinately spliced in the FN mRNA expressed in cancerous liver
tissues, indicating that the tissue-specific alternative splicing at the

two ED exons was simultaneously deregulated in liver cancer. Besides
the ED-A and ED-B regions, the alternative splicing at the IIICS

region was also deregulated in cancerous liver tissues with a signifi
cant increase of the CS1 + mRNA species. These observations pro

vided direct evidence for the coordinate deregulation of alternative
splicing of FN pre-mRNA at all three variable regions in a particular

type of human cancer.
Although the physiological significance of molecular diversity of

FNs at three variable regions has been only poorly understood, several
lines of evidence indicated that the splicing variations at the IIICS
region modulate the adhesive and migratory properties of cells (16,
19,40). Thus, the CS1 region contains the adhesive motif EILDVPST,
which selectively mediates adhesion of lymphoid cells and some
tumor cells (16, 17) and promotes migration of neural crest cells in
vitro (19). The alternative splicing at the CS1 region was also reported
to modulate cell migration of aortic endothelial cells but not smooth
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Fig. 8. Patterns of alternative splicing of human fibrinogen y chain pre-mRNA in
nonmalignant and malignant liver tissues. Ordinate, percentage of y chain ( Ã ) and y'

chain (â€¢)mRNAs within the total fibrinogen y chain mRNA pool.
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Fig. 9. Pallems of alternative splicing of human APR pre-mRNA in nonmalignant and
malignant liver tissues. Ordinate, percentage of APP-770 (â€¢).APP-751 (Ml, and APP-

695 (â€¢)mRNAs in the total APP mRNA pool.

muscle cells (40). The relative increase of the CS1 + mRNA species in

cancerous liver tissues, therefore, may facilitate the invasion of sur
rounding normal tissues by tumor cells.

Because of the complexity in the splicing patterns, the IIICS region
has been less extensively investigated than the ED-A and ED-B re

gions in its modulation of alternative splicing in human tissues and
cultured cells. Hershberger and Gulp (39) developed a novel double
primer extension assay to quantify the relative amounts of five dif
ferent mRNA variants at the IIICS region in various normal and tumor
cell types. They found that the most predominant cell-type-specific

differences among these cells were the abundance of the Variant 5
mRNA relative to the Variant 2 mRNA. They also showed that more
than 50% of the FN mRNA pool in adult liver was Variant 5 mRNA,
although the Variant I and 3 mRNAs were barely detectable (i.e., less
than 10% of the total FN pool), which was consistent with our present
results. No comparison was made by these authors, however, in the
splicing pattern at the IIICS region among normal, fetal, and cancer
ous liver tissues.

In contrast to the well-established cell adhesive function of the CS1

segment in the IIICS region, the biological significance of the pres
ence or absence of two ED domains has not been well understood.
FNs containing ED-A and/or ED-B segments are less soluble in phys

iological buffer solutions (41) and more readily incorporated into the
extracellular matrix than FNs lacking these extra segments (42). It
seems likely, therefore, that the FNs synthesized by HCCs and hence
containing a significant proportion of ED-A * and/or ED-B + isoforms

could be deposited in the extracellular matrix within the tumor nod
ules. In support of this notion, immunohistochemical examination of
HCC tissues revealed the specific localization of ED-A */ED-B + FN

isoforms at the tumor vessels and other connective tissues within the
tumor nodules, including the fibrous capsules surrounding them. Ac
cumulation of the ED-A'/ED-B1 isoforms, together with the in

creased expression of the CS1 cell adhesive site, may well be relevant
to the malignant phenotypes of the tumor cells.

Although the molecular mechanism of alternative RNA splicing is
largely unknown, it is generally considered that tissue-specific alter
native splicing of FN pre-mRNA is regulated by nuclear fra/z.c-acting

factor(s) which in turn may be modulated by soluble mediators such
as transforming growth factor ÃŸand by cell-to-cell and/or cell-to-

substrate adhesion. Transforming growth factor ÃŸhas been shown to
increase the relative abundance of the ED-A+ FN mRNA (43). Since

the alternative splicing at three variable regions is simultaneously
deregulated in cancerous liver tissues, the putative trans-acting fac-

tor(s) involved may well be common among the three variable regions
or coregulated by another nuclear factor(s) the activities of which are
perturbed in liver cancer. Identification of these irans-acting factor(s)
as well as c/.c-acting elements flanking the alternatively spliced exons

should contribute to better understanding the regulatory mechanisms
of alternative splicing of FN pre-mRNA and its deregulation in ma

lignant tumors.
Besides FN, another extracellular matrix protein tenascin has been

shown to exhibit oncodevelopmental modulation of isoform diversity
via alternative RNA splicing (26). Nevertheless, not all the genes
processed by alternative RNA splicing are rendered for deregulated
alternative splicing in malignant tumor tissues, since alternative splic
ing of kininogen, fibrinogen, and APP is not significantly affected in
liver cancer. Our results indicated, rather, that deregulated alternative
splicing of FN pre-mRNA is a specific event during the course of liver

carcinogenesis and raise the possibility that FN isoforms containing
three alternatively spliced extra segments may play an important role
in the expression of invasive phenotypes by malignant tumor cells.

ACKNOWLEDGMENTS

We thank Drs. Dominic W. Chung, Iwao Ohkubo. Alberto Kornblihtt, and
Francisco Baralle for providing cDNA clones; Dr. Luciano Zardi for mono
clonal antibodies; and Drs. Nobuhiko Suganuma. Yoshiharu Murata, and
Toshio Adachi for kindly allowing us to examine their fetal tissue specimens.

REFERENCES

10.

12.

13.

14.

15.

16.

2010

Petersen. T. E., Skorstengaard. K., and Vibe-Pedersen, K. Primary structure of fi-
broneclin. In: D. F. Mosher (ed.), Fibronectin. pp. 1-24. San Diego: Academic Press,

1989.
Ruoslahti. E. Fibronectin and its receptors. Annu. Rev. Biochem.. 57: 375â€”113.1988.
Yamada, K. M. Fibronectin domains and receptors. In: D. F. Mosher (ed.), Fibronec
tin. pp. 47-121. San Diego: Academic Press, 1989.

Yamada, K. M. Fibronectin and other cell interactive glycoproteins. In: E. D. Hay
(ed.). Cell Biology of Extracellular Matrix, pp. 111-146. New York: Plenum Press.
1991.
Yamada. K. M., and Kennedy. D. W. Fibroblast cellular and plasma fibronectins are
similar but not identical. I. Cell Biol.. 80: 492-498, 1979.
Sekiguchi. K., Siri, A.. Zardi, L., and Hakomori, S. Differences in domain structure
between human fibronectins isolated from plasma and from culture supematants of
normal and transformed fibroblasts. J. Biol. Chem., 260: 5105-5114. 1985.

Schwarzbauer, J. E.,.Tamkun, J. W.. Lemischka, I. R., and Hynes, R. O. Three
different fibronectin mRNAs arise by alternative splicing within the coding region.
Cell. Â¿5:421-431, 1983.
Komblihtt, A. R.. Vibe-Pedersen, K.. and Baralle, F. E. Human Fibronectin: cell
specific alternative mRNA splicing generates polypeptide chains differing in the
number of internal repeats. Nucleic Acids Res., 12: 5853-5868, 1984.

Sekiguchi, K., Klos. A. M., Kurachi, K.. Yoshitake, S., and Hakomori. S. Human liver
fibronectin complementary DNAs: identification of two different messenger RNAs
possibly encoding the a and ÃŸsubunits of plasma fibronectin. Biochemistry, 25;
4936-4941. 1986.
Zardi. L.. Carnemolla, B., Siri, A., Petersen, T. E., Paolella, G., Sebastio, G., and
Baralle, F. E. Transformed human cells produce a new fibronectin isoform by pref
erential alternative splicing of a previously unobserved exon. EMBO J., 6: 2337-

2342, 1987.
Gutman, A., and Kornblihtt, A. R. Identification of a third region of cell-specific

alternative splicing in human fibronectin mRNA. Proc. Nati. Acad. Sci. USA, 84:
7179-7182. 1987.
Vibe-Pedersen, K.. Kornblihtt, A. R., and Pelersen, T. E. Expression of a human
o-globin/fibronectin gene hybrid generates two mRNAs by alternative splicing.
EMBO J.. 3: 2511-2516, 1984.

Schwarzbauer, J. E., Patel, R. S., Fonda, D., and Hynes, R. O. Multiple sites of
alternative splicing of the rat fibronectin gene transcript. EMBO J., 6: 2573-2580,

1987.
Tamkun. J. W., Schwarzbauer, J. E., and Hynes, R. O. A single rat fibronectin gene
generates three different mRNAs by alternative splicing of a complex exon. Proc.
Nati. Acad. Sci. USA, 81: 5140-5144, 1984.
Bernard, M. P., Kolbe. M., Weil, D.. and Chu, M. L. Human cellular fibronectin:
comparison of the C-terminal portion with rat identifies primary structural domains
separated by hypervariable regions. Biochemistry, 24: 2698-2704, 1985.
Humphries. M. F., Komoriya, A.. Akiyama, S. K., Olden. K., and Yamada, K. M.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2005/2945742/cr0530092005.pdf by guest on 19 M

ay 2023



ALTERNATIVE SPLICING OF FIBRONECTIN mRNA IN LIVER TUMORS

Identification of two distinct regions of the type III connecting segment of human
plasma fibronectin that promote cell type-specific adhesion. J. Biol. Chem., 262:
6886-6892, 1987.

17. Wayner, E. A., Garcia-Pardo, A.. Humphries, M. J.. McDonald, J. A., and Carter, W.

G. Identification and characterization of the T lymphocyte adhesion receptor for an
alternative cell attachment domain (CS-1) in plasma fibronectin. J. Cell Biol., 109:
1321-1330, 1989.

18. Guan, J-L., and Hynes, R. O. Lymphoid cells recognize an alternatively spliced
segment of fibronectin via the integrin receptor citÃŸ,.Cell. 60: 53-61, 1990.

19. Dufour, S., Duband, J-L., Humphries, M. J., Obara, M., Yamada, K. M.. and Thiery,
J. P. Attachment, spreading and locomotion of avian neural crest cells are mediated by
multiple adhesion sites on fibronectin molecules. EMBO J., 7: 2661-2671, 1988.

20. Saiki, I., Murala. J.. Makabe. T., Matsumoto. Y.. Ohdate, Y.. Kawase, Y., Taguchi. Y,
Shimojo, T., Kimizuka. F.. Kalo. I., and Azuma, I. Inhibition of lung metastasis by
synthetic and recombinant fragments of human fibronectin with functional domains.
Jpn. J. Cancer Res., 81: 1003-1011. 1990.

21. Ffrench-Constant, C., and Hynes, R. O. Alternative splicing of fibronectin is tempo
rally and spatially regulated in the chicken embryo. Development (Camb.), 109:
375-388, 1989.

22. Oyama, F., Murata, Y, Suganuma. N., Kimura, T., Titani, K., and Sekiguchi, K.
Patterns of alternative splicing of fibronectin pre-mRNA in human adult and fetal
tissues. Biochemistry, 28: 1428-1434, 1989.

23. Pagani, F., Zagato, L., Vergani, C., Casari, G.. Sidoli. A., and Baralle. F. E. Tissue-
specific splicing pattern of fibronectin messenger RNA precursor during development
and aging in rat. J. Cell Biol., 113: 1223-1229, 1991.

24. Oyama, F.. Hirohashi, S., Shimosato, Y. Titani, K., and Sekiguchi. K. Deregulation of
alternative splicing of fibronectin pre-mRNA in malignant human liver tumors. J.
Biol. Chem.. 264: 10331-10334, 1989.

25. Oyama, F., Hirohashi. S., Shimosato. Y, Titani, K., and Sekiguchi, K. Oncodevelop-
mental regulation of the alternative splicing of fibronectin pre-messenger RNA in
human lung tissues. Cancer Res., 50: 1075-1078, 1990.

26. Oyama, F., Hirohashi, S.. Shimosato, Y, Titani, K., and Sekiguchi, K. Qualitative and
quantitative changes of human tenascin expression in transformed lung fibroblast and
lung tumor tissues: comparison with fibronectin. Cancer Res.. 51: 4876-4881. 1991.

27. Kanai, T.. Hirohashi, S., Upton, M. P., Noguchi. M., Kishi, K.. Makuuchi. M.,
Yamasaki. S., Hasegawa. H.. Takayasu, K., Moriyama. N., and Shimosato. Y. Pathol
ogy of small hepatocellular carcinoma: a proposal for a new gross classification.
Cancer (Phila.). 60: 810-819, 1987.

28. Chomczynski, P., and Sacchi, N. Single-step method of RNA isolation by guanidium
thiocyanate-phenol-chloroform extraction. Anal. Biochem.. 702: 156-159. 1987.

29. Ohkubo, I.. Kurachi, K., Takawawa, T.. Shikawa. H.. and Sasaki. M. Isolation of a
human cDNA for ai-thiol proteinase inhibitor and its identity with low molecular

weight kininogen. Biochemistry. 23: 5691-5697. 1984.
30. Chung, D. W., Chan, W-Y. and Davie, E. W. Characterization of a complementary

deoxyribonucleic acid coding for the y chain of human fibrinogen. Biochemistry, 22:
3250-3256, 1983.

31. Oyama, F., Shimada, H., Oyama, R., Titani, K., and Ihara. Y. Differential expression
of ÃŸamyloid protein precursor (APP) and tau mRNA in the aged human brain:
individual variability and correlation between APP-751 and four-repeat tau. J. Neu-
ropathol. Exp. Neural., 50: 560-578, 1991.

32. Berk. A., and Sharp, P. A. Sizing and mapping of early adenovirus mRNAs by gel
electrophoresis of SI endonuclease-digested hybrids. Cell, 12: 721-732. 1977.

33. Borsi, L.. Carnemolla. B., Castellani, P.. Rosellini. C., Vecchio. D., Allemanni. G.,
Chang, S. E., Taylor-Papadimitriou. J., Pande, H.. and Zardi, L. Monoclonal antibod
ies in the analysis of fibronectin isoforms generated by alternative splicing of mRNA
precursors in normal and transformed human cells. J. Cell Biol., 104: 595-600. 1987.

34. Carnemolla, B., Balza, E., Siri, A., Zardi, L., Nicotra, M. R., Bigotti. A., and Natali,
P. G. A tumor-associated fibronectin isoform generated by alternative splicing of
messenger RNA precursors. J. Cell Biol., 108: 1139-1148, 1989.

35. Chung, D. W., and Davie, E. W. y and y' chains of human fibrinogen are produced

by alternative mRNA processing. Biochemistry, 23: 4232-4236, 1984.
36. Kang. J., Lemaire, H-G., Unterbeck, A.. Salbaum, J. M.. Masters, C. L., Gezeschick,

K-H.. Multhaup. G., Beyreuther, K., and Muller-Hill. B. The precursor of Alzheimer's

disease amyloid A4 protein resembles a cell-surface receptor. Nature (Lond.), 325:
733-736, 1987.

37. Pome, P.. Gonzalez-DeWhitt, P.. Schilling, J., Miller, J., Hsu, D.. Greenberg. B..

Davis. K.. Wallace. W.. Lieberburg. I.. Fuller. F., and Cordel!. B. A new A4 amyloid
mRNA contains a domain homologous to serine proteinase inhibitors. Nature (Lond. ),
331: 525-527. 1988.

38. Kitaguchi. N.. Takahashi. Y. Tokushima. Y. Shiojiri, S., and Ito, H. Novel precursor
of Alzheimer's disease protease inhibitory activity. Nature (Lond.), 331: 530-532,

1988.
39. Hershberger, R. P., and Gulp, L. A. Cell-type-specific expression of alternatively

spliced human fibronectin IIICS mRNAs. Mol. Cell. Biol., 10: 662-671, 1990.

40. Kocher, O., Kennedy, S. P., and Madri, J. A. Alternative splicing of endothelial cell
fibronectin mRNA in the IIICS region. Am. J. Pathol.. 137: 1509-1524, 1990.

41. Yamada, K. M., Schlessinger, D. H., Kennedy, D. W., and Pastan, I. Characterization
of a major fibroblast cell surface glycoprotein. Biochemistry. 16: 5552-5559, 1977.

42. Guan, J-L.. Trevithick, J. E., and Hynes. R. O. Retroviral expression of alternatively
spliced forms of rat fibronectin. J. Cell Biol.. 110: 833-847, 1990.

43. Balza. E., Borsi, L.. Allemanni. G.. and Zardi. L. Transforming growth factor ÃŸ
regulates the levels of different fibronectin isoforms in normal human cultured fibro-

blasts. FEBS Lett., 228: 42^4, 1988.

2011

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2005/2945742/cr0530092005.pdf by guest on 19 M

ay 2023


