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Stimulation of tenascin expression in mesenchyme by
epithelial-mesenchymal interactions
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ABSTRACT. Tenascln is an extracellular matrix glycoprotein with a"l unusually restricted tissue dislribu
tion in the developing emhryo The protein was ndependently discovered by several investigators. and
has been given many different names Synonyms of tenJscin include cytotactin, J 1. hexabrachion ilnd
glioma-mesenchymal extracellular matrix antigen. Whereas fihronectin IS expressed rather uniformly In
matrices of embryonic mesenchyme. tenascin IS found in the mesenchyme at sites of epithelial-mesen
chymal interactions Tenascin is thus found close to cpnhelial hasement membranes but it IS prohahly
not an integral basement membrane component The distribution suggests that developing epithelial cells
may produce locally active factors that stimulate tenascin synthesis in the nearby mesenchyme Tenascin
is composed of disulfide-handed subunits of approximate M hetween 200 280 kO Using monoclonal
antibodies to mouse tenascin, we find two major subunits of M 260 and 200 kD from mouse fibroblasts
Work from many laboratOries suggests that the dltterent suhunits arise by rlitterentia! splicing of or18
mRNA. Rotary shadowing electron microscopy of the Intact molecule suggests a six-armed structure
connected by a central region. However. the different subunits are not co-ordil1ately expressed dUring
embryogenesIs. suggesting that tenascm can exist as different isoforms The different isoforms may serve
distinct functions. The function of tenascin IS not well known. but it has been suggested that it alters
the adhesive properties of cells and causes cell rounding

Embryonic induction in development
Local cell interactions are crucial for morphogenesis during

embryonic development. In several developing tissues, the fate
of a particular cell type is controlled by signals derived from
nearby cells. Such local interactions between dissimilar types of
cells are referred to as embryonic induction, a phenomenon first
decribed for lens development by Spemann (1901). Subse-
quently it has become clear that inductive interactions are
instrumental for most stages of development in multicellular
organisms (Spemann and Mangold, 1924; Nieuwkoop, 1977;
Toivonen, 1979).

The importance of inductive interactions was originally
established by tissue recombination experiments in amphibian
and mammalian embryos (for recent reviews: Dawid and Sar-
gent, 1986; Gurdon, 1987). but more recently, evidence for a
role of cell interactions in development has also come from ana-
lyses of developmental mutants which affect development in
Drosophila (Tomlinson and Ready, 1987; Hafen et al., 1987),
other insects (Doe and Goodman, 1985) and nematodes
(Greenwald, 1985; Priess and Thomson, 1987). The identifica-
tion of such mutants should make it possible to study embryo-
nic induction at the molecular level. Several other recent find~
ings have greatly increased interest in embryonic induction.
Growth factors have been shown to act like inducer substances
in some systems (Smith, 1987; Slack et ai, 1987), and mRNA
for these or similar growth factors have been identified in
inducer tissues (Kimelman and Kirschner, 1987; Weeks and
Melton, 1987). In several models the response to induction can
be analyzed at the molecular level. A common response is an
increase in intercellular adhesion caused by changes in the
composition of the extracellular matrix (Ekblom et al., 1980,
1981) and the cell surface (Thiery et al., 1982; Chuang and
Edelman 1985; Vestweberet al. , 1985). Here we will focus on

certain molecular responses of embryonic mesenchyme to
inductive signals from developing epithelia.

Epithelial-mesenchymal interactions are required for
organ development

Interaction between mesenchyme and epithelium are classi-
cal examples of inductive interactions. They are instrumental for
the development of lung, kidney, liver, tooth, and most glandu-
lar organs such as the mammary, salivary and pancreatic glands
(Grobstein, 1967). In these organs, branched epithelial sheets
arise from a small epithelial bud, which in response to signals
from mesenchyme starts to grow, differentiate and branch
(Bernfield and Wessells, 1972; Saxen et al.. 1980). The branch-
ing of the epithelium is easy to detect by morphological tech-
niques and has therefore been much studied.

The response of the mesenchyme to the presence of the
developing epithelium is, with few exceptions, more subtle at
the morphological level, although biological studies clearly
have established that the mesenchyme responds to the pre-
sence of the branching epithelium. In several of the tissues, the
mesenchyme around the epithelium becomes slightly more
compact, suggesting that the expression of adhesion molecules
has been altered as a result of the interaction. The nature of the
molecules responsible for the changed compactness of the
mesenchyme is not well known. In addition to changes in com-
pactness of the tissue, the mesenchyme may also respond in a
tissue-specific manner. An example of the latter is the appear-
ance of androgen-receptors in mammary gland mesenchyme
through an induction of mammary epithelium (Kratochwil and
Schwartz, 1976; Heuberger et al., 1982). Their presence in male
mammary gland anlagen is a prerequisite for the androgen-
induced killing of the epithelial cells. These studies are elegant
demostrations of the importance of epithelial-mesenchymal
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Fig. 1. Model 01tenascinbased on rotary shadowing electron microscopy
according to EricA-so" and Inglesias (1984). Abbreviations a). the terminal
nab 01 each arm: b). the thicA distal segment which is about 55 nm long: c),
the thin inner segment: d), two T.junctions: e), che central globular parricle
Reprinted by permission from Nature 311: 267.269, 7984, copyright 1984,
Macmillan Magarines Ltd

interactions. because they conclusively show that a soluble
morphogenetic factor (testosterone) acts through the mesen-
chyme to activate a tissue interaction leading to a developmen-
tal response. A similar induction-dependent appearance of hor-
mone receptors has also been demonstrated for the urogenital
organs (Cunha et al., 1986). The induction of hormone-recep-
tors in urogenital tissues and mammary glands is a tissue-speci-
fic special event, and it is likely that there are also molecular re-
sponses common to most. if not all. mesenchymal cells located
close to growing epithelial buds.

Epithelial-mesenchymal interactions affect the
extracellular matrix

For many embryonic organs it has been shown that the
development of basement membranes of epithelial cells is
dependent on inductive tissue interactions. It has therefore been
suggested that stimulation of extracellular matrix deposition is
a major effect of embryonic induction (Ekblom et a/., 1986). The
formation of the epithelial basement membrane in the develop-
ing kidney is dependent on embryonic induction (Ekblom etal.,
1980; Klein et a/., 1988). Similarly, mesenchyme is required for
the proper assembly of basement membranes of developing
salivary gland (Bernfield and Wessells, 1972). gut (Simon-Ass-
mann ef al.. 1988) and skin (Bohnert ef a/.. 1986). These exam-
ples show that inductive interactions between epithelium and
mesenchyme can have a major influence on the composition of
the matrix of the epithelial cells. Since these interactions are
reciprocal, it is likely that the composition of the matrix of the
mesenchymal cells likewise is influenced by inductive signals
from the epithelium.

Most proteins of the mesenchymal matrix so far described
seem to be constitutively expressed around embryonic mesen-
chymal cells. Interstitial collagens I and III and fibronectin, for
example, are abundantly expressed in embryonic mesenchyme,
in adult stroma and in scar tissue (Vaheri and Mosher, 1978;
Ruoslahti et al.. 1983). The expression of the interstitial colla-
gens and fibronectin is developmentally regulated but. with few
exceptions. their expression is apparently not directly controlled
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Fig. 2. Immunoprecipitation with two different monoclonal antibodies.

MTn 5 and MTn 12 (Aufderheide and Hblom. 1988). reacting with mouse
tenascin reveals two polypeptides of M, 260 and 210 kD. Fibroblasts were
labeled with radioactive methionine, Immunoprecipitated proteins from
supernatants wen.~ separated under reducing conditions on a 50S-PAGE
linear gradient gel (5-10% acrylamide). and radioactive b.Jnds were visua.
lized by lIuorography. Both the MTn 5 (lane 1) and the MTn 12 mAb (lane2)
react with the similar polypeptides. Lane 3 is a precipitation without first anti-
body. Radioactivity in the lower part of all three lanes indicates the running
front. Molecular mass milrkers in kO ilre on the left. Reproduced from Aufder-
heide and Ekblom. The Journal of Cell Biology 107: 2431-2349. 1988: by
copyright permission of the Rockefeller University Press.

by epithelial-mesenchymal interactions. In the developing kid-
ney, some cells seem to lose these interstitial matrix proteins as
a result of induction from the epithelial ureter (Linder et al.,
1975; Ekblom. 1981; Ekblom ef a/.. 1981). but this is a special
case. Here, the cells that lose these interstitial matrix compo-
nents convert from mesenchyme into epithelium, and the appar-
ent loss of fibronectin and interstitial collagens is part of this
unique conversion process. In most other tissues where no such
conversions occur, the mesenchymal cells express interstitial
collagens and fibronectin both before and after the epithelial.
mesenchymal interaction (Thesleff et al.. 1979; Mauger et a/.,
1983; Aufderheide and Ekblom. 1988). Thus. neither fibronec-
tin nor interstitial collagens appear or disappear selectively in
areas close to inducer epithelium in true mesenchyme predeter-
mined to become stroma.
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Fig. 3. Enzyme-linked immunoabsorbent assay demonstrating specific
binding of two monoe/anals MTn 5 and 12 against mouse tena$cin. Bound
antibodies were detected by biotmylated anti.r,'Il antibodies. a biolin-srrepta-
vidin.hofsefildish-pefoxidase complex and dn enzyme-catalyzed dye reac-
tion. Measurements were done aller 30 minutes a1450 nm. Wells of micrOliter
plates were coated with 0.5 ug of protein per well. (2) Antibody MTn 721
substfate tenascin; (L) MTn 5/tenascin: (6) MTn 12/Collagen type I; (e)
MTn 12/Fibronectin; (*) MTn 5/F,bronectin Reproduced t,omAufdefhelde
and FAblam. The Journal of Cell Biology 107: 2341-2349, 1988: by copyrighT
permission 01 (he Roc/.;eleller UniversiTy Press

Tenascin is a mesenchymal glycoprotein with a much more
restricted tissue distribution than fibronectin. Recent evidence
suggests that the expression of this protein is closely related to
the OCCUrrence of epithelial-mesenchymal interactions in the
embryo (Chiquet-Ehrismann et a/.. 1986). Hence in order to
understand more about embryonic induction it is of consider-
able importance to obtain more information about the structure
of this glycoprotein and the nature of the signals that stimulate
its expression in vivo and in vitro.

Tenascin, an extracellular matrix glycoprotein of
mesenchyme.

Tenascin was originally described as glioma-mesenchymal
extracellular matrix (GMEM) antigen by Bourdon et al. (1983,
1985). It was shown to be composed of disulfide. bonded pro.
tein subunits of M, of about 230 kD. and it could be demon-
strated to be a glycoprotein distinct from fibronectin and lami-
nin, two well-characterized adhesive proteins of the
extracellular matrix (Hynes. 1985; Martin and Timpl. 1987).
GMEM was found to be absent from the central nervous system
of adult brain. but was a prominent mesenchymal matrix protein
in human CNS tumors. It was suggested that GMEMaffected
adhesion of cells (Bourdon el a/.. 1983. 1985). Proteins similar
to GMEM were independently discovered by several groups
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and it now seems clear that the M1 antigen (Chiquet and
Fambrough. 1984 a.b). cytotact;n (Grumet el al.. 1985). the J1
antigen (Kruse et. a/.. 1985). hexabrachion (Erickson and Iglesias,
19B4). and the GP 250 (Carter and Hakomori. 1981) are all the
same protein as GMEM (Erickson and Taylor. 1987). The myoten-
dinous antigen defined by a monoclonal antibody M1 (Chiquet
and Fambrough. 1984 a. b) was renamed to tenascin by Chiquet-
Ehrismann et al.. (1986) and this name has subsequently been
used by most investigators in the field.

Although expression of tenascin at sites of epithelial-mesen.
chymal interactions is one of the most distinct characteristics of
tenascin. it is also found in other locations. It is present in the
glial matrix of the developing central nervous system (Bourdon
et al.. 1983; Grumet et al. .1985; Kruse et al.. 1985; Crossin et

al.. 1987). developing cartilage (Mackie el al.. 1987; Vaughan
et al.. 1987). and around muscle fibers (Chiquet and Fam-
brough. 1984 a,b). These can be considered specialized mesen-
chymal compartments, and in all these tissues tenascin expres-
sion seems to be more restricted than that of fibronectin.

Rotary shadowing electron microscopy of purified tenascin
suggests that the intact molecule forms a spider-like structure
with six arms connected by a central region. Because of this
appearance. the name hexabrachion was suggested for the pro-
tein (Erickson and Iglesias. 1984). Each of the six arms has a
terminal knob and a thicker distal segment. The thinner inner
segments join to form a T-junction. and the two T-like struc-
tures are interconnected by the central region which in the mid-
dle has a thick globular region (Fig. 1). So far. all published data
on tenascin from different sources has revealed the same basic
structure (Erickson and Taylor. 1987; Vaughan et al.. 1987; Chi-
quet-Ehrismann el a/.. 1988; Hoffman et al.. 1988). This is inter-
esting since immunological techniques have shown heteroge-
neity of the apparent molecular mass of the individual
subunits. In most cases immunoblotting or immunoprecipi-
tat ion of extracts from various sources (tissues or cells) with
antibodies reveal one large form of tenascin (M, 230-260 kD)
and a smaller form of about 200 kD. An example of this poly-
peptide pattern is shown in the immunoprecipitation (Fig. 2) of
medium of mouse fibroblasts using monoclonal antibodies to
mouse tenascin (Aufderheide and Ekblom. 1988). These
monoclonal antibodies do not react with fibronectin or collagen
(Fig. 3) or with the smaller M, 170 kD forms of the J 1 complex
(Kruse et al.. 1985). From some tissues. such as human tumors.
larger forms with an apparent M, of 285 kD have been reported
(Erickson and Taylor, 1987) and some antibodi~s react with
170 kD proteins (Kruse et a/.. 1985). The reason for this hetero-
geneity is not altogether clear at the moment. and it is not
known how the individual chains assemble to form the six-
armed hexabrachion.

In initial studies on cytotactin (Grumet el al.. 1985) and the
J1 antigen (Kruse el al.. 1985) the polyclonal antibodies that
recognized the M, 200 kD polypeptide also recognized 180 to
160 kD polypeptides. Specifically-raised antibodies against the
distinct pOlypeptides could, however. distinguish between the
different forms. suggesting strongly that the smaller polypep-
tides of M, between 160 and 180 kD should not be considered
analogous to tenascin but rather are unique proteins that can be
associated with tenascin (Aufderheide and Ekblom. 1988;
Faissner el al.. 1988: Hoffman et al. . 1988). Nevertheless. there
remains some heterogeneity that cannot be explained by cross-
reactivity of the antibodies with other proteins. There are appar-
ently different types of tenascin polypeptides ranging from M,
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Fig. 4. Distribution of temncm (a) and "bronectin (b) in embryomc 'oJ!
molar tooth Indirect Immunofluorescence demonstrates that flbronectin '-s
distributed in all areas 01 mesenchyme. whereas tenascin is restflcted to those
mesenchymal cells close to the developing epithelial bud (f). Reproduced
from Chiquel-fhflsmann et ai, Cell 47: 131.139 (1986). by copyright
permission of Cell Press Bar. 50 11m

of 200 kD to up to 260 kD. depending on the source and deve-
lopmental stage of the tissue analyzed. It remains to be seen
whether these differences are due to differential glycosylation
or differences in the amino acid sequence of the polypeptides.
The size of tenascin mRNA estimated by Northern blotting sug-
gests that there are at least two mRNA forms, and thus at least
two tenascin polypeptides differing in amino acid sequences are
10 be expected (Jones et al.. 1988; Pearson ef a/.. 1988).

Tenascin interacts with proteoglycans
Like other matrix proteins. tenascin probably interacts not

only with cell surfaces, but also with other matrix components.
Binding to proteoglycans seems to be a prominent feature of
tenascin (Chiquel and Fambrough. 1984; Hoffman and Edel-
man. 1987; Faissne, et al.. 1988; Hoffman et a/.. 1988). The
physiological significance of these molecular interactions is not
known and other molecular interactions may exist. Tenascin can
interfere with fibronectin-mediated cell adhesion (Chiquet-

Ehrismann et a/.. 1988). suggesting that cell behavior could be
controlled by varying the ratio between fibronectin and tenas-
cin. Therefore, it would be of importance to analyze tenascin-
proteoglycan interactions and tenascin-fibronectin interactions
in further detail. Many different proteoglycans have been de-
scribed. but it is not yet known whether tenascin specifically
interacts with special types of proteoglycans or does so with
most of them.

Regulation of tenascin expression in mesenchyme by
induction from epithelium

Interest in tenascin was greatly enhanced when Chiquet-
Ehrismann et aI., (1986) showed that tenascin is expressed
selectively at sites of epithelial-mesenchymal interactions (Fig.
4). It has long been speculated that the mesenchyme influences
developing epithelia by depositing a special type of extracellular
mat,ix (Grobstein. 1967; Bernfield and Wessells. 1972). The
expression of tenascin at sites of the interactions raised the pos-
sibility that tenascin somehow could be involved in these inter-
actions. Tenascin was found in the mesenchyme of developing
epithelia in tooth. vibrissae and breast (Chiquet-Ehrismann et
aI., 1986; Thesleff et aI., 1987) It remained unclear, however,
whether tenascin appeared in the mesenchyme as a result of the
interaction or whether it was present already at onset of deve-
lopment.

Studies on kidney development were the first to suggest that
tenascin actually appears in the mesenchyme as a consequence
of interaction (Aufderheide et al.. 1987). In the kidney, a part
of the mesenchyme converts into new epithelium. It was found
that tenascin appeared in the mesenchyme surrounding those
new epithelial structures (Fig. 5). Tenascin was not present
when the first interaction occurred. Induction of mesenchymal
tenascin production by differentiating epithelia may be a com-
mon phenomenon and would explain the restricted distribution
also in other tissues. Hence it was proposed that actively grow-
ing and difrerentiating epithelial sheets produce locally active
factors that stimulate tenascin expression in mesenchyme (Auf-
derheide ef al. . 1987; Aufderheide and Ekblom. 1988).

To test tenascin induction by epithelial cells experimentally
in mouse models, monoclonal antibodies to mouse tenascin
were raised (Aufderheide, 1988). They were then used to study
the expression of tenascin during gut development. It is known
that epithelial-mesenchymal interactions are required for gut
development, and that the interactions are important for the form-
ation of the epithelial cell matrix (Simon-Assmann et al.. 1988).
The expression studies suggested that gut mesenchyme starts
to express tenascin as a consequence of epithelial-mesen-
chymal interactions. This possibility was then studied in more
detail by co-culturing embryonic mesenchyme with different
cell lines. It was found that mesenchyme began to produce
tenascin when co-cultured with certain epithelial cells but not
when co-cultured with B16 melanoma cells (Aufderheide and
Ekblom, 1988). Similar findings were independently reported
by Inaguma et aI., (1988) for breast development. It was shown
that tenascin appeared only in breast mesenchyme immediately
surrounding the epithelia starting morphogenesis. It was found
in embryonic glands from 13- to 16th day of gestation in
mammary end buds. These are characteristic structures of early
developmental stages. In contrast, very little tenascin could be
detected around elongating ducts of embyonic and adult
glands, or in involuting mammary glands (Inaguma et aI.,
1988), Experimentally- induced epithelial development in the
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Fig. 5. Distribution of tenascin (a) and fibronectin (b) in developing mouse kidney. Indirect immunofluorescence shows that fibronectin is distributed
in all mesenchymal areas of the kidney and around all developing epithelial structures Tenascin. in contrast. is seen only around the youngest epithelial
structures. which in whole kidneys are located in the upper part of the cortex. Bar: 50 !J.m.

mammary gland can apparently stimulate tenascin in the
mesenchyme (Fig. 6).

In conclusion, available data from the developing kidney
(Aufderheide et al; 1987) and 9ut (Aufderheide and Ekblom,
1988), developing and adult breast (Inaguma et a/.. 1988) and
tooth (Thesleff et al.. 1987) support the view that tenascin
expression is stimulated by actively growing epithelia. The sti-
mulatory capacity is not necessarily general for all epithelial
sheets. This is clearly demonstrated in the developing breast
and kidney. In the breast. tenascin expression can be seen only
around certain parts of the elongating epithelium (Fig. 6). In the
kidney, strong stimulation of tenascin expression is associated
with the appearance of kidney tubules, whereas very little
tenascin is found around the second epithelial sheet, the ure-
teric tree (Aufderheide et al; 1987). It is thus possible that in the
kidney only the tubular epithelium and not the ureter epithelium
secrete factors that stimulate tenascin production. The nature of
these factors in unknown, and factors in the mesenchyme may
also be involved.

It is noteworthy that growth factors such as transforming

factor-~ (TGF-~) can stimulate tenascin synthesis in vitro
(Pearson et al., 1988), and TG F-~ is found in the embryo at sites
of tenascin expression (Heine etal, 1987). TGF-~ or other simi-
lar growth factors may thus act as local inducers of extracellular
matrix production at sites of epithelial-mesenchymal interac-
tions. It is not clear, however, whether TGF-~ is a stimulator of
tenascin synthesis during in vivo organogenesis.

Possible role of tenascin at sites of epithelia/-
mesenchymal interactions

Extracellular matrix proteins often have direct influences on
the very cells that secrete them. Fibronectin is produced by
fibroblasts and affects the behavior of fibroblasts (Vaheri and
Mosher, 1978; Ruoslahti et aI., 1983). Laminin, a basement
membrane protein (Timpl et aI., 1979) produced by epithelial
cells is probably important for epithelial cell development (Ekb-
10m et al.. 1980). Direct evidence for a role of laminin in epithe-
lium development has recently been reported. Certain defined
parts of laminin are required for the further development of the
induced cells; antibodies against the A chain of laminin can per-
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Fig.6. Scheme 0/ fenaself} expression during breast development. The black areas indicated strong tenaseln expression. Tenaseln can be seen only locally
in mesenchyme around developing epithelium but only in certain areas during breast development. Abbreviations: HAN. hyperplastic alveolar nodule. For
details. see fIJi/yuma et al.. 1988. Reproduced from Developmental Biology 128: 245-255. 1988; by copyright permission from Academic Press Inc.

turb histogenesis of kidney tubules (Klein et al.. 1988). Hence.
matrix proteins of epithelia are important for the epithelial cells
themselves. By analogy, we suggest that tenascin expression in
the mesenchyme could be important for the development of the
mesenchymal cells in the kidney, and in the other developing
organs expressing tenascin. The presence of tenascin can inter-
fere with fibronectin action, an effect which probably is of major
significance for development of mesenchymal cells (Chiquet-
Ehrismann et aI., 1988). In many of the tissues expressing
tenascin, the tenascin-positive areas seem to be slightly more
compact that the surrounding mesenchyme (Chiquet-Ehris-
mann et at., 1986; Thesleff et al., 1987; Inaguma et aI., 1988).
This does not appear to be the case for the developing kidney,
however, and therefore the association between compactness
and tenascin expression in the other tissues may be coincidental

(Aufderheide et al., 1987). Morphological comparisons of tis-
sues with varying amounts of tenascin may thus not reveal the
function of tenascin.

In order to understand more about the function of tenascin,
direct functional tests should be performed. Some data on the
function of tenascin in the developing nervous system is avail-
able (Kruse ef aI., 1985; Chuang ef aI., 1987). Technically, the
easiest approach to test the role of tenascin in epithelial-mesen-
chymal interactions would be the application of anti-tenascin
antibodies into organ cultures. Injection of antibodies or hybri-
domas secreting these antibodies into specific locations in the
embryo has been performed for other matrix ligands (Bronner-
Fraser, 1985; Jaffredo et aI., 1988), and could also be tried out
for tenascin. Such studies may clarify the role of tenascin at sites
of epithelial-mesenchymal interactions. It is important to note



that tenascin during embryogenesis can exist in different forms
(Hoffman et aI., 1988). In the developing gut. for instance, only
the smaller polypeptide chains appear to be made at early deve-
lopmental stages (Aufderheide and Ekblom, 1988). The larger
forms gradually appear with advancing development (Fig. 7).
Such variations in chain synthesis may have profound effects
on the biological properties of tenascin. A more precise map-
ping of the various domains of tenascin, their chemical struc-
ture, and binding to celis and matrix should help us to clarify
the biological functions of tenascin.
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Fig. 7. Sequential appearance 01 different tenascin polypeptides during
embryonic gut development as shown by immunoblots of tissue extracts with
mAb Mtn 12. Extracts were separated by 50S-PAGE. transferred to nitrocel-
lulose filters. and detected by incubation with mAb, a biotinylated second
antibody, a streptavidin-alk.aline phosphate complex, and a color reaction
Extracts are from embryonic day 13 (lane 1). 15 (lane 2),18 (lane 3), new-
born (lane 5), adult (lane 6) and cultured fibroblasts (lane 7). Note that no
tenascin could be seen in 13-day intestine, and that the bigger 260 k.O tenas-
cin polypeptide is not seen clearly until birth. Molecular mass mark.ers in k.O
to the left. Reproduced from Aufderheide and Ek.blom. The Journal of Cell
Biology 107: 2347-2349, 1988, by copyright permission of the Rock.efeller
University Press.

Induction of stromal tenascin in carcinogenesis
The studies on tenascin during embryonic development may

be useful for our understanding of certain aspects of carcinoge-
nesis. Most solid tumors in humans are derived from epithelial
cells. Very often, the malignant epithelial celis are surrounded
by a rather abundant extracellular matrix. Tenascin seems to be
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part of this tumor matrix. Tenascin is expressed in stroma
around epithelial malignancies of mammary gland but not in the
stroma of benign tumors (Mackie et al., 1987; Inaguma et al.,
1988). Tenascin thus seems to have some features of an onco-
fetal antigen. It is clear. however, that several normal adult tis-
sues express some tenascin (Bourdon et al., 1983; Hoffman et
al., 1988) although tenascin expression is not a prominent fea-
ture of the stroma of adult tissues. Apparently, carcinogenesis
of epithelial cells leads to an increased production of factors
that stimulate tenascin expression in the nearby stroma. The
carcinomas may overproduce these factors, normally produced
at high levels only during embryogenesis. The data suggest that
carcinogenesis involves disturbances in inductive cell interac-
tions between epithelium and mesenchyme. In order to under-
stand the interactions of carcinoma cells and the nearby mesen-
chymal cells, we need more information on the basic
mechanisms of embryonic induction in experimental model sys-
tems. It will therefore be of considerable interest to learn how
the epithelial sheets induce tenascin expression in embryonic
mesenchyme.

Concluding remarks

In many embryonic tissues, epithelial-mesenchymal interac-
tions affect the composition of the extracellular matrix of the
responding tissue. This has been previously shown clearly for
the development of the epithelial cell extracellular matrix, the
basement membrane (Ekblom ef a/., 1980, 1981: Hay, 1983).
Here we have reviewed data suggesting that mesenchymal cells
from several parts of the embryo respond to the presence of
epithelial sheets by starting to synthesize tenascin. In several
embryonic tissues tenascin expression could thus be controlled
by inductive tissue interactions. A similar induction apparently

occurs when carcinoma cells meet stromal fibroblasts in adult
tissues. Thus. identifying the factors that stimulate tenascin
expression would be important for our understanding of
embryonic induction, and development of some forms of
cancer.

References

AUFDERHEIDE, E. (1988). Tenascin und das Gangliosid G03: Moleku-
lare Analyse epithelial-mesenchymaler Interaktionen in der embryona-
len Organogenese. Doctoral Thesis. Eberhard-Karls-Universitiit, Tiib-
ingen, FRG.

AUFDERHEIDE. E., CH\QUET-EHRISMANN. R. and EKBLOM, P. (1987).
Epithelial-mesenchymal interactions in the developing kidney lead to
expression of tenascin in the mesenchyme. J. Cel18iol. 105: 599-608.

AUFDERHEIDE, E. and EKBLOM. P. (1988). Tenascin during gut develop-
ment: appearance in the mesenchyme. shift in molecular forms and
dependence on epithelial-mesenchymal interactions. J. Cell 8iol. 107:
t34t-1349.

BERNFIELD. M.R. and WESSELLS. N. (1972). Intra-and extracellular
control of epithelial morphogenesis. Dev. 8iol. 4 (Supp.): 195-249.

BOHNERT, A. HORNUNG. J., MACKENZIE, I.C. and FUSENIG, N. (1986).
Epithelial-mesenchymal interactions control basement membrane
production and differentiation in cultured and transplanted mouse
keratinocytes. Cell Tissue Res_ 244: 413-429.

BOURDON. M.A., MATTHEWS. T.J., PIZZO, S.V. and BIGNER, D.O.
(1985). Immunochemical and biochemical characterization of a

glioma-associated extracellular matrix glycoprotein. J. Cell. Biochem

28.' t 83- t 95.



7S P. Ekh/oll/ and E. AI(filerheide

BOURDON. M.A., WIKSTRAND, C.J., FURTHMAYR, H., MATTHEWS, T.J.
and SIGNER, D.O. (1983). Human glioma-mesenchymal extracellular
matrix antigen defined by monoclonal antibody. Cancer Res_ 43:
2796-2805.

BRONNER-FRASER. M. (1985). Alterations in neural crest migration by
monoclonal antibody that affects cell adhesion. J. Celf BioI. 101: 61 0-
617.

CARTER.W. and HAKOMORI.S. (1981). A new cell surface. detefgent-
insoluble glycoprotein matrix of human and hamster fibroblasts. The
role of disulfide bonds in stabilization of the matrix. J. BioI. Chern. 13:
6953-6960.

CHIQUET. M. and FAMBROUGH, D.M. (1984a). Chick myotendinous
antigen. I.A monoclonal antibody as a marker for tendon and muscle
morphogenesis. J. Cell BioI. 9B: 1926-1936.

CHIQUET, M. and FAMBROUGH, O.M. (1984b). Chick myotendinous
antigen. II. A novel extracellular glycoprotein complex consisting of
large disulfide-linked subunits. J. Cell Bioi. 98: 1937-1946.

CHIQUET-EHRISMANN,R., KALLA, P., PEARSON, C.A., BECK,K. and CHI-
QUET, M. (1988). Tenascin interferes with fibronectin action. Ce1/53:
383-390.

CH!QUET -EHRISMANN, R., MACKIE, E.J., PEARSON.C.A. and SAKAKURA,
T. (1986). Tenascin: an extracellular matrix protein involved in tissue
interactions during fetal development and oncogenesis. Cell 47: 131-
139.

CHUONG, C.-M., CROSSIN, K.L. and EDELMAN, G.M. (1987). Sequential
expression and differential function of multiple adhesion molecules
during the formation of cerebellar cortical layers. J. Cell BioI. 104:
331 -342.

CHUONG, C.-M. and EDELMAN. G.M. (1985). Expression of cell adhe-
sion molecules in embryonic induction. I. Morphogenesis of nestling
feathers. J. Cell BioI. 105: 1009-1 026.

CROSSIN, K.L., HOFFMAN, S., GRUMET, M., THIERY, J.-P. and EDELMAN.
G.M. (1986). Site-restricted expression of cytotactin during develop-
ment of the chicken embryo. J. Cell Bioi. 102: 1917-1930.

CUNHA, G., CHUNG, L.. SHANNON, J., TAGUGCHI; O. and FUJII, H.
(1983). Hormone-induced morphogenesis and growth: role of

mesenchymal-epithelial interactions. Recent Prog. Horm. Res. 30'

559-598.
OAWID, LB. and SARGENT, 1.0. (1986). Molecular embryology in

amphibians: new approaches to old questions. Trends Genet. 2. 47-
50.

OOE, C,Q. and GOODMAN, C.S. (1985). Early events in insect neuroge-
nesis.11. The role of cell interactions and cell lineage in the determina-
tion of neuronal precursor cells. Dev. BioI. 11: 206-219.

EKBLOM, P. (1981). Formation of basement membranes in embryonic
kidney: an immunohistological study. J. Cell BioI. 91: 1-1 O.

EKBLOM, P., ALlTALO, K., VAHERI. A" TIMPL, R. and SAX~N, L. (1980).
Induction of a basement membrane glycoprotein in embryonic kidney:
possible role of laminin in morphogenesis. Proc. Nat!. Acad. Sci. USA

77: 485-489.
EKBLOM, P., LEHTONEN, E., SAXtN, L. and TIM PL. R. (1981). Shift in col-

lagen type as an early response to induction of the metanephric
mesenchyme. J. Cell BioI. 89: 276-283.

EKBLOM, P., VESTWEBER, O. dnd KEMLER, R. (1986). Cell-matrix inter-

actions and cell adhesion during development. Ann. Rev. Cell BioI. 2:
27-47.

ERICKSON, H.P. and IGLESIAS, J.L. (1984). A six-armed oligomer iso-
lated from cell surface fibronectin preparations, Nature 311: 267-269.

ERICKSON, H.P. and TAYLOR, H.C. (1987). Hexabrachion proteins in
embryonic chicken tissues and human tumors. J. Cell BioI. 105: 1387-
1394.

FAISSNER, A., KRUSE, J. CHIQUET-EHRISMANN. R. and MACKIE. E.
(1988). The high-molecular-weight J1 glycoproteins are immuno-
chemically related to tenascin. Differentiation 37: 104-114.

GREENWALD,I. (1985).lin-12, a nematode home otic gene, is homolo-
gous to a set of mammalian proteins that includes epidermal growth
factor. Cell 43: 583-590.

GROBSTEIN, C. (1967). Mechanism of organogenetic tissue interaction.
Nat!. Cancer Inst. Monogr. 26: 279-299.

GURDON, J.B. (1987). Embryonic induction-molecular prospects.
Development 99: 285-306.

HAFEN, E., BASLER, K., EDSTROEM, J.E. and RUBIN, G.M. (1987).
Sevenless, a cell-specific homoeotic gene of Drosophila, encodes a
putative transmembrane receptor with a tyrosine kinase domain.
Science 236: 55-63.

HAY, E.D. (1983). Cell and extracellular matrix: their organization and
mutual dependence. Modern Cell BioI. 2: 509-548.

HEINE, U., MUNOZ, E., FLANDERS, K., ELLlNGWORTH, L.. PETER LAM, H.,
THOMSON, N., ROBERTS, A and SPORN, M. (1987). Role of trans-
forming growth factor-fJ in the development of the mouse embryo. J.
Cell BioI. 105: 2861 -2876.

HEUBERGER, B., FITZKA, I., WASNER, G. and KRATOCHWIL, K. (1982).
Induction of androgen receptor formation by epithelium-mesenchyme
in embryonic mouse mammary gland, Proc. Natl. Acad. Sci. USA 79:
2957-2961.

HOFFMAN,S., CROSSIN, K.L. and EDELMAN, G.M. (1988). Molecular
forms, binding functions. and developmental expression patterns of
cytotactin-binding proteoglycan, an interactive pair of extracellular
matrix molecules. J. Cell BioI. 106: 519-532.

HOFFMAN, S. and EDELMAN, G.M. (1987). A proteoglycan with HNK-1
antigenic determinants is a neuron-associated ligand for cytotactin.
Proc. Natl. Acad. Sci. USA 84: 2523-2527.

HYNES, R,O. (1985). Molecular biology of fibronectin. Annu. Rev. Cell
BioI. 1:67-90.

INAGUMA, Y., KUSAKABE, M., MACKIE. E,J., PEARSON, C.A, CHIQUET-
EHRISMANN, R. and SAKAKURA, 1. (1988). Epithelial induction of
stromal tenascin in the mouse mammary gland: from embryogenesis
to carcinogenesis. Dev. BioI. 12B: 245-255.

JAFFREDO, T. HORWITZ, A, BUCK, C., RONG, P. and OIETERLEN-LiEVRE,
F. (1988). Myoblast migration specifically inhibited in the chick
embryo by grafted CSAT hybridoma cells secreting an anti-integrin
antibody. Development 103: 431-446.

JONES. F.S., BURGOON, M.P., HOFFMAN. S., CROSSIN, K.L., CUNN-
INGHAM, B.A. and EDELMAN, G.M. (1988). A cONA clone for cyto-
tactin contains sequences similar to epidermal growth factor-like
repeats and segments of fibronectin and fibrinogen. Proc. NatJ. Acad.
Sci. USA 85: 2186-2190.

KIMELMAN, D. and KIRSCHNER, M. (1987). Synergistic induction of
mesoderm by FGF and TGF-fJ and the identification of an mRNA cod-
ing for FGF in the early Xenopus embryo. Cell 51: 869-877.

KLEIN, G., LANGEGGER, M., TIMPL, R. and EKBLOM. P. (1988). Role of
laminin A chain in the development of epithelial cell polarity. CeJJ55:
331-341.

KRATOCHWIL, K. and SCHWARTZ,P. (1976). Tissue interaction in andro-
gen response of embryonic mammary rudiment of mouse: identifica-
tion of target tissue for testosterone. Proc. Nat!. Acad. Sci. USA 73'
4041 -4044.

KRUSE, J., KEILHAUER, G., FAISSNER, A, TIMPL, R. and SCHACHNER, M.
(1985). The J1 glycoprotein -- a novel nervous system cell adhesion
molecule of the L2/HN K-1 family. Nature 316: 146-148.

LINDER, E., VAHERI, A., RUOSLAHTI, E. and WARTIOVAARA, J. (1975).
Distribution of fibroblast surface antigen in the developing chick
embryo. J. Exp. Med. 142: 41 -49.

MACKIE, E.J., CHIGUET-EHRISMANN, R., PEARSON, C.A, INAGUMA, Y.,
TAYA, K., KAWARADA, Y. and SAKAKURA, 1. (1987). Tenascin is a
stromal marker for epithelial malignancy in the mammary gland, Proc
NatJ. Acad. Sci. USA 84: 4621-4625.

MACKIE, E., THESLEFF, I. and CHIGUET-EHRISMANN, R. (1987). Tenas-

cin is associated with chondrogenic and osteogenic differentiation in
vivo and promotes chondrogenesis in vitro. J. Cell BioI. 105: 2569-
2579.

MARTIN, G.R. and TIMPL, R.(1987). Laminin and other basement mem-
branes components. Ann. Rev. CeJJ BioI. 3: 57-85.

MAUGER, A., OEMARCHEZ, M., HERBAGE, D., GRIMAUD, J., DRUGNET,
M., FOIDART, J. and SENGEL, P. (1983). Immunofluorescent localiza-
tion of collagen types 1. II, IV, fibronectin and laminin during morpho-
genesis of scales and scaleless skin in the chick embryo. W. Roux's
Arch. 192: 205-215.



NIEUWKOOP, P.O. (1977). Origin and establishment of embryonic polar
axes in amphibian development. Curro Top. Dev. BioI. 11: 115-132.

PEARSON, C.A., PEARSON. D.. SHIBAHARA,S., HOFSTEENGE, J. and CHI-
QUET-EHRISMANN. R. (1988). Tenascin: cDNA cloning in induction
by TGF-p. EMBO J. 7: 2677 -2981.

PRIESS, J.R. and THOMSON. J.N. (1987). Cellular interactions in early
C. elegans embryos. Cell 48. 241-250.

RUOSLAHTI, E., HAYMAN. E. and PIERSCHBACHER. M. (1985). Extracel-
lular matrices and cell adhesion. Arteriosclerosis 5' 581 -594.

SAX EN, L., EKBLOM, P. and THESLEFF, I. (1980). Mechanisms of mor-
phogenetic cell interactions. In Development in Mammals. Vol. 4. (Ed.
M. Johnson). Elsevier/North-Holland. pp. 161-202.

SIMON-ASSMANN, P., BOUZIGES. F., ARNOLD, C., HAFFEN, K. and KED-
INGER, M. (1988). Epithelial-mesenchymal interactions in the pro-
duction of basement membrane components in the gut. Development
102..339-347.

SLACK, J.M.W.. DARLINGTON. B.G., HEATH, J. and GODSAVE, S,F.
(1987). Mesoderm induction in early Xenopus embryos by heparin-
binding growth factors. Nature 326: 197-200.

SMITH, J.C. (1987). A mesoderm-inducing factor is produced by a
Xenopus cell line. Development 99: 3-14.

SPEMANN,H, (1901). Uber Korrelationen in der Entwicklung des Auges.
Verh. Anat. Ges., 15 Verso Bonn (Anal. Anz. 15): 61-79.

SPEMANN, H. and MANGOLD, H. (1924). Uber Induktion von Embryo-
nalanlagen durch Implantation artfremder Organisatoren. Arch. mik-
roskop. Anat. Entw. Mech. 100: 599-638.

THESLEFF. I.. MACKIE. E.. VAINIO, S. and CHIQUET-EHR\SMANN. R.

Tenasci" i/1 emhryonic induction 79

(1987). Changes in the distribution of tenascin during tooth develop-
ment. Development 101: 289-296.

THESLEFF, I.. STENMAN. 5., VAHERI. A. and TIMPL, R. (1979). Changes
in the matrix proteins, fibronectin and collagen during differentiation
of mouse tooth germ. Dev. BioI. 70: 116-126.

THIERY. J.-P., DUBAND. J.L.. RUTISHAUSER, U. and EDELMAN. G.L.
(1984). Cell adhesion molecules in early chicken embryogenesis.
Proc. Nat!. Acad. Sci. USA 79: 6737-6741.

TIMPL, R.. ROHDE, H., GEHRON ROBEY, P., RENNARD, 5.1., FOIDART,
J.M. and MARTIN, G.R. (1979). laminin -- a glycoprotein from base-
ment membranes. J. BioI. Chem. 254: 9933-9937.

TOIVONEN, S. (1979). Transmission problem in primary induction. Dif-
ferentiation 15: 177 -181.

TOMLINSON, A., and READY, D.F.(1987). Cell fate in the Drosophila
ommatidium. Dev. BioI. 123: 264-275.

VAHERI, A. and MOSHER, D. (1978). High molecular weight, cell surface
glycoprotein (fibronectin) lost in malignant transformation. Biochim.
Biophys. Acta 516: 1-25.

VAUGHAN, L.S., HUBER,S., CHIQUET, M. and WINTERHALTER, K.H.
(1987). A major six-armed oligomer form embryonic cartilage. EMBO.
J. 6. 349-353.

VESTWEBER. D., KEMLER, R. and EKBLOM, P. (1985). Cell-adhesion
molecule uvomorulin during kidney development. Dev. BioI. 112:
213-221.

WEEKS, D.L. and MELTON. D.A. (1987). A maternal mRNA localized to
the vegetal hemisphere in Xenopus eggs codes for a growth factor
related to TGF-fJ. Ce1/51: 861-867.


