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A mesoderm-inducing factor is produced by a Xenopus cell line

J. C. SMITH
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Summary

Inductive interactions play a major role in the diversi-
fication of cell types during vertebrate development.
These interactions have been extensively studied in
amphibian embryos (usually Xenopus laevis) where
the earliest is mesoderm induction, in which an
equatorial mesodermal rudiment is induced from the
animal hemisphere under the influence of a signal
from the vegetal hemisphere. The molecular basis of
mesoderm induction is unknown, although Tiede-
mann has isolated a protein from 9- to 13-day chick
embryos that has the properties one would expect of a
mesoderm-inducing factor. However, the relevance of
this molecule to the events of early amphibian develop-
ment is unclear, and it is a matter of some importance
to discover a Xenopus mesoderm-inducing factor.

In this paper I show that the Xenopus XTC cell line
secretes mesoderm-inducing activity into the culture
medium. Isolated animal pole regions cultured in
XTC-conditioned medium differentiate into muscle
and notochord, while controls form ‘atypical epider-
mis’. Three different cell lines — XL, XI.177 and KR -
secrete no such activity. Preliminary characterization
of the XTC mesoderm-inducing activity indicates that
the active principle is heat stable, trypsin sensitive,
nondialysable, and has an apparent relative molecular
mass of about 16 000. Work is in progress to charac-
terize the activity further and to discover whether the
mesoderm-inducing factor is also present in normal
embryos.

Key words: Xenopus, mesoderm induction, morphogen,
amphibian embryo.

Introduction

The basic body plan of the amphibian embryo arises
through a sequence of inductive interactions (re-
viewed by Smith, Dale & Slack, 1985). The first is
mesoderm induction, in which an equatorial meso-
dermal rudiment is induced from the animal hemi-
sphere under the influence of a signal from the
vegetal hemisphere (Nieuwkoop, 1969, 1973; Dale,
Smith & Slack, 1985; Gurdon, Fairman, Mohun &
Brennan, 1985). In the absence of this signal the
animal hemisphere would become ectoderm.

The molecular basis of mesoderm induction is
unknown, but Tiedemann and his colleagues have
isolated a substance that has the characteristics
we would expect of a ‘vegetalizing’ or ‘mesoderm-
inducing’ factor (Tiedemann & Tiedemann, 1959;
Born, Geithe, Tiedemann, Tiedemann & Kocher-
Becker, 1972; Geithe, Asashima, Asahi, Born,
Tiedemann & Tiedemann, 1981; Schwartz, Tiede-
mann & Tiedemann, 1981). This factor is a protein of
relative molecular mass 28-30 000 isolated from 9- to

13-day chick embryos. When it is applied, in the form
of an insoluble pellet, to amphibian blastula ectoderm
it causes the formation of a range of mesodermal cell
types, including notochord, muscle, kidney and blood
(Asashima & Grunz, 1983; Grunz, 1983). The rel-
evance of this chick-derived factor to the events of
early amphibian development is not clear, but there is
evidence that a molecule with similar activity is also
present in early Xenopus embryos (Faulhaber, 1972;
Faulhaber & Lyra, 1974). However, this factor has
not yet been purified: Xenopus embryos are small, the
substance is likely to be present only at low concen-
trations and the high concentration of yolk proteins
interferes with fractionation. An alternative source of
the Xenopus factor is urgently required.

The work described in this paper stemmed from the
observation that cell surface molecules characteristic
of dorsal or ventral compartments in Drosophila wing
imaginal discs (Wilcox, Brower & Smith, 1981,
Brower, Wilcox, Piovant, Smith & Reger, 1984) are
present on several Drosophila cell lines (Wilcox,
Brown, Piovant, Smith & White, 1984). This



4 J. C. Smith

suggested that developmentally significant molecules
may be expressed by cell lines from other species, and
accordingly I tested two Xenopus cell lines for meso-
derm-inducing activity. Pellets of the XTC cell line
(Pudney, Varma & Leake, 1973), placed in close
contact with isolated animal pole regions, proved to
have powerful mesoderm-inducing activity whereas
pellets of XL cells (Anizet, Huwe, Pays & Picard,
1981) had none. It was further found that XTC cells
release an active factor into the culture medium while
conditioned medium from XL cells, and X1.177 and
KR cells (Ellison, Mathisen & Miller, 1985), had no
mesoderm-inducing activity. The XTC cell line thus
provides a convenient and unlimited source of a
Xenopus mesoderm-inducing factor which may be
identical to the natural molecule. Preliminary charac-
terization of the active principle shows that it is heat
stable, trypsin sensitive, nondialysable and has an
apparent relative molecular mass of 16000. Purifi-
cation of the factor is in progress.

Materlals and methods

Embryos

Embryos of Xenopus laevis were obtained by artificial
fertilization as described by Smith & Slack (1983). They
were chemically dejellied using 2 % cysteine hydrochloride
(pH 7-8-8-1), washed and transferred to Petri dishes coated
with 1% Noble Agar and containing 5 % or 10 % normal
amphibian medium (NAM: Slack, 1984). The embryos
were staged according to Nieuwkoop & Faber (1967).

Cells
Four cell lines were used. XTC (Pudney et al. 1973) and XL
(Anizet et al. 1981) cells were supplied by Dr E. A. Jones
(University of Warwick). X1.177 and KR cells (Ellison et al.
1985) were supplied by Dr L. Miller (University of Illinois,
Chicago). The cells were maintained at 25°C in Leibovitz L-
15 medium diluted to 61 % and supplemented with foetal
calf serum to 10 %. They were usually subcultured once a
week at a 1:5 or 1:10 split ratio and fed once a week.
Pellets of cells to be cultured in contact with explanted
Xenopus animal pole regions were prepared by seeding
1-2x10° cells into the wells of Nunc microwell plates. The
wells had previously received 50 ul of molten 1% Noble
Agar, which sets to form a shallow cup. The cells roll down
the walls of the cups to aggregate into compact masses
(F. M. Watt, personal communication).

Conditioned media

Conditioned medium was prepared from confluent cultures
of XTC, XL, XL177 or KR cells. The cells were rinsed
three times with serum-free L15 medium diluted to 65 %
and then incubated in the same medium. A volume of 4 ml
was used in an 80 cm? flask or 10 ml in a 175 cm? flask. After
24 to 48h the conditioned medium was removed, centri-
fuged to remove dead cells and stored at 4°C.

Operations

Manipulations involving the cell lines were carried out in
61% L15 medium supplemented with 10 % foetal calf
serum. Operations involving only embryo explants were
performed in half-strength NAM. Use of half-strength
NAM prevented loss of the inner cells of animal pole pieces
(see Asashima & Grunz, 1983). In all experiments the piece
of animal pole ‘test tissue’ was a disc of tissue from the
centre of the pigmented hemisphere of the stage-7-5 to -8
embryo subtending a solid angle of about 60° (Dale et
al. 1985). This was dissected out using electrolytically
sharpened tungsten needles or mounted eyebrow hairs (a
gift of Dr E. A. Jones, Warwick) and hand-ground forceps.
In some experiments this piece of tissue was allowed to
develop in isolation, in half-strength NAM, in diluted L15
medium or in conditioned medium. In other experiments it
was pressed against a pellet of XTC or XL cells and then
allowed to develop. In control experiments the test tissue
was combined with the vegetal pole region of an embryo at
the same stage (Dale et al. 1985). Combinations and
explants were cultured at room temperature (18-22°C)
either for 48h (controls reach stage 35-38) or for 66h
(controls reach stage 39—-41) before analysis.

Histological analysis

Specimens required for histological analysis were fixed for
481 in a solution of 10 % formalin, 2 % glacial acetic acid,
50 % alcohol and 38 % NAM, followed by 48h in 10 %
formol saline. They were then block stained in Grenacher’s
borax carmine before embedding in paraffin wax and
sectioning at 10 um. The sections were counterstained with
0-1 % naphthalene black in saturated picric acid (see Slack
& Forman, 1980) before mounting in DPX.

Immunofluorescence analysis

Specimens required for immunofluorescence staining were
fixed in 2% trichloroacetic acid at 4°C for one hour to
overnight. They were dehydrated in ethanol and embedded
in polyethylene glycol 400 distearate (Koch) plus 1% cetyl
alcohol (Koch-Light) at 40°C (Dreyer, Wang, Wedlich &
Hausen, 1983). Sections were cut at 10 um and brought to
PBS-A through an acetone series. The sections were
analysed by indirect immunofluorescence exactly as de-
scribed by Dale et al. (1985).

SDS—-polyacrylamide gel electrophoresis and
immunoblotting
Specimens to be analysed by ‘Western’ blotting were
dissolved directly in gel sample buffer (Laemmli, 1970).
They were boiled for 3 min, microfuged and loaded onto
gels immediately or stored at —70°C. The samples were run
on linear 5-15% polyacrylamide gradient gels using the
buffer system of Laemmli (1970). After electrophoresis the
separated proteins were transferred to nitrocellulose as
described by Towbin, Staehelin & Gordon (1979). The
transfer buffer contained 0-1 % SDS to facilitate passage of
the myosin heavy chain (Nielsen, Manchester, Towbin,
Gordon & Thomas, 1982).

After blotting the nitrocellulose membrane was ‘blocked’
overnight at room temperature in 10 % normal goat serum
and 4% bovine serum albumin (BSA), in PBS-A. It was



then incubated for 1h in the appropriate first antibody(ies)
diluted in 4 % BSA in PBS-A. After washing in five changes
of PBS-A over 1h, the membrane was incubated in a 1/500
dilution of peroxidase-conjugated affinity-purified goat
anti-rabbit IgG (Miles) for 1h and then washed again. The
membrane was probed for peroxidase activity as described
by Adams (1981).

Antibodies
Three antibodies were used in this study.

(1) MHC2 is a rabbit antiserum raised against adult
Xenopus laevis myosin heavy chain and characterized by
Western blotting and immunofluorescence (see Dale et al.
1985). This antibody stains muscle from stage 35 onwards
and does not react with any tissue at earlier stages. An
antibody with similar characteristics was raised against a
total adult Xenopus laevis myosin preparation and this was
also used in the present experiments.

(2) 12/101 is a monoclonal antibody raised against newt
muscle (Kintner & Brockes, 1984). Using the immuno-
fluorescence procedure described above this antibody
recognizes Xenopus somite muscle from stage 23 onwards.

(3) A rabbit antiserum was prepared against adult
Xenopus keratin-like protein II (Reeves, 1975). On sections
this antibody interacts with larval and adult epidermis and
on Western blots it recognizes at least four bands between
M, =350000 and M, =60000.

Gel filtration

Samples of serum-free conditioned medium were concen-
trated to 1/10 of their original volume by ultrafiltration with
Amicon YM2, YM5 or YM10 membranes. Ammonium
sulphate was added to 90 % of saturation and the suspen-
sions were stirred for 30min. After centrifugation at
10000g for 10-20 min pellets were dissolved in 2-5ml of
column buffer (see Resuits), microfuged and loaded onto a
40%2-6 cm column of Ultrogel AcA 54 (LKB). The column
was run at 24 mlh™' and 4 ml fractions were collected. The
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column was calibrated with bovine serum albumin (M, =
66 000), ovalbumin (M, = 45 000), soybean trypsin inhibitor
(M. =20100) and cytochrome C (M, = 12300).

Protein determinations were made according to Bradford
(1976).

Results

Pellets of XTC, but not XL, cells induce mesoderm
from animal pole explants

When the animal pole region of a midblastula (stage
7-5-8) Xenopus embryo is dissected out and cultured
alone in a simple salts solution it forms epidermis; the
vegetal pole region under similar conditions fails to
differentiate while the equatorial region forms most
of the structures present in a normal embryo (Dale et
al. 1985). The phenomenon of mesoderm induction
can be demonstrated by placing a piece of animal pole
tissue in contact with a vegetal pole piece (Fig. 1A);
significant quantities of mesodermal cell types, in-
cluding notochord, muscle, kidney and blood, are
formed from the animal pole component (Nakamura,
Takasaki & Ishihara, 1970; Sudarwati & Nieuwkoop,
1971; Dale et al. 1985; Gurdon et al. 1985). In prelimi-
nary experiments to test Xenopus cell lines for meso-
derm-inducing activity, pellets of XTC and XL cells
were prepared as described in the Materials and
Methods section. Pieces of these pellets, roughly the
size of a vegetal pole isolate, were placed in contact
with stage 7-5-8 animal pole regions (Fig. 1B) and
the combinations were allowed to develop for about
65h before being fixed, sectioned and analysed
by indirect immunofluorescence using antibodies
specific for muscle and epidermis. Like others (Gur-
don etal. 1985) I used muscle development as the

XTC-conditioned
medium

XTC cells

Fig. 1. The experimental design. (A) Mesoderm induction is demonstrated by combining animal pole tissue with vegetal
pole tissue. (B) A pellet of XTC or XL cells is pressed against the blastocoel surface of an isolated animal pole region.
(C) Conditioned medium from XTC cells is used as the culture medium for isolated animal pole regions.
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Table 1. Mesoderm-inducing activity in XTC-
conditioned medium is trypsin sensitive

TCA Conditioned medium
precipitable concentration (%)

counts
Treatment remaining (%) 100 33 10 33
No trypsin 100 + + + +
20 ugml~? trypsin 31 + + + -
100 g ml™! trypsin 24 + * - -
500 ug mi~! trypsin 24 - - - -
500 ug ml™! trypsin + 89 + + + +

trypsin inhibitor

Conditioned medium was prepared from twelve confluent
100 mm plates of XTC cells. Eight plates received 3-5ml of
modified serum-free L.15 medium while four received the same
volume of medium with the methionine concentration reduced to
10 % of the normal level and with 100 uCi of [**S]methionine
(Amersham). Incubation in serum-free medium was for 24 h and
trypsin treatment of heated conditioned medium was for 1h at
37°C. The proteolytic effect of trypsin treatment was assessed on
the radioactive samples. One aliquot of each sample was TCA
precipitated and counted in a scintillation counter while another
was acetone precipitated, dissolved in gel sample buffer and run
on a 5-15 % polyacrylamide gradient gel. The gel was prepared
for fluorography (Bonner & Laskey, 1974) and exposed to
preflashed X-ray film; the results are described in the text.
Mesoderm-inducing activity of the trypsin-treated conditioned
media was assayed by ‘Western’ blotting, as described in the
text. A ‘+’ sign indicates a strong myosin heavy chain band. ‘%’
indicates a weak signal and ‘—’ indicates no visible signal.

conditioned medium was made radioactive by in-
cluding [**S]methionine in the serum-free culture.
This facilitated analysis of the effectiveness of the
trypsin.

The results of one experiment are shown in
Table 1; the other gave similar results. 500 ug ml™*
trypsin completely abolished mesoderm-inducing ac-
tivity, while 100 ug ml~! removed at least 90 % of the
activity and 20 ugml~! removed at least 67 %. Poly-
acrylamide gel electrophoresis of the trypsin-treated
samples followed by fluorography showed that all
three concentrations of trypsin removed high mol-
ecular weight (M,>30000) components but that
some lower molecular weight proteins were resistant
to 20ugml™" and 100 ugmi™! trypsin. Virtually no
bands were visible after 500 ugml~! trypsin. In con-
trol experiments simultaneous addition of 500 ug ml~!
trypsin and 1250 ug ml~! trypsin inhibitor to heated
XTC-conditioned medium did not abolish mesoderm-
inducing activity (Table 1) and addition of these
components to modified L15 medium did not intro-
duce mesoderm-inducing activity (data not shown).

Characterization of mesoderm-inducing activity using
gel filtration

A preliminary characterization of the mesoderm-
inducing activity of XTC-conditioned medium was

carried out using gel filtration. 100ml batches of
heated conditioned medium were concentrated by
ultrafiltration and ammonium sulphate precipitation,
and the resulting pellet was dissolved in column
buffer (2-5ml). Initial experiments, in which the
column was run in 0-1 M- to 0-5 M-NaCl, buffered with
10 mM-sodium phosphate at pH7-4, gave variable
results. Out of eight experiments, three gave an
apparent relative molecular mass of 10-13000 for
mesoderm-inducing activity. Four of the remaining
five experiments again showed activity at M,=
10-13 000 but with an additional, larger, peak around
M, = 60—-66000 and one experiment showed activity
exclusively at M, = 66 000.

It seemed possible that this variability was due to
interaction of mesoderm-inducing activity with bov-
ine serum albumin, the major protein component of
XTC-conditioned medium, and which is derived from
the foetal calf serum used in the cell growth medium.
In an attempt to abolish such an interaction, columns
were run in the presence of low concentrations of
detergent, either 0-1% sodium deoxycholate or
0-1 % Brij 58, neither of which show significant u.v.
absorbance. Five experiments (three with sodium
deoxycholate and two with Brij) gave similar results,
with apparent M,’s for mesoderm-inducing activity of
13-18000, and an average of 16000. Fig. 6 shows a
typical result, using 0-1 % sodium deoxycholate and
conditioned medium prepared in the presence of
[*S]methionine.

XTC and XL cells

Why should XTC cells secrete a mesoderm-inducing
factor while XL cells, and XL.177 and KR cells (data
not shown) do not? One trivial possibility is that the
XTC cells simply grow faster, but this is not the case:
in this laboratory the XTC and XL lines both grow
with a doubling time of 39h (data not shown). A
more interesting possibility is that the XTC cells are
of endodermal origin and have ‘remembered’ their
early embryological function, while the other lines
were derived from ectodermal, or perhaps meso-
dermal, cell types. Unfortunately, in the absence of
germ-layer-specific markers, it is not possible to
answer this question directly and the alternative
approach of studying the derivation of the cell lines,
gives only limited information. Thus, the XTC cell
line was derived from a metamorphosing tadpole that
had had its skin, eyes, intestine and tail removed
(Pudney et al. 1973); the XL line was derived from
whole swimming larvae (Anizet etal. 1981); the
XL177 line was derived from tadpoles that had had
their epidermis removed (Miller & Daniel, 1977); and
the KR line is a clone of the adult kidney line A6
(Rafferty, 1969; see Ellison et al. 1985).









Another question that can now be approached is
that of the immediate biochemical response to meso-
derm induction; preliminary results indicate that
15min exposure to high concentrations of XTC-
conditioned medium is sufficient to ‘mesodermalize’
animal pole cells (Cooke & Smith, unpublished
observations) and this suggests that the cellular re-
sponse to induction is quite rapid. In contrast, at least
2h exposure to vegetal pole tissue is required for
subsequent muscle-specific actin gene expression by
animal pole cells (Gurdon et al. 1985). This may be
due to lower levels of morphogenetic activity in the
natural inducer.

Finally, it is of interest that heat treatment of XTC-
conditioned medium enhances its activity by a factor
of ten (Fig. 5). A similar observation has been made
with a mesoderm-inducing extract of carp swim-
bladder, where one suggestion was that heating
destroyed an inhibitor of mesoderm induction (Kawa-
kami, Noda, Kurihara & Okuma, 1977), and indeed
an inhibitor of the chick vegetalizing factor has been
isolated by Born, Tiedemann & Tiedemann (1972).
Such an inhibitor, if more diffusible than the ‘ac-
tivator’, could explain why the mesoderm only
forms in an equatorial band around the embryo
and not throughout the entire animal hemisphere
(Meinhardt, 1982).

I am grateful to Drs Liz Jones and Leo Miller for Xenopus
cell lines, to Liz Jones for eyebrow hairs, Jeremy Brockes
for 12/101, and Jonathan Cooke, Tony Magee, Michael
Sargent, Jonathan Slack and Fiona Watt for helpful dis-
cussions. Shamsa Faruki and Mohammed Yaqoob provided
excellent technical assistance.
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