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Xenopus Myf-5 marks early muscle cells and can activate muscle genes

ectopically in early embryos

N. D. HOPWOOD, A. PLUCK and J. B. GURDON

CRC Molecular Embryology Group, Department of Zoology, Downing Street, Cambnidge, CB2 3EJ, UK

Summary

We have cloned a Xenopus cDNA that encodes a
homologue of the human myogenic factor, Myf-5.
Xenopus Myf-5 (XMyf5) transcripts first accumulate in
the prospective somite region of early gastrulae. The
pattern of XMyf5 expression is similar to that of the
Xenopus MyoD (XMyoD) gene, except that XMyf5
transcripts are largely restricted to posterior somitic
mesoderm even before any somites have formed.
Transient ectopic expression of XMyfS activates cardiac

actin and XMyoD genes in animal cap cells, but does not
cause full myogenesis, even in combination with
XMyoD. These results suggest that XMyf5 acts together
with XMyoD as one of the set of genes regulating the
earliest events of myogenesis, additional factors being
required for complete muscle differentiation.

Key words: helix-loop-helix proteins, mesoderm, muscle,
myogenesis, Xenopus.

Introduction

The discovery of MyoD, a mouse cDNA that can
convert cultured fibroblasts into myoblasts (Davis et al.
1987), has been followed by the isolation of three more
mammalian myogenic factors related to MyoD: myo-
genin (Wright et al. 1989; Edmonson and Olson, 1989),
Myf-5 (Braun et al. 1989b) and MRF4/Myf-6/herculin
(Rhodes and Konieczny, 1989; Braun ez al. 1990; Miner
and Wold, 1990). They are all members of the helix-
loop-helix family of DNA-binding proteins (Murre et
al. 1989a) and can bind to some of the sequences
required for transcription from muscle-specific pro-
moters (Lassar et al. 1989; Braun er al. 1990; Brennan
and Olson, 1990; Piette er al. 1990). Much has been
learned about muscle development and the role of the
MyoD family of myogenic factors from analysis of the
differentiation of determined myoblasts in culture.
However, it is important to find out to what extent
conclusions drawn from work on tissue culture models
of myogenesis also apply to the normal development of
muscle in embryos.

The African clawed frog, Xenopus laevis, provides
large, accessible embryos and much is already known
about their development of mesoderm in response to an
early cellular interaction (reviews by Smith, 1989;
Hopwood, 1990). A Xenopus homologue of MyoD
(XMyoD) is expressed as an early consequence of
mesoderm induction in the myotomes, from which the
axial musculature develops (Hopwood er al. 1989a;
Harvey, 1990). XMyoD RNA accumulates above a low
maternal level about two hours before muscle-specific
actin transcripts first appear (Hopwood er al. 1989a;

Harvey, 1990; Scales ef al. 1990) and so is expressed at
the right time and in the right place to be involved in the
initiation of normal myogenesis. This is not so in
mammals, and may not be in birds: in mouse embryos,
myogenin and cardiac actin transcripts were detected at
8% days post coitum, but MyoD transcripts did not
appear until two days later (Sassoon et al. 1989);
transcripts encoding a quail relative of MyoD, qmfl,
first appear at about the same time as cardiac actin
RNA (de la Brousse and Emerson, 1990). MRF4
appears to be expressed even later in mammalian
development than MyoD (Rhodes and Konieczny,
1989). The pattern of embryonic expression of the Myf-
5 gene has not been described.

MyoD can activate muscle genes in various types of
cultured cells, although in many experiments the
frequency of activation has been low, and some cells
were entirely refractory (Davis et al. 1987; Weintraub et
al. 1989; Schifer et al. 1990). The activity of XMyoD in
normal embryonic cells was tested by expressing it
ectopically in early embryos via microinjection of
synthetic XMyoD mRNA. This caused ectopic acti-
vation of the cardiac actin gene in animal cap cells
(Hopwood and Gurdon, 1990), which normally form
ectodermal structures. XMyoD is therefore sufficient,
together with cellular components already present in
animal caps, to activate a muscle gene in embryonic
cells of a non-muscle lineage. However, these XMyoD-
injected animal caps, which expressed the cardiac actin
gene at a similar level to myotomal cells of early
neurulae, did not subsequently differentiate any muscle
(Hopwood and Gurdon, 1990). They also failed to
express the 12/101 antigen, a muscle marker detectable
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from post-neurula stages onwards (Kintner and
Brockes, 1984). This suggested that XMyoD alone was
insufficient to cause full myogenesis, but might nor-
mally co-operate with other factors to do so. Possible
co-operators are the other known members of the
MyoD family, such as Myf-5.

We have cloned a Xenopus homologue of the human
myogenic factor, Myf-5 (Braun ez al. 19894), and used
the clone to analyze its expression and activity in early
embryos. The specific expression of XMyf5 in the
somites closely parallels that of XMyoD, but XMyf5
RNA is largely restricted to posterior somitic meso-
derm even before any somites have formed. We have
expressed XMyf5 ectopically by microinjecting syn-
thetic mnRNA into early embryos, and find that XMyf5,
like XMyoD, can activate muscle genes in animal cap
cells. However, even co-injection of XMyf5 and
XMyoD did not cause full myogenesis.

Materials and methods

Characterization of a XMyf5 cDNA

A stl7 cDNA library (Kintner and Melton, 1987) was
screened with a random primed probe (Feinberg and
Vogelstein, 1983) as described by Hopwood et al. (1989a). The
XMyf5-2 ¢cDNA was sequenced using the dideoxy chain
termination method (Sanger et al. 1977; Biggin et al. 1983) on
M13 templates (Messing, 1983). Templates for sequencing the
3’ EcoRI fragment (nt132-1134) were generated using the
method of Henikoff (1984). The 5’ EcoRI fragment was
sequenced separately, and the EcoRI junction sequenced as
part of the 5’ Sacl fragment of a clone of the whole XMyf5-2
cDNA made by partial EcoRI digestion of the Agtl0 clone.
The cDNA sequence was compiled using the DB programmes
(Staden, 1982). Each base was sequenced at least twice on
each strand.

Analysis of RNA

Northern blotting was carried out as described (Hopwood
et al. 19894), all blots being washed to 0.2xSSPE, 0.1 % SDS
at 65°C. A single-stranded DNA probe for XMyf5 transcripts
was produced from the 3’ Rsal- EcoRI fragment (nt887-1134)
of XMyf5-2 cloned between the Smal and EcoRI sites of
M13mp19. A similar 3’ untranslated region (UTR) probe was
used for XMyoD (Hopwood and Gurdon, 1990); cardiac actin
RNA was detected as described (Hopwood and Gurdon,
1990) using the pSP21S RNA probe of T. J. Mohun; and EF-
lar probes were made by random priming (Feinberg and
Vogelstein, 1983) of a cDNA (Krieg et al. 1989). A single-
stranded DNA probe for injected XMyoD and XMyf5 RNA
was made from the Bg/lI-EcoRIl fragment of pSP6AT
containing the B-globin 3" UTR (Krieg and Melton, 1984)
cloned between BamHI and EcoRI sites of M13mpl19. The
number of XMyf5 transcripts in 10 ug gastrula RNA was
determined by the same method used previously for XMyoD
(Hopwood et al. 1989a), using synthetic XMyf5 RNA
transcribed with T7 RNA polymerase from the XMyf5-2
c¢DNA cloned in pSP73 (Krieg and Melton, 1987) after
linearization with BglII.

In situ hybridization -

This was done as described by Kintner and Melton (1987) and
Hopwood et al. (1989a). In order to orient them more easily,
wild-type rather than albino gastrulae were used. The

pigment grains in sections from wild-type embryos were
bleached by treatment for 16h in 2% (v/v) hydrogen
peroxide in 2XSSPE prior to hybridization. XMyfS transcripts
were detected using a probe made from the pSP73-XMyf5-2
clone after linearization with Sacll (includes 3’ UTR and last
45nt of coding region). The XMyoD probe was that used
previously (Hopwood et al. 1989a).

Transcription clones and RNA synthesis

The clones pSP64T-XMyoD and -XMyoD114P have been
described (Hopwood and Gurdon, 1990). The plasmid
pSP64T-XMyfS was constructed by first using site-directed
mutagenesis (Amersham kit, Version 2) to create a Ncol site
around the XMyf5-2 initiation codon. The Ncol-Rsal
fragment containing the coding sequence and 28 bp of 3’ UTR
was then transferred to pSP64-Xpm (Krieg and Melton,
1984), from which the f-globin coding sequence had been
removed by digestion with Ncol and BstEIl (filled in). The
point mutant derivative pSP64T-XMyf5-102P was produced
by site-directed mutagenesis of the smaller Sacl-Sacl
fragment of pSP64T-XMyf5 in M13mp19 using the oligo-
nucleotide 5'GTGAACCAGCCTTTTGAAACGC3'. Se-
quencing of the mutant confirmed that no other bases had
been changed. Capped, trace-labelled synthetic RNA was
produced from these clones after Xbal digestion, using SP6
RNA polymerase (Krieg and Melton, 1987). Transcripts were
capped by including m’GpppG (New England Biolabs) in the
reactions, and unincorporated nucleotides were removed by
three rounds of ethanol precipitation.

In vitro translation

Synthetic RN As (20 ug ml™") were translated in vitro in rabbit
reticulocyte lysate (purchased from R. T. Hunt, Dept of
Biochemistry, University of Cambridge) as described by
Jackson and Hunt (1983). Translation products were resolved
by SDS-polyacrylamide gel electrophoresis (Laemmli, 1970).

Embryos and RNA injection

Xenopus laevis embryos were cultured as described (Gurdon,
1977). The neurula dissections were performed in MBS
containing 3mgml~! collagenase (Sigma C-2139). RNA at
0.5mgml~"in distilled water was injected into the animal half
of both cells of two-cell embryos (2-3 ng per cell) in 1XMBS,
2% Ficoll 400. After a couple of hours, embryos were
transferred to 0.1xMBS for further culture.

Results

Cloning and sequence of a new Xenopus myogenic
factor

A probe made from the whole rat myogenin ¢cDNA
(Wright et al. 1989) was used to screen a Xenopus laevis
neurula cDNA library (Kintner and Melton, 1987) at
low stringency. Forty hybridizing clones were plaque
purified, of which 22 cross-hybridized at high stringency
to the Xenopus MyoD cDNA described previously
{(XMyoD2-24; Hopwood et al. 19894). All of these
clones also cross-hybridized at high stringency to a
probe containing only the 3’ part of the XMyoD2-24 3’
untranslated region (UTR), and gave rise to restriction
fragments diagnostic of XMyoD cDNAs (data not
shown). Of the remaining clones, ten cross-hybridized
to each other at high stringency, two had very small or
no inserts, and the hybridizing regions of the other six
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Fig. 1. Sequence of the XMyf5-2 cDNA. The asterisk
indicates the translation stop, and the poly(A)-addition
signal is underlined.

were not significantly homologous at the level of
predicted protein to the myogenin probe (data not
shown). We have further analysed the class of ten
clones, which apparently all represent transcripts from
the same gene, choosing one of the longest representa-
tives (XMyf5-2) for sequencing.

The cDNA sequence of the clone XMyf5-2 contains
asingle long open reading frame, preceded upstream by
in-frame stop codons (Fig. 1). The cDNA is, at 1134 bp,
a similar size to the transcripts it detects on northern
blots (see below), and ends in a poly(A) tail. The
predicted protein is much more similar to the human
myogenic factor, Myf-5 (Braun er al. 1989b), and to its
bovine homologue (Clark er al. 1990), than to any of the
other known mammalian members of this class,
including myogenin, which was used as the probe
(Fig. 2). All of the known myogenic factors are very
similar in the helix-loop-helix and DNA-binding
domains, but they show only limited similarity to each
other outside these regions. However, the predicted
protein sequence of the new Xenopus factor is very like
that of Myf-5 in many regions where there is no
relationship between Myf-5 and any of the other
factors. Seventy per cent of amino acid residues are
identical between the frog and human proteins, and a
further 10 % represent conservative substitutions. The
Xenopus factor, whilst it may not have identical
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XMy £5 WEMVDSCHF SPSETTYDSSCIPSPEEGY
Myf-5 MDVMDGCOFSPSEYFYDGSCIPSPEGER
MyoD MELLSPPLRDIDLTGPDGSLCSFETADDF YDDPCFDSPDLRFFEDLDPRLVHVG
MRF 4 MMDLFETGSYFFYLDGENVTLQPLEVAEGSPLYP
Myogenin MELYETSPYFYQEPHF YDGENYL
XMy £5 TEDYEHGHS I YGAHKKDLEESDEDEEVRAP - - - I GHEQAGN CLMMACKACKRKSSTT
Myf-5 GDEFVPRVAAF GAEKAELQGSDEDEHVRAP - - - TGEEQAGH CLMWACKACKRES TTH
MyoD ALLKPEEHAHFSTAVHPGPGAREDEHVRAP - - - SGERQAGRCLLMACKACKRET TNA
MRF4 GSDGTLSPCQDQMPQEAGSDSSGETHVLAPPGLOPPECPGQCLIWACKTCIRESAPT
Myogenin PVHLQGFEPPGYERTELSLSPEARGPLEEKGLGTPEHCPGQCLPHACKVOKRKSVSY
XMy £5 DRRKAATHRERRRLKKVRQAT ETLIRCT T TRP HQRLP KVEI LRMATQY IESLQDLLR
Myf-5 DRRKAATHRERRRLKKVIQAFETLIRCTTTHP MORLPKVEILRRATRY IESLQELLR
MyoD DRRKAATMRERRRLS KVNEAFETLEKRCTS SHPMORLPKVE I LRMAIRY IEGLQALLR
MRF 4 DRRKAATLRERRRLEKK INEAFEALKRRTVANPNQRLPKVEILRSAINY IERLQDLLH
Myogenin DRRRAATLREKRRLEKKVNEAFEALKRSTLLNPRQRLPKVEILRSAIQYIERLQALLS
XMy £5 e VENYYSLPGQSCTIPGSPHSSCEDGHSDCS SPOHSGRES
Myf-5 EQ--—--—mmmm—mme o VENYYSLPGQSCSEPTSPTBNCSDGHPECNSPVNSRKSS
MyoD DQDAAPPGAAAF YAPGPLPPGRGSEHY SGDSDASSPRSNCSDGMDY SGPPSGPRRQ
MRF4 RLDQQEKMQELGVDP Y SYKPKQE I LEGADF LRTCSPQHWP SVSDHSRGLVITAKEGGA
Myogenin SLNQEERDLRYRGGGGPSRWYPVNATPTAPPAVRSGAMHWSLVPTQEIICSQLTLQV
XMy £5 --SFDNVYCSDLQTSFS5TALTLESLDCLESIVDRI 85— -FPQQCSLP IPDSITPSPT
Myf-5 --TFDSIYCPDVSNVYATDXNSLSSLDCLSNIVDRITS-- SEQPGLP LODLASLSPV
MyoD NGYDTAYYSEAVRESRPGKSAAVSSLDCLSSIVERISTDSPAAPALLLADAPPESPP
MREA ~ mmmmmemmmeeme—e- SVDASASS8SLQRLSSIVDS IS8SEERKLPSVEEVVEK®
Myogenin PTTCTPLRPSWTASRWRICLSPSQMXPCPTEIVCQAGCAWEPLSWCQTPPLLOQGRF
XMyf5 ~—  —mememmmememmmeo SSTDSLPRSPDAHDCRPIYHVL* 255

Myf-5 ————mmmmmmecemme- ASTDSQPRTRGASSSRLIYEVL® 255

MyoD GPPEGASLSDTEQGTQTPSPDAAPQCPAGSNPNAIYQVL* 318

Myogenin KWGCPGAQKTALGCHKPDYPPSIHIRLTPSPAREFN* 287

Fig. 2. Comparison of the predicted XMyf5 protein
sequence to those of representatives of the four
mammalian myogenic factors, human Myf-5 (Braun et al.
1989b), mouse MyoD (Davis et al. 1987), rat MRF4
(Rhodes and Konieczny, 1989) and rat myogenin (Wright et
al. 1989). The box surrounds the basic-helix-loop-helix
domain; amino acid residues identical to those of XMyf5
are shown in bold. XMyf5 is more closely related to Myf-5
than to the other factors, showing extensive similarity
outside the basic-helix-loop-helix region.

properties to the human protein, is therefore probably a
homologue of Myf-5, and so we designate it XMyf5.

Accumuldation of XMyf5 transcripts during
development

We have analyzed the accumulation of XMyf5 tran-
scripts in early Xenopus development, comparing the
pattern to that of transcripts from the XMyoD gene(s).
In order to compare accurately the times of onset of
accumulation of XMyoD and XMyf5 transcripts, RNA
was extracted from blastula and gastrula embryos at
timed intervals following fertilization. Specific probes
made from the 3’ untranslated regions of the XMyf5-2
and XMyoD2-24 cDNAs (see Materials and methods)
were then hybridized successively to the RNA on a
northern blot. The XMyf5 probe detected two sizes of
transcripts of about 1.2 and 1.3 kb (not resclved in the
autoradiographs presented), which were first clearly
detectable in late (st94) blastulae, and then accumu-
lated rapidly during gastrulation (Fig. 3A). We do not
know the origin of the two XMyf5 (and XMyoD)
transcript size classes, but one possible explanation is
that the transcripts from the (non-allelic) duplicated
genes in the tetraploid genome of Xenopus laevis
(Kobel and DuPasquier, 1986) are slightly different
sizes.

Determination of the absolute number of XMyf5
transcripts in gastrula (st11) RNA (see Materials and
methods) allowed values obtained from densitometry of
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Fig. 3. XMyf5 expression in early development.

(A) Northern blot of RNA from early embryos (two per
lane) at timed stages after fertilization, probed successively
for XMyf5, XMyoD and cardiac actin (not shown)
transcripts (see Materials and methods). (B) Graph plotted
from densitometry of appropriate autoradiographic
exposures of the blot shown in A, using transcript number
measurements for XMyf5 (see Materials and methods) and
XMyoD (Hopwood et al. 1989a). The content of XMyf5
and XMyoD transcripts increases before transcripts of the
cardiac actin gene first appear. Stages are those of
Nieuwkoop and Faber (1967). Embryos were cultured at
23°C.

8 8 9 910 100104 11

the autoradiographs to be compared to those for
XMyoD, and a graph to be plotted (Fig. 3B). It shows
that the first substantial increase in the number of
transcripts occurs at about the same time for both
XMyoD and XMyf5 in early gastrulae. This precedes by
about two hours the first accumulation of transcripts
from the cardiac actin gene (Mohun et al. 1984; Cascio
and Gurdon, 1986) and represents the earliest known
cell type-specific activity of embryonic muscle cells.
Unlike for XMyoD (Hopwood et al. 1989a; Harvey,
1990), we did not detect any maternal XMyf5 tran-
scripts in this or other similar expériments. Using a
more sensitive RNAase protection assay we could still
see none, and estimate that there are fewer than 5x10*
transcripts per egg that fully protect a XMyf5-2 probe
(data not shown). XMyf5 transcripts accumulate to a
peak in neurulae, and then their concentration declines
in later development slightly earlier than the similar
decline in the content of XMyoD transcripts (data not
shown). We conclude that the timing of accumulation of
XMyf5 RNA in whole embryos is similar to that for
XMyoD.

XMyf5 transcripts are somite-specific

We have used northern blots of dissected embryonic
tissues and in situ hybridization to determine the
location of XMyf5 transcripts in early embryos. In situ
hybridization to sections of gastrulae and neurulae
showed that XMyf5 transcripts are present only in the
somites, from which the axial musculature develops.
Transverse sections of late gastrulae and late neurulae
were hybridized with either XMyf5 or XMyoD probes:
they both labelled the same region of the embryos that
contains cardiac actin transcripts (Hopwood er al.
1989a), namely the somites (Fig. 4A-D). In situ
hybridization to tadpole (st33-34) heart sections
showed no labelling above background with a XMyf5
probe; the somites in tail sections from the same
embryos on the same slides were labelled (data not
shown).

The somite-specificity of XMyf5 transcripts was also
shown by dissecting late neurulae into component parts
and analyzing RNA from the different tissues by
northern blotting. XMyf5 transcripts were detectable:
only in the somites and in the ‘tail’, the posterior part of
the embryo that is difficult to separate into different
germ-layer components (Fig. 5). The blot was reprobed
for cardiac actin transcripts, which are known to be
somite-specific (Mohun et al. 1984), and for EF-1a
transcripts, which encode a translation factor found in
all cells and so show the relative amounts of total RNA
in each sample (Krieg er al. 1989). Cardiac actin
transcripts were, as expected, also present only in
somite and tail RNA but were differently distributed
between the two fractions from XMyf5 transcripts:
most cardiac actin RNA is in the somites in the trunk of
the embryo, whereas most XMyf5 RNA is in the
posterior ‘tail’ region (see below). We conclude that
XMyf5, like XMyoD (Hopwood et al. 1989a; Harvey,
1990), is expressed only in the somites of early embryos.
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Fig. 4. XMyf5 transcripts are somite-specific. /n situ hybridizations to transverse sections through the posterior parts of late
(st114) gastrulae (A,B) and late (st18) neurulae (C,D), probed for XMyf5 (A,C) or XMyoD (B,D). Note that the neurula
sections are from the ‘tail’ region used for the northern analysis in Fig. 5 below, and show somite-specific expression in this
part of the embryo which was not dissected into its component tissues. The gastrula sections, from wild-type embryos, were
bleached with hydrogen peroxide (see Materials and methods); the neurula sections were from albino embryos. Probe
concentrations (and exposure times) were: (A,B) 400ctsmin~'ul™' (one month); (C) 750 ctsmin~'ul™"' (one week); (D)

600 cts min~'ul™! (two weeks).

XMyf5 RNA is restricted to posterior somitic
mesoderm before XMyoD RNA

The concentration of XMyoD RNA in the somites falls
after they have formed (Hopwood ez al. 19894). Since
they differentiate from anterior to posterior, XMyoD
RNA becomes restricted to progressively more pos-
terior somites, being in tadpoles (st33-34) confined
largely to the still developing tail muscle. Analysis of
RNA from dissected neurulae (st18; Fig. 5) showed
that XMyf5 transcripts are found even at this stage
mainly in posterior tissue (‘tail’), when a significant
amount of XMyoD RNA is still present in the somites

of the trunk (Hopwood et al. 1989a). We have therefore
investigated the anterior—posterior location of XMyf5
RNA at earlier stages, comparing it to both XMyoD
and cardiac actin transcripts.

Late gastrulae (st124), and mid- (st15) and late (st18)
neurulae were divided into three pieces along the
anterior—posterior axis, and RNA from these parts
analyzed by northern blotting successively for tran-
scripts from XMyf5, XMyoD, cardiac actin and EF-1a
genes (Fig. 6). At st124 the anterior sample contained
very little of any of the muscle-specific RNAs. They
were divided between the middle and posterior
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Fig. 5. Northern blot of RNA from dissected parts of late
(st18) neurulae, probed successively for transcripts from
the XMyf5, cardiac actin (Mohun et al. 1984), and EF-1a
(Krieg et al. 1989) genes. Cardiac actin is a striated muscle
marker, and EF-1a shows the relative amounts of total
RNA in each lane. Parts were pooled from five dissected
embryos; RNA from one whole embryo was analysed for
comparison. The dorsal endoderm and notochord lanes
were relatively underloaded in this experiment. Two other
experiments, in which relatively more endodermal RNA
was used, showed that the endoderm does not contain a
significant concentration of XMyf5 RNA at st13 or at st18
(data not shown). That the notochord does not express
XMyf5 was shown by in situ hybridization (Fig. 4A,C). DI,
dorsal; vl, ventral; end, endoderm; mes, mesoderm; ect,
ectoderm.

fractions as follows: over 90 % of XMyf5 RNA was in
the posterior fraction; XMyoD RNA was fairly evenly
distributed, with slightly more in the posterior fraction;
and most cardiac actin transcripts were in the middle
fraction. In the neurulae, XMyf5 transcripts became
even more strikingly restricted to posterior tissue, as
the amount in the middle pieces declined to a barely
detectable level. The distribution of XMyoD RNA
changed little: at st18 there were still roughly equal
amounts of XMyoD RNA in middle and posterior
fractions. It becomes restricted to the forming tail only
in later embryos (Hopwood er al. 19894). Cardiac actin
RNA accumulated first in the middle pieces (st15) and
then also in the posterior pieces (st18).

There are two possible interpretations of these
results: either XMyf5 is always restricted to posterior
somitic mesoderm, or it is expressed in anterior tissue

st12% st15 st18

XMy15 ™ . . .
wo Wy @@ 9@
= o--00

EF-1a “-M'

Fig. 6. XMyf5 transcripts become restricted to posterior
somites before those from the XMyoD gene. Northern blot
of RNA from anterior (1), middle (2) and posterior (3)
parts of late gastrulae (st124), mid-neurulae (st15) and late
neurulae (st18) probed successively for transcripts from
XMyf5, XMyoD, cardiac actin and EF-1« genes. Parts
from six embryos were loaded in each lane.

prior to the late gastrula stage, but expression there
declines before that of XMyoD. We have not been able
to eliminate one of these possibilities by analysis of
dissected parts of embryos, because XMyf5 transcripts
are already restricted to posterior tissue at the earliest
stage at which we can cleanly separate anterior and
posterior mesoderm. However, for several reasons, we
believe the latter to be more likely. In situ hybridiz-
ations to stll3 gastrulae show similar labelling by
XMyoD and XMyf5 probes, XMyoD transcripts being
detectable only a few sections more anterior than
XMyfs RNA (Fig. 4A,B, and data not shown).
Furthermore, in whole embryos the content of XMyf5
transcripts declines before that of XMyoD (data not
shown), and the content of XMyf5 RNA in the trunk
declines progressively from st124 to st18 (Fig. 6). We
therefore believe that XMyoD and XMyf5 are activated
at about the same time (Fig. 3), probably in the whole
somitic mesoderm, but that XMyf5 transcripts disap-
pear sooner than those of XMyoD from the anterior
tissue that differentiates first.



Ectopic expression of XMyf>

Myf-5 function has to date been tested only in C3H10T%
fibroblasts and their derivatives, which it can convert to
myoblasts (Braun et al. 1989b). It is, however,
important to know what the myogenic factors can do in
normally developing embryonic cells at the time when
muscle differentiation is first being established. We
have previously expressed XMyoD ectopically in early
embryos by microinjection of synthetic mRNA, and
found that it can activate some muscle genes, but not
cause complete muscle differentiation (Hopwood and
Gurdon, 1990). We wished to find out to what extent
the activity of XMyf5 is similar to that of XMyoD, and
whether co-injection of the two factors, which are
normally co-expressed in very early muscle cells, would
cause more complete muscle differentiation.

Preliminary experiments showed that capped RNA
produced from the XMyf5-2 ¢cDNA cloned in pSP73
(Krieg and Melton, 1987) did not activate the cardiac
actin gene in embryos, although the RNA was stable
enough that a high concentration remained at the time
of normal activation of the gene (data not shown).
RNA transcribed from an equivalent XMyoD clone had
also been ineffective (N.D.H. and J.B.G., unpublished
data), but a template in which the XMyoD coding
region (from which all of the 5" UTR and most of the 3’
UTR had been removed) was inserted between the 5’
and 3' UTRs of a Xenopus fFglobin gene (Krieg and
Melton, 1984) allowed production of active mRNA
(Hopwood and Gurdon, 1990). We therefore con-
structed a similar template for XMyf5 (Fig. 7A). (We
note that RNAs transcribed from templates in which
the B-globin UTRs flanked XMyoD or XMyf5 se-
quences, but in which fusion to the -globin 5’ UTR was
made within the 5 UTR of the myogenic factor
cDNAs, and the 3’ UTR was not removed, caused no
detectable activation of the cardiac actin gene.)

A control for the non-specific effects of RNA
injection was made by mutating a single G residue to a
C, thus changing an alanine codon to one for a proline
in the predicted first helix of the helix-loop-helix
domain (Fig. 7A). This minimal change in the physical
structure of the RNA would be expected to inactivate
the encoded XMyf5 protein by preventing oligomeriz-
ation, which is required for DNA binding. Equivalent
mutations in mouse and frog MyoD proteins prevent
biological activity (Davis et al. 1990; Hopwood and
Gurdon, 1990). XMyf5 and the XMyf5-102P mutant
RNAs are translated in vitro with similar efficiency, and
with similar efficiency to XMyoD and XMyoD114P
mutant RNAs, producing proteins of apparent M,
about 39000 compared to the predicted M, of 28 000
(Fig. 7B). Similarly aberrant migration in SDS gels has
been observed for mouse, chicken and frog MyoD
proteins (Tapscott et al. 1988; Lin et al. 1989; Scales et
al. 1990; Hopwood and Gurdon, 1990) and for
myogenin (Brennan and Olson, 1990).

We first tested the effect of XMyf5 RNA injection in
animal cap cells of blastulae, which, although they can
be induced experimentally to form muscle (Sudarwati
and Nieuwkoop, 1971), normally develop only into
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Fig. 7. (A) Clones for expression of XMyf5 in embryos,
and point mutant control. Their construction is described
in the Materials and methods. BHLH, basic-helix-loop-
helix region; A;3Csg, poly(dA)-poly(dC) tracts; dotted line
Xenopus f-globin UTRs. (B) Translation in a rabbit
reticulocyte lysate of XMyoD, XMyoD114P, XMyf5 and
XMyf5-102P synthetic mRNAs. Autoradiograph of 3°S-
labelled protein. Numbers are M,x10~> of marker
proteins. The mutant controls are translated as efficiently
as the non-mutated mRNAs.

ectodermal structures. Synthetic mMRNAs were injected
into both cells of two-cell embryos, from which the
animal caps were removed at the late blastula stage
(st9). They were cultured until sibling embryos passed
the stage at which muscle actin genes are normally
activatzed, and then analyzed by northern blotting for
transcripts from the cardiac actin gene (Fig. 8).
Injection of XMyf5 RNA activated this normally
muscle-specific gene as effectively as injection of an
equivalent amount of XMyoD RNA, that is to the same
level as in the myotomes of uninjected early neurulae
(Hopwood and Gurdon, 1990). The mutant
XMyf5-102P RNA did not, thus confirming the validity
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Fig. 8. XMyf5 can activate cardiac actin and XMyoD
genes in animal cap cells. Animal caps were dissected from
RNA-injected embryos and cultured until sibling embryos
became late neurulae (st18), when they were frozen for
analysis by northern blotting. RNA from 12 animal caps
was pooled and RNA from two animal cap equivalents
probed successively for cardiac actin transcripts, injected
RNA, and EF-1a transcripts. The injected RNA was
detected using a probe that recognizes the fglobin 3' UTR
that is part of the injected transcripts, but is not present in
uninjected embryos at the stage of analysis; injected XMyf5
transcripts are distinguishable from injected XMyoD RNA,
because they are smaller. The remaining 10 animal cap
equivalents were probed for trans-activated transcripts from
the endogenous (endog.) XMyoD gene(s). Note, therefore,
that for this panel, five times more total RNA was used in
the animal cap samples relative to the whole embryo
standards than is indicated by the EF-1« analysis shown.
The cardiac actin and XMyoD genes were activated in
XMyoD- and XMyf5-injected animal caps, but not in
animal caps injected with the point mutant XMyf5-102P
RNA. Co-injection of XMyoD and XMyf5 RNAs did not
show any synergy in activating the XMyoD and cardiac
actin genes.

of the result. XMyf5 also activated the endogenous
XMyoD gene(s) to the same extent as XMyoD did (to
about one-fortieth of the transcript level per myotomal

cell; Hopwood and Gurdon, 1990) (Fig. 8). In contrast,
we have detected no activation by either XMyoD or
XMyfS of the endogenous XMyf5 gene(s). Using a
RNAase protection assay, we estimate that XMyf5 gene
activation by either XMyoD or XMyf5, if it occurs, is at
least fivefold less effective than activation of the
XMyoD gene (data not shown). When injected
together, XMyoD and XMyfS5 RNA acted additively
rather than synergistically in activating both cardiac
actin and XMyoD genes (Fig. 8).

XMyf5-injected embryos developed into fairly nor-
mal tadpoles (data not shown). XMyf5-injected animal
caps, like those injected with XMyoD, did not
differentiate any histologically recognizable muscle,
and failed to stain with the 12/101 anti-muscle antibody
(Kintner and Brockes, 1984) (data not shown). Co-
injection of XMyoD and XMyf5 RNAs also failed to
produce differentiated muscle in animal caps. It is
possible that muscle did not form because we could not
maintain a high enough concentration of XMyf5 protein
as the injected RNA was progressively degraded, but
we believe this to be unlikely for the following reasons.
The concentration of XMyf5 RNA remaining at st18
was several-fold greater than that normally found in the
somites, and we note that the concentration of XMyf5
RNA normally falls later in embryogenesis. More
importantly, XMyf5 RNA injection was, by comparison
to our previous estimate for the efficiency of XMyoD
activation, able to activate the cardiac actin gene in
animal cap cells to about its normal level in the
myotomes of early neurulae.

We conclude from these experiments that, although
unable to cause complete and stable myogenesis,
XMyf5 is sufficient, together with components present
in animal cap cells, to activate transcription of the
cardiac actin gene. Taken together with the pattern of
expression of XMyf5 that we have described, this result
argues that XMyf5 is likely to be involved in the normal
embryonic activation of muscle-specific gene ex-
pression.

Discussion

We have shown that XMyf5, like XMyoD (Hopwood
etal. 1989a; Harvey, 1990; Scales er al. 1990), is
expressed in embryonic cells that will form skeletal
muscle prior to the accumulation of cardiac actin
mRNA, itself a very early marker of myogenesis
(Mohun et al. 1984; Cascio and Gurdon, 1986). These
two factors are expressed, as shown by in situ
hybridization, uniformly in the same region of the
embryo and therefore probably in the same cells. The
main clear difference between the patterns of transcript
accumulation from the two genes is that XMyf5
transcripts are restricted to the posterior part of the
somitic mesoderm many hours before XMyoD tran-
scripts become similarly restricted, indeed before any
somites have formed. This suggests that XMyf5 might
act largely during the very earliest stages of myogenesis.

Microinjection of synthetic XMyf5 and XMyoD



mRNA into early embryos activates cardiac actin and
XMyoD genes in animal cap cells. This muscle gene
activation is likely to depend on the specific properties
of these proteins, rather than being a relatively non-
specific effect of high levels of any helix-loop-helix
protein, because ectopic expression of the Xtwi protein
(Hopwood er al. 1989b) did not activate the cardiac
actin gene (N.D.H., unpublished results). In addition
to the results described above, XMyoD and XMyf5
activate with similar efficiency the synthesis of the
muscle-specific intermediate filament protein, desmin,
in animal cap cells (unpublished results). The activity of
XMyf5 in this assay is thus, with respect to the
properties we have tested, indistinguishable from that
of XMyoD (Hopwood and Gurdon, 1990).

We have not detected activation by either XMyoD or
XMyfS of the endogenous XMyf5 gene(s), although
both proteins can frans-activate XMyoD, albeit weakly.
This means that XMyf5 could be acting, at least in part,
through XMyoD, or indeed through other factors.
However, the action of XMyf5 could be direct, since
XMyf5 protein synthesized in vitro can, like XMyoD,

participate in the formation of a specific complex with a.

region of the cardiac actin promoter that is required for
transcription (M. V. Taylor, T. J. Mohun, N.D.H. and
J.B.G., unpublished results). That XMyf5 can activate
the XMyoD gene suggests that XMyf5 might normally
play a part in the transcriptional activation of this gene.
Our results on auto- and cross-activation of XMyoD
and XMyf5 genes in animal cap cells are qualitatively
comparable to the results of transfection experiments in
10T# fibroblasts and their methylcholanthrene-trans-
formed derivatives (Thayer et al. 1989; Braun er al.
19894). These showed that both MyoD and Myf-5 can
activate the MyoD gene, but that in the clones analyzed
MyoD did not activate the Myf-5 gene, and in most
cases Myf-5 did not autoactivate. If the XMyf5 gene is
as refractory to trans-activation in normal somitic cells
as it is in animal caps, then this could conceivably
account for the relative transience of XMyf5 expression
compared to that of XMyoD.

Our results suggest that XMyoD and XMyf5 are
insufficient, even in combination, to cause complete
and stable myogenesis in animal cap cells. What else is
required for full myogenic conversion of these cells,
which can respond to mesoderm inducers by forming
muscle? Perhaps another Xenopus member of the
MyoD family can synergise with XMyoD and/or
XMyf5. Two other, unrelated factors can also convert
cultured fibroblasts into myoblasts, but it is not known
if they are involved in normal myogenesis: the
uncharacterized genomic locus, myd (Pinney et al.
1988), and the oncogene, v-ski (Colmenares and
Stavnezer, 1989). A possible role for another cell type-
specific factor has been suggested by the recent
discovery of Id, a helix-loop-helix protein which lacks
the basic region that is believed to mediate DNA
binding in other members of the family (Benezra er al.
1990). A protein such as Id could sequester in non-
functional complexes either members of the MyoD
family, or their necessary non-muscle-specific partners
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(e.g. the human immunoglobulin enhancer-binding
protein, E12; Murre er al. 19894,b), and so be a buffer
against the effects of XMyoD or XMyf5 in animal cap
cells. Myogenesis might require the inactivation of
negative regulators like Id.

We thank Woody Wright for the myogenin probe, and
Mike Taylor, Juanita Roche, Kazuto Kato, Colin Sharpe,
Jeremy Rashbass and Ken Kao for comments on the
manuscript.
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Note added in proof:
The accession number in the EMBL database of the
sequence shown in Fig. 1 is X56738.



