such as DOX, with an established clinical
profile, may offer a safety advantage over
more potent but less defined agents. The
toxic effects of DOX are dose-related and it
is likely that increasing the intratumoral
concentration of DOX will produce a sig-
nificant increase in antitumor activity (31,
32). Although studies on human tumors
growing in immunocompromised animals
are not ideal to predict anticancer activity
in humans, our findings support the clinical

evaluation of BR96-DOX.
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Separable Regulatory Elements Governing myogenin
Transcription in Mouse Embryogenesis

Tse-Chang Cheng, Mia C. Wallace, John P. Merlie,
Eric N. Olson*

Expression of the myogenic helix-loop-helix (HLH) protein myogenin in muscle cell pre-
cursors within somites and limb buds is among the earliest events associated with myo-
genic lineage determination in vertebrates. Mutations in the myogenin promoter that
abolish binding sites for myogenic HLH proteins or myocyte enhancer factor-2 (MEF-2)
suppressed transcription of a linked /acZ transgene in subsets of myogenic precursors in
mouse embryos. These results suggest that myogenic HLH proteins and MEF-2 participate
in separable regulatory circuits leading to myogenin transcription and provide evidence for
positional regulation of myogenic regulators in the embryo.

The formation of skeletal muscle during
development involves a series of events in
which multipotential mesodermal stem
cells give rise to myoblasts, which ultimate-
ly undergo terminal differentiation in re-
sponse to external cues. Analysis of muscle
determination and differentiation in tissue
culture has revealed a family of muscle-
specific HLH proteins including MyoD,
myogenin, Myf-5, and MRF-4, each of
which can activate myogenesis in a variety
of cell types in vitro (I). These myogenic

regulators are expressed only in skeletal
muscle and are first detected during em-
bryogenesis within myogenic precursor cells
in the myotomal compartment of the
somites and in the limb buds, localizations
consistent with their involvement in myo-
genic lineage specification (2—4).
Activation of muscle-specific transcrip-
tion by myogenic HLH proteins is mediated
by their direct binding to the E box con-
sensus DNA sequence CANNTG in the
control regions of most muscle-specific
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genes (1). These regulatory factors also
positively auto- and cross-regulate their
own transcription in transfected cells (5,
6). Whether autoregulatory interactions
among these genes contribute to their ex-
pression during embryogenesis or whether
this is simply a tissue culture phenomenon
is unknown.

An indirect pathway for muscle gene
activation has also been described in which
myogenin and MyoD induce myocyte en-
hancer factor-2 (MEF-2) (7, 8), which
binds an AT-rich DNA sequence associated
with numerous muscle-specific genes (9).
MEF-2 can activate muscle transcription in
the absence of the E box consensus se-
quence (10-12) and is up-regulated when
myoblasts enter into the differentiation
pathway (9). Paradoxically, activation of
myogenin gene transcription in cultured
muscle cells requires binding of MEF-2 to
the myogenin promoter (6). These results
suggest that myogenin and MEF-2 partici-
pate in a complex regulatory circuit involv-
ing positive feedback loops that amplify
their expression and stabilize the myogenic
program.

Whereas much has been learned about
the mechanisms through which myogenic
HLH proteins activate muscle-specific tran-
scription in cultured cells, little is known of
the mechanisms that regulate muscle gene
expression during embryogenesis or of the
regulatory circuits that control expression
of the myogenic regulators themselves. Be-
cause myogenin is the only myogenic HLH
protein expressed in all skeletal muscle lines
(13, 14), analysis of the mechanisms that
control its expression should reveal up-
stream regulators of myogenic lineage spec-
ification. Here, we used lacZ transgenes
linked to wild-type and mutant myogenin
promoters to begin to define the regulatory
networks that direct myogenin transcription
in the mouse embryo.

The reporter gene Myol565lacZ, which
contains lacZ linked to the region extend-
ing from +18 to —1565 base pairs (bp)
relative to the myogenin transcription initi-
ation site (Fig. 1), was expressed in the
same embryonic cells as the endogenous
gene (Fig. 2, A and D) and therefore serves
as a marker for activation of myogenin tran-
scription in individual cells (4). Expression
of lacZ from this transgene can be detected
in rostral somites by day 9.0 after coitus
(p-c.); expression progresses caudally over
the next several days concomitant with
somite maturation (2, 4, 13, 15). In em-
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bryos from day 10.5 p.c., lacZ was expressed
in the myotomal region of the 30 rostral-
most somites and in the first visceral arch
(Fig. 2A). By day 11.5 p.c., the transgene
was expressed in nearly all somites as well as
in myogenic cells within the fore- and hind-
limb buds and the visceral arches (Fig. 2D).
A 202-bp myogenin promoter fragment (from
—184 to +18 bp) linked to lacZ also showed
muscle-specific expression, but the level of
expression directed by the truncated promot-
er was lower (16). We therefore used the
segment from —1565 to +18 bp for further
analysis of the myogenin control region.

To determine whether auto- or cross-
regulatory interactions among myogenic
HLH proteins were important for transcrip-
tional activation of myogenin in somites or
limb buds, we analyzed the function of an E
box, called El, in the myogenin promoter

A Myo1565lacZ
—
Xba | |
-1565¢ lacz -
TATA
MEF-2 E1
B Myo1565(mutE1)lacZ
—>
Xba | [T Jacz
-1565} y
TATA

MEF-2—E1
GCAGTTGG

CA

Cc Myo1565(mutMEF2)lacZ
—>

Xba | lacZ

-15651 !

TATA

N—E1
cungru

Fig. 1. Expression vectors for creation of trans-
genic mice. (A) The parental vector Myo1565-
lacZ contains an Xba I-Hae Ill restriction frag-
ment extending from —1565 to +18 bp, relative
to the myogenin transcription start site, inserted
into the polylinker sites of the promoterless
pAUGLacZ vector (4, 6). (B) Myo1565(mutE1)-
lacZ and (C) Myo1565(mutMEF2)lacZ were
created by site-directed mutagenesis of
Myo1565lacZ (30). The E1 E box and the
MEF-2 site are located at =16 to ~11 and —68
to —59 bp, respectively, relative to the tran-
scription start site (6). Specific nucleotide
changes in mutant promoters are indicated.
Myo1565(mutE1)lacZ contains two nucleotide
substitutions in the E box motif, which abolish
binding of myogenic HLH proteins. Myo1565-
(mutMEF2)lacZ contains one nucleotide inser-
tion in the center of the MEF-2 site, which
abolishes binding of MEF-2. Myo1565(mutE1/
mutMEF2)lacZ contains both of the above mu-
tations in the E1 and MEF-2 sites.
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that binds myogenic HLH proteins with high
affinity (6). Within the region extending to
—184 bp relative to the transcription initia-
tion site, which is sufficient to direct myogenin
transcription in transgenic mice, El is the
only E box that is conserved in the mouse (6),
human (17), and rat (18) myogenin promot-
ers. Mutation of El in the transgene
Myo1565(mutE1)lacZ (Fig. 1) had little or no
effect on lacZ expression in somites but greatly
diminished expression in the limb buds and
reduced expression in the visceral arches at
day 11.5 p.c. (Figs. 2E and 3B) (19). Myo-
1565 (mutEl)lacZ was expressed, however, in
differentiated muscle fibers in the limbs begin-
ning about 1 day later, which suggests that the
spectrum of myogenin activators changes dur-
ing development.

To determine whether MEF-2 regulated
myogenin transcription in the embryo as it
does in tissue culture (6), we mutated the
MEF-2 site in the context of the —1565- to
+18-bp 5’ flanking region [Myo1565(mut-
MEF2)lacZ] (Fig. 1). At day 10.5 p.c., this
mutant transgene was expressed in the ros-
tral-most somites in a manner similar to the

Myo1565lacZ

Myo1565(mutE1)lacZ

expression of the wild-type transgene (Fig.
2C). However, in somites posterior to
somite 7, there was a decreasing gradient of
lacZ expression, especially in the dorsal
regions of the somites posterior to somite
10. There was also a complete loss of
expression in the central portions of these
somites (Figs. 2, C and F, and 3D).
Myo1565 (mutMEF2)lacZ also failed to be
expressed in limb buds at day 11.5 p.c.,
when the wild-type transgene was highly
active (Fig. 2F). Expression in the visceral
arches was also reduced at this time. Thus,
the MEF-2 site is required for temporal
regulation of myogenin transcription in the
limb buds and in a subset of cells in the
somite myotome. By day 12.5 p.c.,
Myo1565 (mutMEF2)lacZ began to be ex-
pressed in the limb buds and back muscles,
but the level of expression was substantially
lower than that of the wild-type transgene
or Myo1565(mutE1)lacZ (20).

To further assess the importance of the
El and MEF-2 sites to myogenin gene acti-
vation, we mutated both sites within the
—1565- to +18-bp 5’ flanking region,

Myo1565(mutMEF2)lacZ

Fig. 2. Whole-mount staining of embryos with wild-type and mutant myogenin-lacZ transgenes.
Transgenic mice were produced by injection of the indicated reporter genes (37), and embryos
were stained for lacZ activity (32). (A to C) Day 10.5 p.c. embryos. Myo1565lacZ is expressed in the
30 rostral-most somites at day 10.5 p.c. Myo1565(mutE1)lacZ showed a pattern of expression in the
somites similar to that of the wild-type transgene. The arrowheads in (A), (C), and (F) denote somite
18. Somites in this region show homogeneous /acZ staining in embryos with Myo1565lacZ, but
staining is confined to the ventral region in embryos with Myo1565(mutMEF2)lacZ. (D to F) Day 11.5
p.c. embryos. Myo1565lacZ was expressed in the tail somites, the forelimb buds, and the visceral
arches. Expression in the hindlimb bud is just beginning at this stage. Myo1565(mutE1)lacZ showed
little expression in the limb buds. Expression of Myo1565(mutMEF2)lacZ was absent from limb buds
and was primarily confined to the ventral portions of the thoracic somites. Muscle-forming regions

in the limb buds are indicated with arrows.
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yielding the transgene Myo1565(mutE1l/
mutMEF2)lacZ. This mutant promoter failed
to direct lacZ expression in transgenic em-
bryos at day 10.5 or 12.5 p.c. (21). The
lack of expression of this transgene in cells
where single-site mutations are active sug-
gests that the E1 and MEF-2 sites may be
functionally redundant in those cells.

Our results suggest that activation of
myogenin transcription during myogenic lin-
eage specification in the mouse embryo is
mediated by an interplay between myogenic
HLH proteins and MEF-2, which bind con-
served sites in the myogenin promoter. The
importance of the E1 and MEF-2 sites for
myogenin transcription in subsets of myo-
genic precursors was not anticipated by
mutational analyses of the myogenin pro-
moter in muscle cells in culture, in which
the MEF-2 site is essential for efficient
transcription and E1 does not substantially
affect myogenin expression (6). That pro-
moters containing E1 or MEF-2 site muta-
tions ultimately become expressed in differ-
entiated muscle fibers (20) indicates that
activation and maintenance of myogenin
transcription are controlled by different
combinations of regulators.

Fig. 3. Transverse sec-
tions of embryos with
wild-type and mutant
myogenin-lacZ trans-
genes. Transverse sec-
tions (33) were cut
through the forelimb
bud (A and B) and the
thoracic somites (ap-
proximately somite 13)
(C and D). The different
staining patterns in the
somites in (A) and (B)
reflect slightly different
planes of section. All
sections were derived
from the day 11.5 p.c.
embryos shown in Fig.
2. (A and B) Transgene
expression in limb buds.
Cells positive for lacZ
were localized to mus-
cle-forming regions
within the forelimb buds
of embryos harboring
Myo1565lacZ (A). Little
or no staining was ob-
served in the forelimb
buds of embryos harbor-
ing  Myo1565(mutE1)-
lacZ (B). The arrows
point to clusters of lacZ-
positive cells in the limb
bud. NT, neural tube; m,
myotome. (C and D)
Transgene expression in

A

Myo1565lacZ

Myo1565lacZ

The delayed expression of myogenin-lacZ
transgenes lacking E1 in the early limb bud
in mouse embryos suggests that the myogenin
gene is a target for cross-activation by myo-
genic HLH proteins in the embryo. The
Myf-5 protein is the only myogenic HLH
protein known to be expressed in the limb
bud before myogenin (2), which makes it a
likely candidate to act as a regulator through
the El site. Alternatively, activation
through the El site could reflect positive
autoregulation by the myogenin protein act-
ing on its own promoter (22).

Given the ability of myogenic HLH
proteins to induce MEF-2 activity in tissue
culture (7, 8, 11), the apparent depen-
dence of myogenin transcription on MEF-2
seems paradoxical. Activation of myogenin
transcription through the MEF-2 site may
reflect an indirect autoregulatory loop in
which Myf-5 or myogenin induce MEF-2,
which feeds back on the myogenin pro-
moter, or it could indicate that MEF-2
is initially expressed in the somites or
limb buds independently of myogenic
HLH proteins. Consistent with the latter
possibility, recent experiments indicate
that at least two of the four mouse MEF-2

B Myo1565(mutE1)lacZ

D Myo1565(mutMEF2)lacZ

somites. Expression of lacZ was evident throughout the myotome of the thoracic somites of embryos
harboring Myo1565lacZ (C), whereas lacZ expression was limited to the ventral musculature of embryos
harboring Myo1565(mutMEF2)lacZ (D). Dashed lines demarcate the myotome. All sections were cut to

a thickness of 5 pm.
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genes are expressed in the somites (23).

The differential activation of mutant
myogenin-lacZ transgenes in the somites
and limb buds of mouse embryos provides
evidence for positional regulation of myo-
genic regulators in the embryo. Whether
this position dependence is an intrinsic
property of specific myogenic lineages or is
extrinsically imposed by environmental
cues remains to be determined. It is
known, however, that limb and back mus-
cle progenitors are derived from different
lineages in the somite that segregate be-
fore gastrulation (24, 25). The MEF-2 and
El mutations in the myogenin promoter
may therefore be revealing steps in the
myogenic determination process that differ
between these lineages.
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Inhibition of Adenylyl Cyclase by G,

Ronald Taussig, Jorge A. Ifniguez-Lluhi, Alfred G. Gilman

Evidence suggests that both o and By subunits of heterotrimeric guanine nucleotide—
binding regulatory proteins (G proteins) inhibit adenylyl cyclase. Although type | adenylyl
cyclase is inhibited directly by exogenous B, inhibition of adenylyl cyclase by G, has not
been convincingly demonstrated in vitro. Concentration-dependent inhibition of adenylyl
cyclases by purified G, , subunits is described. Activated G, , but not G, was effective, and
myristoylation of G,, was required. The characteristics of the inhibitory effect were de-
pendent on the type of adenylyl cyclase and the nature of the activator of the enzyme. The
concentrations of G, required to inhibit adenylyl cyclase were substantially higher than
those normally thought to be relevant physiologically. However, analysis indicates that
these concentrations may be relevant and reasonable.

The protein-protein interactions necessary
for activation of adenylyl cyclase are well
characterized and first involve the associa-
tion of an appropriate agonist-receptor
complex with the guanosine diphosphate
(GDP)-bound form of the heterotrimeric G
protein G,. The receptor catalyzes ex-
change of GDP for guanosine triphosphate
(GTP) on the G protein a subunit. Subse-
quently, G_-GTP dissociates from a com-
plex of the G protein B and vy subunits and
is free to activate adenylyl cyclase (1). By
contrast, the mechanisms that underlie
hormonal inhibition of adenylyl cyclase are
less well understood. Although interactions
of G; proteins with hormone-bound recep-
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tors also result in guanine nucleotide ex-
change and subunit dissociation, it is un-
clear whether the GTP-bound G, protein,
the By complex, or both inhibit adenylyl
cyclase and by what mechanisms they op-
erate. Furthermore, the heterogeneity of
adenylyl cyclases suggests that there may be
several mechanisms by which both stimula-
tion and inhibition can be accomplished,
depending on the enzyme in question.
Exogenously added By inhibits adenylyl
cyclase activity in platelet and S49 cell
membranes, whereas activated G, has only
a modest effect at what have been consid-
ered high concentrations (2). The research-
ers hypothesized that the mechanism of
inhibition by By was indirect, resulting
from the deactivation of stimulatory G,,.
The By subunit complex also has a direct
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inhibitory effect on calmodulin- or G-
activated type I adenylyl cyclase (3, 4).
(This form of adenylyl cyclase is not the
type that is present in platelets or S49
cells.) However, this phenomenon is not
general. For example, By activates type II
and type IV adenylyl cyclases directly but
only in the presence of activated G, (5, 6).
Direct inhibition of adenylyl cyclase by
activated G, proteins is the most obvious
potential mechanism. However, biochemi-
cal evidence for this interaction is lacking.
Brain G, inhibits adenylyl cyclase only
modestly when this protein is tested at con-
centrations between 10 and 50 nM (2). By
contrast, these proteins affect K* channels
in the picomolar range (7). Recombinant
G,, proteins (from Escherichia coli) have no
effect on adenylyl cyclase activity at 2.5 uM
concentrations (8). Unlike their natural
counterparts, these proteins are neither
myristoylated nor palmitoylated (9). Never-
theless, the expression of constitutively ac-
tivated G, proteins, but not G, does cause
substantial inhibition of adenylyl cyclase ac-
tivity (10). The methods used to reach this
conclusion involved long-term overexpres-
sion of a, which meant that mechanisms
could not be assessed and compensatory
cellular reactions were difficult to exclude.
Given the availability of several newly
discovered isoforms of adenylyl cyclase (in-
cluding some that are expressed in nonneu-
ral tissues) and the capacity to produce
myristoylated recombinant G, proteins in
E. coli (I1), we have again assessed the
possibility of direct interactions between
G,, and adenylyl cyclase. Type V adenylyl
cyclase was expressed in Sf9 cells with
recombinant baculovirus, and the enzyme
in Sf9 cell membranes was activated with
either half-maximally effective concentra-
tions of recombinant GTP-y-S-G_ (Fig. 1)
or forskolin (Fig. 2). Concentration-depen-
dent inhibition of adenylyl cyclase activity
was observed on addition of either activated
G,, from bovine brain (a mixture of iso-
forms, predominantly G,,;) (Fig. 1) or ac-
tivated, myristoylated recombinant G,
(from E. coli) (Figs. 1 and 2). In the latter
case the inhibition was saturable; the con-
centration required for 50% inhibition
(IC4,) was approximately 100 nM. Boiled
protein did not elicit the inhibitory re-
sponse. Mpyristoylated recombinant G,
and nonmyristoylated recombinant G,
were ineffective. The GDP-bound form of
myristoylated recombinant G, was simi-
larly inactive (12). The inhibitory effects of
myristoylated recombinant G,,, and G, ;
were indistinguishable from those of myris-
toylated recombinant G,; (12). The inhi-
bition by activated myristoylated G, of
both G,_- and forskolin-stimulated adenylyl
cyclase indicates that this inhibition does
not result only from competition with G,





