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site (4). Much evidence now supports that idea that
MRF4 is a muscle-specific transcription factor that protein-protein interactions involving the MRFs (5-7),

is expressed both in embryonic somites and later in or post-translational modifications of MRFs (3, 8), are
fetal and adult muscle fibers. Cis-regulatory elements the key mechanisms by which a wide variety of growth
of the MRF4 gene responsible for its complex expres- and differentiation signaling pathways converge to reg-sion pattern have not yet been identified, although

ulate the expression of skeletal muscle-specific genes.previous studies of the rat MRF4 gene have demon-
Myf-5 is the first MRF protein detectable immuno-strated the presence of enhancer activity located sev-

histochemically in the mouse embryo, in dorsal ante-eral kilobases 5* to the transcription start site. Using
rior somite cells prior to formation of the dermamyo-cell transfection assays in vitro, we have now localized
tome. Myogenin protein is detected next, in myotomeone of the regulatory regions of MRF4 to a 590-base-
cells only, and MRF4 appears about 12 hours later,pair sequence between 4 and 5 kilobases upstream

from the start site. This sequence region functioned followed by MyoD. The distinct expression patterns of
as an enhancer in combination either with the MRF4 the four MRFs seen in dorsal and ventral subdomains
promoter or with the viral thymidine kinase (tk) pro- of the somites are consistent with the idea that skeletal
moter. Deletion analysis of MRF4 indicated the exis- muscle cells originate and differentiate via multiple
tence of another regulatory region, closer to the pro- molecular pathways utilizing the MRFs’ distinct tran-
moter, which functioned as an enhancer in combina- scriptional roles (9). As in the somites, Myf-5 is the
tion with the MRF4 promoter but not with the tk first MRF mRNA detectable in limb myoblasts and its
promoter. q 1997 Academic Press expression is transient (10). Myogenin and MyoD are

expressed together in limb, in contrast to their pattern
in the somite where they appear sequentially (11).

The muscle regulatory factor (MRF) gene family en- While the other MRF genes show peak expression in
codes the basic/helix-loop-helix (bHLH) transcription limb muscle at embryonic and early fetal stages, MRF4
factors MyoD, myogenin, Myf-5 and MRF4, which are transcripts accumulate to their highest levels in late
expressed exclusively in skeletal muscle cells (1-3). fetal and adult muscle (12-15). In cell cultures of pri-
Like all bHLH factors, MRFs regulate transcription mary limb myoblasts or muscle cell lines, MRF4 tran-
by binding via their basic domains to DNA sequence scripts accumulate only after myoblast fusion (12, 15).
elements containing an E-box motif, CANNTG. The Although MRF4 activates expression of some muscle
HLH domain interacts with ubiquitous bHLH proteins fiber-specific genes, it may also repress some early,
such as E12, forming heterodimers essential for effi- transiently expressed muscle genes (16). Transgenic
cient DNA binding. MRFs also function cooperatively embryos in which MRF4 expression is driven by the
with transcription factors of the MEF2 family, which myogenin promoter display altered patterns of muscle
are highly enriched in muscle and certain other tissues. gene expression, indicating that precocious production
Besides binding to E boxes to activate transcription, of MRF4 accelerates myocyte development in the most
MyoD and myogenin have been shown to interact di- rostral somites (17).
rectly with MEF2 proteins in their DNA-binding do- In order to understand how the particular patterns
mains, enabling either the MEF2 or the MRF protein of MRF gene expression are initiated and maintained,
to activate transcription through the other’s binding attention has begun to be directed toward their tran-

scriptional regulatory elements. A complex network of
auto- and cross-activation appears to contribute to reg-1 To whom correspondence should be addressed. Fax: (907) 786-

4607. E-mail: aftjh@uaa.alaska.edu. ulation of the MRF genes (1-3, 8). Whether this activa-
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tion is direct, through binding of MRF proteins to E of all these genes upon differentiation, but the amount
of up-regulation was diminished when a region locatedboxes in the regulatory regions of their own and each

other’s genes, or indirect, through induction of other between about 01.5 kb and 05.0 kb from the protein-
coding region was deleted (32). In transiently trans-factors such as MEF2, or both direct and indirect, re-

mains a major question in the molecular control of mus- fected cells, 8.5 kb of MRF4 flanking sequence activates
expression more strongly than does a 0.4-kb promotercle development.

Of the four members of the MRF family, MyoD gene (31), and transgenic mice reveal that these two con-
structs function quite differently in vivo. While bothregulation has been the subject of the most study.

Three regulatory regions have been identified in the constructs exhibit myofiber-specific expression in sev-
eral transgenic mouse lines, only the 8.5-kb transgene5* flanking sequence of MyoD genes from mice and

humans: the promoter (18-20); the so-called distal is activated in the embryonic myotomes. Even more
strikingly, the 0.4-kb transgene is active in fewer thanregulatory region (DRR) at approximately 05 kilo-

bases (kb) (19, 21); and an enhancer located at 020 1% of fetal myofibers, whereas all fibers express the
8.5-kb transgene (33).kb (18, 22, 23). Quail MyoD is regulated by a complex

array of cis-acting control sequences, including the Here, we describe the localization of at least some of
the upstream enhancer activity of rat MRF4 to a 590-proximal promoter, a distal region at 011.5 kb, and

a relatively weak enhancer region between 03.3 and bp region between about 4.4 kb and 5.0 kb from the
transcription start site. The sequence of this region05 kb from the transcription start site (24). A Xeno-

pus MyoD promoter has been shown to utilize both includes potential binding sites for both MRF and
MEF2 proteins. Although this fragment was uniquean E box and a MEF2 binding site (25), while the

chicken MyoD promoter, though it contains numer- within the 8.5 kb of MRF4 5* flanking sequence in its
ability to function as an enhancer when linked to anous E boxes and MEF2 binding sites, apparently de-

pends on none of these sites for muscle-specific tran- exogenous promoter, deletion studies showed that a
second region between 3.5 kb and 0.4 kb from thescriptional activity (26).

In myogenin transgenic mice, a well-conserved 180- MRF4 start site also enhances activity of the MRF4
promoter.base-pair (bp) region immediately upstream from the

start site of both human and mouse genes is sufficient
to recapitulate its expression pattern (27, 28). This re- MATERIALS AND METHODS
gion contains two E boxes and a MEF2 binding site
that are required for faithful recapitulation of normal Gene constructions. Characterization of a rat genomic clone con-

taining the MRF4 gene was reported previously (32). Restrictionembryonic expression. However, a transgene con-
enzyme fragments of the 8.5-kb MRF4 5* flanking region, labeled 1taining 1.6 kb of flanking sequence shows even higher
through 5 in Figure 1, were inserted 5* of the herpes simplex thymi-activity, implying the presence of an enhancer between
dine kinase promoter in plasmid tkCAT (34) with BamH I linkers.00.2 kb and 01.6 kb (27). Interestingly, the 1.6-kb The fragment labeled 3 was used to generate the construct shown

transgene is expressed normally in myogenin-knockout as AR3.5 in Fig. 1. Subfragments of AR3.5 were obtained from com-
plete or partial digests at the restriction enzyme sites indicated,mice, demonstrating the absence of an obligatory auto-
followed by addition of Hind III linkers and insertion into tkCAT.regulatory loop (29).
Correct insertion and orientation of the constructs were confirmedFor MRF4, only a proximal regulatory region has by sequencing with Sequenase version 2.0 (Amersham), as was the

been described in detail. The promoters of mouse (30) complete sequence of the fragment AV855. Subcloning of 5* flanking
and rat (31) MRF4 genes cis-activate myofiber-specific sequence fragments from the original MRF4 gene clone into a nu-

clear-localized b-galactosidase reporter plasmid to make constructsexpression in cultured myogenic cells, and they are
08500nlacZ and 0336nlacZ also was described previously (31). Thestrongly trans-activated by MyoD, myogenin, and Myf-
constructs 05000nlacZ and 03500nlacZ were prepared by cutting5, acting synergistically with MEF2, but MRF4 does the 8.5-kb fragment at the corresponding Apa I and Hind III restric-

not activate its own promoter. The synergism of MRF tion enzyme sites indicated in Fig. 1 and at a unique Sal I site
proteins with MEF2 requires an intact MEF2 site in contained within the 0336 promoter region, then ligating to Sal I-

digested 0336nlacZ to recreate the genomic sequence. The AV855the rat minimal MRF4 promoter but does not require
fragment was subcloned into pBluescript (Stratagene) to facilitatean intact E box, suggesting that MRF-MEF2 protein
sequencing prior to ligating it into a unique Hind III site at the 5*interaction is sufficient to permit the MRF to partici- end of 0336nlacZ, thus the AV855– 336nlacZ construct includes

pate in activating transcription without MRF protein some pBluescript polylinker sequence between the two MRF4 frag-
ments.binding directly to DNA (31).

Although the MRF4 promoter by itself drives myo- Cell cultures and transfections. Mouse C2C12 myoblasts were
tube-specific expression of reporter genes in transient grown in DMEM plus 20% fetal bovine serum (Hyclone or Summit

Biotechnology). For analysis of gene expression in myotubes, calciumtransfection assays, other evidence has pointed to the
phosphate precipitates (35) of equimolar amounts of plasmids wereimportance of upstream enhancers for producing nor-
added to myoblast cultures of approximately 80% to 100% confluencemal in vivo MRF4 expression patterns. Myogenic cells on gelatin-coated dishes. In the case of tkCAT gene constructs, the

stably transfected with rat MRF4 gene clones of vari- amounts of plasmids were equivalent to 5mg of the negative control
tkCAT. After 6 hours, myoblasts were shocked with 20% glycerol inous length were shown to up-regulate the expression
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FIG. 1. Deletion analysis of MRF4 gene fragments in the tkCAT reporter. Top line represents the MRF4 gene with 8.5 kb of 5* flanking
sequence; arrow indicates the MRF4 transcription start site. Fragments 1 through 5 were isolated by cutting at the indicated restriction
enzyme sites. The AR3.5 fragment displayed enhancer activity and was analyzed by additional deletions as shown. In AV855tkCAT the
MRF4 fragment was ligated into the reporter plasmid in the same orientation as it occurs in the intact MRF4 gene, while in AV855RtkCAT
the same fragment is in the reverse orientation. Relative activity of each construct, in terms of percent chloramphenicol conversion per
microgram of protein of cell extract normalized to the percent conversion obtained with the AV855 construct, is the average of two to five
independent experiments (standard error). The relative activity of negative control tkCAT transfections was 0.18 (0.06).

DMEM for 2 minutes and then were induced to differentiate in RESULTS
DMEM containing 2% horse serum and insulin-transferrin-selenium
supplement (Sigma) (ITS medium, ref. 12) for 4 days. Myotube ly- Using restriction enzyme sites identified previously
sates were prepared by sonication in 0.25 M Tris-HCl, pH 7.5, and

(32) and some additional ones (Fig. 1), 8.5 kb of MRF4their protein content measured (Bio-Rad Protein Assay). For each
5* flanking sequence was divided into five fragmentsexperiment, CAT reactions were done from a positive control plasmid

transfection (RSV-CAT, TnI-CAT1, or TnI-CAT23, ref. 36) to deter- which were each inserted into an enhancer trap plas-
mine the amount of protein needed to obtain results in the linear mid containing the herpes simplex thymidine kinase
range of the assay, then this amount of protein, usually between 5 (tk) promoter and the chloramphenicol acetyltransfer-
mg and 50 mg, from each transfected cell culture was assayed for CAT

ase (CAT) reporter. When activity was tested in mouseactivity by thin-layer chromatography (35), after which the chroma-
C2C12 myotubes by transient transfection, one MRF4tography plates were cut up for scintillation counting. When nlacZ

gene constructs were used, equimolar amounts of the plasmids each gene fragment located between approximately 05.0 kb
corresponded to 7 mg of 0336nlacZ. Transfected C2C12 myoblasts and01.5 kb from the transcription start site was found
were induced to differentiate for 4 days and either fixed in situ for to function as an enhancer with the tk promoter (Fig.b-galactosidase histochemistry with X-gal as the substrate (35) or

2A). The level of enhancement was modest, yieldingquantitated colorimetrically using O-nitrophenyl b-D-galactopyrano-
side as the substrate (36). CAT activity which was on average only 8 times greater

172

AID BBRC 6980 / 6934$$$781 07-21-97 05:12:00 bbrcg AP: BBRC



Vol. 237, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

than that which was obtained with the tk promoter
alone. This 3.5-kb Apa I-EcoR I fragment which we
termed AR3.5 corresponded to the region whose dele-
tion previously was found to cause a decrease in MRF4
gene expression in stable transfection assays (32).

Deletions of AR3.5 were constructed in tkCAT and
tested in C2C12 cells to localize its enhancer activity
(Fig. 2B). An 855-bp region (AV855, Fig. 1) appeared
to contain essentially all of the activity of the parent
fragment AR3.5, and it functioned as a classical en-
hancer in orientation-independent fashion. AV855tk-
CAT was active both in differentiated C2C12 myotubes
and in myoblasts (data not shown). To further localize
the active elements of AV855, this fragment was di-
vided into three non-overlapping subfragments, each
of which was inserted into tkCAT. One of these subfrag-
ments (AA240, Fig. 1) consistently displayed the high- FIG. 3. Nucleotide sequence of the AV855 region. Numbering

begins at the 5* end of the Apa I restriction enzyme site and ends
at the 3* end of the EcoR V site. E boxes (CANNTG elements) are
single-underlined and a consensus MEF2 binding site is double-
underlined. This sequence has been deposited in Genbank under
accession number U85650.

est enhancer activity, but the level was less than that
of AV855. To determine whether larger segments of
AV855 might contain its full activity, we examined two
overlapping subfragments each including about 600 bp
of the MRF4 gene. The subfragment (AX590, Fig. 1)
derived from the 5* end of AV855 retained its full activ-
ity and the other overlapping subfragment (XV620) re-
tained partial activity, although the region of overlap
between these two subfragments by itself (AX350) dis-
played no enhancer activity. Sequencing AV855 re-
vealed the presence of three E boxes and a MEF2 site,
all within the AX590 region (Fig. 3).

In order to examine enhancer activity of AV855 in com-
bination with the MRF4 promoter, which by itself is more
highly expressed in myotubes than in myoblasts (31),
AV855 was inserted upstream of the promoter in a re-
porter construct containing the bacterial lacZ gene with
a viral nuclear localization signal (0336nlacZ, ref. 31).
The resulting gene construct, AV8550336nlacZ, was
compared with 0336nlacZ and two other MRF4 con-
structs: 05000nlacZ, which contains approximately 5.0
kb of MRF4 5* flanking sequence including the AV855
region; and 03500nlacZ, which contains approximately

FIG. 2. Autoradiograms of CAT assay results. (A) Activities of 3.5 kb of MRF4 5* flanking sequence and thus lacks the
fragments 1 through 5 of the MRF4 gene shown in Figure 1 in- AV855 region. While both 0336nlacZ and AV8550336-
serted into tkCAT. The gene construct labeled 5 contains fragment nlacZ genes were expressed predominantly in myotubes,
5 including the MRF4 promoter in its normal orientation, while

AV8550336nlacZ was activated in many more myotubesconstruct 5R contains the same fragment inserted in reverse orienta-
per culture (Fig. 4). As expected, b-galactosidase activitytion. The construct labeled TnI contains the muscle-specific enhancer

from the quail troponin I gene (36) as a positive control. (B) Activities was greater in cell extracts from differentiated cultures
of fragment AR3.5 and its subfragments inserted into tkCAT. AH1.5 transfected with either of the gene constructs which con-
and AV855 fragments are indicated in Fig. 1, HR2.0 is the approxi- tained the AV855 region (i.e., AV8550336nlacZ andmately 2.0-kb region between the Hind III site and the EcoR I site

05.0nlacZ) than from those transfected with 0336nlacZof AR3.5, and VH0.5 is the approximately 0.5-kb region between the
EcoR V site and the Hind III site of AH1.5. (Fig. 5). However, b-galactosidase expression from
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FIG. 4. C2C12 myotube cultures transfected with either 0336nlacZ (A, B) or AV8550336nlacZ (C, D). Cultures were processed for b-
galactosidase histochemistry, revealing localization of the enzyme to the nuclei; all the nuclei in a myotube may display the reporter as a
result of gene expression in a single nucleus. Representative fields were photographed with phase-contrast (A, C) or brightfield (B, D)
illumination.

03500nlacZ, which lacks the AV855 region, was also the increase from genes containing either 1.5 kb or
0.4 kb of flanking sequence (32). In a recent study ofgreater than that from 0336nlacZ, suggesting the pres-

ence of an additional positive regulatory region located MRF4 linked to a lacZ reporter gene in mice (33),
transgenic lines containing 8.5 kb of MRF4 5* flank-between AV855 and the 0336 promoter in the MRF4

gene. ing sequence recapitulated the normal biphasic pat-
tern of MRF4 expression. b-galactosidase activity
was first seen in the thoracic somites at precisely theDISCUSSION
time that endogenous MRF4 transcripts are detected,
and a second wave of transgene expression occurredIn this paper we report the identification of a regula-
in all skeletal muscles at the normal time. In sharptory region distant from the promoter of the MRF4
contrast, transgenic lines containing 0.4 kb of flank-gene, in a region between 04 kb and 05kb from the
ing sequence lacked all somitic b-galactosidase activ-transcription start site. Although a minimal MRF4 pro-
ity, and expression in skeletal muscle at later stagesmoter approximately 130 bp in length has been shown
was severely limited. MRF4 transgenic mice haveto activate myotube-specific expression in transiently
also been made using an intermediate length oftransfected cells (31), the existence of an enhancer at
mouse 5* flanking sequence (approximately 6.5 kb,a position several kb 5* from the promoter is consistent
up to a BamH I site probably identical to the onewith studies of both MRF4 and MyoD transgenes.
shown in Fig. 1) linked to a lacZ reporter (37). ThisWhen rat myogenic cells stably transfected with
gene construct was expressed in skeletal myofiberscloned rat MRF4 genes of various length were in-
at about the normal time; however, the early phaseduced to differentiate, transcript levels from genes
of expression in somites was not seen. Consideredcontaining either 8.5 kb or 5 kb of 5* flanking se-

quence increased by a factor that was nearly double together these results suggest that sequence ele-
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in the promoter, where mutation of an E box and a
MEF2 site together results in complete loss of myo-
genin promoter-lacZ transgene expression. Mutation of
the E box alone has no effect on expression in somites
of transgenic mice but leads to delayed expression in
limb bud and visceral arches. When the MEF2 site is
mutated, limb bud expression is delayed and the pat-
tern of transgene expression is altered in the somites
(27, 28). Verification of specific protein binding sites
within the MRF4 AV855 region must await further
mutagenesis and testing, and assignment of specific
embryonic or later roles to these elements must await
their individual analysis in transgenic animals.

FIG. 5. Deletion analysis of MRF4 5* flanking sequence linked The results of the present study also point to another
to the nlacZ reporter. Relative activity of each construct, expressed upstream regulatory region of MRF4 that remains to be
in terms of b-galactosidase activity per microgram of protein of cell isolated. Identification of AV855 as an enhancer regionextract normalized to a value of 1.00 for the positive control RSVlacZ

relied on its ability to function in combination with a(34), is the average of two to three independent experiments (stan-
dard error). The relative activity of negative control nlacZ vector heterologous promoter, but 5* deletions of MRF4 linked
transfections was 0.05 (0.00). to the lacZ reporter showed that, even in the absence

of the AV855 region, a 3.5-kb proximal sequence region
was more active than was the 0336 promoter alone in
C2C12 myotubes. This finding was unexpected, sincements in the region between 06.5 kb and 08.5 kb

contribute to somitic MRF4 expression, and elements a construct linking most of this 3.5-kb sequence region
to the tk promoter (i.e., HR2.0 in Fig. 2B) producedin the region between 06.5 kb and 00.4 kb, including

the AV855 region described here, contribute to myo- no enhancement. It may also be significant that the
average activity of AR3.5tkCAT was greater than thatfiber expression.

LacZ transgenes driven by the MyoD promoter are of AH1.5tkCAT, which in turn was less than that of
AV855tkCAT. These results may indicate that theectopically expressed with no consistent pattern (18),

but a 258-bp sequence located at about 020 kb from HR2.0 region contains an element which can act in
combination with the AV855 region to enhance activitythe start site, when linked to either the MyoD promoter

or the tk promoter, is sufficient to activate expression of the tk promoter as well as act alone to enhance the
activity of the MRF4 promoter, and that the VH0.5in all muscle-forming regions of transgenic mice. Al-

though there are three E boxes in this enhancer that region contains a suppresser whose effect is abolished
in the presence of the HR2.0 elements. Models of MRF4are conserved in both position and nucleotide sequence

between mouse and human, mutation of all three sites gene regulation involving such specific interactions
among proteins bound to multiple upstream regionsaffects neither the timing nor the pattern of expression

(23). A role for the 020-kb enhancer in normal embry- will become testable with the isolation of these addi-
tional regulatory elements.onic expression is supported by the finding that MyoD

transcription in somitic cells of mouse embryos is pre-
ceded by of demethylation of this genomic region (38). ACKNOWLEDGMENTS
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