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We used the DNase I-hypersensitive sites around the mouse acetylcholine receptor 8-subunit gene as a guide
toward the cloning and sequencing of 8 and <y transcriptional regulatory regions and as a means to assess
chromatin structural activation of the 8- and +y-subunit genes during myogenesis. Genomic cloning of
hypersensitive sites downstream of the 3-subunit gene revealed the presence of the y-subunit gene approxi-
mately 5 kilobases away; the hypersensitive sites mapped to the 5’ end of the y-subunit gene. Sequence
comparison of restriction fragments containing hypersensitive sites in analogous locations at the 5’ ends of the
8- and y-subunit genes uncovered little overall homology between the two genomic fragments; however, an 11-
of 13-base-pair match between the two sequences was found. Homologs to this sequence were also found to be
present in the upstream regions of the chicken «- and mouse B-subunit genes. By RNase protection and primer
extension analyses, the 8-subunit gene transcription start site was mapped to 56 base pairs upstream of the
initiator ATG codon. Clonal cell lines with various potentials to differentiate to the skeletal muscle phenotype
were examined for their hypersensitive site pattern within the 8-y locus. Only remote hypersensitive sites
flanking the locus appear in pluripotential mesodermal cells. A cell line of determined but inducible myoblasts
expressed only one more intergenic site, while in permissively differentiating myoblasts hypersensitive sites
were already present at the 5’ ends of the § and vy genes prior to differentiation. Terminal differentiation
resulted in an identical pattern of hypersensitive sites in all muscle cell lines examined so far, with an intergenic

site near the y-subunit gene being the only site specific to the differentiated muscle phenotype.

The skeletal muscle acetylcholine receptor (AchR) is a
multisubunit protein whose expression is regulated at least in
part by transcriptional mechanisms (1, 7, 8, 18, 36, 69). The
mechanisms that regulate transcription are almost certainly
complex given that receptor subunit gene expression must
be coordinate, tissue and developmentally specific, and
modulated by nerve-muscle interaction.

Normally undetectable in nonskeletal muscle tissues, sub-
unit mRNAs are accumulated in significant quantities only
after terminal differentiation of myoblasts into embryonic
myotubes (1, 8, 18, 36, 69). In the C2 cell line, this accumu-
lation of subunit mRNAs is associated with a 5- to 10-fold
increase over the background level in the transcription rates
of the mouse a- and §-subunit genes (7); similar nuclear
run-on assays have recently been completed with B- and
~v-subunit probes with similar results (A. Buonanno and J. P.
Merlie, unpublished). In developing embryonic muscle,
AchR mRNA levels decrease dramatically (41; J. P. Merlie,
unpublished data). This decrease presumably results from
motor innervation since denervation of adult muscle stimu-
lates a rapid and dramatic increase in subunit mRNA levels
(18, 21, 33, 38) that can be reversed or inhibited by direct
electrical stimulation of the denervated muscle (22). Inter-
estingly, the very small amount of AchR mRNA found in
adult innervated muscle is concentrated near synaptic sites
(19, 39), suggesting a regulatory mechanism that must oper-
ate at the subcellular level. Finally, with few exceptions (18,
26), all of these alterations in mRNA levels are coordinate, in
that all four subunit mRNASs vary in a parallel manner.

Despite this complex and interesting set of regulatory
phenomena, relatively little is known about the molecular
mechanisms involved. Klarsfeld et al. (34) reported the
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isolation of a fragment at the 5’ end of the chicken a-subunit
gene that conferred differentiation specificity to a fusion
gene when transfected into the C2 mouse muscle cell line.
Although this is a considerable advance toward defining cis
regulators of receptor subunit genes, examination of only a
short stretch of upstream sequence may ignore important
regulatory regions, particularly given the diverse signals that
affect receptor subunit gene expression. Initially, we took a
less focused approach by examining large regions of chro-
matin around the mouse 3-subunit gene for DNase I-hyper-
sensitive (DH) sites (13). DH sites are 100 to 300 base pairs
(bp) of chromatin that are exquisitely sensitive to DNase I
(28). Results of a large body of experiments indicate that DH
sites reside in chromatin that are devoid of normal nucleo-
somes and that this perturbation is the result of the binding
of nonhistone proteins (for reviews, see references 10 and
58). As markers of DNA-nonhistone protein interactions,
DH sites are extremely useful in locating transcriptional
regulatory regions, particularly when they are remote (24,
56). In addition, DH sites provide a means to monitor
DNA-protein binding events in situ as they occur during the
normal activation sequence of a given gene (9, 17, 20, 53, 56,
70). One significant caveat of hypersensitivity studies is that
not all DH sites are involved with transcriptional regulation;
origins of replication (60), transposons (43), and centromeres
(2), all of which are tightly associated with DNA-binding
proteins, have been found within hypersensitive domains.
Thus, establishing the cell type specificity of DH sites is
essential.

We previously mapped six DH sites flanking the 3-subunit
gene, three sites 5’ to the gene and three sites downstream
(13). The sites were designated, from 5’ to 3', X,, X,, D;, D,
(now called X;), G,, and G,. The X sites are not specific to
muscle; the D and G sites are muscle specific. The D, site
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mapped 5’ to the d-subunit gene. We speculated, for reasons
given below, that the G sites were likely to be near the
v-subunit gene. In this study we used these hypersensitive
sites as a guide toward cloning putative 3-y regulatory
regions and for assessing activation of the 8-y genes during
myogenesis.

MATERIALS AND METHODS

Cloning. The AL47.1 library was derived from C57 black
mouse DNA that was partially digested with Mbol and was
generously donated by the laboratory of Stephen Weaver
(University of Illinois, Chicago). The Charon 28 library was
derived from BALB/c mouse DNA that was partially di-
gested with Mbol and was generously donated by the
laboratory of Phil Leder (Harvard Medical School, Boston,
Mass.). Approximately 3 X 10° plaques from each library
were screened with the 3-subunit cDNA insert 6H (36). A
single type of 6H-positive clone was purified from the L47.1
library, and six different overlapping clones were purified
from the Charon 28 library.

Sequencing. Fragments were subcloned into mp18/19 and
sequenced on both strands by the dideoxy method (50).
Sequencing of yHH2.3 was aided by a set of overlapping
deletions obtained by the method of Dale et al. (14). Se-
quences were compared both by eye and with the NUCALN
program (63). '

RNase protection. Fragments containing exons 1 and 2 and
exon 1 of the 3 gene were subcloned into pGEM1 (Promega
Biotech, Madison, Wis.) and transcribed in the presence of
[«-*2P]CTP by Promega transcription protocol 1. The radio-
labeled RNA probes (specific activity, 10° dpm/ug) were
hybridized to 10 wg of BC3H-1 or mouse brain total RNA or
to 10 pg of wheat germ tRNA (Sigma Chemical Co., St.
Louis, Mo.) and subsequently digested by Promega recom-
mendations. The sizes of RNase-protected products were
determined on a sequencing gel and visualized by autoradi-
ography.

Primer extension. Oligonucleotide primers were end-la-
beled with T4 kinase to a specific activity of 5 X 10° dpm/
pmol and hybridized to 2 pg of poly(A)* RNA from differ-
entiated BC3H-1 or mouse brain RNA or to 2 pg of wheat
germ tRNA in 10 mM Tris (pH 7.5)-1 mM EDTA at 10°C
below the T,, = 4 (G+C) + 2 (A+T). Primers were extended
with reverse transcriptase in 10 mM Tris hydrochloride (pH
8.0)-10 mM MgCl,-5 mM dithiothreitol-250 pM deoxynu-
cleoside triphosphates for 30 min at 42°C. The sizes of
primer-extended products were determined on a sequencing
gel and visualized by autoradiography.

DNase I hypersensitivity experiments. BC3H-1, C2, F3, and
C3H10T1/2 cells were cultured as described previously (13).
Undifferentiated BC3H-1 and C2 cells were harvested in
high levels of serum (10% fetal bovine serum, 10% newborn
calf serum) 2 days after they were plated at approximately
10% of confluent density. Differentiated BC3H-1, C2, and F3
cultures were harvested 3 days after they were switched to
cultures with reduced levels of serum (10% horse serum),
which was 7 days after they were plated. C3H10T1/2 cells
(48) were harvested when they reached confluency, which
was 7 days after plating. C2-inducible (C2i) cells were
cultured as described by Pinset et al (47a). C2i cells were
maintained as myoblasts by the presence of 20% fetal bovine
serum. Differentiation of confluent C2i myoblasts was in-
duced by replacement of all serum with an insulin-transfer-
rin-containing medium (47a). The degree of muscle differen-
tiation was routinely examined in all cell lines by Northern
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blotting analysis of a-actin and AchR-subunit mRNA levels
and by quantitation of a-bungarotoxin-binding sites. Nuclei
preparation, DNase I digestions, DNA purification, restric-
tion digests, Southern blots, and hybridizations were per-
formed as described previously (13).

RESULTS

Cloning of the 8-y locus. At the onset of this study, we had
several reasons to believe that the mouse y-subunit gene lay
downstream of the 8-subunit gene. Nef et al. (44) found that
the 3- and y-subunit genes were separated by only 900 bp in
the chicken genome; another report (54) anecdotally men-
tioned a human genomic clone that contained both 8- and
v-subunit gene sequences. Furthermore, we demonstrated
that there is a close genetic linkage between the & and vy
subunits in the mouse genome (27). Finally, the mapping of
muscle-specific, developmentally regulated hypersensitive
sites approximately S kilobases (kb) 3’ of the & gene (13)
suggested that the y-subunit gene might lie closely down-
stream.

To confirm our hypothesis that the DH sites downstream
of the d-subunit gene were near the y-subunit gene, we set
out to clone the mouse 3-subunit gene along with the
downstream sequence. Toward this end, two mouse ge-
nomic A phage libraries (see above) were screened with the
d-subunit cDNA insert 6H (36). Screening of the 1L47.1
library yielded only one type of clone, which is denoted in
Fig. 1 as L47.13A-1. Although A-1 included the entire 3 gene
and approximately 5 kb downstream, it did not cross-
hybridize with the full-length y cDNA 18 (8). A second
library, the Charon 28 library, was then screened yielding
the six types of clones shown in Fig. 1." A restriction enzyme
map was constructed for each clone by using BamHI-,
HindIll-, and BamHI-HindIIl-digested DNA analyzed by
Southern blotting. These DNAs were hybridized with full-
length y or 8 cDNA probes or with exon-specific synthetic
oligonucleotides. The seven overlapping clones were thus
shown to map to a single locus, with approximately 5 kb
separating the 3 and vy genes. The DH sites within the 8-y
locus are also denoted in Fig. 1. The linkage of the 8- and
+y-subunit genes placed the G, and G, DH sites near the 5’
end of the vy-subunit gene, and by their proximity it is
suggested that the sites are more likely to be associated with
the + rather than the 3 cistron.

Hypersensitivity experiments with a y-subunit probe. A
more precise localization of DH sites G, and G, was ob-
tained by probing these sites with a y cDNA. With such a
probe, distances from the internal BamHI site of 4.8 and 3.5
kb for G; and G,, respectively, were measured with a
precision of +100 bp. G, is centered 300 bp upstream of the
v structural gene; G, lies 1,300 bp farther in the 5’ direction.
Two of the blots used for these measurements are repro-
duced in Fig. 2. The two y-subunit gene BamHI fragments
comigrated on 1% agarose gels and thus appeared as a single
band. The tightly regulated C2i muscle cell line (see below)
was used in these experiments to examine G, and G, in both
undifferentiated and differentiated muscle cells. The blots
were hybridized with both full-length (Fig. 2A) and 3’ (Fig.
2B) vy-specific probes. Besides the more precise localization
of G, and G,, two novel results were obtained from these
blots. First, a DH site labeled X,, which was not previously
seen with the 3-subunit probes, was detected with both
full-length and 3’-specific y-subunit probes. X, was present
in both undifferentiated and differentiated C2i muscle cells
and was also detected in mouse liver tissue (data not shown).
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FIG. 1. The - and y-subunit genes are tightly linked in the mouse genome. Linkage was demonstrated by isolating several individual
clones that hybridized to both 8- and y-subunit gene probes. The extent and orientation of the 3 and -y genes are shown overlying the restriction
map of the entire genomic region. The locations of the hypersensitive sites in the 8-y locus are drawn below. The restriction map of the clones
obtained from screening a ALL47.1 C57BL mouse genomic library and a ACharon 28 (Ch. 28) BALB/c mouse genomic library with a 3-subunit
cDNA probe is given at the bottom. Abbreviations: H, HindIIl; B, BamHI; R, EcoRI; A, Accl.

Thus, X, represents a relatively constitutive DH site at or
distal to the 3’ end of the y-subunit gene.

Both G, and G, were induced with differentiation of the
C2i myoblasts. The restriction of G, and G, to differentiated
C2i differed from their specificity in the other differentiating
muscle cell lines C2, BC3H-1, and F3 (13), in which G, was
fully expressed in myoblasts and only G, was induced with
differentiation. This specificity difference is discussed at
length in conjunction with Fig. 7 and 8 (see below).

Sequence of the 8-y hypersensitivity regions. As asserted
above, DH sites are the result of the binding of nonhistone
proteins (58). In order to examine probable protein-binding
sites within the 3-y DH sites, we sequenced both strands of
restriction fragments containing the D, G,, and G, DH sites.

Figure 3 gives the sequence of the 970-bp BamHI-Accl
fragment that was derived from the 5’ end of the L47.18A-1
clone; D; mapped within this fragment. The center of D, was
estimated to lie about 75 bp upstream of the initiator codon.
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FIG. 2. y-Subunit gene DH sites in differentiated and undifferentiated C2i cells. Southern blots of BamHI- and HindIII-restricted DNAs
from differentiated and undifferentiated C2i cells were probed with a full-length y cDNA (A) and the 3'-most 390 bp of the vy cDNA (B). The
DNase I concentration increased from left to right, from 0 to 30 U/mg of DNA. The X, site is labeled; the X; band, which is faintly present

beneath the comigrating BamHI parent fragments at 8 kb, hybridized
d-subunit probe and is discussed in conjunction with Fig. 7 and 8.

only with the full-length probe. X; was better visualized with the



5260

CROWDER AND MERLIE

" 120
GGATCCTTCCTCTCTTCCCAAGTGCTGGGATTAAAAGCATACACTGCCACACCCAGCTTAGAGGTAATATTTTTAAAGATGGGGGAAAAAATACACAAGTACAGGTGGAGCACTAGCAAG

100 240
ATGGCTCAACAGGTAACAGTTGCCTGCTGTACAAGAAGTTTCACCTCAGAACCCTCTGTAGAAAGAGAGAAGCAATTGTGACAGGTGTACACACACACACACACACACACACACACACAC

................................
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GGGGGCCTTCTATGCCCACCTEGGCCACCGCCTCCCTAACATTATACCTAATTCCCACTCCCACTCTGCCCTTTCTAACCCTAGGCATCCCACCCTCAGGGAGCAGCTGGCTTTCCTCTS

780 intren 1 Ceooo (11}
CTCTGCCCAGCCCAGGGCTGCCCCAGCAGGAGCACAGGGAAGGCTCCTTCCTAGETCCAAACACCAGCACCCTACCCCTCTCCCCAGCCCTCCCAGGCAGTTEGEGCCTGAATGAGGAAC

. 00 10
AAAGGCTGATCCAGCACCTATTCAATGAGAAGGGCTACGACAAAGACCTGCEECCERTGECTCEAAAGGAGGACAAAGTGGATETCGCCCTAAGTCTCACCCTCTCCAACCTCATCTCCC

esee> Intron 2
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FIG. 3. Sequence features of the 8 BamHI-Accl fragment. Homologies to spl-binding sites (C-G) and to the core enhancer sequence are
delineated. Two repeats, a 38-nucleotide AC repeat and a CCCCACCC/A repeat (designated by asterisks and repeated 4 times), are
underscored with a dashed line. The SHUE box, an 18-nucleotide sequence (nucleotides 313 to 330) homologous to upstream sequences in
all four sujb,units, is also underscored with a dashed line. The probable extent of the DH site is denoted by the boxed sequence.

This estimate is based on careful measurements of the
distance from the 5’ BamHI site to the next 3’ HindIII site in
the L47.1 clone and on the size of the D,-HindIII subfrag-
ment in whole genomic Southern blots. From multiple ex-
periments, we estimated the maximum error in placing D, to
be 100 bp. The width of the DH subband appeared to be no
more than 100 bp, a typical size for a DH site. Thus, D, is
depicted as a 300-bp region that, as demonstrated below (see
Fig. 6), is centered around the d transcription start site.

Within the D, region there were several notable se-
quences, some or all of which were likely to be involved in
the creation or maintenance of the D, site. Centered at
position 575 within the coding half of 3 exon 1 was a 10- of
12-base match to the core enhancer sequence proposed by
Khoury and Gruss (32); at nucleotide 430 was centered a
sequence with a similar degree of homology with the core
sequence. At nucleotide 415 there was a near match to the
canonical spl-binding sequence (5, 16, 30). Two other close
matches to the spl-binding site were just upstream of the
estimated 5’ boundary of D,. In addition, near D, there were
two types of repeats, a continuous AC repeat spanning 38 bp
and four copies of CCCCACCC/A, three of which were 5’ to
D, and one of which was within D,. Although some of the
repeats lay outside the region calculated to contain D,, the
degree of precision obtainable with 1% agarose gels did not
allow us to rule out their inclusion in and/or influence on D, .
In fact, purine-pyrimidine repeats are thought to be unstable
in the normal nucleosome structure (23, 25, 46) and thus
could have some role in the formation or maintenance of D,.
The CCCCACCC repeats have perfect homology with two
known AP-2-binding sites (49). Finally, at nucleotide 313
was the subunit homologous upstream element (SHUE) box
homology; this is discussed below.

The sequences of G, and G, were obtained by subcloning
the 2.3- and 1.1-kb HindIIl fragments of Ch283y4. The
colinearity and strand relationship of the two fragments were
established by hybridization of synthetic oligonucleotides.
The coding strand of the entire 3.4 kb of sequence is shown
in Fig. 4. The G, and G, sites were placed on the sequence
in the same manner as D, was placed. Approximately
centered within the G, site was a 10- of 12-base match with
the core enhancer sequence. The G, site included two
remarkable types of sequences. A nearly perfect (22 of 24

bases) tandem repeat separated by 7 bp spanned the middle
portion of G,. The other sequence denoted as the SHUE
box, is a stretch of 13 bp that has high homology with a
sequence within the D, region of the 3-subunit upstream
sequence. Alignment of the SHUE box with the two other
AchR-subunit genes whose upstream sequences were avail-
able, chicken a (34) and mouse B (unpublished data), uncov-
ered close matches in these genes as well. The alignments
are shown in Fig. 5. The relation of the SHUE box to
transcription start sites is only known with certainty for the
8- and a-subunit genes. The sequence CCCTGG/C was
conserved in all four subunits. Notably, the conserved
hexamer had an excellent match to documented AP-2-
binding sequences (49).

8-Subunit gene transcription start site. The locations of D,
and G, within upstream regions of the 8- and y-subunit genes
suggest that these sites could overlap the transcription start
sites of their respective genes. We carefully examined this
possibility in the case of the D, site by definitively mapping
the start site of the mouse 3-subunit message. Despite
repeated efforts, a similarly definitive determination of the
v-subunit start site has not yet been achieved. A composite
of several experiments that together placed the & transcrip-
tion start site at adenine nucleotide number 1 is shown (Fig.
6C). RNase protection experiments to measure the size of
exon 1 were performed with three types of probes: exon 1
and 2-, exon 2-, and exon 1-specific RNA probes (Fig. 6A).
After hybridization with BC3H-1 total RNA, the exon 1 and
2 probe protected two bands from RNase A and T, (Fig. 6A,
lanes I, K, and M); these bands did not appear in control
hybridizations with wheat germ tRNA (Fig. 6A, lanes J, L,
and N). The upper band matched the calculated size of &
exon 2 and specifically appeared in exon 2 hybridizations
(Fig. 6A, lane O). The lower 107-bp band was identified as
exon 1 with the exon 1-specific probe (Fig. 6A, lanes Q, R,
and S).

Primer extension experiments were performed to identify
the 5’ boundary of exon 1 as the 3-subunit gene transcription
start site (Fig. 6B). Two different oligonucleotide primers,
one directed to & exon 2 and one beginning at the 3’
boundary of exon 1, extended distances that mapped to the
5’ boundary of exon 1; the extended products were specific
to skeletal muscle RNA templates.
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" 120
AAGCTTTGAAAGCCCAATAACTCAAGTTTGATTTCCCCCAACCCCACAGAAGGGTAGAAGGAGAGAACACATTCTATAATGTTGCTCTCTGGGCCTGGTGTGGTGGCGCACATCCCAGCA

100 240
CTTAGGAGGAAGAGGCAAGCAGATCTCTGAGTTCAAGACCAGCCTGGTCTACAGAGTGAGTTCCAAGACAGCCAAGGCAACCCAGAGAAACCCTACCTTGAAGCCCCCCCTGTCCAGTGT

AC ropoat
@20 e
TTCTCTATGTAACAGCTTTGGCTGTTCAGGTAGACCAGGCTGGCCTCAAACTCACAGAGATTTGCCTGACTCTACCACCAGAATGCTGGGATTAAAGGCATGGTCCTCCACTCCCAGCTA

540 [11]
ATACTATAAATTTTAAACACACACAACTTTCCCTGAAGCACCTTGTCTTAGGGTTTCTGTTGCTGTGCTCACACACCATGACCAAAAGCAGCCTGGTGAGGAAAGGGTTTATCTCAGCTT

;Oll| core
" 120
ACAGTTGTCGTCCATCCATCACAGAGGGAGCTCAGGGCAGGAACTCAAGGCAGGAACCTAGGGCAGGAACTGACGCAGAGCCCATGGAGGAGTGCATCTTACTGGGTCATTTGCTCATGE

100 (X1
CTTGCTCAGCTTGTTTTCTTACACAATTCAGAATCACCTACCCAGGGATGGCATTGTCTCCCAATGAGCTEGGCTCACTCATGTCAATCACTTATCAGGAAACTGTCCTACAGACAATTG

(1] (11
CCAACAGGCAATCTAGTTGGAGGCATTCTCTTAACTGAGGTTCCTCTGCCCAGATAATACTAGCTTGAGTCAAGTTGGTGATAATCAAAGAAGAAAACACAACGACAACAACTAACCGGE

1024 1080
CTCCTTTGTGAATCAGTGTGGTCAATGAAAGGTGAGCCATATCTGTAAGTTTGAAATCTGCAGACTGAGCCAGCCATAGACCTGAAGTGTGTGGATGAAAAATTTGTGCCTGGACTACAT

1144 1200
ACACAGATCGACTTCTTGTTGTTATTAGTTGATTAATGAAGCCTGGCAATCATTTGTACAACACTGGCACTGCAGTATTAGCCGACTCCCTTGGGTGCTGAGGAGGCATCACTGGTTAGC

1204 1320
"C"CCGGCC"TGCMC“GT“T“““WWWWMMMMM
I 1380 lllﬂl

cecccescns

10/12 core

I 1500 I 1560
TGCTCACATCACTTCCTGACTGTA

1020 1600
GAGACCTTTGCTGACCTTTGGCAAAAGAGGGCTGGGTAGAAGTTAAGTAGCAGAGACACTTGGGAGGCAGAGGCAGBAGGATCTCTGAGTTAAAGGCCAGCCTCTCCCTGCCCCCACCCA

c-6
1740 1900
GAGTCCTGGTAGGACACAAAGGACTCGAGGCCTTTCCAGGGGETCAGETTCTGAGCCTATCTTCCTGTTTCTGAAACACACTGCCATGCCATAGAGATATGATGGGGCTGAGGATATTCT

1000 1920
CCTAGGCATTCAGGGGTGTCCAGTGAGCGCCCTATCCTGCCTGGCGCAGCTGCCCATGTGATAGCACTTAGTGGCCCCACACGGATACACACTGGCCAGAATGTTTGAAATAGTTGGCCA

seeece ssssee

c-¢ c-¢
1900 2040
CATGACAGGTGGCCCAAGTAAGGACACAGCCAGCAGCAAGTGCCTGCTCCCAGATCAGCCTCAACCCTACCCTTTGATGGGGACAAGCCTAGAAGTAGACGGGCTTCCTTTCACTGTAGT

2100 2140
TCTCCTTCGATGGCTCTGGGGGATGCATCCTCAAGTCTGGCCCATCTGCCTCAGCGGACCATGAGTCCTCCTAAGCGGCTTGATGCATCCCCGAGTCTCCCCAGCTTTGCAGAGGACCTE

AC repoat
2340 2400
ACTCTTCTCAGCCCTCCTAAAGCTTAGTACATCTGTGTCCCTTGTCTCAGGGCACAGGAGAAGCTGCTGTGGTCCCCCGATCGTCAATACCACAGTCTTTACACATACAGCCACCTTCGA

c-6
2400 2520
CCTGTGGCCTATGGGTCACAGGCCTCCCAAGATGCAACCCTTACCCACTTGTAAATAAAAACAGGATATGACACTGTCAACAATTAGACGCCCTGCAGGCACTTCCTTCCTETGTCCCAG

2580 880
TCCACTGCAGTGACTACAGAGCCACCAGGCTAGTG076GCAGGGGAYYGAAGYACTAAGGCACA‘TCACClLjA£ISIﬁAI5Ij1AAAIsAIA£££SIAQQQQSSI&EQﬁ!jIAQAﬁAAI]

2760

a0 ELLE]
AR A

R eseccccccan esecccsacccccccccnnes cee

24mer _reposl 24mor roepoeat 2040 s000
E;;;;;;;;;;;;;;;::;LCAGYG01CAGACAGCYGG!GGGGCCAGCYAGAGcTGGCAGGGYYGGCYGGGAG666AGYGTAGGCTGACACATGACACTCCGACCCCCC!CTGCAACCCC

000 Intron 1 --+>3120
CCCCCCCAGGCCTGTAGAGCTACTGT.CCTGCTCTTCACTGGGCAGAACTGAGGCACCATGCAAGGGGGCCAGAGACCTCATCTCCTCTTGCTGCTGTTGGCTGTCTGCCTGGGTGAAATA

ATG
3100 3240
CTAGGGATTTGAGACCTGGGGTGGAGGGTGTGGAAGGAACAGATCAGGAGTACAAGATTACAGTGGATGGAGGGTCTGGGGGTTACCTGTACTCTCCCTAGCCCCAGCACCCTCCCCGCC

seeccscccns

10/11 core

3300 < atren 1 3360
CCCAGTCTCCACCTTATCCCTCTGTGCCTCCTCCTCCTCTGGAGCGAACCCCCTCCTTCTGTTGCAGGGGCCCAGAGCCGCAACCAAGAGGAGCGTCTGCTTGCGGACCTGATGCGAAAC

3420
TACGACCCCCACCTGCGGCCGGCTGAGCGCGACTCAGATGTGGTCAATGTCAGCCTGAAGCTT

FIG. 4. Sequence features of YHH2.3 and yHH1.1 (symbols and details are as describefi. in the legend. to Fig. 3). The G,- and
G,-hypersensitive sites are boxed. In addition, two 24-mer repeats that differed in only two positions are underlined.
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FIG. 5. Alignment of AchR-subunit homologous upstream ele-
ment. Locations of the sequence relative to the transcription start
site are given for the subunit genes for which it is known. Although
the transcription start sites of the B- and y-subunit genes have not
been defined, both the B- and y-subunit SHUE boxes lie upstream of
the ATG codon. Fractional homologies were as follows: -, 11 of 13
bases; y-a, 5 of 6 bases; y-B, 9 of 10 bases; 3-a, 9 of 10 bases; 5-8,
10 of 11 bases; a-B, 6 of 6 bases.

Upstream of the & subunit start site was a TA-rich se-
quence that was positioned appropriately for serving as the &
gene TATA box (Fig. 6C). The putative 3-subunit TATA box
does not have perfect homology to the TATA consensus
sequence (4, 12); however, similarly poor matches have been
shown to function as TATA elements for other promoters
(29, 42, 59). Homologies to other promoter elements were
present farther upstream with a 5- of 6-base match to the
CCAATC box (4, 12) sequence at positions —60 to —65 on
the noncoding strand and with a CG-rich region from posi-
tions —50 to —55. The SHUE box homology was also
delineated (3-a, B, and y homology).

Developmental activation of the 3-y locus. We have de-
scribed previously (13) the regulation of the 3-y DH sites
during differentiation of BC3H-1 cells. The differentiation of
BC3H-1 is accompanied by the induction of two DH sites,
G, and X;; the remainder of the sites are present prior to
differentiation of BC3H-1. In order to better define the role
of each site in myogenic activation of the 3-y genes, we
subsequently examined muscle cell lines that had different
requirements for differentiation. Upon reaching confluency,
C2 myoblasts spontaneously fuse without a change in the
culture medium, although a reduction of mitogens does
hasten differentiation. A variant subclone of C2, C2i, does
not differentiate in the presence of serum, even in confluent
cultures (47a). The C2i line was developed and kindly
donated by Christian Pinset and co-workers (Institut Pas-
teur, Paris, France). We made use of the different differen-
tiation properties of the two muscle cell lines along with the
premuscle lineage cell line C3H10T1/2, to examine closely
the association of each DH site with muscle differentiation.

Figure 7 gives the results of this study. The Southern blots
were derived from BamHI or HindIII restriction of DNase
I-digested DNA. The blots were probed with the 3 cDNA
6H; every DH site within the 3-y locus except X, was
detected with this combination of enzymes and probe.
C3H10T1/2 cells are pluripotential precursors to committed
mesodermal lineages, including that of muscle (35, 55). In
confluent cultures of C3H10T1/2 cells, only DH sites X; and
X, were detected with the 6H probe. The two sites lay
distantly 5’ to the & gene (Fig. 1). One more site, X;, was
expressed in the committed but undifferentiated C2i myo-
blasts. The X, site lay in the intergenic region about 2 kb 3’
to & exon 12 (Fig. 1). Unlike the remainder of the DH sites in
the 8-y locus, this site did not fit into a scheme in which the
number of hypersensitive sites correlated with the proximity
of a cell to the differentiated muscle phenotype. X; was
expressed in mouse liver cells (data not shown), but was not
expressed in C3H10T1/2 or undifferentiated BC3H-1 cells.
Interestingly, the DH sites near the 5’ ends of the & and vy
genes did not appear in confluent C2i myoblasts. However,
the spontaneously differentiating C2 myoblasts did express
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both D, and G, prior to detectable transcription of the 8-y
gene. The X or nonmuscle-specific sites were present in both
C2i and C2 myoblasts. The rightmost myoblast blot in Fig. 7
blot shows the DH site pattern characteristic of all differen-
tiated muscle cells examined so far. Thus, in C2i, after a
switch to serumfree medium, sites D;, G,, and G, are
induced, while in spontaneously differentiating muscle cell
lines like C2, only G, remains to be created at the time of
differentiation.

DISCUSSION

Eucaryotic gene regulation is achieved by a complex
interplay of cis-acting sequences and trans-acting proteins in
the context of the regional chromatin structure. Chromatin
structure has been the initial focus of our studies of the
mechanisms of AchR-subunit gene regulation. Although it is
perhaps an indirect means of analyzing regulatory mecha-
nisms, this approach has led us to several discoveries that
were not as easily obtainable by other methods.

Linkage of the 8- and y-subunit genes. The evolutionary
and functional significance of the tight 8-y linkage is un-
known. Ballivet and co-workers (44) have pointed out the
high degree of sequence homology and identical exon-intron
organization shared by the chicken 8- and y-subunit genes;
they and others (44, 45) have suggested that the - or
y-subunit gene is derived from a relatively recent tandem
duplication. As for functional significance, the proximity of
the two genes, in theory, allows for cis-coordinate regula-
tion. Although it is the rule in procaryotes, this cis coordi-
nation is rare in higher organisms, with the B-globin locus
perhaps being an example (24). Candidates for coordinate
regulatory regions such as the G, or the X sites will allow for
a directed examination of cis-coordinate regulation of the 3-
and vy-subunit genes.

Remote regulatory elements. In general, hypersensitive
sites are markers of transcriptional regulatory regions; how-
ever, this generalization is not absolute. Therefore, one must
ask whether every DH site (mapped above) is part of the 8-y
transcriptional regulatory mechanisms. The proximal DH
sites D;, G,, and G, almost certainly are involved, given
their muscle and developmental specificity and, at least in
the case of 3, given that they overlap with the promoter
region. However, the remote sites X,, X,, X;, and X, are not
muscle specific; moreover, X, and X, have been expressed
in every cell type examined so far. Thus, the regulatory role,
if any, of the remote sites is uncertain. These sites might be
markers of replication origins, although their presence does
not correlate with the mitotic activity of the cell types
examined. Localization with transposons is unlikely since no
BamH]1, Hindlll, or EcoRI fragment-length polymorphisms
have been observed in the multiple cell types that we
examined. Chromosomal mapping of the mouse 3-y locus
excludes proximity to a centromere (27). In terms of gene
regulation, these sites could represent the binding of pro-
teins, perhaps ubiquitous transcription factors, that are
shared by liver and muscle. Although the proximal sites are
the current focus of our search for 3-y-regulatory elements,
inclusion of one or more of the distal sites in minilocus
constructs may prove essential for insertion site-indepen-
dent, properly regulated, and high-level expression of the 8-y
locus. This scenario has recent precedence in the human
B-globin locus, which requires inclusion of remote, nonde-
velopmentally regulated DH sites for proper expression of
the B-globin gene (24).

8-y sequence homology. In order to form a functional
receptor, the expression of all four receptor subunits must be
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FIG. 6. Transcription start site mapping of the 3 subunit gene. (A) RNase protection with 3 exon 1 and 2 (D)-, 3 exon 2 (E)-, and & exon
1 (F)-specific probes. Probes were hybridized with 10 pg of BC3H-1 total RNA (lanes I, K, M, O, Q, R, and S) with 10 pg of wheat germ tRNA
(lanes J, L, N, and P) or with 10 pg of mouse brain total RNA (lane T). Hybridizations with the 3 exon 1 and 2 probe were performed at three
different temperatures: 45°C (lanes I and J), 55°C (lanes K and L), and 65°C (lanes M and N). Hybridizations with  exon 2 and & exon 1 probes
were performed at 55°C. 3 Exon 1 and 2 and & exon 2 hybrids were digested with RNase A/T, for 30 min. 8 Exon 1 hybrids were digested
for 5 min (lane Q), 30 min (lanes R and T), or 90 min (lane S). Size markers (lanes A, B, C, U, V) were HinfI-cut pBR322 and mp18, sequenced
with universal primer. (B) Primer extension with exon 1- and exon 2-specific oligonucleotides. Location of the oligonucleotides is shown in
Fig. 2C. Radiolabeled primers were hybridized to 2 pg of poly(A)* BC3H-1 RNA (lanes A and D), 2 pg of mouse brain poly(A)* RNA (lane
B), or 2 pg of wheat germ tRNA (lanes C and E). Primers were extended for 30 min at 42°C with avian myeloblastosis virus reverse
transcriptase. (C) The 107-bp exon 1 and the 203-bp exon 2 primer extension products mapped to the same adenosine residue as the 3 exon
1 RNase-protected fragment. The sequence TAAACCA at positions —33 to —27 relative to the transcription start site presumably serves as
the TATA box for the 8 gene. A CCAATCT box homology was present on the opposite strand at positions —61 to —66. The SHUE box was
centered at position —150. CG-rich sequences were centered at positions —55, —180, and —210.
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FIG. 7. Degree of chromatin structural activation of the 3~y locus correlates with the potential to express the 8-y genes. All blots were
performed with a full-length 3-subunit cDNA probe. The concentrations of DNase I were, from left to right, 0, 4, and 8 U/mg of DNA.
Hypersensitive sites are only indicated where they first appeared in the myogenic pathway. C3H10T1/2 cells are pluripotential cells that are
capable of converting to myocytes, adipocytes, or chondrocytes (mesodermal lineages) when treated with cytosine methylation inhibitors. C2i
myoblasts do not differentiate in the presence of serum, even when they are confluent and nondividing, and must be induced to differentiate
by removing serum. C2 myoblasts differentiate spontaneously into myotubes, even in the presence of serum. Both C2 and C2i myotubes have

an identical DH site pattern. Abbreviations: B, BamHI; H, HindIII.

temporally and spatially coordinated (3, 40, 62). Coordinate
expression during development is almost certainly directed
at the genetic level (1, 7, 8, 18, 36, 69). Although, as
discussed above, the 3- and y-subunit genes could be coor-
dinately expressed by cis-acting mechanisms, the a- and
B-subunit genes are on different chromosomes (27) and must
be coregulated with & and v in trans. Thus, a single trans-
activator binding to a sequence shared by all four subunits is
an obvious means of achieving coordinate regulation. The
SHUE box homology is the only sequence, of which we are
aware, that is shared by all four subunit gene upstream
regions. Future experiments will test the functional signifi-
cance of this remarkable homology.

Developmental activation of the 8- and +y-subunit genes. A
temporal description of the regulatory mechanism of a
particular gene can only be obtained by observing the
DNA-protein interactions that ultimately result in its expres-
sion. Hypersensitivity studies, along with footprinting and
gel retardation assays, are the available methods to examine
DNA-protein interactions. One of the difficulties of temporal
studies is the availability of precursor cells that ultimately
express the gene of interest. Even if such a cell could be
identified, it must be available as a pure population that
quantitatively and reproducibly converts to the expressing
phenotype. Thus, most genes for which temporal data have
been obtained, such as glucocorticoid (70), heavy metal (52),
or heat shock-inducible genes (31, 64—68), are inducible.
Interestingly, induction of transcription of these genes is
preceded by pretranscriptional DNA-protein interactions
that are essential for rapid, high-level expression. On the
other hand, for developmentally activated genes, a relative
dearth of studies has been published (however, see refer-
ences 6, 11, and 61) because of the difficult experimental
constraints.

In lieu of tissue from developing mice, we used permanent
cell lines that had properties consistent with different stages
of myogenesis. Our conclusions from the hypersensitivity
studies follow directly from the properties of these cell lines.

C3H10T1/2 cells are derived from C3H mouse embryos
and are best described as a pluripotential mesodermal pre-
cursor. C3H10T1/2 cells are biochemically and morphologi-
cally undifferentiated, but when they are treated with the
cytosine methylation inhibitor S5-azacytidine, C3H10T1/2
cells transform to each of the mesodermal lineages, chon-
drocytes, adipocytes, and myocytes (55). No ecto- or endo-
dermal cell types are detectable after this treatment (37).

Recently, C3H10T1/2-derived azamyoblasts have been used
to isolate cDNA clones whose expression in C3H10T1/2 is
sufficient for their conversion to the muscle lineage (15, 47).
Thus, C3H10T1/2 cells appear to lack only the expression of
one or two regulatory genes for progression to the muscle
lineage.

As discussed above, C2i is a pure stable subclone of C2
that does not differentiate in the presence of serum. Pinset
and co-workers (47a) compared the Kkinetics of differentia-
tion-specific protein expression in C2i and C2 myoblasts. In
addition to the difference in the effects of serum on differ-
entiation, they found that C2i myoblasts differentiate more
slowly, lagging about 24 h behind C2. Prior to differentiation,
C2i myoblasts contain no detectable concentration of AchR
subunit mRNAs, whereas C2 myoblasts express a low level
(10- to 50-fold less than C2 myotubes) of subunit mRNAs.
This leaky expression in C2 may represent basal activation
of the 3-y-subunit gene promoters or may result from asyn-
chronous differentiation by a small subset of C2 myoblasts.
Once differentiated, C2i and C2 are biochemically and
morphologically indistinguishable (47a). The results of our
hypersensitivity experiments with these cell lines are sum-
marized in Fig. 8.

The premesodermal C3H10T1/2 cells expressed only sites
X;, X,, and X,. Sites X,, X3, and X, were expressed in liver
cells (data not shown). Thus, the presence of X; and the
absence of X are all that distinguishes C3H10T1/2 cells from
liver cells. The possible function of these remote sites was
discussed above.

As evidenced by their unipotential ability to differentiate
into embryonic myotubes even after many cell divisions, C2i
myoblasts were determined; however, they were incompe-
tent for differentiation in the presence of serum even in
confluent cultures. Moreover, once serum was removed,
differentiation was slow. These unique properties of C2i
myoblasts were reflected in their DH site pattern at the 8-y
locus. The only detectable difference between C3H10T1/2
cells and C2i myoblasts was the expression in the latter of X,
(Fig. 7). Site X, lies in the d-y intergenic region and is
present both in muscle and liver cells. Thus, X; is not a
specific marker of early myogenic determination. Perhaps,
more than one factor, one specific to liver and one specific to
the muscle lineage, is capable of creating X;. The alternative
offered above is that X, results from the binding of a factor
that is common to both liver and muscle. A third alternative
is that X is created by a common liver and muscle factor but
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FIG. 8. Stepwise activation of the 8-y locus during myogenesis.
Activation of the 3-y locus in clonal cell lines is modeled as a
three-step process of determination, priming, and differentiation.
These stages of activation can be distinguished by their pattern of
hypersensitive sites. Priming, the unique step in this model, is
characterized by the appearance of DH sites at the 5’ ends of the &-
and vy-subunit genes. The primed chromatin conformation of the 8-y
genes, although not essential to the determined myogenic state,
correlates with rapid and permissive myoblast differentiation and &-
and y-subunit gene activation.

additional muscle-specific factors subsequently bind to the
X; site. Regardless of the etiology of the X; site, it should
serve to isolate DNA-binding proteins that are likely to be
involved in early activation of the 3-y locus.

Spontaneously differentiating myoblasts such as C2, F3,
and BC3H-1 differ strikingly from C2i by the presence of DH
sites D, and G, (13) (Fig. 7). The sites are near the 5’ ends of
the & and +y structural genes; D,, in fact, overlaps the &
promoter region. We propose that D, and G, are homolo-
gous DH sites that represent the binding of transcription
factors to the 3 and perhaps y promoters, thus priming the
promoters for the influx and subsequent action of differen-
tiation-specific factors. This priming hypothesis could serve
to explain the slow onset of 8-y expression in unprimed C2i.
A similar priming hypothesis is suspected for a number of
other genes (9, 51, 53, 61, 70) and is well established for
Drosophila melanogaster heat shock-inducible genes (31,
57, 64-68). Alternatively, or in addition to priming, the D,
and G, sites may be associated with the basally activated
state of the 3-y locus, thus explaining their expression in C2
myoblasts.

The differentiated muscle phenotype is characterized by
the DH site pattern shown at the bottom of Fig. 8. Site G, is
the only site specific to differentiated muscle cells. The types
of muscle cell lines that we examined are diverse and include
not only C2 and C2i but also the azamyotube cell line F3 and
the nonfusing BC3H-1 cell line. The differentiation speci-
ficity of G, in each of these lines implicates it as having some
role in the late activation of the 3-y locus. The lack of a
detectable G, analog 5’ to the 3-subunit gene indicates either
that G, serves in the activation of both & and +y or that the &
analog is hidden within or near D,.

The developmental model proposed in Fig. 8 is not meant
to suggest that these intermediate cell types and activation
states necessarily occur during in vivo mouse muscle devel-
opment, but only that through these cell lines we were able
to isolate different stages of chromatin structural activation
of the 3-y locus and can predict possible functions for the
DH sites from the properties of the cell lines.
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