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An upstream region from the transcription initiation site to —177 base pairs (bp) of the human «a-cardiac
actin gene directs the transient expression of a bacterial chloramphenicol acetyltransferase (CAT) gene only in
muscle cells (A. Minty and L. Kedes, Mol. Cell. Biol. 6:2125-2136, 1986). We modified this promoter region
by additional 5’ deletions, linker-scanning mutations, and insertion-deletion mutations and demonstrated that
the asymmetrical sequences in and adjacent to two CArG [for CC(A +T rich)¢GG] motifs, located at —140 and
—100 bp, play an important positive role in transcription. The significant impairment of transcriptional activity
that accompanies the disruption of one CArG box region can be restored by either. This demonstrated that
these two elements interact in a mutually dependent and similar manner. Furthermore, a DNA fragment that
includes the CArG boxes had significant competitive activity for transcription directed by the a-cardiac actin
promoter in an in vivo competition assay. We conclude that the two sequences around each CArG box may
interact with the same class of trans-acting positive factor(s) and that these interactions may mediate
muscle-specific expression. Each of the two CArG regions appears to be bound independently by such a positive
factor(s), and the regions support high-level transcription in a synergistic manner. The transcriptional activity
of this regulatory region is proportional to its distance from a TATA box (at —30 bp) and is strictly orientation
dependent relative to the direction of transcription. Therefore this upstream region is not an enhancer but is

a tissue-specific regulatory upstream element.

The pattern of gene expression in eucaryotic development
and cellular differentiation is controlled by cis-acting pro-
moter DNA elements (reviewed in references 27, 46, 48, and
57). The reintroduction of modified genes into cells has led to
the definition of several classes of such promoter elements.
These include (i) basal promoters, such as TATA elements
(7), which are present in most genes and without which little
precise transcription initiation occurs, but which interact
with non-tissue-specific factors (9, 38, 45); (ii) constitutive
upstream elements, which, like CAAT (3, 13) and CCGCCC
(10) elements, bind ubiquitously expressed proteins (re-
viewed in references 11 and 30), although in some cases
(such as the herpes simplex virus thymidine kinase gene [25,
32)), their functions are in opposite orientation relative to the
basal promoters; (iii) regulatory upstream elements, which
confer tissue-specific or developmental patterns of expres-
sion on their attached genes, such as insulin (12), immuno-
globulin heavy chain (21), and a-fetoprotein (18, 55); (iv)
enhancers, which greatly increase the levels of transcription
in either orientation and at large distances relative to the
basal promoter and which can be inducible, for example,
metallothionein (26, 49), interferon (14, 19, 42), c-fos (53),
cytochrome P-450 (50), or may be expresed only in specific
tissues, such as immunoglobulin heavy-chain (2, 17, 40),
pancreatic protein (6, 54), and yolk protein (15) genes.
However, the distinction between enhancers and regulatory
upstream elements has become blurred because they often
overlap and in certain cases share some characteristics (e.g.,
a number of yeast genes [reviewed in reference 22] and
metallothionein [49]). On the other hand, considerable evi-
dence has accumulated that these promoter elements inter-

* Corresponding author.

2803

act with tissue-specific trans-acting factors, presumably pro-
teins, that modulate transcription (reviewed in references 44
and 46).

To study the mechanisms of tissue-specific transcription
modulation, we have investigated the functions of the pro-
moter regions of the human a-cardiac actin gene. This gene,
which encodes the major actin of adult mammalian heart
muscle, is also expressed at high levels in early stages of
skeletal muscle development and during differentiation in
vitro of primary muscle cells and some muscle cell lines (1,
24, 39). However, since this gene is expressed only at low
levels in adult mammalian skeletal muscle (23, 29, 36), it
must be modulated in a developmentally regulated and
tissue-specific manner. We previously showed that 443 base
pairs (bp) of the human a-cardiac actin gene 5’ upstream
sequences contain sufficient information for its expression in
muscle cells but not in other cell types (34, 35). In brief,
deletions of increasing amounts of the 5’ sequence revealed
that at least two regions, a distal region between —443 and
—395 and a proximal region between —177 and —47 (the
numbers refer to base pairs upstream from the transcrip-
tional start site at +1), are important in the transcriptional
regulation of this gene. These results suggested that a
positive-acting transcriptional modulating factor(s), specific
for muscle cells, interacts with these regions. A DNA motif,
CC(A+T rich)¢GG, which we refer to as a CArG box, is
repeated at —225, —190, —140, and —100 in the upstream
region. This DNA motif is conserved and is present one or
more times in the 5’ flanking sequences of the a-cardiac and
the a-skeletal actin genes of several vertebrates and several
other muscle-associated genes (35, 37). A consensus se-
quence surrounding the CArG box from both actin genes is
a 19-mer oligonucleotide (see Table 2). However, further
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evidence that such CArG sequences play an important role
in tissue-specific transcriptional regulation in muscle cells
would require demonstration that specific deletion and mu-
tation of these elements could effect the transcription of this
gene.

In this paper we examine the effect on expression of fine 5’
deletiohs, linker-scanning mutations (small substitutions),
and small insertion-deletion mutants in the proximal regula-
tory region (—177 to —47). We conclude that two sequence
domains, which include within their core a 10-nucleotide
CArG sequence, play the major roles as cis-sequences
involved in the modulation of muscle-specific transcription
of the human a-cardiac actin gene and that the sequences in
which they are imbedded are of much less importance.
These results, as well as the results of an in vivo competition
assay, suggest that the two domains around the CArG
sequences interact with the same class of trans-acting posi-
tive factor(s) mediating muscle-specific expression, but that
each region appears to be bound by a separate factor
molecule. In addition, the ability of the proximal regulatory
region to support high-level transcriptional activity is di-
rectly proportional to its distance from the TATA box and is
strictly orientation dependent relative to the direction of
transcription. Thus the sequences in which the CArG box is
a core site are the key elements of a positive-acting muscle-
specific promoter. Their rigid spatial relationship with the
basal promoter elements suggests that they are members of
the class of tissue-specific, regulatory upstream promoter
elements and are not members of the enhancer class of
elements.

MATERIALS AND METHODS

Construction of 5’ and 3’ deletions in the proximal regula-
tory region of the a-cardiac actin gene. In general the
procedures for construction of plasmids and preparation of
plasmid DNA were those of Maniatis et al. (28). A 245-bp
EcoRI-HindIIl human a-cardiac actin promoter fragment
from —177 to +68 (including 44 bp of the first exon and 24 bp
of the first intron) (35) was recloned into M13 bacteriophage
mpl0 and mpll (33). For the construction of a series of 5’
deletions, replicative form DNA from the M13mp10 clones
was linearized by digestion with EcoRl, treated for various
times with nuclease BAL 31, ligated with phosphorylated
Bglll linkers (S’CAGATCTG-3’; New England BioLabs),
and transfected into Escherichia coli JM101. The deletion
endpoints of the resulting clones were determined by the
dideoxy chain termination sequencing method (43). A series
of 3’ deletions of the promoter region were constructed by a
similar BAL 31 exonuclease procedure, starting from the
cloned M13mpl1 plasmids digested with Tth111I, which cut
the cloned DNA once at —47 of the a-cardiac actin pro-
moter.

Construction of CAT expression plasmids. Plasmid
pHCA177CAT (35) carries the 245-bp EcoRI-HindIII frag-
ment of the a-cardiac actin promoter (—177 to +68) adjacent
to an EcoRI-HindIII segment bearing the bacterial chloram-
phenicol acetyltransferase gene (CAT). This CAT segment
had been derived by inserting, between the HindIIl and
BamHI sites of pBR322, a HindIII-BamHI fragment from
pSV2CAT (20) that harbors the CAT gene and the splicing
and polyadenylation signals.

The same HindIII-BamHI CAT fragment of pSV2CAT
was also inserted between the BamHI-HindIII sites of the
pBR322 derivative plasmid pML21mpl0. The EcoRI-
HindIIl fragment of this plasmid had been replaced by a
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FIG. 1. Schematic map of plasmid used for construction of
human a-cardiac actin-CAT plasmids. Symbols: @za, o-cardiac
acting promoter; 1, bacterial CAT gene; wmm, simian virus 40
splice and polyadenylation signal fragments. An arrow shows the
transcriptional orientation. Abbreviations: B, BamHI; E, EcoRI; G,
Bglll; H, HindIIl. Each DNA fragment is not drawn to scale. The
lines connecting the BamHI and HindlIl sites represent the con-
struction of pHCAOCAT.ML21mp10. Replacement of the HindIII-
Bglll fragment of this plasmid allowed construction of the 5’
deletion series and INV-1 CAT plasmids.

polylinker fragment of M13 phage mpl0, its Sall site had
been replaced by a Bglll site, and the fragment be-
tween bases 1095 and 2485 (indexed to pBR322 [28]) had
been deleted. This second CAT plasmid, designated pHCA
0CAT.ML21mpl0 (Fig. 1), carries no eucaryotic promoter
and has no CAT activity in the transfection experiments
described below.

The Bg/II-HindIIl 5' deletion fragments of the a-cardiac
actin promoter were recloned by substituting them for the
BgllI-HindIIl segment of pHCAOCAT.ML21mpl0 (Fig. 1).
The resulting series of 5’ deletion CAT plasmids were named
pHCA161CAT to pHCA25CAT (see Table 1). The numbers
following the HCA designation indicate the upstream dis-
tances of the 5’ deletion sites relative to the transcription
start site. Linker-scanning (LS) or small insertion-deletion
(ID) mutant plasmids were assembled by joining pairs of the
EcoRI-Bglll 3' deletion and Bg/II-HindIII 5’ deletion frag-
ments through the Bglll site. The numbers of parentheses
following LS and ID designations indicate the end sites of
the joined 3’ and 5’ deletion fragments. In a few cases,
before ligation blunt ends were created from the Bglll
termini either by filling in with nucleotide triphosphates with
the Klenow fragment of DNA polymerase I or by deleting
the overhanging nucleotides with S1 nuclease. Every LS and
ID mutant was sequenced again after construction. The
resulting nucleotide sequences of the LS and ID plasmids
were similar to those of pHCA177CAT, except for the
nucleotide changes shown in Fig. 2. After Haelll digestion
of the ID-3(—93/-122) plasmid, a 95-bp fragment which
includes —139 to —93 and —122 to —83 of the a-cardiac actin
promoter was recloned in a Smal site of pUC19 plasmid and
then a Bg/II-BamHI CAT fragment from pHCA70CAT was
inserted in a BamHI site. This resulting plasmid (see Fig. 4)
is designated pUC-C11.

An inversion mutation (INV-1) of the proximal regulatory
region was created by ligating an EcoRI-Bgl/II fragment
(=177 to —65) from the 3' deletion series and an EcoRI-
HindIII fragment (—101 to +68) from pHCA101CAT (35).
These fragments were linked through their EcoRI sites and
substituted for the Bgl/II-HindIII segment of pHCAO
CAT.ML21mpl0 (Fig. 1). To construct the other inversion
mutation (INV-2), we isolated a 125-bp Sau3A fragment
(=172 to —47) from pHCA-P (35), which contains an Alul-
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Tth111l fragment (—240 to —47) of the «-cardiac actin
promoter, and inserted it in a BglII site of pHCA47CAT in an
inverted orientation.

Cell culture and transient expression assay of CAT. Tissue
culture of the mouse C2C12 myogenic cell line (5, 56) and
DNA transfection by the calcium phosphate precipitation
method were described previously (35). At 20 h after trans-
fection, the medium was changed to normal growth medium
(Dulbecco modified Eagle medium supplemented with 20%
fetal calf serum). Except as noted in Fig. 8, after an
additional 24 h the confluent cultures were switched to
nutrient-poor medium including 2% horse serum to induce
differentiation into multinucleate myotubes, and the cells
were incubated for an additional 40 h (1). The CAT activity
of the myotube lysate was determined as described previ-
ously (35), except that a 40-pl portion of cell extract was
incubated with the [C]chloramphenicol substrate for 90
min. After thin-layer chromatography and autoradiography,
the percentage of conversion of chloramphenicol to the
acetylated forms was determined by scintillation counting.

The CAT activities of each plasmid in each experiment
were normalized relative to that of plasmid pHCA177CAT as
100% and that of plasmid pHCAOCAT.ML21mpl0 as 0%.
Each CAT activity datum point represents at least three
independent transfection assays involving at least two dif-
ferent plasmid preparations to overcome the variability
inherent in transfections. Their means and standard devia-
tions were calculated and shown as CAT activities.

RESULTS

Promoter activity of 5’ deletions in the proximal regulatory
region. Only two of the deletions (at —118 and at —101)
previously described (35) were in the proximal regulatory
region (—177 to —47) of the human a-cardiac actin gene. To
more precisely define the DNA sequences in this region that
were required for muscle-specific expression, we con-
structed a number of 5’ deletions mutants extending in the 3’
direction from —177 (see Materials and Methods). We con-
sider that the CAT activities of the a-cardiac actin promoter
constructs are a reasonable measurement for relative tran-
scriptional activity, because S1 nuclease protection assays
had indicated previously that transcripts originating from
these CAT plasmids initiated at the correct site and the
measured CAT activities paralleled the amount of the CAT
mRNA (34). Accordingly, we used transient expression of
CAT activity following transfection in C2C12 cells to mea-
sure the transcriptional activity of 17 different plasmids
carrying 5’ deletion mutants linked to the CAT gene. The
CAT activities of these 5’ deletion mutants were evaluated
relative to that of plasmid pHCA177CAT, and are summa-
rized in Table 1 and illustrated in Fig. 2. From these data we
conclude that two DNA regions, between —161 and —154
and between —113 and —103, appear to be required to
maintain the high-level transcriptional activity of the intact
pHCA177CAT promoter region. These two regions coincide
with locations of the duplicated 19-base domains with CArG
sequences at their core. In addition, a region between —142
and —120 appears to have a slight inhibitory role in this
assay. We reconfirmed our previous results (35) that 5’
deletions beyond —102 had low but significant transcrip-
tional activities, whereas plasmid pHCA2S5CAT, which lacks
the TATA box, had no detectable CAT activity.

The proximal regulatory region has at least two functional
segments. We determined that CAT activity increased
linearly with the concentration of transfected DNA in the
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TABLE 1. Level of CAT activity of 5'deletion and LS mutants
from transient expression in C2C12 cells®

No. of plasmid
. .. reparations and
Plasmid Re'(*:;'g:nc,;gagg‘)’“y ’ i:depend;m
transfection
assays
pHCA177CAT 100 4, >10
pHCA161CAT 108 + 11 2,5
pHCA153CAT 63 =7 3,8
pHCA142CAT 41 + 4 3,7
pHCA135CAT 50 =7 2,4
pHCA131CAT 47 = 8 2,4
pHCA125CAT 557 2,6
pHCA122CAT 58 +3 2,6
pHCA119CAT 62+ 6 3,7
pHCA113CAT 52+8 4,8
pHCA102CAT 5*3 2,8
pHCA96CAT 8§ +2 4,7
pHCAS89CAT 6+1 2,3
pHCAS85CAT 8+4 2,3
pHCA70CAT 75 2,4
pHCAS7CAT S5+4 2,3
pHCA47CAT 53 2,3
pHCA25CAT <3=x2 2,5
LS-1(—161/-153) 95 + 12 2,4
LS-2(-147/-142) 83+ S 4,8
LS-3(—157/-142) 307 3,8
LS-4(—151/-135) 24 + 4 3,8
LS-5(—-136/-131) 9 + 11 2,6
LS-6(—108/—96) 12+ 4 4,8
LS-7(—93/-85) 93+ 14 . 2,4
LS-8(—65/—57) 104 = 10 2,4

2 For details, see the legend to Fig. 2.

range of 0.1 to 10 pg of DNA per 100-mm-diameter dish of
cells. To distinguish the effect of specific DNA sequences
from the effect of carrier DNA, we added increasing
amounts of pHCA177CAT or pHCA119CAT plasmid DNA
to carrier pML21mp10 plasmid DNA for a total of 10 pg of
DNA per 100-mm dish. The CAT activity reached a plateau
in C2C12 cells when about 1 pg of CAT plasmid DNA per
dish was transfected (Fig. 3). This result showed that a
limited amount of the cellular factor(s) was present in C2C12
cells that acquired the CAT-plasmid DNA, sufficient to be
saturated by 1 pg per 100-mm dish. Furthermore, since
saturating levels for both plasmids were essentially the same
but the CAT activities of pHCA177CAT were approximately
twice those of pHCA119CAT at every level of DNA input,
the difference between the transcriptional activities of these
5’-deleted promoters depends not on the amount of cellular
factor(s) but on the DNA region(s) deleted from pHCA
119CAT. Therefore, there are at least two DNA segments
with distinct positive functional roles in the proximal regu-
latory region, one carried by both pHCA177CAT and
pHCA119CAT and the other in the region between —120 and
—177. This result is consistent with the delineation of two
major regulatory segments by our 5’ deletion analysis shown
in Fig. 2.

Promoter activity of LS mutants. A more detailed analysis
of the sequences required for tissue-specific transcription of
the a-cardiac actin gene was done by constructing small
substitution mutants, referred to as LS mutants (31), located
in the proximal regulatory region. DNA segments that had
been subjected to 5’ or 3’ deletion by BAL 31 exonuclease
were subcloned as described in Materials and Methods.
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Selected segments were isolated by restriction endonuclease
digestion, joined to each other by ligation through linker
DNA, and reinserted in the CAT plasmids. Each construct
was examined by DNA sequencing and was found to be
identical in nucleotide length with the native promoter
segment, except for LS-3 and LS-4, which were one nucle-
otide shorter and whose sequences are presented in Fig. 2 or
Table 2.

The CAT activities of eight such recombined plasmids
(LS-1 to LS-8) were measured, and the results are summa-
rized in Table 1 and Fig. 2. In Fig. 2, the location of the LS
mutations are designated by thick bars whose nucleotide
sequences are shown beneath the figure. The extent of the
LS substitutions is designated by the length of the bars, and
their impact on CAT expression shown in Table 1 is desig-
nated by the position of the boxes on the ordinate. LS
substitutions involving the CArG sequence located from
—140 to —149 [LS-3(—157/—142) and LS-4(—151/—135)] and
—100 to —109 [LS-6(—108/—96)] greatly reduced CAT gene
expression, while substitutions at four other locations [LS-
1(—161/—153), LS-5(—-136/—131), LS-7(—93/—85) and LS-
8(—65/—57)] had little or no effect. The result with LS-
2(—147/-142) is discussed below.

From these results, we conclude that both the first and
second CArG sequences have a positive functional role in
expression of the a-cardiac actin gene as determined by this
CAT expression assay. One distinctive aspect of this result
is that LS mutations in the second CArG box (LS-3 and
LS-4) had significant residual activity (about 30%), whereas
a similar mutation in the first CArG box (LS-6) had a more
profound effect and reduced transcription (12%) close to
basal levels.

Sequences around both CArG boxes have the same function
in transcription. Taken together, our analysis of the 5’
deletion mutants and the LS mutants suggests that se-
quences which include both the first (—100) and the second
(—140) CArG boxes play a positive role in transcription of
the a-cardiac actin gene. To investigate whether both the
CArG box regions have the same positive function in tran-
scription as subcomponents of the proximal cis-acting regu-
latory region, we constructed several small insertion-

30 1+

20 +

% Conversion

T J I 1 |
0.1 05 1 5 10

png of CAT Plasmid

FIG. 3. DNA concentration dependence of transfected pHCA
177CAT and pHCA119CAT plasmids on CAT activity. Various
amounts (0.1 to 10 pg) of DNA of plasmids pHCA177CAT (@) and
pHCA119CAT (O) were transfected with pML21mpl0 plasmid
DNA as carrier to yield a total amount of 10 pg per 100-mm dish.
After the CAT assay, the percentage of acetylated chloramphenicol
was plotted as a function of the logarithm of the amount of CAT
plasmid DNA. Vertical lines represent standard deviations at each
point.
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CAT
activity
177 | L < 100% HCA177CAT
-108/-57
477 ———O———~—— 31:4% |D-1(-108/-57)
-136/-89
177 | NO ~ 28t5% |D-2(-136/-89)

-89 f—————g—— 6t1% HCAB9CAT
122 f——————g—— 58:3% HCA122CAT

[¥-122
17— —-Of———————~——— 9%18% |D-3(-93/-122)
93/-122 -83-70

139 ]—.—o—.—@ﬂ——. > 122¢8% UC-C11

FIG. 4. Effect of exchange of two CArG box regions on a-
cardiac actin gene transcription. The diagram shows the positions of
the CArG sequences in each mutant and the transcription level
relative to that of the intact pHCA177CAT. Symbols: V, TATA
box; M, first CArG region; &z, second CArG region; O, linker
DNA. The numbers above the open circles indicate the positions of
the 5’ and 3’ nucleotides that are immediately adjacent to the
substituted sequence. Numbers on the left indicate the 5’ end
nucleotide contributed by the promoter fragments. The mean CAT
activity and standard deviation for each construct are indicated.

deletion (ID) mutants. First, we exchanged the sequences
from the cis region that includes the second CArG box for
those of the first CArG box. Two 3’ deletion fragments
carrying the sequence including the second but not the first
CATrG box were linked to 5’ deletion plasmids missing both
regions. The replacement mutants [ID-1(—108/—57) and ID-
2(—136/—89)] exhibited fivefold-higher transcriptional activ-
ities than the basic 5’ deletion plasmids (PHCA89CAT and
pHCAS57CAT) did (Fig. 4). However, their activities were
only half that of the CAT plasmid having the first CArG
region at the same site (pHCA122CAT). Thus it appears that
the sequences including the second CArG region replace the
first one, but with weaker activity.

Next, we constructed two mutants in which a sequence
surrounding the first CArG box was placed in the site of the
second CArG box [ID-3(—93/—-122) and pUC-C11]. Both
mutants had the full transcriptional activity, comparable to
that of the intact pHCA177CAT control plasmid (Fig. 4).
Thus the sequence around the first CArG box appears to be
able to replace that of the second CArG box. The impact of
the third CArG box in ID-3 should be ignored, since it is
located too far upstream to significantly affect transcription,
as discussed below.

On the basis of these results, we conclude that the two cis
regions that include the first and second CArG box core
sequences can replace each other as sites of positive func-
tional regulation in the a-cardiac actin promoter and there-
fore probably represent common positive control elements
that interact with the same, or an overlapping set of,
transcriptional factors. The CArG box is the only sequence
common to these two regions, and it may play the same role
in their function.

Effect of altered distance between the two CArG sequences.
The two CArG sequences are separated by exactly 40 bp and
are likely to face the same side of the DNA helix. To
determine whether their stereochemical orientation relative
to each other is necessary for their transcription-stimulatory
activities, we altered the distance between them by creating
a series of ID mutants. Addition of 4 bp [ID-4(—136/
—131)] or deletion of 2 bp [ID-5(—136/—125)] had no effect
on transcriptional activity (about 88% of the wild type) (Fig.
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-140

| | |
mccrcGGCAGTCCTAGCGGGTGCGAAGGGG

(£0)

R R CC TCCATGGTCC TAGCGGGTGCGARGGGG

(+4)

SRR CTCCAGATCTGGTCCTAGCGGGTGCGMGGGGAM

(-2)

A AR RN CTCCAGATCTGGCGGGTGCGARGGGCASCAREIXNGD

MoL. CELL. BioL.

-100 CAT
activity
100% HCA177CAT
PEsiitsss  96+11% LS-5 (-136/-131)
88+4% 1D-4 (-136/-131)
87+7% 1D-5 (-136/-125)

FIG. S. Effect of distance between two CArG boxes on transcriptional activity. Nucleotide sequences between the two CArG boxes in the
wild-type, LS-5, ID-4, and ID-5 mutants are shown. The two CArG sequences are indicated by hatched boxes. Nucleotides that were derived
from substitution of BgllI linkers as described in Materials and Methods are underlined. Not all the underlined bases represent substitutions.
The numbers in parentheses represent the number of nucleotides added to or deleted from the wild-type sequence between two CArG

sequences.

5). These alterations should have a profound effect, how-
ever, on the stereochemical orientation of the two CArG
boxes to each other with respect to the DNA helix (about
one-half turn of B-form DNA). These results indicate that
transcriptional stimulation of the proximal regulatory region
does not require stereospecific alignment between the two
CATrG sequences on the DNA helix and that they appear to
be two independent sites as regards their interactions with
transcriptional factors.

The sequences surrounding the CArG boxes are also func-
tional. The two regions around each CArG box in the
proximal regulatory region appear to interact with a common
positive transcriptional factor(s) in C2C12 cells but with
separate molecules. Comparisons of these two sequence

domains from the a-cardiac actin promoter of human (35),
mouse (16), chicken (8) and frog (37) DNA (Table 2) do not
reveal a sequence common to them except the CArG se-
quence. Even the CArG sequences are different in the
A+T-rich core region, since the second CArG box contains
an occasional G or C.

This suggests that the ability of the region around the
second CArG box to replace the first one does not depend on
the identity of these A-T core sequences. To further analyze
the importance of this core segment, we investigated
whether changes in the A-T core sequence would still allow
the CArG domain to act as a functional site. One LS
mutation, LS-2(—147/—142), has only a 4-bp substitution
(—146 to —143) located in the central A-T core within the

TABLE 2. Comparison of the sequences around the first and second CArG boxes in mutant plasmids and four vertebrate a-cardiac actins

Nucleotide
Plasmi . b no. at the Transcriptional
asmid or species Sequence last G in the stimulation
CArG box
CArG box 1
Frog gaagC-TaccaaataaggGCaggCTg —81
A
Chicken gaagCgg--caaataaggGaaggtgsg -76
Mouse TaaggCgaccaaataa caaggtgeg -102
Human GAAGGGGA[C CAAATAAG%CAAGGTGG -100 +
LS-6(—108/—-96) gaaggggaccCaGATCgATCTggtgeg -
C
ID-6(—108/—96) gaaggggalccaGatCTgg TGGCAGAC =95 -
CArG box 2
LS-2(—147/-142) ccttggcectjccaGATCtgglcctcggca —140 +
ID-7(—-161/-142) TcCtCTcQccaGATCtgglcctcggeca —140 -
LS-3(-157/-142) cAGAT -ctGcaGATCtggcctcggca -
LS-4(—151/-135) ccttggcAGATCTGCAgATct-ggca -
Human CCTTGGCTCCATGAATGGCCTCGGCA —140 +
Mouse ccttggctccaAgaatggcctcAgeG -141
Chicken ccttgg--ccatTCatggccGegCTG -110
Frog cctA--ctccatTaatggcTtcTTTG -121
Consensus® G A AA A G AGGG
N CC A ATGG C
CT TT T C TCCC

2 The alignment of the CArG sequences in human (35), mouse (16), and chicken (8) a-cardiac actin genes is taken from Minty and Kedes (35). The sequence for

the frog (Xenopus laevis) is taken from Mohun et al. (37).

b Bases different from the human sequence are shown in capital letters. Missing or excess bases are designated by dashes or superscript letters, respectively.
The CArG boxes in the human sequence are boxed. The large box demonstrates the identity of the reconstructed core CArG box sequences in ID-6 and ID-7

mutants with that of LS-2, which retains positive function.

¢ Details about the consensus sequence will be described elsewhere (A. Taylor et al., manuscript in preparation).
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CAT
activity
77— B ~7 100% HCA177CAT
-177 < 7+4% |D-6 (-108/-96)
-108/-96
** eGGACCCAGATCT----GGTGG***
WT -+ +GGACCAAATAAGGCAAGGTGG® * *
-108 -96
-177 ~ 3316 % |ID-7 (-161/-142)
-161/-142 \
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. -chccmcccncec'rmcc eoe
-161 -142

FIG. 6. Effect on transcriptional activity of small deletions immediately flanking the 5’ and 3’ sides of the CArG box core sequence. The
structures of the promoters and their elements are described in the legend to Fig. 4. The residual nucleotide sequences of the two deleted
segments and the wild-type (WT) sequence appear below each construct. Dashes indicate deleted nucleotides. The underlined nucleotides are

the CArG sequences.

second CArG sequence (Fig. 2; Table 2). This mutant has
83% of the CAT activity of the intact —177 construct (Table
1). Thus, addition of a G or C in the A-T core of the CArG
box does not seem to have a significant effect on its positive
regulatory function.

Two insertion deletion mutants, ID-6(—108/—96) and ID-
7(—161/—142), greatly distorted the nucleotide sequence of
the first and second CArG domains, respectively. The orga-
nization of these two constructs and their residual nucleotide
sequences in the areas of interest are presented in Fig. 6 and
Table 2. In each case the insertion of a Bg/II linker in the
sites of deletion had reconstructed a CArG box core se-
quence that was identical to that of the mutant LS-2 CArG

CAT
(A) activity

177 I-—E—.-ﬁ_ 100 %

-« a0t

HCA177CAT

s ———O0———————o——  1753%  INV-1
-65/-96
77 ﬂo—,— 72t8%  ID-8(-65/-96)

- 17247
47— ———0O——— 20t6% INV-2

96 f————o——  8:2% HCA96CAT
(B) 9385
77 9047%  LS-7 (-93/-85)
105 bp 2615 % iD-9
207 bp 12t4%  ID-10
272 bp 7+4%  ID-11
-93/-57
177 ——O—o——  92:0%  ID-12 (-93/-57)

FIG. 7. Effect on transcriptional activity of alterations of the
orientation (A) and distance (B) of the proximal regulatory region
relative to the basal promoter element. The structures of the
promoters and their elements are described in the legend to Fig. 4.
Arrows in panel A indicate the relative orientation of the wild-type
and inverted regulatory regions. ID-9, ID-10, and ID-11 were
constructed by insertion in the BglIl site of plasmid LS-7 of,
respectively, 105 bp (3328 to 3224 indexed to pR322 [28]), 207 bp
(1459 to 1665), and 272 bp (824 to 1095) Sau3A fragments from
pBR322.

box core sequence (Table 2). Although this LS-2 like CArG
box core sequence functioned at wild-type levels in CAT
activity tests of LS-2, both ID-6 and ID-7 showed weak
transcriptional activities, of 7 and 33%, respectively, of that
of the wild-type promoter. Thus, assuming that the CArG
box core sequences of ID-6 and ID-7 continue to function
normally, the negative impact of the ID-6 and ID-7 mutations
seem to lie in the altered bases now flanking the reconsti-
tuted CArG core sequence.

Examination of the reconstituted ID-6 mutant sequence
suggests that the low transcriptional activity is related to the
deletion of the four nucleotides between —97 and —100 (Fig.
6). This supports the notion that these four bases, part of the
conserved CArG domain and of the CArG consensus se-
quence (Table 2), are intrinsic to the positive regulatory
function of this domain.

Similarly, an analysis of the reconstituted nucleotide se-
quence of ID-7 suggests that deletion of the nucleotides
between —148 and —160 are critical for the function of the
second CArG domain (Fig. 6). This may explain the major
effect on transcription engendered by deletion of sequences
between —161 and —153 in the corresponding plasmids
pHCA161CAT and pHCA1S3CAT (Fig. 2). Thus sequences
immediately flanking either the 5’ or 3’ side of the CArG core
appear to be critical for the function of these duplicated
domains. The extent of this critical domain appears to
coincide with the 19-base consensus sequence (Table 2), but
it is also clear that not all base substitutions in this domain
are equally deleterious and that some appear to be neutral.

The proximal regulatory region is not an enhancerlike
element. We have previously shown that although pHCA
177CAT and pHCA47CAT have the same transcriptional
activities in fibroblast cells, pHCA177CAT has 1 order of
magnitude higher activity in muscle cells (34, 35). Taken
together with the results presented above, this shows that
the human a-cardiac actin gene promoter consists of two
major sets of elements: a basal promoter element including
the TATA box (around —30) and perhaps additional se-
quences surrounding the transcription initiation site (41, 52),
and a second upstream element responsible for tissue-
specific expression. For the a-cardiac actin promoter, this
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FIG. 8. CAT activity in an in vivo competition assay. Competi-
tor DNA fragments from —177 to +68 (lanes 1) and —177 to —48
(lanes 2) of the a-cardiac actin promoter were cloned into pML21
mp10. Samples (0.1 pg) of the reporter plasmids, pHCA177CAT (A)
and pSV2CAT (20) (B), were cotransfected into C2C12 myoblasts
along with 10 pg of competitor plasmid or the vector plasmid (lanes
3), as described in Materials and Methods. Instead of changing to
nutrient-poor medium for cell fusion, transfected cells were main-
tained in serum-rich medium for a further 24 h before their CAT
activities were measured. Arrows on the autoradiogram indicate the
1- and 3-monoacetylated chloramphenicol forms.

second element is itself quite complex and consists of
proximal and distal segments, each of which contributes
quantitatively to tissue-specific transcriptional activity (35).
As demonstrated here, the proximal segment also has sub-
domains, coincident with the two CArG boxes. Since in
some genes such upstream tissue-specific elements have
enhancer like activities (reviewed in reference 46), we inves-
tigated whether the proximal regulatory region has tissue-
specific enhancer properties such as independence of orien-
tation and location relative to the basal promoter and
transcription initiation site.

First, to test the effect of its orientation, we linked the
entire proximal regulatory region (—65 to —177) to the basal
promoter element in both orientations [INV-1 and ID-
8(—65/—96)]. In these mutant promoters (Fig. 7A), the first
CArG sequence lies at almost the exact location occupied by
the second one and vice versa. The inverted orientation of
the promoter in INV-1 led to weak transcriptional activity
(17% of the wild-type promoter), whereas ID-8 engendered
high-level CAT activity (72%). Although this result suggests
that this region is orientation dependent, the low activity of
INV-1 could also be due to the displacement from the basal
promoter of the first CArG box with its stronger transcrip-
tion stimulation effect. To rule out this possibility, we
constructed a second inversion mutant (INV-2), in which the
proximal regulatory region is about 60 bp closer to the basal
promoter (Fig. 7A). This mutant also had weak transcrip-
tional activity (20%). Thus we conclude that the function of
the proximal regulatory region appears to be unidirectional.

We next studied the impact of altering the distance be-
tween the proximal regulatory region and the basal pro-
moter. We constructed a series of plasmids similar to the
native pHCA177CAT plasmid, except for differences in the
distance between the first CArG box and the basal promoter
element. When the proximal regulatory region was separated
from the basal promoter element by an additional 100 bp or
more (ID-9 to ID-11 in Fig. 7B), the transcriptional stimula-
tion of the proximal regulatory region progressively de-
creased. When approximately 272 bp of DNA was inserted
(ID-11), the activity level was that of the basal promoter
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(pHCA96CAT). In addition, the transcriptional activity of
ID-8(—65/—96), which has only 38 bp introduced but at a
slightly different site, was decreased by 28%. When this
activity is compared with the activity of LS-7(—93/—85) or
LS-8(—65/—57) (Table 1) and those of the other ID class of
mutants, it is clear that the tissue-specific transcriptional
activity of the proximal regulatory region is exquisitely
sensitive to increasing distances between that region and the
basal promoter element. This appears to be an effect of
increasing distance rather than absolute distance, since the
CAT activity of one mutant [ID-12(—93/—57)], which has a
35-bp deletion, was essentially unaffected. Although one
cannot exclude the possibility that the nucleotide sequences
introduced into or deleted from this region are themselves
the direct cause of alterations observed in transcriptional
activity, the progressive loss of activity with increasing
distance suggests that the distance itself and not the primary
sequence is responsible.

Thus the ability of the proximal regulatory region to
modulate transcription depends not only on its orientation
but on its position relative to the basal promoter element.
This distance-dependent activity may explain why deletions
of the third and fourth CArG sequences, located at —190 and
—225, respectively, did not severely inhibit the a-cardiac
actin gene transcription, even if they have a positive function
in gene expression (35), and also why the third CArG box in
ID-3 did not show more activity than UC-C11 in Fig. 4. From
these results we conclude that the proximal regulatory
region is a tissue-specific regulatory upstream element but is
not a member of the inducible enhancer class of elements
found in upstream regions of a number of other cellular
genes (see Introduction).

In vivo competition assay. An alternative approach for
identification of cis-acting regulatory sequences is to deter-
mine whether those sequences can interfere with the expres-
sion of an intact promoter. Since a trans-acting transcription
factor(s) in C2C12 cells is saturated by 1 pg of CAT plasmid
(Fig. 3), and thus appears to be rate limiting, we reasoned
that if a reporter CAT gene and competitor DNA are
cotransfected, we might expect to find decreasing reporter
gene expression with increasing concentrations of competi-
tor DNA (47). Accordingly, the a-cardiac actin promoter
linked to the CAT gene (reporter gene) was transfected into
C2C12 cells along with various segments of the a-cardiac
actin promoter or vector DNA alone (competitor DNA).

First, to check whether such in vivo competition assays
work in combination with the human «-cardiac actin pro-
moter system and C2C12 cells, we used plasmids bearing the
region —177 to +68 as competitor DNA, and the same region
linked to the CAT gene (pHCA177CAT) as the reporter
gene. In the experiments shown in Fig. 8A, the ratio of
competitor to reporter DNA was 100:1. A drastic decrease of
the CAT activity could be observed (lane 1), but vector DNA
alone (lane 3) had no effect on the ability of pHCA177CAT to
express CAT. Next, to ensure that this competition was not
due to the presence of sequences near or 3’ to the basal
promoter elements, we also used DNA from the region
corresponding only to the proximal regulatory region (—177
to —48) as competitor, with an identical inhibitory result
(lane 2). Finally, we determined that the CAT activity
engendered by the simian virus 40 early promoter in
pSV2CAT (20), which is essentially equal in muscle and
nonmuscle cells (35), was not reduced by the presence of any
of the competitor DNA fragments used (Fig. 8B). These
results indicate that the proximal regulatory region, which
includes both CArG boxes, is probably recognized by a
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positive trans-acting regulatory factor(s) whose amount is
limiting in C2C12 muscle cells.

DISCUSSION

Two CArG boxes are core sequences for tissue-specific
transcriptional stimulation. We have examined in detail the
proximal transcription-regulating region of the human o-
cardiac actin gene, which is one of the sequences required
for high-level, tissue-specific transcription in muscle cells
(34, 35). This region, located between —177 and —47,
consists of at least two discrete regulatory segments: se-
quences upstream and downstream from —119 (Fig. 3). By 5’
deletion analysis, we have mapped the 5’ boundary of
sequences required for high-level expression at —161. The
results of CAT expression studies that we obtained with
several ID mutants of this proximal regulatory region dem-
onstrate that deletions between —135 and —126 (ID-5) and
between —92 and —58 (ID-12) had little or no effect on
transcription. These results are consistent with data pro-
vided by study of the LS mutants (LS-S, LS-7, and LS-8),
whose modifications to these locations also had little or no
effect on transcriptional activity. Therefore, two essential
positive upstream functional elements in the proximal regu-
latory region that are responsible for transcriptional stimu-
lation of the a-cardiac actin gene have been defined between
—161 and —136 and between —119 and —93.

The sequences of these essential elements are well con-
served among the upstream regions in the a-cardiac actin
genes of several vertebrates shown in Fig. 2 and Table 2 (35).
Each of these conserved regions contains the CArG box,
which is also found in the upstream regions of several actin
and muscle-associated genes (35). The results obtained with
LS mutants (LS-3, LS-4 and LS-6) indicated that each CArG
box domain plays a significant role in transcriptional stimu-
lation. In addition, upstream regions in the chicken and
human a-skeletal actin genes that include the CArG se-
quence are also an integral part of tissue-specific regulatory
regions in muscle cells (4; G. Muscat and L. Kedes, submit-
ted for publication). Therefore, the CArG sequence domain
appears to be the major component responsible for muscle-
specific transcriptional stimulation of these genes. However,
it is not yet clear how much of the DNA sequences imme-
diately surrounding the CArG sequence also are necessary
for the function of these essential elements. Indeed, we
showed that the sequences surrounding the CArG boxes are
necessary for positive function and that the consensus
sequence in these sites extends beyond the CArG core
sequence (Fig. 6; Table 2). Accordingly we can conclude
that these slightly longer regions, from —161 to —136 and
from —119 to —93 and including the CArG core sequences,
are the essential cis-acting sequences required for tissue-
specific transcriptional stimulation.

On the basis of the results of the 5’ deletion studies, the
region between —142 and —120 seems to have a slight
inhibitory effect, but the negative role of this region remains
unclear. Nor can we rule out the possibility of additional
regulatory regions that we failed to detect in the a-cardiac
actin gene. Because these studies were limited to transient
transfection into C2C12 cells, we may only be assaying
regulatory regions for a trans-acting factor(s) that is present
in sufficient quantity, that is peculiar to C2C12 cells, and that
binds to episomal DNA. Indeed, there is some evidence that
the expression of DNA transfected into different muscle cell
lines is variable (34; Muscat and Kedes, submitted). How-
ever, results obtained with transiernt-expression experi-
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ments in several lines of muscle cells (C2C12 cells, L8 cells
[34], and H9 cells [P. Benton-Vosman, unpublished data]),
as well as results of experiments to measure the relative
transcription of the intact a-cardiac actin gene and promoter
deletions of it, are all consistent with an essential and
common positive function for the CArG box sequences.

Synergistic function by the same class of positive trans
factor(s) binding to both CArG box regions. The results of in
vivo competition assays suggest that the proximal regulatory
region, which includes both CArG boxes, had a binding
activity for a positive-acting, trans-regulatory factor(s) in
C2C12 cells. The two cis-acting regions around the first and
second CArG boxes are essential elements in this proximal
regulatory region. In addition, our studies on mutants with
exchanged cis regions indicate that these CArG box regions
could replace each other, and we have recently shown that
short DNA fragments that include either CArG box can
compete for a-cardiac actin gene expression in the in vivo
competition assay (T. Miwa, L. Boxer, and L. Kedes, Proc.
Natl. Acad. Sci. USA, in press). Therefore we propose that
each CArG box region can be recognized by the same
positive trans-acting factor(s) in muscle cells. Since the
CArG box sequence is common to the two regions and is the
major functional component required for transcriptional
stimulation, we infer that the CArG box is at least respon-
sible for the binding of such positive trans factor(s).

The exchange of CArG box regions within the proximal
regulatory region of the a-cardiac actin gene revealed that
the degree of transcriptional stimulation by the second CArG
region was weaker than that of the first CArG region.
Consistent with this difference is our recent observation that
the sequence including the second CArG box has a weaker
activity in both in vivo competition and gel mobility shift
assays (Miwa et al., in press). One interpretation of the
different activities of the two CArG regions is that both are
recognized by an identical trans-acting factor(s), but that the
overall binding affinity for the cis region around the first
CArG box may be stronger than that of the second one. An
alternative interpretation is a qualitative difference between
the trans factors that bind to the two cis regions. For
example, the first region may interact with an additional
positive trans-acting factor(s) which does not interact with
the second region and hence stimulates transcription more
efficiently. In either case we do not yet know whether the
different strengths of these two cis regions stem from differ-
ences between the A+T-rich core sequences of the CArG
boxes or from differences between the sequences surround-
ing the CArG box. These subtle distinctions must await the
results of analyses carried out with point mutations in this
region on both transfection activities and binding studies
with isolated trans-acting factors.

The two CArG boxes in the proximal regulatory region are
probably located on the same side of the DNA helix.
Upstream sequences of the simian virus 40 early promoter
must face the same side of the DNA helix to provide efficient
transcriptional stimulation (51). Our results, as shown in Fig.
5, however, demonstrate that such a stereospecific structure
is not necessary for the high level-transcriptional activity of
the proximal regulatory region. Taken together with results
discussed above, this observation suggests that the two
regions including the CArG box, which must have a signifi-
cant role in binding, are not recognized by a single factor
molecule or complex, but that each region appears to bind to
a separate factor molecule. Only when such factors are
bound to both regions including the CArG box is transcrip-
tion stimulated maximally. In addition, the results of our
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studies with LS mutants showed that disruption of the first
CArG box (LS-6) reduces promoter function as severely as
disruption of both elements, whereas the first CArG box
retained significant function despite inactivation of the sec-
ond box (LS-4). Thus the CArG box regions appear to
operate in a mutually dependent manner. The dependency
between them might result from a synergistic interaction that
potentiates factors binding to the second CArG box region
only after the first site is occupied. A cooperative phenom-
enon in transcriptional stimulation reminiscent of this one
has been observed in an upstream region of the herpes
simplex virus thymidine kinase gene (32).

Augmentation of transcription by complicated interaction
among cis-domains. We provide several lines of evidence
that suggest that the common CArG sequence domains
define the major component of binding sites for a trans-
acting factor(s) that plays a positive transcriptional role in
a-cardiac actin gene expression in C2C12 cells. Since the
major transcriptional effect of this factor or factor complex
requires both correct orientation and rather precise position-
ing relative to the basal promoter element, we infer that the
binding can maximally activate transcription only in the
correct orientation and position relative to the cap site of the
gene. Therefore, trans-acting factors, which recognize each
sequence around the CArG box and probably bind to them
during muscle differentiation, may form a bridge between
factors binding to the basal promoter element such as the
TATA box-binding protein (9, 38, 45). Such an interaction
would create structures optimally suited for access to the
basal promoter by the transcriptional machinery, resulting in
an acceleration of transcriptional initiation rates.

The directional nature of the proximal regulatory region
could be a reflection of the manner or order in which trans
factors bind to sites on DNA. The unidirectional aspect
could depend on the relative locations of two similar but
nonidentical CArG box regions with different strengths
of binding and different degrees of positive activity as
discussed above. However, the consensus sequence encom-
passing the CArG box core is itself a unidirectional se-
quence, although the core CArG sequence does have rota-
tional symmetry if one assumes that only the A+T rich
property of the six middle nucleotides, and not their se-
quence, is important. Therefore, the unidirectionality of the
positive-acting cis region might be defined by the sequences
surrounding the CArG box.

Human a-cardiac actin gene CAT plasmids carrying either
4.5 kbp or 443 bp of the upstream sequences have the same
CAT activities in C2C12 cells (unpublished results) (34). In
addition, such plasmids and transfected DNA of the entire
a-cardiac actin gene have a similar transcriptional activity
(34). Therefore all the information necessary for tissue-
specific expression is present in the transcriptional upstream
region up to —443. We originally defined two regulatory
regions, the proximal regulatory region described in this
paper, and a far-distal regulatory region between —443 and
—394 which can augment transcription twofold (35). We
have not yet analyzed this distal regulatory region in further
detail. However, only when the proximal and distal regula-
tory regions are combined do they show a low-level
enhancerlike function (35). This result may indicate that the
distal region cooperates with the proximal regulatory region.
In other eucaryotic gene systems (reviewed in references 57
and 58), such distal regulatory regions appear to positively
modulate transcription by interacting from a distance with a
specific factor(s) associated with the proximal region. In
sum, the human a-cardiac actin exhibits tissue-specific gene
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expression through the complicated interactions of positive
modulating factors which bind to several regulatory up-
stream elements, without major enhancer elements.
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