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ABSTRACT

The cardiac/slow twitch sarcoplasmic reticulum (SR)
Ca2*-ATPase gene (SERCA2) encodes a calcium
transport pump whose expression is regulated in a
tissue- and development-specific manner. Previously
we have identified two distinct positive regulatory
regions (bp —284 to —72 and -1815 to —1105) as
important for SERCAZ promoter activity. Here we
demonstrate that the SERCAZ distal promoter region
functions like an enhancer by activating a heterologous
promoter ( TK) in a muscle cell-specific manner.
Through deletion analysis a core enhancer region was
delimited to the —1467 to —1105 bp fragment. We
identified the E box/AT-rich element located at—1115 bp
as critical for maximal enhancer activity. Gel mobility
shift studies revealed that this E box/AT-rich element
specifically binds a protein which is induced during
Sol8 myogenesis. This region includes two other
cis-acting elements, CArG and MCAT, which also bind
specific nuclear protein complexes from Sol8 myotubes.
Mutagenesis of each of these sites resulted in
decreased SERCAITK—-CAT promoter activity. Based
on these data, we propose that the E box/AT-rich
element may contribute along with CArG and MCAT
elements to the overall activation and regulation of the
SERCAZ gene promoter.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. M33834

isoenzymes of this family (SERCA 1, 2 and 3) have been cloned
and their alternative splice variants have been identidie®).(

The SERCAfamily of genes are expressed in many diverse
tissues and respond to complex developmental, tissue-specific
and pathophysiological conditioris $-13). TheSERCAlgene
encodes two alternatively spliced isoforms, SERCAla (adult)
and SERCA1bD (fetal), which are expressed exclusively in fast
twitch skeletal muscle3(5). TheSERCAZ2)ene also encodes two
alternatively spliced isoforms, SERCA2a and SERCAZ2b, which
diverge in their C-termini (SERCAZ2a, 4 amino acids; SERCA2Db,
49 amino acids)68). SERCA2a is the predominant isoform
expressed in the heart and slow twitch skeletal musgldife
SERCAZ2aisoform is also transiently expressed in fetal fast twitch
skeletal muscle, but is replaced by the SERCA1a isoform in adult
muscle. The SERCAZ2b isoform is expressed in multiple tissues,
including smooth muscle and most non-muscle tiséa&$. (The
SERCA3)ene also encodes two isoforms that are found primarily
in endothelial and epithelial cell$(11).

The SERCAZ2a isoform is abundantly expressed in cardiac
muscle, both in the atrium and the ventric®. (The earliest
expression of SERCA2a mRNA can be traced to the heart tube of
the 10 day post-coitum rat embryid). During heart development
the SERCA2 level increases gradually from fetal to adult stayes (
SERCA2a mRNA expression can be altered by a variety of
neurohormonal and mechanical stimuli that alter muscle function
(13-17). Previous work from our laboratory and others has
demonstrated that expression of SERCA2a mRNA levels are altered
during cardiac hypertrophy. SERCA2a mRNA levels were shown
to be increased in response to thyroid hormone (T3)-induced cardiac
hypertrophy {3-15). In contrast, decreased SERCA2 expression
and protein levels were observed in hypothyroidic heafs16)

The rabbit cardiac/slow twitch muscle sarcoplasmic reticulurand in heart muscle subjected to pressure overload following
(SR) C&*-ATPase geneSERCA2 encodes a calcium transport constriction of the pulmonary artery316,17). Recent studies
pump, the function of which is to transport calcium from thénave shown that the SERCA2 promoter contains three conserved

cytoplasm into the SR lumen (reviewed ih The calcium

thyroid response elements which were shown to be essential for

ATPase protein plays a critical role in regulation of theup-regulation of th&ERCAZromoter by T318).
contraction/relaxation cycle of cardiac, skeletal and smooth The goal of our research has been to perform a detailed analysis
muscles. The SR E&ATPase is a transmembrane protein of 99f the SERCA2promoter and identifgis-regulatory elements
amino acids NIy 109 763) which is a member of a highly important forSERCAZromoter regulation in muscle cells. We
conserved family of isoenzymes (reviewed)inThree principle have previously shown that the rabBERCA2gene promoter
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Figure 1. Sequence analysis of the distal enhancer region (bp —1467 to —1105ERGAZDromoter. The consensus sequences for the GATA, CArG, MCAT, CRE
and E box/AT-rich elements are boxed.

extending between bp —1815 and +350 is highly active in Sol@BLCAT5, pBLCAT6 and pSV2CAT were used as positive and

muscle cells but not in fibroblasts9). Using deletion mapping negative controls in transfection analy$i®,23). pMSVbgal was

analyses we have identified two distinct positive regulatorysed to standardize for transfection efficiency. Mutations to the

regions: a proximal region located between bp —284 and?8y2 ( CArG, MCAT and E box consensus elements were generated

and a distal region at bp —1815 to —1108).(We demonstrated through the Altered Site mutagenesis kit (Promega) or through

that theSERCAZproximal region extending from —284 to —72 PCR-generated mutations. Mutagenic oligonucleotides were as

was highly active in skeletal muscle cell linég)(@and functions follows: CArG-mut, GGGTCTAGATAAAGATACCACCTAAC-

like an enhancer element when linked to a heterologotBAAACCTCAGTAGGGATCCTTGG; MCAT-mut, CCAAAT-

promoter—reporter systenTK—CAT) (19). This region was TTGGTCAACAGTGGTGCCATCCATGCCGTCAGGTTC-

shown to be regulated by seven Spl elements that wolkd); E box-mut, GAATTCATICCTGTTCAGAAAATAG).

synergistically to promot8ERCAZxpression(9). TEFla and TEF1lb expression vectofsl)(were provided by
The goal of the present study was to define the importamr C.P.Ordahl.

regulatory elements within the distal positive regulatory region

extending from bp —1815 to —1105. In this study we demonstratgNA transfections and CAT assays

that the 710 bp region functions like an enhancer and activates the o

heterologousTK) promoter in a muscle-specific manner. ThisSERCAZpromoter construct (2g) containing theCAT reporter

region includes several knowgis-acting elements, including gene was co-transfected with pMSVbgaliff) into Sol8 and NIH

CArG box, MCAT, A/T-rich (Mef-2-like) and E box sequences.3T3 cells by the calcium phosphate co-precipitation methdd (

We demonstrate in this study that a novel E box/AT-rich elemefiior DNA transfections Sol8 cells were seededxat® cells/10 cm

is critical for muscle-specific enhancer function in addition to thélish and calcium phosphate-DNA precipitates were added 24 h

known Cis.acting sequences (CArG and MCAT e|ements)_|ater. Myoblasts were incubated with DNA for 5dJinwed by a )

Futhermore, we show that the E box/AT-rich element binds a uniq@/cerol shock step and replacement of 5% horse serum medium.

protein complex which is induced during Sol8 myogenesis. Cells were harvested 48-72 h after transfection, washed twice
with phosphate-buffered saline, resuspended inid@80 mM
Tris, pH 7.5, and lysed through three freeze—thaw cycles.
MATERIALS AND METHODS B-Galactosidase activity was determined for each sarfp)e (
Cell culture CAT activity was assayed according to established procedures
and normalized for transfection efficiency as determined by
Sol8, a mouse soleus muscle cell liag (ATCC no. CRL2174), B-galactosidase expression. Data represent the average of three ol

and NIH 3T3 fibroblasts (ATCC no. CRL1658) were maintainednore independent transfection experiments run in duplicAE.
in Dulbecco’s modified Eagles medium (DMEM) with 10% fetalactivity is represented as the relat®AT activity as compared
bovine serum and 1% antibiotic/antimycotic supplement (Lifevith the promoterless control pBLCAT6 or the enhancerless

Technologies). Sol8 myoblasts are induced to differentiate byK—CAT vector, pBLCATS5, as appropriatgd).
switching to a medium supplemented with 5% horse serum.

Preparation of nuclear extracts

Plasmid construct . . .
Briefly, monolayer cells were washed with PBS, scraped into

The —-1815 to —110BERCATK-CAT construct was produced 50 ml conical tubes and centrifuged at 1800 r.p.m. for 10 min.
through ligation of a 710 bp fragmeSal—-EcdRl) of theSERCA2  Cells were resuspended firstin 5 packed cell vol. hypotonic buffer
promoter region to the heterologous promoid) (inked to the (10 mM HEPES, pH 7.9, 15 mM Mg&I120 mM KCI, 0.2 mM
CATreporter gene in pBLCAT®g; Fig. 1). Serial deletions of this EDTA, 0.2 mM PMSF and 1 mM DTT) and incubated for 15 min
fragment were performed using appropriate restriction enzymes agacd° C. When cells had swollen 2-fold they were transferred to a
ligation back into the pBLCAT5 vector (Fi@). Constructs type B homogenizer and given 10 strokes to disrupt the cell
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Figure 2. TheSERCAQistal promoter region (bp —1815 to —1105) activate¥ ikhygromoter in Sol8 muscle cells. A representafi¥d assay is shown in the upper
right panel. The 710 bp fragment was linked boifs&nse and antisense) ah¢BBitisense) to thHEK—CAT reporter. The&€AT values represent the averages of at least
three separate transient transfection experiments in Sol8 myd@/edata are represented as the fold activity over the pBLCAT5 construct.

membrane. The nuclei were isolated by spinning the homogendite 32P]JdATP (3000 Ci/mmol) and Klenow enzyme. The DNase
at 4000 r.p.m. for 10 min. Half the packed volume of low salt buffek mapping assay contained 5 fmallQ 000 c.p.m.) end-labeled
was added [20 mM HEPES, pH 7.9, 1.5 mM Mg@D mM KCI,  fragment in 5Qul 2x binding buffer. Sol8 nuclear extracts were
0.2 mM EDTA, 0.2 mM PMSF, 1 mM DTT, 25% glycerol and added in increasing concentrations of 100 and|&p@nd the
10ug/ml protease inhibitors (leupeptin, chymostatin,otipin,  binding reaction was carried out for 10 min at room temperature
pepstatin)] and the cells resuspended. An additional 1/2 packadd for an additional 10 min on ice. An aliquot offBMNase
vol. high salt buffer (as low salt buffer except 1.2 M KCI) wad (Worthington) at a concentration ofi§/ml in 10 mM Tris—HClI,
added dropwise with gentle mixing. Nuclear proteins wergH 8.0, 10 mM MgCland 1 mM CaGlwas added to the binding
extracted for 1 h at°€ with gentle shaking. Proteins were mix and incubated for 30 s at room temperature. The reaction was
pelleted at 15 000 r.p.m. for 15 min &C4 The nuclear proteins terminated by addition of 10al stop solution (200 mM NacCl,
were then dialyzed in 50 vol. dialysis buffer (20 mM HEPES, pF80 mM EDTA and 1% SDS). Samples were phenol extracted and
7.9, 100 mM KCl, 0.2 mM EDTA, 0.2 mM PMSF, 1 mM DTT ethanol precipitated. The samples were then heat denatured and
and 25% glycerol) at 40 mA for 30 min. loaded onto a 6% sequencing gel. The A+G ladders were
generated by the Maxam—Gilbert chemical sequencing method.

Gel mobility shift assays

Nuclear extracts from the Sol8 myoblasts and myotubes, NIﬁESUL‘I—S

3T3 fibro_b]asts gnd HelLa cells were prepared as desqribed aboyRe SERCAZ2distal promoter region (bp —1815 to —1105)

Gel mobility shift assays were performed by incubatiigr@l-  functions like an enhancer and activates th&K promoter

labeled SERCAZfragment E122 (bp -1815 to -1105 ) Orin a musde_specific manner

double-stranded oligonucleotide$- 8% TGAACACAAATGA- S _
ATTCG-3) with nuclear extracts (fig) for 30 min at room Our recent work identified that tRERCAZromoter contains two
temperature in 30l binding buffer [20 mM HEPES-KOH, pH important regulatory regions, a'prOX|maI promoter region from bp
7.9,0.2mM EDTA, 10% (v/v) glycerol, 0.2 mM PMSF, 100 mM—284 to —72 and a distal region between bp —1815 and —1105
KCl and 2ug poly(dl)-poly(dC)]. Competitions were performed (19,20). The distal promoter region contains the consensus
using theMCK E box sequencé€?). The binding reactions were Sequences for several known muscle-specific regulatory elements,
immediately loaded onto a 6% native polyacrylamide gelncluding CArG, MCAT, E box and A/T-rich regions (Fig. These
containing 0.8 TBE. Electrophoresis was carried out#E4or 3-6  €lements are clustered within the region from bp —1467 to —1105.

h at 100 V. The gel was subsequently dried and autoradiographedlo determine if the upstream regulatory region acts as a
muscle-specific enhancer we cloned the 710 bp distal promoter

fragment from bp —1815 to —1105 in the sense and antisense
orientations upstream of tA& promoter or 3of theCAT gene
DNase | footprinting was performed on the distal enhancer region the pBLCAT5 reporter vector. TheéK/SERCA promoter

(bp —1467 to —1105) using Sol8 nuclear extracts as previougipnstructs and control vectors (pBLCATS and pSV2CAT) were
described 19). The DNA fragments from bp —1467 to —1226transiently transfected into Sol8 and NIH 3T3 cell lines (Big.
(Xbd-Stu restriction fragment) and bp —1227 to —118bd4—  CAT activity was determined 72 h following transfection. The
BanHl restriction fragment) (Figl) were 3-end-labeled using CAT activity represents the fold activity of thEKISERCA

DNase | footprinting
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construct divided by the activity of the basaK) promoter A G B S R
obtained from the pBLCATS5 control vector (F&). Inclusion of — ,——(—l}
the 710 bp fragment in thEK-CAT test vector (in sense and a6 b el ass .
antisense orientations 6f the TK promoter) increase@AT
activity significantly (4- to 6-fold) in Sol8 cells. However, the
same fragment did not increaB¢ promoter activity in NIH 3T3
fibroblast cells (data not shown), suggesting that the disti
regulatory elements function in a muscle-specific manne
Interestingly, when the same promoter fragment was plac#d 3
the CAT reporter gene there was no further increas@in
promoter activity, indicating that the position of these element
with respect to the core promoter is important.

DNase | footprinting analyses reveal nuclear protein binding
to CArG, MCAT and E box/A/T-rich sequences in the distal
enhancer region

The 710 bp enhancer region contains several known consen:
sequences faiselements, including CAr@g), MCAT (29,30),
GATA (31), CRE (32), AT-rich/Mef-2 (33) and E boxZ7), which
have been shown to be important transcriptional regulators f
other muscle-specific genes. To identify which of these sequenc
interact with muscle nuclear proteins, DNase | footprinting wa

performed using two separate labeled DNA fragments from tt ; : - EBOX
710 bp region (bp —1467 to —1226 and —1227 to —1105) incubat -~ -
with nuclear extract from Sol8 myotubes (FB34.and B). DNase a 3 arEen

protection of a region containing overlapping MCAT/CRE element
at position —1400 (Fig3A). In addition, a CArG box element
located at position —1431 within this fragment was completel
protected. However, we did not see footprinting of the consens
sequences for GATA, at positions —1464, —1458 and —1257. ;

DNase | footprinting of a second fragment extending from bj
—1227 to—-1105 demonstrated that a single A/T-rich sequence w
protected. This A/T-rich region overlaps with an E box consenst .«
sequence (CAAATGAATT) located between bp-1115and -110 ***
(Fig. 3B). Protection of this region introduced a hypersensitive
site at the cytosine residue (position —1115).

= bo-e e a

=
| footprinting of the bp —1467 to —1226 region revealed stron E
——
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Mutations to the CArG, MCAT and E box elements decrease

promoter activity in muscle cells Figure 3. DNase | footprint analysis of th8ERCA2enhancer region.

. . (A) DNase | footprint analysis of the —1467 to —1226 bp DNA fragment using
To determine the functional relevance of the CArG, MCAT andsolg myotube nuclear extracts. Probe digested with DNase | (D) (lane 2). Lanes

E box/AT-rich elements, site-directed mutagenesis was used fband 4 correspond to increasing con_centrations of Sol8 nuclear extracts in the
introduce mutations to the core binding sites of these sequencggﬁ‘;”gfe";%msfn'-Ia"f]izarln :r?g S"g‘gg\%ﬁrg\;ﬁ dsi;léif}cﬁr';‘ii‘;gsngf;?:
W'thm, the 710 bpTK-CAT ConStr,L!Ct (described in Fig). indicated. B) DNaseIfootprintanaIys'is of the bp —1227 to —1105 region. Probe
Mutations to the CArG box at position —1331 (CCAAATTTGG igested with DNase | (D) (lane 2). Lanes 3-5 represent increasing
to GGATCCTTGG) in the context of the 710 BK—CAT  concentrations of Sol8 nuclear extracts in the presence of DNase I. Lanes 1 and
construct resulted in a 40% loss of promoter activity (##g. 6 correspond to Maxam and Gilbert A+G DNA sequence ladders. The protected
Similarly, site-directed mutagenesis of the MCAT elementE POX/AT-rich region is bracketed.

(CATTCTT to CATGGTT) in the 710 bprK-CAT vector

produced a 60% loss of CAT activity (F#A). In addition, the

E box consensus sequence CAAATG located at position —1115

was mutated to GGAATG in both the context of Thepromoter  pgletion mapping of the 710 bp element shows that the

(Fig. 4A) and in the 181%BERCApromoter (FigaB). The E boX  ragion from bp —1467 to 1105 containing the E box/AT-rich
mutation in the 710 bPK-CAT vector produced a 50% decreaseg|ement is essential for muscle-specific enhancer activity

in promoter activity. However, the same mutation in the

1815SERCACAT construct produced a 75% decrease ifTo precisely map the region responsible for activation of khe
promoter activity. These data suggest that each of these elemeaaramoter in muscle cells, deletions of the 710 bp upstream region
is important for maximalSERCA2promoter activity in Sol8 were made and the fragments cloned in front of TikeCAT
muscle cells. sequenceSERCAZeletion constructs were transiently transfected
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Figure 4. Mutagenesis of CArG, MCAT and E box consensus sites in the distal enhah¢eef( panel) Diagram showing mutations to individual consensus sites
CArG, MCAT and E box in the 710 BiK—CATvector. (Right panel) Promoter activity of mutant and wild-type constructs in Sol8 my@idestivity is represented

as the foldSERCA2CAT activity over pBLCATS relative to the wild-type 710 BE—CAT construct. B) Mutations to the E box consensus in the context of the
SERCAZ2CAT (-1815 to +350) construct.

into Sol8 cells (Fig5). DNA sequences between bp —1815 and ee cas
—1467 did not activate tieK—CAT reporter. The region from bp oaget [T | T e
—1467 to —1227, which contains the consensus sequences fQr e o os
GATA, CArG, E box, MCAT, CRE and MEF-2-like elements,

failed to activate théTK test plasmid in Sol8 muscle cells. psLeatsvecror) S

However, when sequences (bp —1227 to —1105) from theg .. vecron i
3'-region (which contains the E box/AT-rich element) are

included enhancer activity was restored. To determine whethef"™"*'*""* g
the E box/AT-rich region alone can activate Tiepromoter, we  rpeATshBIs1227 ———8=
cloned the bp —1227 to —1105 fragment intoTKevector and  pcamsnsis1ser —a oA
tested for enhancer activity. Interestingly, this fragment activated

the TK promoter several fold above the 710 bp fragment. Thes&™ ™™ -

data suggest that the region containing the E box /AT-rich elememgatsias-110s — [ car ]
is critical for muscle-specific enhancer activity and can itself ,carsi2o7-110s

function as an enhancer.

o 10 20
RELATIVE CAT ACTIVITY

Gel shift analysis shows that the E box/AT-rich region binds
a muscle-specific protein that is induced during myogenesis

. . . Figure 5. Dissection of the enhancer activity in BERCAZistal promoter (bp
Our deletion mapping analyses of the 710 bp enhancer regiaigis to —1105). Deletion fragments of the —1815 to —11CG5ERCAXistal
identified the region between bp —1227 and —1105 as containingomoter were subcloned into fli&-CATvector pBLCAT5 as shown. pBLCAT6
an importantis-acting element. To determine if this region is aagcieggkgﬁ;i ‘t'&eT :cst‘ievciityarse I;;’Sg‘t?’(')st h(gggfttf#ecglé t?;(‘—tc%\/(igr?sstrﬁé?
target for specific transcription factors from muscle cells, gel Shlf%PThe delection construct (pCAT5/1227—1105) includes the E box/AT-rich region.
analysis was performed on the 122 bp fragment, bp —1227 t
—1105, with an oligo corresponding to the E box/AT-rich
sequence. As shown in FiguB&, a specific DNA—protein with a 100-fold excess of cold homologous probe. In order to
complex was observed only with nuclear extract from differentiatedelineate the region of protein binding within the 122 bp
Sol8 myotubes. Surprisingly, nuclear extracts from Sol8 myoblastsagment, DNA competitions were performed with restriction
(undifferentiated muscle cells) did not show any specific proteifragments obtained from the-5(bp —-1227 to —-1158) and
binding, suggesting that this protein is induced during myogenesi-halves (bp —1159 to —1105) of the 122 bp fragment GBY.
In addition, nuclear extracts from HelLa cells and NIH 3T3The B-half failed to compete even at 20@0lar excess, whereas
fibroblasts did not show any specific protein binding. Specifithe 3-half effectively competed protein binding at>x6olar
protein binding from Sol8 myotubes could be competed awagxcess. The '$alf contains the consensus site for an E box,
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A C DISCUSSION
SOL8 -NE [ Suwmé:i&:_‘ . .
elue T W el ama R ) The results presented in this paper demonstrate that a novel E
compatitor 1

compelitor - - . 1|

box/AT-rich element (CAAAT@ATT) is essential for muscle-
specific activation of th6 ERCAZromoter. DNase | footprinting of
this region showed that muscle-specific nuclear proteins bind to the
E box/AT-rich region. A mutation to the E box decreased promoter
activity by 50% in a 710 bfK—CAT construct and 75% in the
SERCAZ2CAT construct. Further deletion mapping demonstrated
that the E box/AT-rich sequence is essential for muscle-specific
activation of the distal promoter region. Additionally, the E
box/AT-rich sequence can activate fhi€ promoter alone. Gel
mobility shift analyses showed that the E box/AT-rich region
binds to a specific protein complex only from Sol8 myotube
nuclear extracts. However, this protein binding is not competed
away by theMICK E box @7), suggesting that this element does

B D not bind myogenin or related proteins. Furthermore, the protein
SOLE -ME binding pattern to the E box/AT-rich sequence is quite different

el r 7 1 e ORE MK from that of theMCK E box. In conclusion, our data suggest that
competitor - - '700x 50 100x 200 competitar - - X 1ex 00X - the E box/AT-rich sequence binds a novel protein complex that is

induced during myogenesis. Future studies will aim to determine
the biochemical nature of this protein complex.

In addition to the E box/AT-rich element, we have found that the
CArG box and MCAT elements are important for enhancer
activity of the distal region. DNase | footprinting analyses
revealed that these three elements, namely the E box/AT-rich
sequence, CArG and MCAT bind specific nuclear protein
complexes from Sol8 myotubes. Further, mutations to each of
these sites individually result in a significant loss in total
SERCAZTK-CAT promoter activity (Fig4A). The data presented
here suggest that all threis-acting elements are important and may
play a role in overall activation and regulation of ##RCA2)ene
promoter in the muscle environment.

Figure 6. Gel mobility shift analysis of the E box/AT-rich region (bp —1227to I this study we identified an MCAT element in the distal
-1105) from theSERCAZpromoter. A) A DNA fragment (E122) containing ~ enhancer that was protected by nuclear proteins from Sol8
ET:nE lilo?r/::ri(rigb:qxﬁ?cr?uggzruzig aéést ?rgrfﬁbsi ;‘gr mge:)gggtig% ;rtlgt gﬂﬁg)cl)sliifnyotubes. A point mutation to the MCAT core element decreased
myotub’es (Iar?e 3), Hela cells (lane 5) and NIH 3T3 fib):'oblasts (lane 6).’ Lan romoter activity, furth.e r.SUggeStlng that this element is important
4 contains competition with a 18@nolar excess of cold E122 DNA (lane 4). for SERCA2 tfaf)SCﬂpthh. M_CAT sequences have been
(B) Competitions with a 200-fold molar excess of théxdif of E122 DNA  demonstrated to bind the transcription factor TEF1 or TEF1-related
(lane 3) and increasing concentrations (50, 100 and) 2Bthe 3-half of E122 factors @4) and are important for muscle-specific expression of
(lane 4-6).€C) Competition with increasing concentrations (50, 100 and)200  ~ardiac troponin T49), bBMHC (30,34) and skeletal muscle actin

of MCK E box (lanes 4-6)0)) Gel shift analysis was performed using an - ; :
oligomer from the E box/AT-ich region '(FGTGAACACAAAT- (35,36). To test if overexpression of TEF1 factors increased

GAATTCG-3) in comparison with an E box oligo from tMCK promoter SERCAmerOter activity, we co-transfected the 710%CAT
(5'-CCCAACACCTGCTGCATGCCTGAGCC'R FP, free probe; MB,  construct with TEF1 expression vectors. Overexpression of TEFla

myoblast; MT, myotube. but not TEF1b up-regulated th& promoter 4-fold in Sol8 muscle
cells (data not shown). This data futher demonstrates that the TEF1
transcription factor may also play an important rolSERCA2
gene regulation.

During muscle development the coordinate induction of muscle-
therefore, we performed a gel mobility shift competition assagpecific genes is regulated by both tissue-specific and ubiquitous
using an oligo containing a consensus E box fromM@X  nuclear transcription factors. The MyoD family of transcription
promoter known to bind myogenin/MyoD proteiY). As shown factors (MyoD, myogenin, myf5 and MRF4/helio/myf-6) are
in Figure6C, theMCK E box failed to compete protein binding known to bind to the consensus E box site (CANNTG) and activate
to the 122 bp fragment. To determine if the E box/AT-rich elemersteveral muscle gene3/438). It has been demonstrated that forced
binds a MyoD-like protein, gel shift analysis was performed usingxpression of these transcription factors alone is sufficient to induce
an oligomer from this region in comparison with an E box oliga skeletal muscle phenotype in non-muscle (fibroblast) &ljs (
from theMCK promoter (FigéD). The pattern of protein binding However, not all muscle-specific promoters contain the ideal E box
to theMCK E box oligonucleotide was quite different from thatelement and require direct myogenin binding for activation. It has
of the E box/AT-rich oligonucleotide. Therefore, we propose thateen shown that expression of cardidd (29), bMHC (30) and
the E box/AT-rich sequence binds a novel protein that is inducedrdiadVLC-2 (39) genes in muscle cells does not require MyoD,
during myogenic differentiation. but rather depends on other transcription factors. BNVieIC
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gene, which is expressed both in cardiac and slow twitch skeletal
muscle (similar t8ERCAZ, requires both MCAT sequences and
an adjacent E box motif (which does not bind MyoD) for full
activation of the proximal enhanceB(. Additionally, the
cardiac troponin T gene promoter, which is expressed in cardiac
and fetal skeletal muscle, requires a MCAT/TEF-1 element for#
transcriptional activation, instead of MyoP®j. Finally, cardiac 15
myosin light chain-2, which is abundant in both cardiac and sloyg
twitch muscle, is activated through an E box/MyoD-independent
pathway by a ubiquitous factor HF-1a and MEF-2, which bind té7
an AT-rich sequence with homology to a CArG b®@9)(
Furthermore, several recent studies suggest that transcriptiongl
activation of muscle-specific genes requires multjigeacting
elements, both muscle-specific and ubiquitous, such as CAr@&
SP1, MEF-2 and AP-136,39-44).

In conclusion, the data presented here suggests that a novél’E
box/AT-rich element together with MCAT and CArG box 5
elements function as transcriptional activators in the distal
promoter region of th6eERCA2gene. Future experiments will 22
attempt to characterize the nature of protein that binds to the AT-ri%Q
element and its interaction with other transcription factors.

24
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