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Abstract The sequences required for the maximal expression of the mouse L32 ribosomal protein gene and the 
binding of nuclear factors to L32 promoter elements were analyzed in mouse myoblasts, fibers, and L cells. Various L32 
r-protein promoter sequences were linked to the chloramphenicol acetyltransferase gene (CAT), and the expression of 
the chimeric genes was measured transiently or after their incorporation into the genome. The sequence requirements 
for maximal expression of the L32 gene are very similar among the various cells and include the previously identified L32 
core promoter from = -1 50 to +75. Only the promoter region between -45 and + I  1 displays significant cell type 
specific differences. Relative to the maximal activity in each cell type, the expression of the L32-CAT gene containing the 
-45 to + I  1 region is  greater in L cells than in myoblasts or fibers. This difference is  correlated with the increased 
activity of an L cell nuclear factor(s) that binds to this fragment. In addition, our results show that deletion of sequences 
between -981 and -1 41 causes a 50-70% reduction of the expression of the L32-CAT gene in myoblasts, fibers, and L 
cells. The transcription of all the L32-CAT genes examined decreases after myoblasts differentiate into fibers in a manner 
similar to the endogenous L32 gene, but we were unable to distinguish between sequences involved in controlling the 
expression of the L32 gene during myoblast differentiation and those sequences required for maximal promoter activity. 
However, gel mobility shift assays showed differences in the binding of myoblast and fiber factors to the four promoter 
fragments examined. The possible role of these factor binding differences in controlling L32 transcription is 
discussed. B 1992 WiIey-Liss, Inc. 

Key words: ribosomal protein, promoter elements, nuclear factors, myoblasts, L cells 

The promoter architecture of mammalian ri- 
bosomal protein (r-protein) genes has several 
features in common. These r-protein promoters 
span a relatively small region which extends up 
to 200 nucleotides upstream and 50-100 nucle- 
otides downstream of the cap site [Atchison et 
al., 1989; Dudov and Perry, 1986; Hariharan et 
al., 1989; Hariharan and Perry, 1989, 1990; 
Rhoads and Roufa, 1987; Chen and Roufa, 19881. 
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They have a single cap site within a polypyrimi- 
dine sequence flanked by GC-rich islands, and 
particularly degenerate CAAT and TATA boxes. 
Although some of these aspects of promoter 
structure are shared with other housekeeping 
genes, the combination of these features makes 
the mouse r-protein promoters rather uncom- 
mon. 

R-protein genes are constitutively expressed 
at relatively high levels due to the high activity 
of their promoters, which are comparable in 
strength to the SV40 promoter [Atchison et al., 
19891. Furthermore, cell differentiation, environ- 
mental cues, and variation in cell division rate in 
mammalian cells produce relatively modest 
changes in the transcription of r-protein genes 
or r-protein mRNA levels which are likely con- 
trolled at  the transcriptional level [Faliks and 
Meyuhas, 1982; Flusser et al., 1989; Geyer et al., 
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1982; Jacobs et al., 1985; Meyuhas et al., 19871. 
For example, r-protein gene transcription is re- 
duced only about two- to threefold during the 
differentiation of mouse myoblasts into skeletal 
muscle fibers [Agrawal and Bowman, 19871, 
whereas the transcription of other housekeep- 
ing genes such as p-actin is reduced seven- to 
eightfold [DePonti-Zilli et al., 1988; Seiler- 
Tuyns et al., 19841. It is not known how r-pro- 
tein genes maintain a high activity in different 
cells, or how their transcription is modulated 
during myoblast differentiation. 

There are a number of possible mechanisms 
for the high and constitutive expression of the 
r-protein genes. One possibility is that the activ- 
ities of trans-acting factors which control r-pro- 
tein gene transcription do not significantly 
change in response to environmental cues and 
variations in cell division rate. An alternate pos- 
sibility is that the r-protein genes contain a 
diverse group of cis-acting elements which can 
utilize a variety of trans-acting factors and 
thereby compensate for changes in the concen- 
tration or activity of any particular factor. In 
this case, the promoter sequences required for 
maximal expression of the L32 gene might vary 
from one cell type to another. This latter hypoth- 
esis is consistent with the fact that r-protein 
genes contain a number of distinct sequence 
elements [Atchison et al., 19891. 

We have analyzed the sequences required for 
maximal expression of the L32 r-protein gene 
and the binding of trans-acting factors to pro- 
moter sequences in mouse MM14DZ myoblasts, 
fibers, and dividing mouse L cells. These experi- 
ments were undertaken to determine if there 
are cell type specific differences in these parame- 
ters and to determine what factors or sequences 
might modulate the transcription of the L32 
gene during myoblast differentiation. Mouse L 
cells are a non-differentiating cell type derived 
from connective tissue. Myoblasts are rapidly 
dividing cells that differentiate into skeletal mus- 
cle fibers following depletion of growth factors 
from the culture medium [Hauschka et al., 19791. 
Fibers are terminally differentiated, nondivid- 
ing cells which express skeletal muscle specific 
genes. Overall, the contribution of various se- 
quence elements to L32 promoter activity is 
similar among the various cells, although one 
promoter region is more active in L cells than in 
myoblasts or fibers. In contrast, large differ- 
ences were detected in the binding of nuclear 

factors to promoter sequences in the three cell 
types. One of these differences is correlated to 
differences in the activity of a promoter se- 
quences elements. In addition, our results indi- 
cate that sequences further upstream of the 
previously identified minimal promoter are re- 
quired for maximal L32 promoter activity in 
myoblasts, fibers, and L cells. 

METHODS 
Cell Culture 

MM14DZ mouse myoblasts [Hauschka et al., 
19791 were grown as described previously [Bow- 
man, 1987a,bl. Mouse L cells (NCTC clone 929) 
were grown in Eagle’s Minimum Essential Me- 
dium supplemented with 5% newborn calf se- 
rum. The mouse L cells used in these experi- 
ments were growing, nonconfluent cells that 
had the medium changed the previous day. 

Plasmid Constructs 

L32-CAT plasmids were constructed by replac- 
ing sequences between the AccI and HindIII 
sites of the pSV2-CAT vector [Gorman et al., 
19821 with L32 restriction endonuclease frag- 
ments. The 5’ limit of the L32 sequences in each 
construct corresponds to restriction sites as fol- 
lows: -981 HaeII, -689 SspI, -458 NruI, -301 
DraI, -141 SpeI, -45 DdeI, and -16 BssHII, 
while the 3’ limit of the +11 and +116 con- 
structs corresponds to the HaeII and BgII sites 
in the L32 gene. The 5’ end of the L32 frag- 
ments containing 11 nucleotides of transcribed 
sequences was cleaved from the vector p3A HaeII 
5’; 5 [Dudov and Perry, 19841 which contains 
the 1 kb HaeII L32 fragment inserted into the 
SmaI site in pUC12. This vector was then cleaved 
with HindIII which cleaves downstream of the 
SmaI site and ligated into the Accl-Hind111 cut 
pSV2-CAT vector. The chimeric gene containing 
L32 sequences -981 to + 116 was created by 
ligating the L32 AccI-BgII fragment (- 159 to 
+116) from p3AR2.8 [Dudov and Perry, 19841 
into the -981/+11 construct, using the AccI 
site at - 159 of the L32 gene and the blunt ended 
SaII site in the pUC12 polylinker. The -4581 
+116, -141/+116, and the -16/+116 con- 
structs were made by deleting the SacI-NruI, 
SacI-SpeI, and the SacI-BssHII fragments, re- 
spectively, from the -981/+116 construct. The 
Sac1 site is in the polylinker just upstream of the 
-981. The -45/+116 construct was made by 
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ligating the DdeI-BgII fragment into the SacI- 
SaII sites of the pUC12 polylinker. In the above 
experiments, overhanging ends were blunt ended 
using S1 nuclease. 

Cell Transfection 

DNA was stably introduced into mouse myo- 
blasts and L cells by the calcium phosphate 
precipitation method Wigler et al., 19771 with 
some modifications [Bowman, 1987al. The cal- 
cium phosphate precipitate contained 10 kg of 
L32-CAT plasmid and 1 pg of pSV2-NEO [South- 
ern and Berg, 19821. Plasmid DNA was ethanol 
precipitated, then redissolved in 1 ml HEPES- 
PO4 buffer (137 mM NaC1,21 mM HEPES (pH 
7.12),0.5 mM Na2P04). The DNA-calcium phos- 
phate precipitate was formed by the addition of 
50 k1 of 2.5 M CaClz per ml of DNA buffer 
solution. The precipitate was added to the cells 
then aspirated off after 4 h. Myoblasts were 
shocked for 5 min at  20°C in medium containing 
15% glycerol, and L cells were shocked for 2 min 
in medium containing 10% glycerol. Selection of 
stable transformants began 24-30 h after glyc- 
erol shock in medium containing 400 kg/ml of 
G418. The resultant 20-200 colonies from each 
transfection were pooled. The calcium phos- 
phate method was also used for the transient 
assays for myoblasts and fibers, except that fi- 
bers were glycerol shocked for only 1 min and 
the calcium phosphate precipitate contained 10 
kg of L32-CAT plasmid and 1 pg of pSV2L 
which contains the luciferase gene [DeWet et al., 
19871. Myoblasts were harvested 24 h after 
transfection and fibers 48 h after transfection. 
Mouse L cells were transfected by the DEAE- 
Dextran method [Lopata et al., 19841 for tran- 
sient assays. The cells were shocked 4 h after 
DNA addition in medium containing 10% DMSO, 
and cells were harvested 48 h later. 

Nucleic Acid Isolation and Hybridization Analysis 

RNA and DNA were isolated from myoblasts, 
fibers, and L cells by phenol-chloroform and 
LiCl extractions as described previously [Agraw- 
a1 and Bowman, 19871. Southern and RNA blot 
analysis were performed using Hybond-N (Am- 
ersham) paper as described previously [Bow- 
man, 1987al. The RNA gels were stained with 
ethidium bromide before blotting to insure that 
equal amounts of RNA were loaded onto each 
lane. Hybridizations of T7 RNA probes to North- 
ern blots were performed at 65°C and rinsed at 
65°C in 2 x SSC buffer, 75°C in 5 x SSC buffer, 

and 70°C in 0.1 x SSC buffer (1 x SSC contains 
0.15 M NaCL and 0.015 M sodium citrate, pH 
7.0). 

Nuclear Run-on Transcription 

Nuclei from myoblast and fiber cultures were 
isolated and incubated in transcription buffer 
containing 2 mCi/ml of [CX-~~PI UTP (800 Ci/ 
mmol) and heparin as described previously 
[Agrawal and Bowman, 19871. After the 8 min 
incubation period, 25 pg of carrier tRNA was 
added and nuclei were digested with 40 pglml 
DNase at 33°C for 10 min, and RNA was isolated 
as described previously [Agrawal and Bowman, 
19871. Unincorporated nucleotides were re- 
moved from the RNA by spin column chromatog- 
raphy (Biogel P-301, then ethanol precipitated. 
Isolated RNA was then hybridized to nylon fil- 
ters containing T7-transcribed RNA probes [Mel- 
ton et al., 19841. Filters were prepared by dena- 
turing T7-transcribed RNAs in 6 x SSC, 7% 
formaldehyde at 60°C for 10 min, then applying 
the RNAs to Hybond-N paper (Amersham) with 
a slot blot apparatus. Filters were prehybridized 
at  65°C for 2 h in a 400 mM NaC1,50 mM PIPES 
(pH 6.81, 5mM EDTA, 1% SDS solution in a 
buffer containing 60% formamide, 150 p,g/ml 
tRNA, 1 mg/ml heparin, and I X  Denhardt’s 
solution. Hybridization was performed at  65°C 
for 72 h in the same solution containing 1-2 x 
lo6 cpm of 32P-labeled RNA from the nuclear 
run-on transcriptions. The filters were rinsed 
once in 0.3 M NaCl, 10 mM Tris-HC1 (pH 7.4),2 
mM EDTA, and 0.1% SDS for 15 rnin at room 
temperature, twice at 65°C for 60 min, and 
finally at 75°C for 60 min. 

Luciferase and CAT Enzyme Assays 

The luciferase activity in each extract was 
determined as described previously [DeWet et 
al., 19871, except that luciferase activity was 
monitored in a scintillation counter. Light emis- 
sion was monitored with an open window at 10 
successive 0.1 min intervals immediately follow- 
ing addition of substrate. The CAT activity was 
measured as described previously using I4C- 
chloramphenicol [Lopata et al., 19841. The per- 
cent of acetylation in each CAT reaction was 
determined by liquid scintillation counting [Lo- 
pata et al., 19841. To normalize for transfection 
efficiency, the amount of luciferase activity in 
each cell extract was quantitated prior to per- 
forming CAT assays. The amount of cell extract 
added to each CAT enzyme reaction was ad- 
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justed accordingly to account for small differ- 
ences in luciferase activity. 

Gel Mobility Shift Assays 

Nuclear extracts were isolated from myo- 
blasts, fibers, and L cells as described previously 
[Dignam et al., 19831 except that the extraction 
and dialysis buffers contained 1 pg/ml pepstatin 
and 1 pg/ml leupeptin to inhibit protease activ- 
ity. Dialyzed nuclear extracts were concentrated 
to 0.5-3.0 pg/ml by centrifugation in Centricon 
10 microconcentrators. Total protein concentra- 
tions were determined by the Bradford method 
[Bradford, 19761. Each 15 p1 binding reaction 
was performed at 4°C for 30 min, and contained 
2 pg of nuclear extract, 2 pg of poly dldC, 
0.1-0.2 ng (1-2 x lo4 cpm) of labeled L32 frag- 
ment, 60 mM KC1, 5% v/v glycerol, 10 mM Tris 
(pH 7.51, and 1 mM EDTA. Competition reac- 
tions were performed by adding 50-100-fold ex- 
cess of unlabeled fragment to the binding reac- 
tion 10 min prior to the addition of labeled 
fragment. The binding reactions were fraction- 
ated by electrophoresis in 4% polyacrylamide 
(30:l bis) gels at 4°C in 0 . 2 5 ~  TBE buffer 
(1 x TBE = 89 mM Tris, 89 mM boric acid, and 
2 mM EDTA) for all fragments except the - 141 
to -41 fragment which was fractionated in 
buffer containing 0.5 x TBE. 

Calculations 

Calculations were made using standard equa- 
tions [Palmiter, 1973, and references therein] to 
determine if the increased stability of the L32- 
CAT mRNA is sufficient to account for the in- 
creased level of L32-CAT in fibers. The follow- 
ing equation was used to predict the steady state 
amount of L32-CAT mRNA (R) in fibers as 
compared to myoblasts, assuming that the rate 
of transcription (S) of the L32-CAT mRNA is 2.5 
times greater in myoblasts as compared to fi- 
bers, the half-life of the L32-CAT mRNA 
is 2 h in myoblasts and 6 h in fibers, and the 
doubling time (TD) is 13 h in myoblasts and 
infinite in fibers: 

S = (l/TD + l/Tl,2)R In 2. 

This analysis predicts that the level of L32- 
CAT mRNA should increase 1.4-fold after myo- 
blasts differentiate into fibers which agrees with 
the 1.4-fold increase actually measured. Interest- 
ingly, if the transcription of the L32-CAT gene 
does not decrease following myoblast differenti- 

Transcription Stan 
7 -981 - +116 

-458 +116 

-141 +116 

-45 - +116 

-16 - +116 

-981 - - +11 

-689 +11 

-458 +11 

-301 +11 

-141 - +11 

-45 - +11 

-16 - +11 

Fig. 1. The L32 promoter deletions used in these experiments. 
The indicated sequences were linked to the chloramphenicol 
acetyl transferase coding region. The thick line represents tran- 
scribed sequences and the thin line upstream, nontranscribed 
sequences. The transcription start site i s  indicated. 

ation, then the level of L32-CAT mRNA should 
increase 3.5-fold after myoblasts differentiate 
into fibers. 

RESULTS 

The relative contribution of various L32 se- 
quence elements to promoter activity was ana- 
lyzed in different mouse cell types by standard 
deletion analysis. Chimeric plasmids that con- 
tained 5' and/or 3' deletions of L32 promoter 
sequences linked to the chloramphenicol acetyl- 
transferase (CAT) reporter gene were con- 
structed (Fig. 1). The expression of the L32- 
CAT gene was assayed in stable transformants 
or transiently, 24-48 h after transfection. In 
order to minimize the variability due to the 
integration site in the stable transformants, 20- 
200 colonies from each transfection experiment 
were pooled, and 2-5 independent pools for each 
construct were examined. The variability among 
pools was low enough to allow the detection of 
relatively small differences in the expression of 
various L32-CAT genes. 

The 5' ends of the L32-CAT mRNAs produced 
by these genes were examined by primer exten- 
sion and S1 nuclease mapping techniques. In 
line with previous results [Moura-Net0 et al., 
19891, these experiments show that the 5' end of 
the L32-CAT mRNAs maps to the previously 
identified L32 transcription start site with the 
exception of the L32-CAT mRNA derived from 
the gene that contains only 16 nucleotides of 
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Fig. 2. Northern analyses of total cellular RNA from stable 
transformants. A composite of several Northern analyses per- 
formed with RNA isolated from the various stable transfor- 
mants. Three micrograms of total cellular RNA from stably 
transformed myoblasts (M), fibers (F), and L cells (L) were 
denatured with glyoxal, fractionated on agarose gels, then 
blotted to nylon filters. Filters were hybridized to an RNA probe 
complementary to CAT sequences (the 250 N EcoRI-Hindlll 
insert from pSV2-CAT) and a nick translated L32 cDNA probe 
[Agrawal and Bowman, 19871. The intensity of the hybridiza- 
tion signal was quantitated by densitometric scanning of autora- 
diograms. Each filter contained a standard control (+) RNA 
sample from a -981 to +I1 transformant to facilitate compari- 
son of the data obtained from different gels. The L32-CAT 
mRNA levels normalized to that from the -981 to +11 fiber or 
L cell transformant are shown. The sizes of hybridized mRNAs 
were determined by comparison to ethidium-stained 18s and 
28s rRNAs. The intensity of 18s and 28s rRNA staining in each 
lane was also used to confirm equal loading of RNA samples 
and to examine the integrity of the RNA samples (see Methods). 

upstream sequences. This gene did not produce 
any transcripts initiating at the L32 start site 
(data not shown). 

The expression of transfected L32-CAT genes 
in the stable transformants was measured using 
RNA gel blot analyses (Fig. 2). The level of the 
endogenous L32 mRNA was measured in each 
experiment to insure that the transformants 
regulate the expression of the endogenous L32 
mRNA normally. To allow comparison of mRNA 
levels measured on different gels, a known 
amount of RNA isolated from the -981/+11 
transformant was included on each gel. The 
predominant species of L32-CAT mRNA tran- 
scribed from the chimeric genes containing the 
11 and 116 nucleotides of transcribed sequences 

are 1.5 and 1.6 kb in size, respectively (Fig. 2). 
The sizes of these RNAs correspond to tran- 
scripts that terminate near the SV40 polyadeny- 
lation signal within the vector. In addition, mi- 
nor species of L32-CAT mRNA which are 0.3 kb 
larger are detected. These mRNA species proba- 
bly contain additional 3’ sequences, since up- 
stream transcription start sites were not de- 
tected in primer extension experiments and 
because the presence of different lengths of L32 
upstream sequences in the chimeric genes has 
no effect on the size of these mRNAs. The propor- 
tion of the minor species to the predominant 
L32-CAT mRNA species was constant among 
the various transformants, and these minor spe- 
cies do not interfere with the analysis of the 
steady state levels of L32-CAT mRNAs. 

To compare the expression of the L32-CAT 
genes in the different pools of transformants, 
the steady state level of L32-CAT mRNA in each 
pool was normalized to the L32-CAT gene copy 
number. The gene copy number was determined 
using quantitative Southern blot techniques 
(Fig. 3 and legend). The L32-CAT gene contain- 
ing the largest amount of L32 sequence (from 
-981 to + 116) gave the highest level of expres- 
sion per gene copy number and was designated 
as the maximum value (100%) in each cell type. 
The L32-CAT mRNA levels per gene copy for 
the other L32-CAT genes were expressed as a 
percent relative to the -981/+116 L32-CAT 
gene (Fig. 4A,B). 

Sequences Upstream of -1 41 Are Required for 
132 Gene Expression 

Deletion of sequences upstream of -141 re- 
sults in a 50-70% reduction in L32-CAT mRNA 
levels in mouse myoblasts, fibers, and L cells 
(Fig. 4A,B). Because deletion of these upstream 
sequences does not alter the structure of the 
transcript, this reduction in mRNA levels must 
be due to a decrease in the activity of the L32 
promoter. A stimulatory role for these upstream 
sequences has not previously been detected in 
COS or mouse plasmacytoma cells [Atchison et 
al., 1989; Dudov and Perry, 1986; Moura-Net0 
et al., 19891. There appears to be a small differ- 
ence in the effect of sequences upstream of -458 
on L32 promoter activity in L cells as compared 
to myoblasts and fibers (Fig. 4A,B). However, 
this difference is dependent on whether the L32- 
CAT genes contain 11 or 116 nucleotides of 
transcribed sequences, and the magnitude of 
the differences is at the limit of detection for 
these assays. 
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Fig. 3. Southern analysis of stably transformed fibers and L 
cells. A composite of several selected Southern analyses are 
shown. DNAs isolated from stable transformants were digested 
with EcoRl and Bgll restriction enzymes. Five microgram and 
0.5 wg (not shown) samples of digested DNA were fractionated 
by agarose gel electrophoresis, blotted to nylon filters, then 
hybridized to a nick translated Nrul-Haell (-458 to +11) L32 
fragment. The number of transfected genes per haploid genome 
in each transformant was determined by comparison to the 
single copy endogenous L32 gene (ENDG) by densitometric 
scanning of autoradiograms. It is assumed that the gene copy 
number is identical in myoblasts and fibers, because these cell 
lines were grown for several weeks prior to initiating these 
experiments. The gene copy numbers in the transformants 
containing 301 and 141 nucleotides of upstream sequences 
were corrected for the fact that they contain fewer nucleotides 
complementary to the hybridization probe by multiplying the 
raw value for these S16-CAT genes by a factor reflecting the 
fraction of probe nucleotides complementary to the S16-CAT 
gene. The same relative values for gene copy number among 
the cell lines were obtained using a probe derived from the CAT 
gene (Hindlll-EcoRI restriction fragment) which is 100% comple- 
mentary to all the S16-CAT genes. 

Sequences located in the First Exon and lntron 
Stimulate Transcription of the 132 Gene 

Previous experiments indicate that sequences 
within the first exon and intron of the L32 gene 
are required for maximal promoter activity in 
both mouse plasmacytoma cells and COS cells 
[Atchison et al., 1989; Chung and Perry, 1989; 
Moura-Net0 et al., 19891. Comparison of Figure 
4A,B indicates that deletion of sequences be- 
tween + ll and + 116 results in a 70-90% reduc- 
tion in the steady state levels of L32-CAT mRNA 
in stably transformed myoblasts, fibers, and L 
cells. The magnitude of the decrease is greater 

than that detected for the deletion of sequences 
upstream of - 141. There is no detectable differ- 
ence in the importance of these transcribed se- 
quences for maximal promoter activity among 
the various cells. 

Proximal 5'  Sequences Are Required for Minimal 
132 Promoter Activity 

The contribution of proximal 5' sequences 
(- 141 to - 16) to promoter activity in the pres- 
ence and absence of the downstream sequence 
element was examined in transiently trans- 
fected myoblasts, fibers, and L cells. To control 
for possible differences in the transfection effi- 
ciency of the different constructs the L32-CAT 
plasmids were cotransfected along with the 
pSV2-L plasmid, which contains the luciferase 
gene. The amount of chloramphenicol acetyl 
transferase activity in each cell extract was nor- 
malized to the activity of the luciferase enzyme 
in each corresponding cell extract. Figure 4C 
shows that deletion of sequences between - 141 
and -45 results in a 50-70% reduction in CAT 
activity in myoblasts and fibers, and a slightly 
smaller decrease in mouse L cells regardless of 
the amount of transcribed sequences in the gene. 
Furthermore, the relative expression of the -45 
to + 11 L32-CAT gene is higher in L cells than in 
myoblasts or fibers. This difference in the activ- 
ity of the -45 to + 11 L32-CAT gene in L cells is 
the only cell type specific difference detected in 
these transient assays. Further deletion of up- 
stream sequences to - 16 resulted in the elimina- 
tion of all detectable promoter activity in all 
cells. No differences were detected between myo- 
blasts and fibers in either the stable or the 
transient transfection experiments. 

132 Gene Expression During Myoblast 
Differentiation 

The steady state level of endogenous L32 
mRNA decreases about twofold after myoblasts 
differentiate into fibers, owing to the two- to 
threefold decrease in the transcription of the 
L32 gene [Agrawal and Bowman, 19871. In con- 
trast, the steady state level of L32-CAT mRNA 
in the stable transformants increases 1.4-fold 
after myoblasts differentiate into fibers (Fig. 2). 
This could be due to differences in the pattern of 
transcription of the L32-CAT gene during myo- 
blast differentiation as compared to the endoge- 
nous L32 gene or to differences in the processing 
or stability of the L32-CAT mRNA as compared 
to the endogenous L32 mRNA. 
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Nuclear Run-on Transcription Assays of the 
L32-CAT Genes in Myoblasts and Fibers 

Nuclear run-on transcription assays were per- 
formed to determine if the pattern of transcrip- 
tion of the L32-CAT genes in myoblasts and 
fibers was different from the endogenous L32 
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Fig. 4. Summary of the expression of the L32-CAT gene in the 
stable transformants and in the transient assays. A Relative 
levels of L32-CAT mRNA per gene copy in stable transformants 
containing 11 6 nucleotides of transcribed sequences. B: Rela- 
tive levels for genes containing 11 nucleotides of transcribed 
sequences. C: Chloramphenicol acetyl transferase activity nor- 
malized to the luceriferase activity for constructs assayed tran- 
siently. The height of each bar represents the mean value. The 
number of pools assayed for the stable transformants and the 
number of trials for the transient assays is indicated below each 
bar (n) in A and B and equals 2 for all constructs shown in C. 
Error bars indicate the range of values rather than the standard 
error of the mean. The -981 to + I  16 gene was the most active 
and was designated 100% in each cell type. 

gene. Nuclei were isolated from myoblasts and 
fibers containing L32-CAT genes having either 
-981 to +116 or -981 to +11 nucleotides ofthe 
L32 gene and incubated in transcription buffer 
containing [a-32PJ UTP. The labeled RNAs were 
hybridized to filters containing probes for CAT 
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Fig. 5 .  Nuclear run-on transcription analysis. Nuclei isolated 
from myoblast (MYO) and fiber stable transformants containing 
the -981 to +I 1 (+ 1 1 ) or the -981 to +116 (+I 16) construct 
were incubated in transcription reaction buffer containing [ c u - ~ ~ P ]  
UTP. The transcription reaction products were hybridized to 
nylon filters containing RNA probes complementary to the 250 
N EcoRI-Hindlll fragment from pSV2-CAT, to the 299 N EcoRI- 
Smal fragment from intron 3 of the L32 gene, to the mouse p31 
mRNA ( = 530 N) and to the 334 N region from the T7 promoter 
to the Sspl site in the vector pT3/T7. The amount of RNA 
hybridizing to each probe was measured by densitometric 
scanning of autoradiograms. Hybridization to the CAT probe 
was normalized to the L32 hybridization and gene copy number 
per haploid genome. The +11 transformant gene copy number 
is 17 and the +I 16 gene copy number is 21. The CAT/L32 ratio 
for each transformant is indicated below each autoradiogram. 

and intron 3 of the L32 gene. To internally 
control for differences in input counts and hy- 
bridization efficiency, a filter containing p31 ba- 
sic protein sequences [Theodor et al., 19851 was 
included in each hybridization. Figure 5 shows 
that the fraction of total transcription devoted 
to L32 decreases reproducibly about 1 .Cfold 
after myoblasts differentiate into fibers. This is 
less than the difference detected in earlier exper- 
iments [Agrawal and Bowman, 19871. However, 
the overall rate of transcription decreases two- 
fold after myoblasts differentiate into fibers 
[Bowman, 1987bl. Thus, the transcription of 
these r-protein genes decreases about two- to 
threefold after myoblast differentiation. 

To determine if the transcription of the L32- 
CAT gene is regulated similarly to the endoge- 
nous L32 gene, hybridization to the CAT probe 
was normalized to the hybridization to the L32 
probe. In order to compare the expression from 
the gene containing 11 nucleotides to those con- 
taining 116 nucleotides of transcribed sequences, 
differences in gene copy number were factored 
into this ratio. Figure 5 shows that there is little 
or no change in the CAT/L32 ratio after myo- 
blasts differentiate into fibers for the transfor- 

mant containing 11 or the one containiilg 116 
nucleotides of transcribed sequences. This sug- 
gests that the transcription of the L32-CAT is 
regulated similarly to the endogenous L32 gene. 

These experiments also show that the CAT- 
L32 ratio in the +11 transformants is about 
one-fifth that in the +116 transformants in 
both myoblasts and fibers, confirming that the 
higher expression of the L32-CAT genes contain- 
ing 116 nucleotides of transcribed sequences is 
due to their increased transcription. 

Stability Measurements of L32-CAT mRNAs in 
Myoblasts and Fibers 

To determine if the increased levels of L32- 
CAT mRNAs in fibers are due to an increased 
stability of this mRNA, the stabilities of L32- 
CAT and the endogenous L32 mRNAs were 
estimated in actinomycin D chase experiments 
of the -981/+11 and -981/+116 transfor- 
mants. Given the numerous side effects on cellu- 
lar metabolism attributed to actinomycin D, 
these experiments provide a relative rather than 
an absolute measurements of mRNA half-lives. 
RNA was isolated at various times after treating 
myoblasts and fiber cultures with actinomycin 
D, and the relative concentrations of L32-CAT 
and the endogenous L32 mRNA were measured 
by RNA gel blot analysis (Fig. 6). Analysis of 
semi-log plots suggests that the L32-CAT mRNA 
has a half-life of 1.5-2.0 h in stably transformed 
myoblasts and 5.0-5.5 h in fibers of both the 
-981/+11 and the -981/+116 transformants. 
It was not possible to derive an accurate half-life 
of the endogenous L32 mRNA because it de- 
cayed little during the chase. Calculations de- 
scribed in the Methods section show that the 
increased stability of the L32-CAT mRNA in 
fibers is sufficient to account for the increased 
level of L32-CAT mRNA in fibers given that the 
transcription of the L32-CAT is decreased by a 
factor of 2.5. Therefore, the nuclear run-on and 
the mRNA stability measurements suggest that 
the transcription of the L32-CAT genes is regu- 
lated like the endogenous L32 gene during myo- 
blast differentiation, and that the increased level 
of the L32-CAT mRNAs in fibers as compared to 
myoblasts is due to their increased stability in 
fibers. 

Nuclear Factor Binding to L32 Promoter 
Sequences Varies Dramatically Among 

Myoblasts, Fibers, and L Cells 

To determine if there are differences in the 
binding activity of nuclear factors to L32 pro- 
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Fig. 6 .  Estimation of mRNA stability of actinomycin D chase. 
Stably transformed myoblasts and fibers containing the -981 / 
+ I 1  (A) and -981/+116 (B) constructs were treated with 1 
pg/ml actinomycin D. Previous experiments indicate that this 
concentration was sufficient to reduce mRNA synthesis 95%. 
Total cellular RNA was isolated at time points after the addition 
of actinomycin D, fractionated by glyoxal agarose gel electro- 
phoresis, and blotted to nylon filters. Filters were hybridized to 
probes complementary to CAT and L32 mRNAs as in Fig. 2. 
L32-CAT mRNA concentration was determined by densitomet- 
ric scanning of autoradiograms. L32-CAT mRNA half-lives were 
estimated by semi-log plots of the data obtained from the 
Northern analyses. 

moter sequences among various cell types, gel 
mobility shift assays were performed with crude 
nuclear extracts isolated from myoblasts, fibers, 
and L cells using four 32P-labeled L32 DNA 
fragments that span the region from -141 to 
+116 (Fig. 7). Three different extracts from 
each cell type were tested and the binding pat- 
terns obtained were highly reproducible. Equal 
amounts of protein from each extract were used 
in the reactions, and the yield of nuclear extract 
from each type of cell was similar. We cannot be 
certain that factors are extracted with equal 
efficiency from the various cells. Thus, small 
differences in the binding activity of a particular 
factor might not actually reflect a difference in 
vivo. However, rather large differences are de- 
tected in our experiments, and these involve 
changes in the relative activities of the factors. 
The binding specificity was determined by test- 
ing the ability of a 50-100-fold molar excess of 

unlabeled probe or nonspecific fragment (CAT 
coding sequence) to compete for the binding of 
factors. Proteins specifically binding to a 5’ la- 
beled fragment should be competed by an excess 
of the same unlabeled fragment, but not by the 
unrelated CAT fragment. 

The binding of myoblast, fiber, and L cell 
factors to these fragments displays a strikingly 
large number of differences (Fig. 7; Table I). 
There are differences in the binding of factors to 
all four fragments between myoblasts and fi- 
bers. The binding of fiber factors to fragments 
-1411-41, -411+11, and +45/+116 is ex- 
tremely low as compared to the binding of myo- 
blast factors (Fig. 7A,B,D). In contrast, the bind- 
ing of fiber factors to the +111+45 fragment 
was relatively high compared to myoblasts (Fig. 
7C). Thus, the decreased transcription of the 
L32 gene in fibers is correlated with differences 
in the binding of factors to all of these frag- 
ments. The binding of L cell factors to frag- 
ments -141/-41 and +49/+116 is similar to 
that of the binding of myoblast factors to these 
fragments (Fig. 7A,D). The rate of transcription 
of the L32 gene in L cells is unknown, but it is 
likely to be similar to the transcription rate in 
myoblasts, as both of these cells divide rapidly. 
Thus, it is not surprising that the binding of 
factors to these fragments is similar. On the 
other hand, there are significant differences in 
the binding of myoblast and L factors to the 
-41/+11 and +11/+45 fragments (Fig. 7B,C). 
Interestingly, one of these fragments, -411 
+11, is part of a slightly larger fragment that 
shows a cell type specific differences in its impor- 
tance for the maximal expression of the L32- 
CAT gene in L cells. Thus, there is a correlation 
between the increased importance of this se- 
quence in L cells and the increased binding of 
factors to these sequences. However, the differ- 
ential binding to the +11/+45 fragment is not 
associated with any detectable cell type differ- 
ence in the importance of these sequences for 
promoter function. 

DISCUSSION 

With one exception, the relative contribution 
of various L32 promoter elements to maximal 
gene expression is remarkably similar in the 
different cells studied here. Sequences within 
the first exon and intron of the L32 gene have 
previously been shown to stimulate transcrip- 
tion in COS and mouse plasmacytoma cells 
[Atchison et al., 1989; Dudov and Perry, 1986; 
Moura-Net0 et al., 19891. We show that these 
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Fig. 7. Analysis of nuclear factor binding to L32 promoter 
fragments by gel mobility shift assay. Nuclear extracts were 
isolated from myoblasts (M), fibers (F), and L cells (L). Each 
extract was incubated in binding buffer containing the 5’ la- 
beled -141/-41 (A), -41/+11 (B), +11/+45 (C),and +49/ 
+ I16  (D) L32 DNA fragments. Competition reactions con- 
tained 50-1 00-fold excess of either the unlabeled fragment 

TABLE I. Summary of Gel Mobility Shift Data 

Band intensity 
L32 fragment Shifted band M F L 

-141to-41 I(upper) ++ 0 ++ 
I1 (lower) ++ 0 ++ 

-14t0 +I1 I (upper) +/0 0 + 10 
I1 (lower) 0 0 +++ 

+11 to +45 I (upper) 0 0 ++ 
I1 (lower) + ++++ 0 

+49to+116 I ++ 0 ++ 

sequences are also stimulatory in mouse myo- 
blasts, fibers, and L cells, and that there are no 
cell types specific differences in the importance 
of these sequences for maximal promoter activ- 
ity. These exon and intron sequences are clearly 
affecting transcription, as indicated by nuclear 
run-on transcription assays (Fig. 5) [Chung and 
Perry, 19891 and mRNA stability measure- 

which is the specific competitor (S) or the 120 bp hull-Hind 111 
fragment from the CAT coding region of pSV2-CAT which is the 
nonspecific competitor (NS). Shifted bands on each autoradio- 
gram which were specifically competed out by the specific L32 
competitor are indicated by arrows. In each autoradiogram the 
upper band was designated I and the lower band 11. 

ments (Fig. 6). Similarly, previous experiments 
show that the sequences between -36 and - 159 
stimulate transcription [Atchison et al., 1989; 
Dudov and Perry, 1986; Moura-Net0 et al., 19891. 
Our experiments also indicate that these se- 
quences stimulate transcription in myoblasts, 
fibers, and mouse L cells and that there are no 
cell type specific differences in the importance of 
these for maximal gene expression. 

Our experiments also show that sequences 
upstream of - 141 are required for maximal L32 
promoter activity in myoblasts, fibers, and L 
cells. The contribution of these upstream se- 
quences to the transcription of the L32-CAT 
gene is not as great as that of the sequences 
located between - 141 and + 116. Deletion of the 
sequences upstream of - 141 reduce mRNA lev- 
els by 50-70%, whereas deletion of exon and 
intron sequences reduce transcription 70-90% 
and deletion of sequences between -45 and 
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- 141 reduce transcription by about 75%. Previ- 
ous experiments did not detect a significant stim- 
ulatory effect of these upstream sequences [Du- 
dov and Perry, 1986; Moura-Net0 et al., 19891. 
In most of these previous experiments, the ex- 
pression of the transfected gene was assayed 
transiently. We detected a more variable effect 
of these sequences in transient assays (data not 
shown). It is possible that the importance of 
these sequences is masked in transient assays 
because of the higher amount of transfected 
DNA per cell in the transiently transfected cells 
as compared to stably transformed cells. This 
could titrate out factors binding to this region 
resulting in only a fraction of the genes binding 
the appropriate factors. 

It is not known how these upstream se- 
quences stimulate transcription. These se- 
quences could stimulate transcription directly 
by binding trans-acting factors that promote 
transcription. Alternately, these sequences could 
suppress read-through from upstream promot- 
ers. Such read-through could inhibit initiation 
from the L32 promoter. 

One cell type difference in the importance of 
the different L32 promoter elements was de- 
tected. The relative activity of the -45 to +11 
construct is considerably higher in L cells than 
in myoblasts or fibers. Furthermore, L cell ex- 
tracts contain a higher concentration of fac- 
tor(s) that bind to the -41 to +11 probe than do 
myoblasts or fibers. This raises the possibility 
that the activity of this factor mediates the 
increased activity of the -45 to +11 L32-CAT 
gene in L cells. However, genes having addi- 
tional L32 sequences are not detectably ex- 
pressed at relatively higher levels in L cells, 
probably because most of the stirnulatory se- 
quences are located either upstream or down- 
stream of the -45 to + 11 region and the inclu- 
sion of these other regions masks the effect of 
these sequences in L cells. 

Nuclear run-on transcription assays and 
mRNA stability measurements indicate that the 
transcription of the L32-CAT genes, like that of 
the endogenous gene, decreases after myoblast 
differentiate into fibers, even though the steady 
state levels of the L32-CAT mRNAs increase 
after myoblast differentiation. If a specific se- 
quence controls the decreased transcription of 
the L32 gene, then deleting this sequence from 
the L32-CAT gene should increase or decrease 
the expression of the L32-CAT gene in fibers as 
compared to myoblasts depending upon whether 
the element was inhibitory or stimulatory. How- 

ever, the steady state level of L32-CAT mRNA 
increased an average of about 1.4-fold for all the 
constructs, suggesting that the transcription of 
all the L32-CAT genes are regulated similarly. 
We were therefore unable to identify a specific 
element controlling the decreased transcription 
of the L32 gene during myoblast differentiation. 
It is possible that sequences controlling tran- 
scription during myoblast differentiation are lo- 
cated within the smallest functional promoter 
sequence tested (-45 to +ll) and further dele- 
tion eliminates both regulation and activity. An- 
other possibility is that the decreased transcrip- 
tion is not mediated by a specific sequence, but is 
controlled by the modification of some general 
factor like RNA Polymerase 11. 

Previous experiments have identified four 
plasmacytoma cell nuclear factors, designated p, 
y, S ,  and E, that bind to regions of the L32 
promoter [Atchison et al., 1989; Hariharan et 
al., 19891. Although the promoter elements we 
used contain the binding sites for these factors, 
we did not directly compare plasmacytoma cell 
nuclear extracts to myoblast, fiber, or L cell 
extracts. Therefore, we cannot be certain that 
these same factors bind in our experiments. 
However, our major aim was to determine if 
there are cell type specific differences in factor 
binding to the different promoter elements. 

The activity of factors binding to L32 pro- 
moter elements is quite different in myoblasts 
as compared to fiber extracts. The binding of 
factors to three promoter fragments is consider- 
ably less in fibers as compared to myoblasts, 
whereas the binding to the + 11 / +45 is dramati- 
cally higher in fibers. The relationship of these 
changes in the activity of DNA binding factors to 
the decreased transcription of the L32 gene is 
unclear, especially considering the fact that we 
were unable to identify specific sequences modu- 
lating the transcription of L32-CAT gene. How- 
ever, as mentioned above, it is possible that the 
controlling element is located between -45 and 
+ 11 and that the decreased activity of the factor 
binding to this region controls the decreased 
transcription of the L32 gene during myoblast 
differentiation. Further experimentation is re- 
quired to elucidate the role of these factors in 
the transcription of the L32 gene. 

In conclusion, our studies show that there is 
remarkable similarity in the relative importance 
of the L32 promoter elements to maximal expres- 
sion in these different cells, whereas the activity 
of nuclear factors that bind to these promoter 
elements varies widely. This indicates that there 
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is not a simple relationship between the activity 
of nuclear factors and the expression of the L32 
gene. Perhaps one factor is actually rate limiting 
and the others are always present in excess. 
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