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G E N E  E X P R E S S I O N

The SV40 early transcriptional regulatory element is unable 
to direct gene expression in pituitary GH-3 cells
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T h e  S V 4 0  e a r ly  (S V 4 0 E ) t r a n s c r ip t io n a l re g u la to ry  e le m e n t ( T R E )  is  a b le  to d ire c t  h e te ro lo g o u s 
g e n e  e x p re s s io n  in  a v a r ie ty  o f  e u k a ry o t ic  c e ll l in e s . T h is  a b il it y  is  c o n fe rre d , in  p a rt , b y  the p r e s 
e n c e  o f  se v e ra l c is -e le m e n ts . T ra n s fe c t io n  stu d ie s, m u t a t io n a l a n a ly se s , a n d  in  v it ro  D N A  b in d in g  
assays h a v e  d e m o n stra te d  th a t th e  S V 4 0 E  T R E  is  c a p a b le  o f  in t e r a c t in g  w ith  se v e ra l c e llu la r  t r a n 
s c r ip t io n  (tra n s) factors. I n  the p re s e n t stud y, we h ave  in v e st ig a te d  th e  in a b il it y  o f  the S V 4 0 E  T R E  
to d ir e c t  g e n e  e x p re s s io n  in  c u lt u r e d  ra t  a n t e r io r  p it u it a r y  G H -3  c e lls . G e l s h if t  a n a ly s is  d e m o n 
stra te d  th a t n u c le a r  facto rs w it h in  these c e lls  c a n  re c o g n iz e  a n d  s p e c if ic a lly  b in d  to D N A  c o n t a in 
in g  S V 4 0  e n h a n c e r  se q u en ces. S u r p r is in g ly ,  we h ave  fo u n d  th a t b o th  H e L a  a n d  G H -3  c e lls  possess 
r e la t iv e ly  e q u a l q u a n t it ie s  o f  S p l-s p e c if ic  R N A ;  how ever, a  d ra m a t ic  d e cre a se  in  S p l  p r o te in  was 
se e n  in  G H -3  ce lls . T ra n s fe c t io n  stu d ie s  u t i l iz in g  C A T  re p o rt e r  p la s m id s  re v e a le d  th a t the in ta c t  
S V 4 0 E  T R E  is  in a c t iv e  in  these c e lls , a n d  th a t su b se q u e n t d e le t io n  o f  a re g io n (s ) w h e re  n u c le a r  
fa c to r b in d in g  o c c u rs  does n o t re s u lt  in  d e te cta b le  le v e ls  o f  g e n e  e x p re s s io n . T h u s ,  re m o v a l o f  
c is -s ite s  p o te n t ia lly  in v o lv e d  in  re p re s s o r  b in d in g  d o es n o t re s u lt  in  a c t iv a t io n  o f  the S V 4 0 E  T R E  
in  th e se  c e lls . S u b c lo n in g  a n  S V 4 0  e n h a n c e r  fra g m e n t u p s tre a m  o f  a  h e te ro lo g o u s  T K  p ro m o te r  
y ie ld e d  c h im e r ic  T R E s  th at c o u ld  d ire c t  h ig h  le v e ls  o f  g e n e  e x p re s s io n  in  H e L a  b u t n o t G H -3  
c e lls . T h e re fo re , the p ro to ty p ic  S V 4 0  e n h a n c e r, in  th e  c o n te x t o f  G H -3  c e lls , c a n n o t  e n h a n c e  g en e 
e x p re s s io n .

T ranscription of eukaryotic DNA is a com
plex process that can be regulated devel- 

opmentally, tissue-specifically, or in response 
to extracellular signals (Darnell, 1982; Maniatas 
et al., 1987; Serfling et al., 1985). This process 
involves interaction of DNA sequences with cel
lular transcription (trans) factors (Dynan and 
Tjian, 1985; Ptashne, 1988; Mitchell and Tjian, 
1989; Johnson and McKnight, 1989). Early 
studies identified two distinct types of cis-acting 
regulatory sequences required for Pol Il-directed 
RNA polymerase: promoters, which are located 
close to the initiation site and act in a position-

dependent manner; and enhancers, which can 
be located far from the initiation site and act 
in a position- and orientation-independent man
ner (Khoury and Gruss, 1983; Gluzman, 1985; 
Serfling et al., 1985; Guarente, 1988).

In the region of the SV40 viral DNA that in
cludes the origin of replication, a prototypic 
transcriptional regulatory element (TRE) has 
been demonstrated. Deletion mapping and mu
tagenesis studies have delineated a 418 bp re
gion (position 5171 to 346 of the viral genome) 
that is important for viral replication, as well 
as expression of both early and late genes
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(Fig. 1A; Gruss et al., 1981; Moreau et al., 1981; 
Gidoni et al, 1985). The SV40 early (SV40E) TRE 
has been shown to contain several modules 
which by themselves have no or weak enhanc
ing activity, but which can act synergistically 
to yield high levels of activity (Herr and Clark, 
1986; Ondek et a l, 1988; Schirm et al, 1987; 
Fromental et al, 1988). Subsequent analysis has 
demonstrated that these modules contain bind
ing sites for a variety of cellular transcription 
factors including TFIID, Spl, AP-1, AP-2, AP-3, 
AP-4, AP-5, Oct-1, and NF-KB (Fig. IB; reviewed 
by Jones et al, 1988). The ability of the SV40E 
TRE to direct heterologous gene expression in 
different cell lines must be due, in part, to the 
array of cis-elements present within this region 
(Nomiyama et a l, 1987; Ondek et a l, 1987; 
Rosales et a l, 1987; Schirm et al, 1987).

We have previously reported on the inability 
of the SV40E TRE to direct heterologous gene 
expression after transfection into cultured rat 
anterior pituitary (GH-3 and P3) cells (Cole
man et a l, 1991a). This is not due to an inabil
ity of these cells to take up SV40-CAT plasmid 
DNA, nor is it a result of cellular transformation, 
as non-transformed pituitary cells (P3) demon
strate essentially the same profile of heterolo
gous gene expression. Schirm et al. (1987) had 
previously shown that synthetic multimers of 
SV40 modules linked to a (3-globin test gene 
could yield enhancer activity in 9 of 10 cell lines 
tested. None of these synthetic SV40 motifs was 
capable of directing (3-globin transcription in 
GH-3 cells, as determined by quantitative SI 
nuclease mapping. These data suggest a pos
sible transcriptional down-regulation of the 
SV40E TRE in pituitary GH-3 cells, but they 
do not rule out such posttranscriptional effects 
as mRNA processing, transport, or stability 
(Darnell, 1982). If this effect was due to de
creased transcriptional initiation, however, then 
plausible explanations include the lack of a 
trans-activator(s) or the presence of a trans- 
repressor^).

In the present study we set out to determine 
whether GH-3 cells contained proteins that 
could interact with the SV40 enhancer. In vitro 
gel shift assays demonstrated the presence of 
factor(s) that could specifically bind SV40 en
hancer sequences. Utilizing fragments of the 
SV40 enhancer, or synthetic double-stranded 
oligonucleotides, we were able to localize factor(s) 
binding to an upstream region (between posi

tion 205-279) of the viral TRE (Tooze, 1981). 
Curiously, we also observed little specific DNA 
binding of GH-3 cell nuclear proteins to an SV40 
fragment containing multiple Spl binding sites 
(Dynan and Tjian, 1983). Subsequent studies 
demonstrated low levels of immuno-reactive Spl 
in GH-3 cell extracts.

Based on the possibility that the binding of 
GH-3 cell nuclear proteins might represent a 
repressor protein, a series of 5' deletion mutants 
were created to remove these upstream bind
ing sites. Removal of upstream TRE sequences 
that include negative regulatory elements (NREs) 
have previously been shown to result in increased 
levels of gene expression (Goodbourn et al, 
1986; Baniahmad et al, 1987; Gaub et al, 1987; 
Imler et a l, 1987; DeSimone and Cortese, 1989; 
Herbst et a l, 1990).

All of these 5' truncated SV40E TRE deletion 
mutants were inactive in directing reporter gene 
expression in GH-3 cells. Finally, we wished to 
determine whether a fragment from the SV40E 
TRE, which contains a number of the previously 
mentioned cis-elements, could enhance gene 
expression in either HeLa or GH-3 cells when 
fused to a heterologous promoter. SV40:thymi- 
dine kinase (TK) chimeric TREs were all active 
in directing CAT gene expression in HeLa cells, 
but were found to yield only slightly elevated 
levels in GH-3 cells. The relative inactivity of 
the SV40E TRE in GH-3 cells, therefore, might 
be due to both the lack (or low level) of a specific 
trans-activator such as Spl, and the presence 
of cis-elements that silence SV40E-directed gene 
expression within the context of these cells.

M aterials and m ethods 

Cell culture

Human cervical carcinoma (HeLa; ATCC CCL2) 
and rat anterior pituitary (GH-3; ATCC CCL 
82.1) cell lines were maintained in culture me
dium consisting of Dulbecco’s Modified Eagle’s 
Media (DMEM) containing 10% Nu-serum (Col
laborative Research Inc.), 2 mM L-glutamine, 
and 50 ug/ml gentamicin (Gibco).

Transient transfection and CAT assays
Transfections were carried out in the presence 
of DEAE-dextran. Approximately 5 x 105 cells 
were plated onto 22-mm tissue culture plates. 
After 24-hour incubation in culture medium,
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Figure 1. Complexity of the SV40E TRE. A. The region between positions 5171 and 333 of the SV40 viral genome 
is depicted. This region includes the viral origin o f replication, as well as TREs for both early (to the left) and 
late (to the right) viral gene expression. Regions involved in early gene expression include a CAP site (arrows), 
TATA box (open box), three 21-bp repeats (light hatching), two 72-bp direct repeats (cross hatching) and unique 
upstream  sequences (dark hatching). B. SV40 nucleotide sequence cloned into pBLCAT-3 to yield pSVE405 (Cole
man et al., 1991b). Sequence in italics at position 517 7 -5 1 9 7  and 3 2 0 -3 3 9  correspond to oligonucleotides used  
in the PCR amplification of the SV40E TRE. Prom oter elements include two m ajor early CAP sites (arrows) and 
a TATA box (ATAAATA). Cis-sites for transcription factors Spl (GGCGGG), AP-1 (TGACTAA), OCT-1 (CTTTGCAT), 
AP-2 (GCCTGGGG), NF-KB (GGGGACTTTCCA), AP-3 (CTTTCCACACC), AP-5 (CATTCCACA) and AP-4 (CCA 
CAGCTGG) are also indicated (reviewed by Jones et al., 1988). Restriction sites used to generate deletion mutants 
include Nco I (37), Sph I (128 and 200), Pvu II (270), and Kpn I (294).
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the cells were rinsed twice with serum-free 
DMEM. Cells were transfected with 1 gg of plas
mid DNA diluted in 0.5 ml of serum-free DMEM 
containing 0.1 mg of DEAE-dextran. For HeLa 
cells, the DNAiDEAE-dextran solution was in
cubated on the cells for 1 hour, after which the 
solution was removed and the cells shocked for 
90 seconds with 1.0 ml of iV-2-hydroxyethyl- 
piperazine-A'^ ethanesulfonic acid (HEPES) 
buffered saline (21 mM HEPES pH 7.15; 137 mM 
NaCl; 5 mM KC1; 0.7 mM Na2H P 0 4; 6 mM Glu
cose) containing 5% dimethyl sulfoxide 
(DMSO), as described previously (Lopata et al.,
1984). For GH-3 cells, the incubation time was 
30 minutes, and the DMSO shock was omitted 
(Pasleau et al., 1985; Coleman et al., 1991a). After 
the appropriate incubation, the cells were 
washed sequentially with phosphate-buffered 
saline (PBS) and serum-free DMEM, then cul
tured in 1.0 ml of complete medium.

CAT assays were performed as described (Neu
mann et al., 1987) with the following changes 
(Coleman et al., 1991b). Three days after trans
fection, cells were rinsed with 1.0 ml of PBS/ 
EDTA (PBS containing 1 mM EDTA) and lysed 
by addition of 100 gl of 100 mM Tris-HCl pH
7.5, followed by 100 gl of the same solution con
taining 0.2% Trition X-100 (Nachtigal et al.,
1989). The cell suspension was transferred to a
1.5 ml Eppendorf tube, centrifuged at 1300 x g , 
and heat-inactivated at 68°C for 10 minutes; 
insoluble material was removed by centrifuga
tion at 16,000 x g  for 10 minutes. Cell extract 
(150 gl) was added to 7 ml scintillation vials, 
followed by addition of a reaction mix (100 gl) 
containing 2 gl [3H]-acetyl-CoA (0.5 mCi/ml; 
200 mCl/mmol; DuPont-NEN), 50 gl of 5 mM 
chloramphenicol (in water), 15 gl of 1.0 M Tris- 
HCl pH 8.0, and 33 gl of water. The reactions 
were then overlaid with 5 ml of scintillation fluid 
(Econo-fluor, DuPont-NEN), and radioactivity 
was determined after 1, 2, and 4 hours incu
bation at room temperature. The total amount 
of protein used per assay was determined using 
a BioRad protein assay, and CAT activity was 
expressed as counts per minute/per hour of incu- 
bation/per gg of cell protein (cpm/hr/gg protein).

Plasmid constructs
DNA manipulations were carried out using stan
dard cloning techniques (Maniatas et al., 1982). 
The plasmid pBLCAT-3, which contains the cat

coding sequence fused to the SV40 t-intron and 
polyadenylation signal, was linearized at a unique 
Bgl II site located upstream of the gene (Luckow 
and Schutz, 1987). Treatment with Klenow poly
merase and dNTPs yielded a 4344 bp linear frag
ment that served as vector for all subsequent 
manipulations. Inclusion of an —1200 bp DNA 
fragment containing the human cytomegalo
virus immediate-early (CMV) TRE resulted in 
the plasmid pCMV-CAT (Coleman et al., 1991a). 
Ligation into this vector of a PCR amplified 
405 bp fragment containing the SV40E TRE re
sulted in the plasmid pSVE405 (Coleman et al., 
1991b).

The 5' deletion mutants of the SV40E TRE 
were constructed as follows. After polymerase 
chain reaction (PCR) amplification as previously 
described, a 405 bp fragment containing the 
SV40E TRE was isolated by 1 % agarose electro
phoresis, elution, and subsequent purification 
on Elu-tip D column (Schleicher & Schuell). This 
material was digested with Kpn I, Pvu II, Sph I, 
and Nco I, and the fragments were cloned into 
the linear pBLCAT-3 vector as described above. 
The clones obtained are depicted in Figure 6. 
All inserts are flanked by unique BamH I and 
Xho I restriction sites at the 5' and 3'junctions, 
respectively.

Chimeric TREs containing an SV40 enhancer 
fragment fused to a minimal herpes TK pro
moter (Fig. 7) were constructed by insertion of 
an Sph I-Sph I fragment from pSVE-338 (Fig. 6) 
into the unique Sph I site of pBLCAT-2 (Luckow 
and Schutz, 1987). This fragment contains SV40 
enhancer sequences located between positions 
200 and 273 of the viral genome and includes 
the following cis-sites: Oct-1, AP-2, AP-3, NF-KB, 
and AP-5. Twenty-nine base pairs of flanking 
sequence from the multiple cloning site of 
pBLCAT-3 are also present in this fragment. Re
combinants containing single and triple inserts 
in either orientation were identified by restric
tion enzyme cleavage analyses. All recombinants 
were verified by nucleotide sequencing.

RNA isolation and analysis

Total cellular RNA was extracted from both 
HeLa and GH-3 cells using RNAzol™ (Cinna/ 
Biotecx) as suggested by the manufacturer; 5,10, 
and 20 gg of each sample was denatured and 
fractionated by 1.5% Formaldehyde agarose gel 
electrophoresis as described (Maniatas et al.,
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1982). After overnight transfer to Nytran 
(Schleicher and Schuell), the filters were hy
bridized to either a 28S rRNA probe (Barbu and 
Dautry, 1988) or an Spl cDNA probe (Kadonaga 
et al., 1987).

Cell extracts and Western blots
Total cell extract was prepared according to S. R 
Jackson, University of California, Berkeley (per
sonal communication). Sub-confluent 100 mm 
dishes of HeLa and GH-3 cells were rinsed 1 x 
with PBS and harvested in 1 ml PBS/EDTA. The 
cells were collected by centrifugation at 1300 
x g  for 10 minutes and resuspended in 100 (il 
PBS/EDTA, after which cell volume was esti
mated. Cells were pelleted as described above 
and resuspended with 5 volumes of dH20 per 
volume of cell pellet. Finally, the cell suspen
sion was lysed by addition of SDS sample buffer, 
and the viscosity was reduced by repeated pas
sage through a 22 g hypodermic needle.

Equal volumes of cell extracts were resolved 
on a 7.5% SDS-PAGE, and protein bands were 
visualized by Coomasie staining. Equivalent pro
tein profiles were observed from both HeLa and 
GH-3 cell extracts (data not shown). To deter
mine the relative amounts of Spl present in 
these cells, Western blot analysis using a poly
clonal rabbit anti-Spl Ab (a gift from S. P. Jack- 
son) were performed as described (Jackson and 
Tjian, 1988).

Nuclear extracts and heparin agarose 
fractionation
Nuclear extracts from sub-confluent HeLa and 
GH-3 cells were prepared as described by Dig- 
nam et al. (1983). All steps were performed at 
4°C. To enrich the extracts for DNA-binding 
proteins, nuclear extracts were adsorbed onto 
Heparin-agarose as described (Briggs et al., 
1986). After washing with buffer containing 100 
mM KC1, bound proteins were eluted by step
wise salt elutions containing 400 mM and 1.0 M 
KC1. Proteins eluted with 400 mM KC1 (HA-400) 
were pooled and dialyzed against two changes 
of Buffer D (20 mM HEPES pH 7.9; 20% v/v glyc
erol; 100 mM KC1; 0.2 mM EDTA; 0.5 mM PMSF; 
0.5 mM DTT). Protein concentrations were de
termined using a BioRad assay and were found 
to average between 5-10 |ig of protein per \i\ 
for both nuclear extracts and HA-400 pooled 
fractions.

Gel shift assay

Double-stranded DNA fragments obtained by 
digestion of plasmid DNA with restriction en
zymes were radiolabeled with Klenow polymer
ase and [a32P]dNTP and used for the binding 
assays (Fried and Crothers, 1981). Also, double- 
stranded synthetic oligonucleotides with stag
gered ends were prepared and labeled as de
scribed above. DNA fragments, 0.5 ng of poly 
(dl-dC) as a nonspecific competitor, and 5-20  
|ig of protein extracts were incubated in a total 
volume of 20 nl containing 10 mM Tris-HCl 
(pH 7.5); 1 mM EDTA; 1 mM DTT; 50 mM NaCl; 
5% glycerol at room temperature for 60 min
utes and separated by 8% polyacrylamide gel 
electrophoresis in a Tris-borate buffer.

Results

CAT activity in HeLa versus GH-3 cells

HeLa and GH-3 cells were transiently transfected 
with plasmid DNA in which the CMV or SV40E 
TREs directed expression of the cat reporter 
gene (pCMV-CAT and pSVE405, respectively). 
High levels of CAT activity were obtained from 
HeLa cell extracts after transfection with either 
plasmid DNA. In GH-3 cells, the CMV TRE is 
very active, and the SV40E TRE is inactive at 
directing detectable levels of cat gene expres
sion (Fig. 2).

DNA binding by GH-3 nuclear proteins
Nuclear extracts from HeLa and GH-3 cells were 
assayed for their ability to recognize and bind 
different fragments of the SV40 enhancer. HeLa 
cell extracts served as a positive control because 
all the trans-factors that bind the correspond
ing cis-sites of the SV40E TRE (described in 
Fig. IB) have been shown to be present in these 
cells (Briggs et al., 1986; Lee et al., 1987; Macchi 
et al., 1989; Mercurio and Karin, 1989; Mer- 
mod et al., 1988; Mitchell et al., 1987, Sturm 
et al., 1987). To determine whether any SV40 
enhancer-specific trans-factors were present in 
GH-3 cells, a 296 bp Nco I-Nco I fragment 
(Fig. 1A) containing the three 21 bp repeats, 
two 72 bp repeats, and unique upstream en
hancer sequence was utilized. Significant shift
ing of this fragment was observed with increas
ing amounts of either the HeLa or GH-3 nuclear 
extracts (Fig. 3A, lanes B-D and H-J). Moreover,
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Figure 2. Relative CAT activity 
obtained after transient trans
fection of pCMV-CAT and 
pSVE405 into HeLa and GH-3 
cells. Cells were transfected 
with 1.0 ng of each plasmid 
DNA as described. The CAT ac
tivity is expressed as cpm/hr 
incubation/fxg total protein and 
is expressed relative to pCMV- 
CAT which represents 100%. 
Values represent the mean ± 
SD of two independent trans
fections (n = 4).

this binding was specific, since excess cold frag
ment competed this binding (Fig. 3A, lanes E 
and F, K and L). It should be noted that a differ
ence in the absolute amount of binding was ob
served. With 10 pg of HeLa cell nuclear extract, 
quantitative shifting of the labeled DNA frag
ment was observed (Fig. 3A, lane C). Further
more, a 20-fold excess of cold competitor was 
required to abolish this binding. Ten pg of GH-3 
cell nuclear extract could not quantitatively 
shift this fragment, while a 10-fold molar excess 
of cold competitor abolished this DNA binding 
(Fig. 3A, lanes I and K, respectively). Taken to
gether, these data suggest a difference in the 
quantity of SV40-specific trans-factors present 
within these two cell lines.

In order to establish the location within the 
SV40 enhancer at which binding occurred, the 
above mentioned 296 bp fragment was labeled 
and subsequently digested with Sph I. Two DNA 
fragments were obtained: a 91 bp Nco I-Sph I 
portion which contains the six Spl binding sites 
and an AP-1 site, and a 133 bp Sph I-Nco I frag
ment which contains the cis-sites for Oct-1, 
AP-2, AP-3, NF-KB, AP-5, and AP-4. Gel shift 
analysis using the 91 bp fragment and HeLa 
nuclear extract revealed significant binding by 
protein(s) that should represent the ubiquitous 
factor Spl (Fig. 3B, lanes A-D). We did not ob
serve significant binding of the GH-3 cell nu
clear extract to this fragment (Fig. 3B, lanes E

and F). Three separate nuclear extract prepara
tions demonstrated the same lack of binding 
(data not shown).

Significant DNA binding to the 133 bp frag
ment was observed using both HeLa and GH-3 
cell nuclear extracts (Fig. 3B, lanes G-J). This 
fragment contains several binding sites for cel
lular transcription factors. Significantly, differ
ent gel shift patterns were observed with either 
HeLa or GH-3 nuclear extracts, suggesting that 
differences existed in the compliment of trans
factors present within these cell lines.

Based on these data and the fact that several 
previously identified cis-sites are present within 
this region (Fig. IB), two double-stranded oligo
nucleotides were prepared. They spanned re
gions from position 205-237  (oligonucleotide 
#1) and 238-279 (oligonucleotide #2) of the 
SV40E TRE and were used in gel shift analyses 
(Fig. 4). For oligonucleotide #1, which contains 
Oct-1 and AP-2 sites, similar profiles of DNA 
binding were observed with both HeLa and GH-3 
cell nuclear extracts or HA-400 fraction (Fig. 
4A, lanes A-E and H -L). This binding could 
be competed by addition of excess cold oligo
nucleotide #1 (Fig. 4A, lanes F and G, M and 
N). The DNA-binding pattern to oligonucleotide 
#2 seemed similar when either HeLa or GH-3 
nuclear extracts were utilized (Fig. 4B, lanes A 
and B, H and I). With the pooled HA-400 frac
tion, a change in the binding pattern was ob-
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Figure 3. Binding of nuclear 
factors from HeLa and GH-3 
cells to SV40 enhancer DNA 
fragments. A. A 296 bp Nco I- 
Nco I fragment which contains 
the three 21-bp repeats (light 
hatching), two 72-bp direct 
repeats (cross hatching) and 
unique upstream sequence 
(dark hatching) was labeled and 
used in gel shift assays. Shifted 
bands were observed with in
creasing amounts of nuclear ex
tracts (NE) from both HeLa 
(lanes B-D) and GH-3 (lanes 
H-J) cells. In the presence of 
10 tig of each extract, 10 and 
20-fold molar excess of cold 
competitor (COMP) could spe
cifically compete this binding 
(lanes E-F and K-L). B. The 
296 bp Nco I-Nco I fragment 
was labeled and subsequently 
digested with Sph I to yield a 
91 bp Nco I-Sph I fragment 
which contains cis-sites for Spl 
and AP-1, and a 133 bp Sph I- 
Nco I fragment which contains 
cis-sites for Oct-1, AP-2, NF-KB, 
AP-3, AP-5 and AP-4. Gel shift 
analyses were performed using 
the 91 bp (lanes A-F) or 133 
bp (lanes G-J) fragments and 
HeLa cell NE (lanes A and B, 
G and H) or a commercially 
available extract enriched for 
Spl (lanes C-D; Stratagene 
#203002) or GH-3 cell NE 
(lanes E and F, I and J). Bind
ing that should represent Spl is 
indicated by the arrow on the 
left panel. Positions of differ
ent complexes formed using 
the 133 bp fragment and HeLa 
or GH-3 NE are indicated by 
arrows on the right panel.

(37) 
Nco I

u

(128) 
Sph I

(200) (333)
Sph I NcoI
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IGGACCCCi3.

Figure 4. Binding of nuclear factors from HeLa and GH-3 cells to double-stranded oligonucleotides corresponding 
to SV40 enhancer fragments. A. Increasing amounts of nuclear extracts from HeLa (lanes A and B) and GH-3 
(lanes H and I) cells or heparin-agarose pooled fractions (HA-400) from HeLa (lanes C-E) and GH-3 (lanes J-L ) 
cells were used with a double-stranded oligonucleotide containing Oct-1 and AP-2 sites. This sequence is identical 
to that found in SV40 between positions 205-237 (oligonucleotide #1). Specific binding could be competed with 
50 (+) and 100-fold (++) molar excess cold oligonucleotide (COMP; lanes F and G, M and N).

served in comparing HeLa and GH-3 cell prep
arations (Fig. 4B, lanes C -E versus J-L ). This 
DNA binding could be specifically competed 
with excess cold oligonucleotide #2 (Fig. 4B, 
lanes F and G, M and N).

Activity of deletion mutants in HeLa and GH-3 cells
Based on the possibility that binding of nuclear 
proteins from GH-3 cells might serve to repress 
transcription from the SV40E TRE, a series of 
5' and internal deletion mutants were con
structed and assayed for their ability to direct 
cat gene expression after transient transfection 
into both HeLa and GH-3 cells. The results are

shown in Figure 5. Truncation of the SV40E TRE 
yielded concomitant reduction in SV40E-directed 
gene expression after transfection into HeLa 
cells. The profile is similar to previously re
ported results (Gorman, 1982b; Zenke et al., 
1986). In GH-3 cells, all SV40E deletion mutants 
were unable to direct cat gene expression.

Activity of SV40E enhancer:TK promoter 
chimeric plasmids
Chimeric TREs were constructed by insertion 
of an SV40 enhancer fragment upstream of a 
minimal TK promoter (Fig. 6A). This SV40 frag
ment contains enhancer sequences located be-
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B HeLa
NE HA-400

10 20 5 10 20 1010
+ + +

A B C D E F G
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NE HA-400
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( j ig )
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238
5' GGACTTTCCACACQCTAACTGACAC 

GTAAAGGTGTGGjGATT GACTGT G
AP-3

Pvu II 279
)ATTjCCACAlGCTGdjTTC 3 

5GTGTCGAGG

AP-5 AP-4
Figure 4  (continued). B. Extracts and competition are as described in A  except that oligonucleotide #2, correspond
ing to SV40 sequences between 238-279, was used. This oligonucleotide contains binding sites for AP-3, AP-5, and 
AP-4. A difference in binding pattern between HeLa and GH-3 cells was observed as indicated by the arrow.

tween positions 200 and 273 (Fig. IB) and has 
been shown to bind nuclear proteins from both 
HeLa and GH-3 cells (Fig. 4). Clones were iden
tified that contained single or triple SV40 in
serts in either early or late transcriptional orien
tation. Transfection of these chimeric plasmids 
into HeLa cells and subsequent activity profiles 
demonstrated that this fragment could indeed 
enhance gene expression (25- to 94-fold relative 
to TK alone). An increase in CAT activity was 
observed when the SV40 DNA fragment was in
serted upstream of the TK promoter in either 
transcriptional orientation and multiple inserts 
resulted in higher activity than single copies 
suggesting additive effects (Fig. 6, hatched bars). 
These plasmids, when transfected into GH-3 
cells had a small stimulatory effect (1.8- to 2.4-

fold relative to TK alone) on cat gene expres
sion (Fig. 6, stippled bars). Though these values 
are significantly different from pBLCAT-2- 
directed (TK) gene expression, they represent 
a dramatically reduced ability (13- to 40-fold) 
of this SV40 fragment to enhance gene expres
sion in GH-3 cells. Thus, neither the intact 
SV40E TRE, nor the chimeric SV40 enhancer:TK 
promoter clones, could direct high levels of cat 
gene expression in pituitary GH-3 cells.

Analysis of Spl levels in GH-3 cells

Because Spl has been shown to be required for 
efficient SV40E-directed gene expression (Dy- 
nan and Tjian, 1983; Gidoni et al., 1984 and
1985), and due to the apparent lack of Spl-like 
DNA binding activity in GH-3 cell nuclear ex-
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Figure 5. Relative CAT activity from HeLa and GH-3 cells transiently transfected with SV40E deletion mutations. 
Plasmid designations appear at the left. For ease of presentation, the polarity of the TRE has been switched such 
that early gene expression is now to the right. Activity from HeLa cells is expressed relative to pSVE405. In GH-3 
cells, pCMV-CAT serves as 100%. Conserved elements and restriction sites are as indicated in Figure 1A. The level 
of CAT activity directed by pSVE104, which includes the TATA and CAP sites, is equal to that of the promoterless 
plasmid, pBLCAT-3 (data not shown). Values represent the mean values of three separate transfections (n = 6).

tracts (Fig. 3B, lanes E and F), we determined 
the level of Spl in GH-3 versus HeLa cells. North
ern blot analysis revealed the presence of equiv
alent levels of Spl-specific RNA in both HeLa 
and GH-3 cells (Fig. 7A). To assess the level of 
protein, Western blots using an Spl-specific poly
clonal Ab and total cell extracts were performed. 
Though Spl-specific RNA was present at ap
proximately the same level in both cell lines, 
the amount of Spl protein was approximately 
20-fold lower in GH-3 cells versus HeLa cells 
(Fig. 7B). While Spl is thought to be ubiquitously 
expressed, recent studies which quantified the 
levels of Spl (mRNA and protein) in different 
mouse tissues and at different stages of devel
opment demonstrated dramatic differences of 
up to 100-fold in the level of Spl present in a 
variety of cell types (Saffer et al., 1991).

Discussion

The SV40E TRE can direct heterologous gene 
expression after transient transfection into a 
wide variety of cultured cell lines (Gorman et

al., 1982a; Nomiyama et al., 1987; Ondek et al., 
1987; Rosales et al., 1987; Schirm et al., 1987). 
This prototypic TRE has been shown to possess 
a promoter that includes a CAP site and TATA 
box (Benoist and Chambon, 1981; Mathis and 
Chambon, 1981), as well as a very potent en
hancer (Banerji et al., 1981; Gruss et al., 1981; 
Moreau et al., 1981). The enhancer contains 
different domains and is subdivided into three 
imperfect 21-bp repeats, two 72-bp direct re
peats and a unique upstream sequence that is 
required for maximal SV40E-directed gene ex
pression. Housed within these domains are cis- 
sites, or consensus binding sites, for several cel
lular trans-factors (Briggs et al., 1986; Lee et al., 
1987; Macchi et al., 1989; Mercurio and Karin, 
1989; Mermod et al., 1988; Mitchell et al., 1987; 
Sturm et al., 1987). The activity of the SV40E 
TRE, therefore, is dependent on the compli
ment of trans-factors available within a given cell.

Based on earlier results we and others have 
concluded that the SV40E TRE is incapable of 
directing detectable levels of heterologous gene 
expression in transformed rat anterior pituitary
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Figure 6. Construction and 
transfection results with chi
meric SV40 enhanceriTK pro
moter TREs. A. A 99 bp Sph I- 
Sph I fragment from pSVE338 
containing cis-sites for Oct-1, 
AP-2, NF-KB, AP-3, and AP-5, as 
well as 29 bp of the multiple 
cloning site from pBLCAT-3 
(dotted lines) was ligated into the 
unique Sph I site in the multiple 
cloning region of pBLCAT-2. 
pBLCAT-2 contains a minimal 
TK promoter (TK) with a CAP 
site (solid arrow), TATA box, 
two Spl binding sites and a 
CAAT box. Single and triple 
inserts in both SV40 transcrip
tional orientations were iden
tified and used for transfec
tion into HeLa and GH-3 cells.
B. Relative CAT activity from 
HeLa (hatched bars) and GH-3 
(shaded bars) cells transient
ly transfected with SV40 en
hanceriTK promoter chimeric 
TREs. Plasmid pCMV-CAT 
served as a positive control in 
GH-3 cells (data not shown). 
p99E:TK contains a single SV40 
insert in the early (E) orienta
tion and p(3)99E:TK contains 
three repeated inserts all in the 
early orientation. Clones con
taining single or triple SV40 in
serts in the late orientation (L) 
are also shown. All chimeric 
TREs were active in directing 
CAT gene expression in HeLa 
cells, while little CAT activity 
was obtained from transfected 
GH-3 cells using these plas
mids. Values represent the 
mean ± SD from three sepa
rate transfections (n = 6).

GH-3 cells (Camper et al., 1985; Schirm et al., 
1987; Coleman et al., 1991a). This does not seem 
to be an artifact of cellular transformation as 
non-transformed rat pituitary cells are also in
capable of supporting SV40E-directed gene ex
pression, nor is it due to an inability of these 
cells to take up SV40-CAT plasmid DNA (Cole
man et al., 1991a). We believe that the inability 
of the SV40E TRE to direct gene expression must

be due, in part, to low or repressed levels of re
porter gene transcription.

In an attempt to define the process which 
results in the lack of activity, we first determined 
whether nuclear factors from GH-3 cells could 
recognize and bind the SV40 enhancer. Utiliz
ing a 296 bp fragment containing the intact en
hancer, we demonstrated that factors are pres
ent within these cells that can interact with the
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Figure 7. Analysis of Spl mRNA and protein in HeLa 
versus GH-3 cells. A. Northern blot analysis was per
formed and the relative levels of Spl mRNA in the two 
cell lines determined. Equivalent blots with increasing 
amounts of total RNA were hybridized with either a 
28S rRNA-specific oligonucleotide probe to control for 
the amount of RNA blotted onto the membrane, or an 
Spl-specific cDNA probe. Spl-specific RNA of the cor
rect molecular mass ( ~ 8.2 Kb) was found in both HeLa 
and GH-3 cells at equivalent levels. B. Western blot 
analysis using total cell extracts from HeLa and GH-3 
cells and a polyclonal Spl antibody. 1, 3, and 9 jil of total 
cell extracts and 1, 2, and 4 ng of pure Spl (Promega) 
were separated by 7.5% SDS-PAGE and transferred to 
nitrocellulose. The membrane was exposed to Spl Ab 
followed by goat anti-rabbit alkaline phosphatase Ab. 
A doublet of 95-105 Kd comigrating with purified Spl 
could be seen in HeLa cell extracts, whereas a signifi
cantly reduced signal was observed using the GH-3 cell 
extract.

SV40 enhancer. Gel shift analyses revealed quan
titative differences between HeLa and GH-3 cell 
nuclear extracts. In particular, less shifting was 
observed when the GH-3 cell nuclear extracts 
were used (Fig. 3A).

Using enhancer fragments, differences in 
binding patterns became more apparent. Curi
ously, no shifting of a 91 bp fragment which 
contains several Spl binding sites was observed 
using GH-3 cell nuclear extract (Fig. 3B, lanes 
E-F), while a prominent shifted band was seen

when a control HeLa cell extract was used. Also, 
different gel mobility shift profiles were ob
served using the 133 bp Sph I-Nco I fragment 
(Fig. 3B, lanes G-J), which might be indicative 
of differences in the array of trans-factors within 
these two cell lines.

To further localize the cis-sites involved in 
nuclear extract binding to the 133 bp fragment, 
synthetic double-stranded oligonucleotides were 
used. Oligonucleotide #1 contained sequences 
between 205 and 237 of the viral genome and
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included cis-elements for the trans-factors, Oct-1 
and AP-2. It is similar in sequence to the coreSPHI 
oligonucleotide which was shown to demon
strate lymphoid cell specific activity (Schirm 
et al., 1987). Oligonucleotide #2 contained se
quences between 238 and 279 of the viral ge
nome and included cis-elements for AP-3, AP-5 
and AP-4. This oligonucleotide is equivalent 
to the sum of the coreC and corePvuII oligo
nucleotides described by Schirm et al. (1987). 
The coreC oligonucleotide was shown to be tran
scriptionally active in 9 of 10 cell lines tested, 
being found inactive only in GH-3 cells. Gel shift 
studies demonstrated the presence of factors 
within GH-3 cells that could recognize and bind 
both of these oligonucleotides, yet fail to yield 
transcriptional activation of the SV40E TRE. 
In order to determine whether binding of these 
factors represented binding of a ‘repressor’ pro
tein, 5' deletion mutants were constructed which 
removed these upstream sequences. Though a 
gradual loss of SV40E-directed cat gene expres
sion was observed after transfection into HeLa 
cells, none of these mutations resulted in de
tectable levels of SV40E-directed gene expres
sion in GH-3 cells (Fig. 5). Finally, to determine 
whether the SV40 enhancer could function in 
these cells when fused to a heterologous pro
moter, several chimeric plasmids were con
structed in which an enhancer fragment from 
SV40 was ligated upstream of a minimal TK pro
moter. This fragment contained sequences rec
ognized by GH-3 cell nuclear proteins. The TK 
promoter alone is not capable of directing cat 
gene expression in GH-3 cells; however, it can 
be made functional when fused to the pitu
itary specific prolactin enhancer (Iverson et al.,
1990). Again, the chimeric SV40:TK TREs were 
all capable of directing high levels of cat gene 
expression after transient transfection into HeLa 
cells. These same chimeric plasmids directed 
only slightly elevated levels of cat gene expres
sion in GH-3 cells.

We have also performed experiments in 
which other SP-1 cis elements containing TREs 
have been attached to CAT and assayed for their 
ability to direct gene expression in GH-3 cells. 
These TREs include the Herpes Simplex Virus 
(HSV) TK, HSV-VP16, HSV-IE3, and SV40L ele
ments. All were inactive in GH-3 cells (data not 
shown).

Another possible explanation for the inactiv
ity of the SV40E TRE in GH-3 cells might be
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a limiting amount of Spl. Spl-specific RNA of 
the correct molecular mass is present in GH-3 
cells as determined by Northern blot analysis 
(Fig. 7A); however, the amount of protein, as 
determined either by gel shift with a fragment 
that contains several Spl binding sites (Fig. 3B, 
lanes E-F) or by Western blot analysis (Fig. 7B, 
lanes G-I), is dramatically lower than in HeLa 
cells. The reason for this difference in the ratio 
of Spl RNA:protein between the two cell types, 
and the overall contribution of this difference 
to the inactivity of the SV40E TRE in GH-3 cells, 
remain to be determined.

The SV40E TRE has been used to drive 
heterologous gene expression in a number of 
different cell lines (Gorman et al., 1982a; Nomi- 
yama et al., 1987; Ondek et al., 1987; Rosales 
et al., 1987; Schirm et al., 1987). Few examples 
exist of cell lines where the SV40E TRE is in
capable of directing heterologous gene expres
sion. One such model of transcriptional re
pression demonstrated that the adenovirus E1A 
gene product could repress SV40E-directed gene 
expression in HeLa cells (Borrelli et al., 1984). 
Subsequent studies in non-differentiated em
bryonal carcinoma (EC) cells demonstrated that 
the enhancers from SV40 and Moloney murine 
leukemia virus (MoMLV) long terminal repeat 
(LTR) were repressed in these cells (Gorman 
et al., 1985; Sleigh and Lockett, 1985). It has 
since been shown that undifferentiated EC cells 
contain an ElA-like activity which disappears 
upon differentiation (reviewed by Nevins, 1987). 
Loss of this cellular ElA-like activity results in 
the ability of SV40 to direct gene expression 
in differentiated EC cells. Together, several 
points can be realized from these data: (1) GH-3 
cells represent terminally differentiated cells 
and therefore are not analogous to undifferen
tiated EC cells. (2) To our knowledge, this cell 
line was not transformed via adenovirus infec
tion. Additionally, we have previously reported 
the inability of the SV40E TRE to direct gene 
expression in non-transformed rat anterior pitu
itary P3 cells (Coleman et al., 1991a). (3) Finally, 
we have found the MoMLV LTR to be very ac
tive in directing heterologous cat gene expres
sion in GH-3 cells (T. Coleman andj. Kopchick, 
unpublished results). This suggests that E1A, 
or a cellular ElA-like activity, is not involved 
in repression of the SV40E TRE in pituitary 
GH-3 cells.

Thus, the prototypic SV40E TRE must be
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viewed as an enhancer which is dependent on 
the nuclear trans-factors present within a given 
cell. In rat anterior pituitary (GH-3 and P3) cells, 
the SV40E TRE is inactive. Our data suggest that 
this inactivity could be due, in part, to low levels 
of a trans-activator, i.e., Spl. This does not ex
clude the possibility that a cellular factor(s) 
could repress SV40E-directed gene expression 
in these pituitary cells. Though significantly 
more documentation of trans-activators cur
rently exists, the involvement of tissue- or cell- 
specific trans-repressors in modulating gene ex
pression cannot be overlooked (Levine and Man- 
ley, 1989). Ongoing studies in our laboratory 
are aimed at identifying the exact mechanism 
of SV40E TRE silencing in GH-3 cells.
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