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The  interaction of promoters  contained in a Moloney 
murine  leukemia  virus (MoMLV)-based retroviral vec- 
tor  was  studied  after  infection of FTO-2B rat hepatoma 
and NIH 3T3 mouse fibroblast cells. Segments of the 
phosphoenolpyruvate  carboxykinase  (PEPCK)  pro- 
moter-regulatory  region,  which are known  from  pre- 
vious  studies  to  confer  responsiveness  to  hormones, 
were  linked  to  the  structural  genes  for  bovine  growth 
hormone,  amino-3’-glycosyl phosphotransferase (neo), 
and  herpes-virus  thymidine  kinase  and  inserted  into a 
MoMLV-based retroviral vector.  In  vectors  in  which 
PEPCK  was  the only internal  promoter,  it  was  the 
major site of gene  transcription.  This  dominant  effect 
was independent of the  orientation of the PEPCK  pro- 
moter  relative  to  the 5’ long  terminal  repeat of the 
provirus  and  was noted with as little as -174 base 
pairs of the  5’-flanking sequence. NIH 3T3 cells,  which 
do not express  the endogenous  PEPCK  gene, tran- 
scribed  the  transduced  PEPCK-chimeric  genes at  the 
same  high  levels as was  observed  in  hepatoma cells. 
When two  promoters  were  present  in  the  provirus,  the 
expression of chimeric structural genes  depended  on 
the  relative position and  orientation of these  genes as 
well as the  type of cell  infected  by the  retrovirus. 
Differential  responses of proviral  promoters  in  in- 
fected  cells  were  also  observed  in  the  presence of hor- 
mones. Dibutyryl cyclic  AMP  increased the expression 
of genes linked  to  the  PEPCK  promoter  in  FTO-2B  and 
NIH 3T3 cells, whereas glucocorticoids stimulated 
transcription  from  both  the  PEPCK  promoter  and  the 
long  terminal  repeat  in  FTO-2B cells. The  effect of 
these  hormones on transcription of proviral  promoters 
depended on their position relative  to  the 5‘ long ter- 
minal  repeat.  In  contrast,  insulin  uniformly  inhibited 
transcription  from  the  PEPCK  promoter  in a position- 
independent  manner  but  only in hepatoma  cells and 
not in  fibroblasts.  In  clonally  isolated  FTO-2B  cells 
infected  with a retrovirus,  the  site of proviral  integra- 
tion  was also a major factor  determining  the  expression 
and hormonal  regulation  from  the  internal  promoters. 
The  data suggest that  the hormonal  regulation of the 
expression of genes  contained  in retroviral  vectors 
depends on the  type  and position of the  regulatory 
elements  present  in  the  provirus  and  the  lineage of the 
infected cell. 

The unique features of retroviruses make them excellent 
vectors for transferring genes into cells and  animals to modify 
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metabolic processes (1-6) or to correct defects in existing 
genes (7-10). However, the effective utilization of retroviral 
vectors for these purposes is limited by several factors includ- 
ing the complexity of the interaction between the provirus 
and  the host cell genome (11-15). Although the chromosomal 
site of integration is an important  determinant of the expres- 
sion of the integrated provirus, integration usually occurs in 
transcriptionally active sites of the genome (16,17). Moreover, 
the presence in  the provirus of multiple transcriptional  en- 
hancers  can influence expression of the genes contained in 
the provirus. Studies with a variety of genes that have  been 
introduced into cells by retroviruses indicate that  the  tran- 
scriptional activity of a single promoter depends on its posi- 
tion (18-22) and association with a selectable marker gene in 
the provirus (23, 24). 

In addition to the  interaction of proviral promoters, there 
is a marked difference in the level of proviral gene expression 
associated with the type of cell or tissue infected. Variations 
in the activity of specific viral, as compared to internal, 
promoters have been reported in fibroblasts (25-28), hepa- 
toma cells (29) or primary hepatocytes (7, 8, 10, 30), hema- 
topoietic cells (31-36), F9 cells (37), and in undifferentiated 
embryonic choriocarcinoma cells (38-41). These differences 
in cell-specific response are due in part  to  the presence of 
transcription factors that control expression of genes intro- 
duced by the retrovirus. For example, Tsukiyama et al. (42) 
have proposed a mechanism of suppression of the MoMLV’ 
LTR in embryonic choriocarcinoma cells in which the short- 
age of a  transcriptional  activator  and the presence of negative 
regulatory proteins  inhibited  transcription from the LTR. 

A major consideration in the design of retroviral vectors to 
be introduced into  a specific tissue is the potential for regu- 
lation of the gene contained within the provirus. One strategy 
is to include a chimeric gene linked to a promoter containing 
transcriptional regulatory elements that  are recognized  by 
specific transcription factors in the target tissue. Among the 
transcriptional regulators shown to be  effective in vivo are 
hormones (43,44) or factors such as heavy metals (45,461. In 
a previous study using virally infected hepatoma cells (29), 
we have shown that a segment (-550 to +73) of the 
phosphoenolpyruvate carboxykinase (GTP) (EC 4.1.1.32) 
(PEPCK) promoter was the predominant  site of transcription 
of the neo structural gene, when it was placed downstream 
from the 5’ LTR. 

Several combinations of promoters and  structural genes 
were introduced in the retroviral vectors used in the current 
study, including the  PEPCK promoter, the SV40 early pro- 
moter, and  the  TK promoter. The  PEPCK promoter (-450 

The abbreviations  used are:  MoMLV,  Moloney murine leukemia 
virus; PEPCK,  phosphoenolpyruvate carboxykinase; LTR, long ter- 
minal  repeat; TK,  thymidine kinase; bp, base pair(s); kb,  kilohase(s); 
bGH, bovine growth  hormone;  Bt2cAMP,  dibutyryl cyclic AMP. 
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to +73) contains  a number of regulatory elements that direct 
expression of linked genes to  the liver and kidney cortex of 
transgenic  animals (47) and control  its response to CAMP, 
insulin,  and glucocorticoids (29, 47-51). Several of these reg- 
ulatory elements have been characterized and  the  transcrip- 
tion factors which bind to these sequences identified (52,53). 
Also, when the  PEPCK promoter was transduced  into  hepa- 
toma cells via a MoMLV retrovirus, it was  highly expressed 
and regulated by hormones in a  manner similar to  the endog- 
enous PEPCK gene (29). 

The  TK promoter contains  a 109-bp 5’-flanking sequence 
of the  TK gene, which includes a TATA box and two Spl- 
binding sites. This promoter has been shown by Stewart  et 
al. (54) to be strongly expressed, relative to  the 5’ LTR of the 
Moloney murine cytomegalovirus-based retrovirus, in  the liv- 
ers of transgenic mice that were produced by infection of 
preimplantation embryos. Also, the relative expression of the 
TK promoter in cells infected in vitro depended on  other 
promoters  present  in the provirus (23, 24, 54, 55). The SV40 
early promoter (-281 bp of the 5’-flanking sequence) has six 
Spl-binding  sites  as well as AP-1- and AP-2-binding domains, 
which lie within the 72-bp repeats of the SV40 enhancer. This 
promoter, when incorporated into  the genome of transgenic 
animals, was not expressed in the liver (54) but was transcrip- 
tionally active when it was transduced  into hepatoma cells in 
culture (29). 

The MoMLV LTR is a  strong  promoter,  containing  three 
glucocorticoid regulatory elements, two of which are within 
the 75-bp repeat  (56). The  LTR is not responsive to glucocor- 
ticoids in NIH 3T3 cells infected with MoMLV virus (57), 
but was inducible by steroid hormones in  FTO-2B  hepatoma 
cells (29). When the MoMLV LTR was introduced into  trans- 
genic animals, it was not  transcriptionally active in the liver 
(54). Ledley et al. (7)  reported  a low level of transcription 
from the  LTR  in primary hepatocytes transduced with LTR- 
based vectors, whereas Wilson et al. (30)  demonstrated effi- 
cient expression of the LTR-driven @-galactosidase gene when 
it was introduced into primary hepatocytes. 

Our long-term goal is to modify metabolic processes in  the 
liver by introducing genes with retroviral vectors (58). The 
expression of these genes will  be regulated by hormones that 
control  transcription from the largely liver-specific PEPCK 
promoter. In order to optimize this system, we have analyzed 
the expression of the  PEPCK promoter as well as several 
nonhepatic promoters in  a variety of orientations within viral 
vectors. The relative activity of different promoter/enhancer 
elements within the provirus was studied by the quantitative 
analysis of the product (mRNA) of the proviral genes in 
homogeneous populations of cells. A complex pattern of pro- 
moter/promoter interaction between the various transcrip- 
tional elements present in the provirus and  the host cell 
genome  was observed. 

EXPERIMENTAL  PROCEDURES 

Materials-All DNA-modifying enzymes and nucleotides were pur- 
chased from Boehringer-Mannheim and Pharmacia-LKB Biotech- 
nology Inc. [cY-~*P]~CTP (3,000 Ci/mmol) and  [y-32P]ATP (7,000 Ci/ 
mmol) were purchased from Du Pont-New England Nuclear. Restric- 
tion enzymes were used according to  the specifications of the manu- 
facturer. FTO-2B cells (59) were provided by Dr. K. Fournier, Fred 
Hutchison Cancer Center,  Seattle, and  the retroviral vector, pLJ (60), 
and Q2 (61) cells used in this study were a gift from Dr. Richard 
Mulligan, MIT, Boston. The gene for bovine growth hormone (bGH) 
(62) was from Dr. Fritz  Rottman, Case Western Reserve University, 
Cleveland. 

Construction of Retroviral Vectors-The recombinant retroviral 
vectors were  modified  from the  parent vector, p W  (60). Four types 
of retroviral vectors were used in this study. 

pLJneo, pLJ,  pLJPP+, pLJPCK(-2000)neo, pLJPCK(-550)neo, 
Vectors containing one promoter at  the 5’ end of the provirus were 

pLJPCK(-355)neo, and pLJPCK(-174)neo. The procedure for con- 
struction of pLJneo, pLJPP+,  and pLJPCK(-550)neo has been de- 
scribed previously (29). Retroviral vectors containing PEPCK pro- 
moter deletions were constructed by insertion of segments -2000 to 
+73, -355 to +73, and -174 to +73 into  the BamHI-Hind111 site of 
pLJ, using a PUC19 polylinker (Fig. 3). 

Vectors containing one promoter at  the 3’ end of the provirus, 
inserted  into the unique ClaI site, were pLJneoPbGH(+) and 
pLJneoPbGH(-).  These vectors were constructed by inserting a 
chimeric PEPCK-bGH gene, containing -450 to +73 of the  PEPCK 
promoter and  the complete bGH structural gene (621, into  the ClaI 
site of pLJneo  in  both forward and reverse orientations (Fig. 4). 

pLJPCKneoPbGH(+), pLJPbGH(-),  pLJPTK,  and  pLJTK.  The 
Vectors containing two promoters in the provirus were 

vector pLJPCKneoPbGH(+) contained  a chimeric PEPCK-bGH 
gene  (-450 to +73 of the  PEPCK promoter) that was inserted into 
the unique ClaI site of pLJPCK (29) in the same transcriptional 
orientation as  the 5’ LTR (Fig. 4). pLJPbGH(-) contained a chimeric 
PEPCK-bGH gene  (-450 to +73 of the  PEPCK promoter) that was 
inserted  into the unique ClaI site of pLJ in an orientation opposite 
to  the transcription from the 5’ LTR (Fig. 6).  pLJPTK contained a 
chimeric PEPCK-TK gene  (-450 to +73 of the  PEPCK promoter) 
linked to  the  TK  structural gene (63) and inserted  into the BamHI 
site of pLJ by blunt ligation in the reverse transcriptional  orientation 
to  the  5’  LTR (Fig. 6). pLJTK contained the complete TK structural 
gene with 109 bp of the 5”flanking sequence, inserted into  the BamHI 
site of pLJ by blunt ligation in the reverse transcriptional  orientation 
to  the 5’ LTR (Fig. 6). 

Cell Culture and Generation of Retrovirus-DNA transfection, res- 
cue of recombinant retrovirus, and infection of cells were performed 
as described previously (29). The  titer of the retrovirus colony- 
forming units/ml generated by mass cultures of 9 2  cells was deter- 
mined by infection of NIH  3T3 cells: vLJ, 4 X lo4; vLJneo, 2 X lo4; 
vLJPCK(-550)neo, 8.5 X lo6;  vLJPP+, 6.3 X lo3; vLJPTK, 4 X lo3; 
vLJTK, 3 X 10’; vLJPbGH(-),  5 X lo5; vLJPCKneoPbGH(+), 2 X 
10’; vLJneoPbGH(+), 10’; vLJneoPbGH(-),  3 X lo5. FTO-2B cells 
were  grown in Dulbecco’s  modified  Eagle’s medium, supplemented 
with 5% calf serum and 5% fetal calf serum. NIH  3T3 and 9 2  cells 
were  grown in the same media containing 10% calf serum. Hormonal 
treatment of the infected cells was carried out in serum-free medium, 
in the presence of 0.5 mM Bt’cAMP plus 1 mM theophylline, 1 p M  
dexamethasone, or 50 nM porcine insulin, as indicated in the various 
figdres. 

DNA Probes-For DNA/DNA or DNA/RNA hybridization exper- 
iments,  the following  DNA probes were used. PEPCK cDNA: 1.1-kb 
PstIIPstI fragment from the 3’ end of the  PEPCK cDNA, pPCKlO 
(64); PEPCK: 620-bp BamHI/BglII fragment from the 5’ end of the 
PEPCK gene (64); neo: 1.0-kb BglII/EcoRI fragment from the 3’ end 
of the neo gene; bGH: a  1-kb PstI fragment containing the entire 
bGH cDNA; TIC a 1.2-kb BamHI/HindIII fragment containing the 
entire TK gene; TAT: the cDNA for the tyrosine amino  transferase 
gene (65); gapdh: the cDNA for the glyceraldehyde-3-phosphate de- 
hydrogenase gene (66). 

For S1 nuclease mapping of the PEPCKneo RNA shown in Fig.  3, 
the appropriate DNA fragments were 5’ end-labeled at  the BglII site 
of the neo gene (see map  in Fig. l ) ,  using [y-32P]ATP. Details of the 
labeling procedure have been published previously (67). 

RESULTS 

Southern Analysis of Proviral DNA Transduced into Cells 
by Various  Retroviruses-The integrity of the provirus was 
determined in mass cultures of infected cells. All  of the 
proviruses were found to be intact except those  containing 
the  PEPCKbGH (PbGH)-chimeric gene,  which had signifi- 
cant rearrangements  or deletions. Proviruses that contained 
the  PbGH gene in the same transcriptional  orientation  as the 
5’ LTR (vectors 8 and 10) were intact in approximately 10% 
of the cells selected for expression of the neo gene. In  contrast, 
proviruses containing the  PbGH gene  in a  transcriptional 
orientation opposite to  the 5’ LTR (vectors 9 and 11) were 
intact in 90% of the cells.  We selected vectors 8 and  9 for 
detailed Southern analysis (Fig. 1). DNA  was isolated from 
FTO-2B cells infected with these two viruses, digested with 
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FIG. 1. Analysis of the  integrated  provirus in mass cultures 
of cells infected with retroviruses. DNA was isolated from mass 
cultures of FTO-2B cells infected  with  vector 9 grown in media 
containing G418. The DNA (20 pg) was digested with SacI (lanes 1, 
3, and 5 )  or EcoRI (lanes 2, 4, 6, and 8) and hybridized with neo 
(lanes 1 and 2), bGH (lunes 3 and 4 ) ,  or  PEPCK (lanes 5, 6, and 8).  
DNA from FTO-2B cells infected  with  vector 8 was digested with 
EcoRI and hybridized with PEPCK  (lane 7). Lane 9 contains DNA 
from control,  noninfected  FTO-2B cells digested with EcoRI and 
hybridized with PEPCK. Lanes IO and I1 contained BglII-digested 
DNA that had been isolated from a mass  culture of FTO-2B  (lane 
10)  or  NIH  3T3 (lune 11) cells infected with vWPCKTK.  The DNA 
was analyzed using a PEPCK probe. The size of proviral  fragments 
is indicated in the figure. The boxed PEPCK  represents DNA se- 
quences from the endogenous PEPCK gene (rat, lunes 5-10; mouse, 
lane 11) that hybridize with the  PEPCK probe. The diagram at  the 
bottom of the figure is  a  map of the provirus,  with the restriction 
sites used in this  study  and with the DNA hybridization  probes (dark 
boxes). 

SacI or EcoRI, subjected to electrophoresis, and hybridized 
with three different  probes (neo, PEPCK,  and  bGH (see 
diagram at  the bottom of  Fig. 1)). 

SacI digestion of genomic DNA isolated from FTO-2B cells 
infected with vector 9 removes virtually the  entire provirus 
from the hepatic genome. We noted three proviral  forms when 
SacI-digested DNA  was hybridized with the neo probe: a 6.2- 
kb DNA fragment, representing the  intact provirus, and two 
deleted forms of the provirus, which were 3.8 and 2.1 kb  in 
length (Fig. 1, lane 1). When  a bGH  or  PEPCK probe was 
hybridized to  the same DNA, only the 6.2-kb fragment was 
identified (Fig. 1, lanes 3 and 5 ) .  The DNA band at  7  kb (Fig. 
1, lane 5 )  represents  a  fragment of the endogenous PEPCK 
gene. Comparison of the intensity of hybridization of the 6.2 
kb band with the 3.8 or 2.1 kb bands indicated that  the 
provirus was intact in 90% of the cells. 

EcoRI digestion of the same DNA removes the  intact, 
chimeric PbGH gene, whereas the remaining part of the 
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provirus is contained  within  different size junction  fragments 
from the host genome. Analysis of EcoRI-digested DNA using 
a  bGH or  PEPCK probe demonstrated the presence of a 2.8- 
kb segment of the provirus  containing the complete PbGH 
gene (Fig. 1, lanes 4 and 6). The two additional  fragments 
(5.7 and 4.8 kb) hybridized with the  PEPCK probe (Fig. 1, 
lane 6) derived from the endogenous PEPCK gene.  No specific 
bands hybridized with the neo probe (Fig. 1, lane 2), indicating 
the random  integration of the provirus in the chromosomal 
DNA of the mass culture of infected FTO-2B hepatoma cells. 
DNA isolated from FTO-2B cells infected with vector 8 (the 
PbGH gene in  this vector is in the same  orientation relative 
to  the 5' LTR) contained mainly proviral forms that had the 
PbGH gene deleted. In order to identify the percentage of 
cells containing the  intact  PbGH gene, we performed South- 
ern analysis of genomic DNA digested with EcoRI and hy- 
bridized with the  PEPCK probe (Fig. 1, lane 7). A  band at  
2.8 kb was evident but  it was less intense than  the one 
identified with vector 9 (Fig. 1, lane 8) )  indicating that fewer 
cells contained the  intact provirus (compare lanes 7 and 8 in 
Fig. 1). 

Another  type of vector used in this study  contained the 
PEPCK (vector 12) or TK (vector 13)  promoters  next to  the 
SV40 promoter. Both promoters were maintained intact in 
the provirus of the mass  cultures of FTO-2B or  NIH  3T3 
cells. Southern analysis of genomic DNA isolated from cells 
infected with vector 12 is presented in Fig. 1 (lanes 10 and 
11). The predicted 1.3-kb fragment hybridized with the 
PEPCK probe after BglII digestion of genomic DNA isolated 
from FTO-2B (lane 10) and  NIH  3T3 (lane 11) cells. Two 
additional  fragments (2.4 and 6  kb) were also noted,  due to 
hybridization to fragments of the endogenous PEPCK gene 
from the  rat  and mouse, respectively. 

The integrity of the provirus was also examined using DNA 
isolated from single clones of cells infected with vectors 5 (5- 
1 through 5-5 in Fig. 2B)  and 9 (9-1, 9-2,  9-4, and 9-0 in 
Fig. 2 A ) .  Both  the neo and  PbGH genes were intact in the 
genomic DNA from three  out of the four cultures of clonally 
isolated cells infected with vector 9 (Fig. 2 A ,  first  and second 
panels), whereas one clone (9-0) contained  a deleted provirus 
of  2.1 kb, which was also present  in the mass culture of FTO- 
2B cells (Fig. 1, lane 1 ). The mass  culture of FTO-2B cells 
infected with vector 9 (Fig. 2 A ,  9") is also presented for 
comparison. Analysis of EcoRI-digested DNA from these 
clones using a probe for the neo gene indicated random 
integration of the provirus into  the host genome (Fig. 2 A ,  
third  panel).  The  same analysis was performed using clonally 
isolated cells infected with vector 5. The provirus was intact 
in all of the clones (Fig.  2B, first  panel)  and was integrated 
into different  sites  in the genome (Fig. 2B,  second punel). 

The Effect of the Position of Promoters within the Provirus 
on  Transcription and Hormonal Regulation of Gene Expres- 
sion-A variety of retroviral vectors containing three pro- 
moters  in  different  positions  within the provirus was used to 
study the effect of promoter location and orientation  on 
transcription  and  the interaction that  these promoters have 
with each other. 

The PEPCK Promoter within the Provirus-We noted  pre- 
viously that  the  PEPCK promoter (-550 to +73) inserted 
within the retroviral vector pLJ (vector 5) inhibited  transcrip- 
tion from the  5'  LTR of the provirus after transduction into 
FTO-2B cells (29). This could be due to  the transcriptional 
activation of the  PEPCK promoter relative to  the  LTR by 
the binding of specific regulatory factors or  to  an epigenetic 
mechanism of transcriptional suppression (22-24) of the  LTR 
due to selection for expression of a selectable gene such as 
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FIG. 2. Southern  analysis of DNA from clonally isolated cells  infected with retroviruses. DNA was 
isolated from two sets of clonally isolated cells; one  set was infected with vector 9 (panel A: 9-1,9-2,9-3,9-4, 9- 
0) and the other infected with vector 5 (panel R: 5-1 through 5-5). The DNA (20 pg) was digested with SacI, 
EcoRI, or BglII and hybridized with the probes indicated at the bottom of the figure. SacI digestion removes almost 
the entire provirus (6.2 kb, series of vector 9; 4.1 kb, series of vector 5), whereas EcoRI removes the entire PbGH 
gene (2.8 kb; panel A, PEPCK probe). The different size proviral junction fragments generated after digestion with 
EcoRI (neo probe; 9 series) or BglII (neo probe; 5 series) are shown in panels A and R, respectively. Lane 9-M 
represents Southern analysis  of DNA isolated from mass cultures of cells infected with vector 9 (panel A ) .  The 
boxed PEPCK indicates fragments from the endogenous PEPCK gene that hybridize with the PEPCK probe. 

neo that is linked to  the  PEPCK promoter. In order to 
examine the first possibility, we determined which region of 
the  PEPCK promoter was responsible for the previously 
observed inhibition of transcription (29). Segments of the 
PEPCK promoter (-2000 to +73, -350 to +73, and -174 to 
+73) linked to  the neo gene and transduced into FTO-2B cells 
were tested. S1 nuclease mapping of the RNA isolated from 
FTO-2B cells infected with the viruses containing the deleted 
PEPCK promoter was performed using hybridization probes 
able to map transcription from both  promoters  simultane- 
ously (Fig. 3).  This analysis  indicated that longer segments of 
the  PEPCK promoter (-2000 to +73) totally  suppressed 
transcription from the 5' LTR (Fig. 3A). However, when the 
PEPCK promoter was deleted further (-350 to +73 and -174 
to +73), transcription from the  LTR increased, as compared 
to  the  PEPCK promoter  (compare the relative hybridization 
intensities of the two bands  in Fig. 3B).  Thus,  the segment of 
the  PEPCK promoter from -350 to -174 contains sequences 
that  are able to suppress transcription from the 5' LTR of 
the provirus. The same  result was observed when an  internal 
fragment from the  PEPCK promoter (-416 to -61)  was 
linked to  the SV40 promoter  (vector 3)  present  in  pLJ (vector 
2); the  PEPCK promoter  inhibited transcription from both 
the  LTR  and  the SV40 promoters (Fig. 3C). In order to more 
clearly demonstrate the relative level of transcription of the 
two promoters  in the vectors, we used 25 pg  of RNA from 
cells infected with vector 2 and 75  pg  of RNA isolated from 
cells infected with vector 3 in  the S1 analysis shown in Fig. 
3C. With  all segments of the  PEPCK promoter, there was the 
expected induction of transcription by Bt2cAMP (Fig. 3). 

Next, we examined the expression of a second, nonselected 
gene (PbGH), which was positioned 3' to  the neomycin re- 
sistance gene. The  PEPCK promoter was linked to  the bGH 
structural gene and inserted into  the ClaI site of pLJneo in 
both orientations relative to  transcription from the 5' LTR 
(vectors 8 and 9). Fig. 4 shows the level of transcription of 

bGH (PEPCK promoter) or neo (5' LTR) in cells infected 
with vectors 8 and 9. Both promoters were transcriptionally 
active, but  the level of transcription from the  PEPCK pro- 
moter greatly exceeded that of the 5' LTR when dexametha- 
sone was added. Since the 5' LTR responds very acutely to 
dexamethasone  (29), the high level of transcriptional induc- 
tion from the  PEPCK promoter is probably due to  its syner- 
gistic effect on the glucocorticoid regulatory elements  present 
in the  PEPCK promoter (50, 51). RNA shorter  than  the 
predicted full-length viral transcript was noted  with  both 
vectors (Fig. 4, first panel, vectors 8 and 9; the band is 
indicated with an arrow). This probably represents  a spliced 
form of the full-length RNA.  Cyclic AMP  had  no effect on 
transcription from the  PEPCK promoter  in both vectors (Fig. 
4). 

Individual clones of FTO-2B cells infected with vectors 5 
and 9 were used to determine the influence of the integration 
site of the provirus on the relative level of transcription from 
the  PEPCK promoter and  the viral LTR. We examined 24 
clones containing vector 5 and 12 clones containing vector 9. 
In only one of the 24 clones analyzed (only five are presented 
in Fig. 5A) did the  LTR  appear  to be more transcriptionally 
active than  the  PEPCK promoter (clone 5-4). Dexametha- 
sone stimulated transcription from the  PEPCK promoter  in 
all of the clones except for clone 5-4, in which transcription 
was induced from the  LTR  and not from the  PEPCK pro- 
moter (Fig. 5A). When  FTO-2B cells were infected with vector 
9, the level of transcription from the two promoters  in the 12 
clones analyzed (five are  presented), varied in each individual 
cell line, but  transcription from both  promoters was induced 
by dexamethasone. However, there  are two basic patterns of 
response. Clones 9-1 and 9-2 had equal levels of transcription 
from both the  PEPCK promoter and  the  LTR, whereas in 
cell line 9-4, dexamethasone  induction from the  PEPCK 
promoter was markedly induced relative to  the  LTR (Fig. 
5B). Interestingly,  in  mass  cultures of FTO-2B cells infected 
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FIG. 3. Analysis of the regions of 
the PEPCK promoter responsible 
for suppression of the  activity of the 
5' LTR. Panels A and B, S1 analysis of 
RNA (25 pg) isolated from FTO-2B cells 
infected with retroviruses 4-7. The  ap- 
propriate DNA fragments were 5' end- 
labeled at   the BglII site of the ne0 gene 
(see Fig. 1) with [-y-"*P]ATP as described 
under "Experimental  Procedures" and 
indicated in the figure (P) .  These DNA 
probes map the  start  site of transcription 
from the  PEPCK promoter (PEPCK- 
neo) and RNA transcribed from the 5' 
LTR (LTRneo). The cells were incu- 
bated for 4 h  with the hormones  indi- 
cated in the figure, before the analysis of 
RNA. Panel C, S1 analysis of RNA iso- 
lated from FTO-2B cells infected with 
retroviruses  2 and 3 (see Fig. 2). All 
conditions are  the  same  as  those de- 
scribed in panel A ,  except that  the cells 
were incubated in media without  serum 
before the isolation of RNA and hybrid- 
ized with the appropriate DNA probes. 
For reasons of comparison, lune 2 con- 
tains 25 pg of RNA, whereas lane 3 con- 
tains 75  pg. These DNA probes  map the 
start  site of transcription from the SV40 
promoter (SV40neo) and RNA tran- 
scribed from the  5'  LTR (LTRneo). 
CON, control. 
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FIG. 4. Hormonal regulation of 
transcription of the PEPCK-bGH 
gene transduced into FTO-2B and 
NIH 3T3 cells. Northern analysis of 
RNA isolated from mass cultures of cells 
infected with retroviruses 8-10. The cells 
were incubated  with the hormones  indi- 
cated on  the figure, and  the RNA was 
isolated after 4 h. bGH was used as a 
hybridization probe. The  same RNA 
blots as above were rehybridized with the 
PEPCK cDNA probe. CON, control; 
Dex, dexamethasone; Ins, insulin. 

l- 

I bGH I 

CNlH3T3-l 

B -  t PEPCU 

with this virus, three  out of the four mass  cultures  exhibited 
the  pattern of clone 9-4 (only one is presented  in Fig. 4), 
suggesting that  the differential response to dexamethasone 
was due to integration of the provirus into specific site(s) in 
the host cell  genome. 

Cyclic AMP is known to markedly induce transcription 
from the same segments of the  PEPCK promoter used in  this 
study, when introduced into FTO-2B cells by transfection 
(48, 49) and retroviral infection (29). However, the cyclic 
nucleotide had no effect on  transcription from the  PEPCK 
promoter  in retroviral vectors in which it was placed at  the 
3' end of the provirus (Fig. 4 and Fig. 5C) .  The inclusion of 
two copies of the  PEPCK promoter  in vector 10 resulted in 
the highest level of basal transcription of the  bGH gene, but 

did not result  in the greatest response to dexamethasone or 
Bt2cAMP (Fig. 4). As expected, insulin  inhibited the gluco- 
corticoid induction of transcription originating from the 
PEPCK promoter  in  all vectors used in  this study (Fig. 4). 
The endogenous PEPCK  and  TAT genes, which are expressed 
in  FTO-2B cells and induced by CAMP and dexamethasone, 
were used in this study as controls for the effectiveness of the 
added hormones and  to  demonstrate  that  the RNA isolated 
from the hepatoma cells was intact (Figs. 4 and 5 ) .  In agree- 
ment with  a previous study (29), we noted that  the concentra- 
tion of PEPCK mRNA was higher in cells infected with the 
various retroviruses, and in some cases the level of expression 
was as high as  that noted after hormonal  induction (Fig. 4, 
vectors 8-10). One out of five of the clonally isolated cell lines 
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FIG. 5. Interaction of promoters 
in single clones of FTO-PB cells  in- 
fected with vector 5 and vector 9. 
RNA was isolated from cells treated with 
dexamethasone or BbcAMP for 4 h and 
analyzed by Northern blotting, using the 
probes indicted on the figure. Clones 5- 
1 through 5-5 were derived from cells 
infected with vector 5 (panel A) ,  and 
clones 9-1 through 9-5 were derived 
from cells infected with vector 9 (panel 
B ) .  A map of  the two retroviruses used 
in  this experiment is included at the 
bottom of the figure. CON, control; Dex, 
dexamethasone; GAPDH, glyceralde- 
hyde-3-phosphate dehydrogenase. 
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had exceptionally high levels of PEPCK mRNA (Fig. 5, clone 
5-2). The reason for this effect is not clear. 

Two Different Promoters within the Provirus-The 5' LTR 
was always transcriptionally active in the absence of addi- 
tional promoters  in the provirus (Fig. 6A, vector 1;  note the 
3.7 kb RNA transcript). A provirus containing the relatively 
strong SV40 promoter placed 450 bp downstream of the  LTR 
(vector 2) suppressed transcription from the  LTR,  as shown 
by the 3.2 kb RNA band  resulting from hybridization with 
the ne0 probe (compare this with the 3.7 kb RNA transcript 
from the 5' L T R  Fig.  6A, vectors 1 and 2). As noted previously 
(Fig. 3), when a chimeric promoter  containing  a  fragment of 
the  PEPCK promoter (-416 to -61) was linked to  the SV40 
promoter  (vector), transcription from both  the SV40 promoter 
and  the 5' LTR was suppressed (compare vectors 2 and 3 in 
Fig. 6A). A pronounced suppression of total proviral tran- 
scription was noted when a chimeric gene containing the 
PEPCK promoter (-450 to +73) driving the  TK  structural 
gene was included in the virus a t  a  position  adjacent to  the 
SV40 promoter, but  in  an orientation opposite to  transcription 
from the  LTR (Fig. 6A, vector 12). No suppression was noted 
from either the SV40 or  TK promoters when the  TK gene, 
under the control of its own promoter, was included at  the 
same position in the provirus as  the chimeric PEPCK-TK 
gene (Fig. 6A, vector 13). I t  should be noted that  the  TK 
promoter  adjacent to  the SV40 promoter was more transcrip- 
tionally active than  the 5' LTR (Fig. 6A, vector 13, T K  probe) 
since the  TK probe hybridized only with TK RNA transcribed 
from the TK promoter and  not  the full-length RNA tran- 
scribed from the 5' LTR. These  results indicate that  the 
promoters in close proximity can interact, resulting  in pref- 
erential inactivation or stimulation of transcription. 

Transcription from both  the  PEPCK promoter and  the 5' 
LTR is stimulated by dexamethasone (29, 48-50). We next 
tested  the effects of dexamethasone on  the relative level of 
transcription from the promoters included in  the provirus. As 
noted above, when the only promoter  in the provirus was the 
5' LTR, dexamethasone induced the concentration of ne0 
RNA 30-fold  (Fig. 6C, vector 1). In proviruses where the SV40 

. .  

+ bGH+ 

m@o@ * GAPDH 

e 

promoter was placed 3' to  the 5' LTR (vectors  2 and  3), 
dexamethasone  stimulated transcription from the SV40 pro- 
moter and  not from the  LTR (Fig. 6C; neo probe). In  contrast, 
dexamethasone caused a 30-fold induction from the 5' LTR 
when the complete TK gene was inserted  adjacent to  the 
SV40 promoter, in  an orientation opposite that of the  LTR 
(vector 13), without  enhancing transcription from the SV40 
or TK promoters (Fig.  6C, vector 13; compare the  pattern 
with neo and  TK probes). Since transcription from the SV40 
promoter is not induced by dexamethasone,  enhancer ele- 
ments in the 5' LTR  are responsible for the hormone-induced 
elevation in  the levels of ne0 RNA in  the cells infected with 
vector 2. This effect was not noted when the  TK  structural 
gene was inserted  in the provirus (vector 13),  perhaps due to 
the distance between the  LTR  and  the SV40 promoter. 

We also  determined the effect of dexamethasone on proviral 
transcription when the  PEPCK-TK  structural gene was in- 
serted  into  the virus  adjacent to SV40 (vector 12). As men- 
tioned above, the level of transcription from all  promoters  in 
this provirus was low. However, dexamethasone caused a 4- 
fold induction  in the concentration of ne0 RNA transcribed 
from the SV40 promoter,  indicating that promoter  suppres- 
sion is reversible in  the presence of the hormone-responsive 
enhancer elements  in the  PEPCK promoter (Fig. 6C, vector 
12, ne0 probe). Dexamethasone did not induce transcription 
from the 5' LTR in this vector (Fig. 6C, vector 12, absence of 
a high molecular weight band with a neo probe), perhaps  due 
to  an interaction of glucocorticoid-responsive elements  in the 
5' LTR  and  the  PEPCK promoter, which resulted in  a stim- 
ulation of transcription from the SV40 promoter rather  than 
the LTR. In  contrast, in FTO-ZB cells infected with vector 
11 (Fig. 6A, vector 11, bGH probe), dexamethasone induced 
transcription from the  PEPCK promoter and  not from the 
SV40 (Fig. 6C, vector 11, bGH  probe),  indicating cooperation 
of the glucocorticoid-responsive elements  contained  in the 3' 
LTR  and  the  PEPCK promoter in  the observed stimulation 
of expression of the  bGH gene. 

Cell Type-specific Interaction of Proviral Promoters-A dif- 
ferent  pattern of promoter  interaction between cell lines was 
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FIG. 6. Expression  and  hormonal  regulation of chimeric genes contained in a retrovirus  transduced 
into FTO-PR and NIH 3T3 cells. /'ana/ A,  Northern  analysis of' RNA  isolated from the  mass  cultures of F'I'O- 
2t3 cells  infected  with retroviruses 1-3 and 11-13, RNA  was  isolated 4  h  after  the cells  were  placed in serum-free 
merlin. and 25 pg of RNA from each infected mass  culture of cells  was separated hy electrophoresis  and hyhritiized 
using nPo as a prohe. The JINA samples were analyzed at the  same  time  and hyhridized  with the DNA prohe 
indicated at the  hottom of the figure. The  Northern Mot containing RNA from FTO-ZH cells  infected  with virus 
containing  vertors 12 and 19 was  rehyhridized  with TK.  GAPDH (glvceraldehyde-3-phos~~hate dehydrogenase) 
WAS used as a control for the  amount of RNA contained in each lane. Pond N .  Northern  analysis of R N A  isolated 
from NIH 3T3 cells  infected  with retrovirus 11-13, The  same  analysis as ahove  was  performed using 25 pg of RNA 
from each  mass  culture of infected  cells. The  Northern  hlot  containing RNA from vectors 12 and 13 was  rehyhridized 
with TK. Pond (I, Northern  analysis of' RNA  isolated from hormonally  treated  FTO-2H cells  infected  with 
retroviruses 1-3 and 11-13. Mass cultures of cells were incubated for 4 h with the  hormones  indicated in the figure. 
and  the RNA was  isolated and  analyzed hy Northern  blotting  using nro, TK,  and  hGH as hyhridization  probes. 
The  Northern  hlot from vector 13 was  rehyhridized  with TK.  The  Northern hlot from vector 11 was  rehyhridized 
with PICI'CK cDNA. ['and I),  Northern  analysis of RNA isolated  from hormonally  treated  NIH 3T3 cells infrcted 
with retrovirus 11. RNA  was  isolated from mass  cultures of infected  cells and  analyzed as outlined in pand fj. 
RNA hlots shown in pond9 A, H ,  and C were  rehybridized  with the gapdh prohe. Arrows point out the  expected 
RNA transcripts: T K ,  'I'K mRNA: h(;H, hGH  mRNA; 3 . 7  kh. nro mRNA  transcribed from the 5' LTH; kh. nro 
mliNA  transcrihed from the  SV40  promoter; 6 kh, neo mRNA  transcrihed from the SV40 promoter;  and LTR, n m  
mllNA from the 5' LTR. A schematic  representation of vectors 1-3 through 11-13 is presented at the side of the 
fikwre. ('ON, control; I h ,  dexamethasone; I n s ,  insulin. 

evident when comparing  FTO-2R  and  NIH  3T3 cells infected 
with vectors 12 and 13. No promoter  suppression was evident 
with vector  12, so the 5' LTR  was  more  active  transcription- 
ally  than  the SV40 promoter (Fig. 6R, compare  hybridization 
with neo and  TK  probes).  In  contrast, in NIH 3T3 cells 
infected with  vector 13, the major promoter was SV40 (Fig. 
6C), whereas  in the  same cells  infected with  vector 11, the 
PEPCK  promoter  predominated.  The  PEPCK  promoter was 
dominant, even when no  other  promoter was  included in the 
provirus of NIH 3T3 infected  cells  (Fig. 4, second panel, 
vectors  9  and 10). Dexamethasone  and  insulin  had  no effect 
on gene transcription from any of the  promoters  contained in 
virus  transduced  into  NIH  ST3 cells, indicating  the  absence 
of specific hepatic  factors (Fig. 6D, vector 11, bGH probe). 
Finally,  the overall level of expression of the  PEPCK-hGH 
gene in NIH  3T3 cells  was  much  higher than not,ed  in FTO- 

213 cells, despite  the  fact  that  the  hepatoma cells express high 
level of the  endogenous  PEPCK gene (291, and  PEPCK 
mRNA is not  present in NIH  3T3 cells. 

The relative level of expression of the  PEPCK-hCH gene 
in  the  provirus  as  compared  to  the  endogenous  PEPCK in 
infected FTO-2R cells  was determined. Hoth PEPCK  and 
bCH  mRNA  share 73 bp of 5"untranslated sequence,  allow- 
ing us  to  directly  compare  the  relative levels of mRNA  origi- 
nating from the  PEPCK  promoter linked to  both genes. The 
concentration of PEPCK mRNA was almost 3 times higher 
than  the level of bGH  mRNA in hepatoma cells  infected  with 
vector 9  and  treated for 4 h with dexamethasone (Fig. 7 ) .  
Since  PEPCK  mRNA  accounts for as much as 0.1-03"; of 
hepatic  mRNA  after  induction by starvation or hormones 
(43), the level of expression of chimeric genes containing  the 
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FIG. 7. A compnrison of the  level of mRNA transcribed  from 
the PEPCK promoter  introduced  into FTO-2R cells  via  retro- 
viral transduction  with RNA from  the  endogenous PEPCK 
gene. RNA was  isolated l‘rom hepatoma rrlls inlrrtrd  with vrrtor 9 
tlnd analyzed t)y Northern  blotting,  using I’EI’CK as a prohe. Cells 
were  incuhated for 4 h with  dexnmethasone,ns  indicated in the figure. 
The relative  levels  of I’EI’CK and  hGH  mRNA  are  expressed as 
densitometric  units.  after  scanning a Northern hlot such as the  one 
presented in the insd .  The  Northern hlot was rehybridized  with 
,g!npdh and  TAT. ( ’ON. control; Drx, dexamethasone:  GAPDH, glyc- 
eraldehyde-:~-phosphate  dehvdrogennse. 

PEPCK promoter  in  hepatoma  cells is high  enough  to  poten- 
tially  alter  metaholic  processes  in  these  cells. 

DISCUSSION 

For  retroviral  vectors  to  he a truly  useful  tool  for  gene 
therapy, it is necessary to characterize  the  interaction  between 
promoter  enhancer  elements  contained  in  the  provirus  that 
are  to  he  introduced  into  specific  cell  types.  Since  the  viral 
LTR of the  MoMLV-hased  retroviral  vectors  cont.ain  several 
enhancer  elements (!X), it is expected to have a major  effect 
on  transcription  from  surrounding  promoters  (21).  This 
greatly  complicates a simple  prediction of the  pat,tern of basal 
and  hormonally  regulated  expression of genes  within  the 
LTRs. In  addition,  cell-specific  factors  and  t.he site of inte- 
gration of the  provirus  in  t.he  host  cell  genome  can  influence 
hoth  basal  expression  from  proviral  promot.ers  and  their  re- 
sponse  to  hormones  and  other  factors (18, 32, 5 5 ) .  We  have 
addressed  each of these  points  in  the  present  paper  hv  using 
three  internal  promoters,  PEPCK, T K ,  and  the  SV40  early 
promoter,  and  two  cell  lines,  rat  hepatoma  cells  and  mouse 
fibroblasts.  Understanding  the  functioning of proviral pro- 
moters  in  fihrohlasts is important  since  these  cells  are  com- 
monly  used  as  packaging  cell  lines  for  t.he  generation of 
replication-incompetent  retrovirus (68) and  for  the  int,roduc- 
tion of genes in vivo hy  infecting  primary  skin  fihrohlasts  that 
are  then  grafted to the  skin of host  animals (25,69). 

Relative Position of Provirol Promoters-It is known  from 
t,he  work of Emerman  and  Temin (23, 24) t h a t  a promoter 

posit.ioned 3’  to   the 5’ 1,TR will suppress  transcription  from 
the  LTR, when  the  promoter is linked t o  a select:hle marker 
gene.  They  show  that if two  genes  are  included  in  the  provirus, 
selection  for  one of these  genes  greatly  reduces  expression nf 
the  second.  We  have  shown in this  paper  that  the rclntitv 
position of promoter/enhancer  elements  in  the  provirus 
greatly  influences  expression of the  chimeric  genes  linked 1 0  
these  promoters,  independent of selection  for  expression of 
that  gene.  We  noted  that  the  PEPCK  promotercan  efficiently 
transcrihe  either  the  selectable  marker  gene n r ~  o r  thr   non-  
selectahle  hGH  gene  when it is placed  within  the 1,THs in 
either  transcriptional  orientation  (see Fig. 4 ) .  Transcriptional 
elements  present  in  the J’EPCK promoter  are  rcsponsihle f n r  
the  promoter  suppression of the  5’ I,TH since  drletions in 
the  I’EPCK promoter  from -355 t o  -174 tlecrrasrd the  rnte 
of transcription  from  the  I’EPCK  promoter  relative t o  the  5‘ 
LTR. I t  is thus  possihle  to  carry  out  an  analysis of the cis 
sequences  and  transcription  factors  that r e ~ ~ d a t e   t h e  t w o  
promoters  and  are  responsihle  for  the  rehtivr  transcript ion 
of proviral  genes  noted  in  this  study.  The  region o f ‘  the  
PEPCK  promoter  between -355 and -174 contains severnl 
CAAT/enhancer  hinding  protein  hinding  tlomnins,  one of 
which is essential  for  the  expression of a  chimeric I’EI’CK- 
hGH  gene in the  livers of transgenic mice..’ and  for  the cAM1’- 
regulated  transcription of the  J’EJ’CK promoter  in  hepatoma 
cells:’ We  are  currently  testing  systematic  mutations of indi- 
vidual  regulatory  elements  in  hoth  the .5’ 1 , T R  and t h e  
PEPCK  promoter  for  their  effects  on  the  relative  transcrip- 
tion  from  these  promoters. 

Hormones  may also influence  the  transcription  from p r o -  
moters  contained  in  a  provirus.  Both  the  viral 1,THs and  th r  
PEPCK  promoter  contain  glucocorticoid  regulatory  elrments 
that  control  transcription  depending  on  the  relative  pnsit inn 
of the  promoters  in  the  provirus.  The  greatest  effect of glu- 
cocorticoids  was  ohserved  when  the PICPCK promoter  was 
placed  close to  the  glucocorticoid-responsive  elements of the 
3’ LTR. With  promoters  that  lack  hormone  regulatory ele- 
ments  (such as the  SV40 or TK promoters),  induction hy 
steroid  hormone  depended  on  the  proximity of these  pro- 
moter(s) to the  viral LTRs (see Fig. 6C1, vectors 2 ,  3 ,  and 13) 
or the  PEPCK  promoter  (Fig. 6(’, vector 12). 

I t  is also possihle  to  create  vectors  in  which  two  internal 
promoters  are  positioned  in  such a wav a s  to allow  enhancer 
interaction,  therehy  regulating  transcript  ion  from  hoth  pro- 
mot,ers.  For  example,  the  SV40/TK  promoter cassette t ran- 
scribed  hoth  linked  genes  at  high  levels  (see Fig. 6.4. vector 
13). Despite  the  fact  that  selection  in G I 1 8  was  exerted  on 
the  SV4O-neo gene,  t.he T K  promoter  linked to its own stnlc- 
turd  gene  remained  transcriptionally  active,  perhaps  due t o  
the  presence of strong  enhancer  elements  in  the SV40 pro- 
moter.  This t,ype of promoter-promoter  interaction  permits 
the  design of retroviral  vectors  in  which  selection  targeted t o  
one  gene  does  not  interfere  with  the  expression of i ~ n o t h r r  
internal  gene. 

Effect of Proviral  Position  in the Host C d l  Grnornr~ on 
Exprmsion of Internal Genes-It is generally  assumed  that 
retroviruses  integrate  randomlv  into  the  host cell genomr. 
However,  several  recent  studies  point to some  specificity in 
the  site  selected  for  proviral  integration,  which favors t ran-  
scriptionally  active  regions of the  genome.  A  detailed  annlysis 
of t.he  site of proviral  integration o f  replication-competrnt 
Rous  sarcoma  virus WAS recently  reported  hy  Shih r J t  nl. G O ) ,  
who  estimated  that 20Y, of the  proviruses  werr targrtrd t o  a 
single  location in the  host  cell genome.  In  this  study, we hilvf. 

’ Y. I’atcl. unprhlishetl  ohservation. 
’ . I .  1,iu. unpublished ohservntion. 
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noted  that  the  site of proviral  integration  influences  the 
selection of promoter  activity  and  hormonal regulation of 
gene expression in  infected  hepatoma cells. Two patterns of 
promoter  activity were noted  with clones isolated  from  in- 
fected FTO-2B cells (Fig. 5); in one, the  internal  PEPCK 
promoter was dominant,  whereas  in  the  other  the  LTR was 
equally  expressed. This could be  due  to a deletion  or  mutation 
in  one of the  promoters  resulting  in a  loss of transcriptional 
activity.  However, this  is unlikely since  dexamethasone, which 
can  stimulate  transcription  from  both  promoters, always in- 
duced  expression from  the  PEPCK  promoter,  whereas  induc- 
tion from the  LTR  varied  with  each clone. This  indicates  that 
the  site of proviral integration  is responsible  for the  transcrip- 
tional response to  hormones  rather  than  inactivation of the 
promoters  due  to  mutations.  In  addition,  the  integration  site 
of the provirus  could  provide a growth  advantage for a popu- 
lation of cells that  have a similar  pattern of expression of 
proviral genes, as  noted  in  the  mass  cultures of infected  cells 
(Figs. 4 and 5). This effect is  not  due only to  selection of a 
marker gene, since  in  some of the  mass  cultures of infected 
hepatoma cells the  dominant  promoter was not  linked  to  the 
selectable neo gene. 

Cell Type-specific Regulation of Proviral Gene Expression- 
The  PEPCK gene is expressed predominately  in  the liver, and 
also in  a subset of mammalian  tissues, including  kidney 
cortex, adipose tissue,  and  the  jejunum  (71).  The  segment of 
the  PEPCK  promoter,  linked  to  the  bGH  structural gene that 
was  used in  this  study (-450 to +73), has  been  introduced 
previously into  the germ line of transgenic mice and shown 
to  express  in  the  same  tissues as the endogenous PEPCK 
gene (47).  Since  the  PEPCK gene is expressed in a variety of 
hepatoma cell lines  but  not  in  fibroblast cells and  since  the 
PEPCK  promoter  contains  elements necessary for  tissue- 
specific expression, we expected differences in  the level of 
expression  from the  PEPCK  promoter  in  the  various cell 
types infected  with retrovirus. However, transcription from 
the  PEPCK  promoter  dominates over the  LTR  in  both  rat 
hepatoma  and mouse fibroblast cells  (Figs.  3 and 6). This 
dominant effect in mouse fibroblasts  is possibly due  to  en- 
hancer  elements  in  the  LTRs  that  interfere  with  the  binding 
of factors  to  the  PEPCK  promoter  and  that  cause  its  tran- 
scriptional  inactivation  (72).  This  is  supported by the  obser- 
vation  that  the  PbGH gene was not expressed in  NIH  3T3 
cells, transfected  with a  pBR322-based plasmid  containing 
the  PbGH gene without  viral  sequences  (data  not  shown). 
Additionally, there  are differences  between cell lines  in  the 
glucocorticoid induction of transcription  from  both  the 
PEPCK  promoter  and  the  viral  LTR.  In  FTO-2B  hepatoma 
cells, dexamethasone markedly stimulates  transcription  from 
these  promoters,  whereas  in  NIH  3T3 cells there  is  no  induc- 
tion by the  steroid hormone. The glucocorticoid receptor, 
needed  for  responsiveness to  steroid  hormones  in  these cells, 
appears  to be present  since  it  has  been  shown previously that 
transcription from the  murine  mammary  tumor  virus  pro- 
moter,  introduced  into  NIH  3T3 cells, was stimulated by 
glucocorticoids (57).  Co-transfection of the glucocorticoid 
receptor with  the  retroviral  vectors  in  NIH  3T3 cells did  not 
alter  transcription  from  either  the  LTR  or  PEPCK  promoter 
in  the  presence of the  hormone  (data  not  shown). A more 
detailed  understanding of the  factors  necessary  for  regulating 
transcription of complex promoters will be necessary  before 
an  entirely  rational  basis  in designing retroviral  vectors will 
be possible. 

A final factor  in  evaluating  the  usefulness of retroviral 
vectors  for introducing genes into cells is  the level of expres- 
sion of proviral  genes  relative to  the endogenous  genes of the 

infected cells. The  PEPCK  promoter,  introduced  into  hepa- 
toma cells in  this  study, was expressed a t  approximately 30% 
of the level of the endogenous PEPCK gene (Fig. 7), when 
the gene was induced by dexamethasone.  The  fact  that  tran- 
scription from the  PEPCK  promoter  in a retroviral vector 
can  be  markedly  depressed by insulin (29) also allows for 
modulation of gene  expression. The predictable regulation of 
a gene introduced  into cells  by retroviruses  is  critical for their 
ultimate use in gene therapy. 

1. 
2. 

3. 

4. 

5. 

6. 
7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 
24. 

25. 

26. 

27. 

REFERENCES 
Friedmann, T. (1989) Science 244,1275-1280 
Joyner, A., Keller, G., Phillips, A. R., and  Bernstein, A. (1983) 

Williams,  D.  A.,  Lemishka,  R. I., Nathan, G., and  Mulligan, C. 

Dick, J. E.,  Magli, M. C . ,  Huszar, D., Phillips, R. A., and Bern- 

Eglitis, A. M., Kantoff, P., Gilboa, E., and  Anderson,  F.  W. (1985) 

Parkman, R. (1986) Science 2 3 2 ,  1373-1378 
Ledley,  F.  D.,  Darlington, G. J., Hahn, T., and  Woo, S. L. C. 

(1987) Proc.  Natl.  Acad.  Sci. U. S. A.  8 4 ,  5335-5339 
Peng,  H.,  Armentano, D.,  MacKenzie-Graham,  L., Shen, R.-F., 

Darlington,  G., Ledley,  F.  D., and Woo, S. L. C. (1988) Proc. 
Natl.  Acad.  Sci. U. S. A.  8 5 ,  8146-8150 

Wilson, J. M., Johnson, D.  E., Jefferson, D. M., and  Mulligan, R. 
C. (1988) Proc.  Natl.  Acad.  Sci. U. S. A. 8 5 ,  4421-4425 

Wolff, J. A,, Yee, J.-K., Skelly,  H. F., Moores, J. C . ,  Respess, J. 
G., Friedmann, T., and Leffert, H. (1987) Proc.  Natl.  Acad.  Sci. 

Jaenisch, R., Jahner, D.,  Nobis,  P., Simon, I., Lohler, J., Harbers, 

Feinstein, S. C., Ross, S. R., and Yamamoto, K. R. (1982) J. Mol. 

Sorge, J., Cutting, A. E., Erdman, V. D., and  Gautsch, J. W. 

Jolly, D. J., Willis, R. C., and Friedmann, T. (1986) Mol. Cell. 

Barklis, E., Mulligan,  R. C., and Jaenisch, R. (1986) Cell 47, 

Vijaya, S., Steffen, D.  L., and  Robinson, H.  L. (1986) J. Virol. 

Rohdewohld,  H.,  Weiher,  H.,  Reik,  W., Jaenisch, R., and Breindl, 
M. (1987) J. Virol. 6 1 ,  336-343 

Miller, A. D., Ong, E. S., Rosenfeld,  M. G., Verma, I. M., and 
Evans, R.  M. (1984) Science 225,993-998 

Armentano, D., Yu, S.-F., Kantoff, P. W.,  von  Ruden, T., Ander- 
son, W. F., and Gilboa,  E. (1987) J. Virol. 6 1 ,  1647-1650 

Hantzopoulos, P. A., Sullenger, B. A,, Ungers,  G., and  Gilboa,  E. 
(1989) Proc.  Natl.  Acad.  Sci. U. S. A.  8 6 ,  3519-3523 

Yee, J.-K., Moores, J. C., Jolly, D. J., Noeff, J. A., Respess, J. G., 
and Friedmann, T. (1987) Proc.  Natl.  Acad.  Sci. U. S. A.  8 4 ,  
5197-5201 

Emerman, M., and Temin, H.  M. (1986) Nucleic Acids Res. 15,  
23 

Emerman, M., and Temin, H. M. (1984) Cell 39,459-467 
Emerman, M., and  Temin, H.  M. (1986) Mol. Cell. Biol. 6 ,  792- 

Louis, S. D., and Verma, I. M. (1988) Proc.  Natl.  Acad.  Sci. U. S. 

Miyanohara, A., Sharkey, M. F.,  Witztum, J. L., Steinberg, D., 
and Friedmann, T. (1988) Proc.  Natl.  Acad.  Sci. U. S. A.  8 5 ,  
6538-6542 

Yu, S.-F., von  Ruden, T., Kantoff, P. W., Garber, C., Seiberg, M., 
Ruther, U., Anderson,  W. F.,  Wagner, E. F., and Gilboa,  E. 
(1986) Proc. Natl.  Acad.  Sci. U. S. A. 8 3 ,  3194-3198 

Nature 3 0 5 ,  556-558 

R. (1984) Nature 310,476-478 

stein, A. (1985) Cell 4 2 ,  71-79 

Science 2 3 0 ,  1395-1398 

U. S. A. 84,3344-3348 

K., and  Grotkopp, D. (1981) Cell 24 ,  519-529 

Biol. 156,549-565 

(1984) Proc.  Natl. Acud. Sci. U. S. A.  81,6627-6631 

Biol. 6 ,  1141-1147 

391-399 

60,683-692 

800 

A.  85,3150-3154 

28. Garver, R. I., Jr., Chytil, A., Karlsson, S., Fells, G. A., Brantly, 
M.  L., Courtney, M., Kantoff, P. W., Nienhuis, A. W.,  Ander- 
son, W.  F., and  Crystal, R. G. (1987) Proc.  Natl. Acud. Sci. U. 
S. A.  8 4 ,  1050-1054 

29. Hatzoglou,  M., Park, E., Wynshaw-Boris, A., Kaung,  H. C., and 
Hanson, R.  W. (1988) J. Biol. Chem. 263,17798-17808 

30. Wilson, J. M., Jefferson, D.  M.,  Chowdhury, J. R.,  Novikoff, P. 
M., Johnston, D.  E., and Mulligan, R. C. (1988) Proc.  Natl. 
Acad.  Sci. U. S. A.  8 5 ,  3014-3018 

. ,  



Interaction of PI 
31. Cone, R. D., Weber-Benarous, A., Baorto, D., and Mulligan,  R. 

C. (1987) Mol. Cell. Bid. 7, 887-897 
32. Bender,  M. A., Gelinas,  R. E., and Miller, A. D.  (1989) Mol. Cell. 

Biol. 9, 1426-1434 
33.  Chang, S. M. W., Wagner-Smith, K., Tsao, T. Y., Henkel-Tigges, 

J., Vaishnav, S., and Caskey,  C. T. (1987) Mol. Cell. Biol. 7, 

34. McIvor, R. S., Johnson, M. J.,  Miller, A. D., Pitts, S., Williams, 
S. R., Valerio, D., Martin, D. W., Jr.,  and Verma,  I. M. (1987) 
Mol. Cell. Bid. 7, 838-846 

35. Williams, D. A., Orkin, S. H., and Mulligan,  R. C. (1986) Proc. 
Natl. Acad. Sci. U. S. A. 83, 2566-2570 

36. Bowtell, D. D. L., Cory, S., Johnson, G. R., and Gonda, T .  J. 
(1988) J.  Virol. 62, 2464-2473 

37. Linney, E., Neill, S. D., and Prestridge, D. S. (1987) J.  Virol. 61, 
3248-3253 

38.  Wagner, E. F., Vanek, M., and  Vennstrom, B.  (1985) EMBO J.  

39.  Loh, T. P., Sievert, L. L., and  Scott, R. W. (1987) Mol. Cell. Biol. 
7,3775-3784 

40. Weiher,  H.,  Barklis,  E., Ostertag, W., and  Jaenisch, R.  (1987) J.  
Virol. 61, 2742-2746 

41. Hilberg, F.,  Stocking, C., Ostertag, W., and Grez, M. (1987) Proc. 
Natl. Acad. Sci. U. S. A. 84, 5232-5236 

42. Tsukiyama, T., Niwa, O.,  and Yokoro, K.  (1989) Mol. Cell. Biol. 
9,4670-4676 

43. Lamers, W. H., Hanson, R.  W., and Meisner, H. M. (1982) Proc. 
Natl. Acad. Sci. U. S. A. 79, 5137-5141 

44. Tremp, G. L., Boquet, D., Ripoche, M. A,, Cognet, M., Lone, Y.- 
C., Jami,  J.,  Kahn, A., and Daegelen, D. (1989) J.  Biol. Chem. 
264,19904-19910 

45. Palmiter, R. D., Brinster, R. L., Hammer,  R. E., Trumbauer,  M. 
E., Rosenfeld, M. G.,  Birnberg, N. C., and  Evans, R. M.  (1982) 
Nature 300, 611-615 

46. Palmiter, R. D., Gunnar, N., Gelinas,  R. E., Hammer, R. E., and 
Brinster, R. L. (1983) Science 222,809-814 

47. McGrane, M., devente, J.,  Yun,  J., Bloom, J., Park, E., Wynshaw- 
Boris, A., Wagner, T., Rottman,  F. M., and  Hanson, R. W. 
(1988) J. Biol. Chem. 263, 11443-11451 

48. Wynshaw-Boris, A., Short,  J. M., Loose, D. S., and  Hanson, R. 
W. (1986) J.  Biol. Chem. 261, 9714-9720 

49. Short, J .  M., Wynshaw-Boris, A., Short,  H.  P.,  and  Hanson, R. 
W. (1986) J.  Biol. Chem. 261,9721-9726 

50. Peterson, D.  D., Magnuson, M. A,, and  Granner, D. K. (1988) 
Mol. Cell. Biol. 8, 96-104 

51.  Magnuson, M. A., Quinn,  P. G., and  Granner, D. K.  (1987) J.  

854-863 

4,663-666 

pouiral Promoters 8425 

Biol. Chem. 262, 14917-14920 

Biol. Chem. 264,9657-9664 

A., and  Hanson, R. W. (1990) Mol. Cell. Bid. 10,6264-6272 

52. Roesler, W. J., Vandenbark, G. R., and  Hanson, R.  W. (1989) J.  

53. Park,  E. A,, Roesler, W. J., Liu, J. S., Klemm, D. J.,  Gurnney, 

54. Stewart, C.  L., Schuetze, S., Vanek, M., and Wagner, E. F.  (1987) 

55. Episkopou, V., Murphy, A. J .  M., and  Efstratiadis, A. (1984) Proc. 

56. Speck, N. A., and  Baltimore, D. (1987) Mol. Cell. Biol. 7, 1101- 

57. Overhauser, J.,  and  Fan,  H. (1985) J.  Virol. 54, 133-144 
58. Hatzoglou, M., Lamers, W., Bosch, F., Wynshaw-Boris, A., Clapp, 

D. W.,  and  Hanson, R. W. (1990) J.  Biol. Chern. 265, 17285- 
17293 

59. Killary, A. M., Lugo, T. G., and  Fournier, R. E. K.  (1984) 
Biochem. Genet. 22, 201-213 

60. Korman, A. J., Frantz, J. D., Strominger, J. L., and Mulligan,  R. 
C .  (1987) Proc. Natl. Acad. Sci. U. S. A. 84, 2150-2154 

61. Mann, R.,  Mulligan,  R. C., and  Baltimore, D. (1983) Cell 33, 

62. Woychik, R. P.,  Lamper, S. A., Lyons,  R. H., Horowitz, S., 
Goodwin, E. C . ,  and  Rottman,  F. M. (1982) Nucleic Acids Res. 
10, 7197-7210 

63. Wynshaw-Boris, A,, Lugo, T. G., Short, J. M., Fournier, R. E. K., 
and  Hanson, R. W. (1989) J.  Biol. Chem. 259, 12161-12169 

64. Yoo-Warren,  H.,  Monahan, J. E.,  Short,  J.,  Short, H.,  Bruzel, A., 
Wynshaw-Boris, A., Meisner, H. M., Samols, D., and  Hanson, 
R.  W. (1983) Proc. Natl. Acad. Sci. U. S. A. 80, 3656-3660 

65. Scherer, G., Schmid, W., Strange, C. M., Rowekamp, W., and 
Schutz, G. (1982) Proc. Natl. Acad. Sci. U. S. A. 79, 7205-7208 

66. Piechaczyk, M., Blanchard, J .  M.,  Marty, L., Dani, C., Pana- 
bieres, S., Sabouty, E., Fort, P. H., and  Jeanteur,  P. H. (1984) 
Nucleic Acids Res. 12, 6951-6959 

67. Maniatis,  T.,  Fritsch, E. F., and  Sambrook, J. (1982) Molecular 
Cloning: A Laboratory Manual, Cold Spring  Harbor  Laboratory, 
Cold Spring  Harbor, NY 

EMBO J.  6,383-388 

Natl. Acad. Sci. U. S. A. 81, 4657-4661 

1110 

153-159 

68. Miller, A. D. (1990) Hum. Gene Ther. 1, 5-14 
69. Selden,  R. F., Skoskiewicz, M. J., Howie, K. B., Russell, P. S., 

70. Shih, C.-C., Stoye, J .  P.,  and Coffin, J. M. (1988) Cell 53, 531- 

71. Hanson, R. W.,  Garber, A. J., Reshef, L., and  Ballard, F. J. (1973) 

72. Thayer, M. J., Lugo, T .  G., Leach, R. J., and  Fournier, R. E. K. 

and Goodman, H. M. (1987) Science 236, 714-718 

537 

Am. J .  Clin. Nutr. 26, 55-63 

(1990) Mol. Cell. Bid. 10, 2660-2668 


