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ABSTRACT

Background: Several plasmid DNA-based mammalian
expression systems have recently been developed which
make it possible to manipulate gene expression via the
administration of exogenous agents. In order to extend
the application of these systems, we have developed
retroviral vectors which allow for the controlled expres-
sion of inserted genes both in vitro and in vivo.
Materials and Methods: Two vector strategies which
make use of the tetracycline-regulated gene expression
system described by Gossen and Bujard were evaluated.
In a first strategy, one virus was generated which en-
coded the tTA or rtTA transactivator gene product, and a
second virus was generated in which expression of the
gene of interest was dependent upon tetracycline-re-
sponsive transcriptional control elements placed either
within the viral LTR or within the proviral transcrip-
tional unit. In a second vector strategy, both components
of the tet-regulatable system were incorporated into a
single proviral genome in such a way that expression of

both the transgene and the transactivator gene product
were under control of tet-regulatable control elements.
Results: Both vector strategies resulted in the ability to
regulate the expression of inserted genes. In one single
virus configuration, gene expression could be regulated
over IOOX and the level of gene expression in the in-
duced state was comparable to or greater than that
achieved with standard LTR-based vectors. The use of
different deletions in the viral LTR made it possible to
generate a number of vectors which provide for a four-
fold range of levels of expression of inserted genes in the
induced state. Studies in mice with transduced cells dem-
onstrated that gene expression could be induced in vivo
by manipulation of tetracycline for at least 48 days.
Conclusions: The availability of highly transmissible,
regulatable retroviral vectors should greatly facilitate
studies in which it is of interest to manipulate the ex-
pression of specific genes in vitro or in vivo.

INTRODUCTION
Several plasmid based mammalian expression
systems have recently been developed which
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make it possible to manipulate gene expression
via the administration of exogenous agents
(1-4). To date, the system that has been most
widely employed makes use of specific control
elements of the E. coli TnlO operon (5) to regu-
late transcription. This system, originally de-
scribed by Gossen and Bujard (1), relies on the
use of two plasmid constructs: (i) an expression
construct which encodes a hybrid transactivator
gene product (termed either tTA or rtTA) in
which the DNA binding domain of the tetracy-
cline repressor (tetR) of Escherichia coli is linked
to the transactivation domain of the herpes sim-
plex (HSV) VP16 gene product, and (ii) a con-
struct in which expression of the desired gene
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product is controlled by a tetracycline-responsive
transcriptional control element generated by the
fusion of seven copies of tet operator sequences
derived from the TnlO operon (5) to a minimal
cytomegalovirus (CMV) immediate early gene
promoter (tetOP/CMV) or other minimal pro-
moter sequences. In the original system de-
scribed by Gossen and Bujard (1), binding of tTA
to the regulatory element is inhibited by the
presence of tetracycline and transcription from
the tet regulatory unit is virtually silent. In the
absence of tetracycline, the specific high affinity
binding of tTA to the chimeric tet promoter leads
to a dramatic increase in transcription from the
regulatory unit. More recently, Gossen et al. (2)
have also described a modified system which
makes use of a mutant transactivator (termed
reverse or rtTA) that binds to the regulatory unit
only in the presence of certain tetracycline de-
rivatives. This modification may facilitate the in
vivo use of the tet regulatory system and lead to
the faster induction of gene expression.

The system of Gossen and Bujard necessi-
tates the transfer into cells of both a vector which
encodes the relevant transcriptional transactiva-
tor gene product(s) and a second construct in
which the cDNA of interest has been placed un-
der the control of specific regulatable transcrip-
tional control sequences (1,2). The utility of this
regulatable vector system therefore depends
both upon the ability to express sufficient
amounts of the necessary transactivator(s) and
the integration of the regulatable vector con-
struct in such a way that the basal levels of
transgene expression are low, yet the induced
levels of expression are high. In studies involving
cultured cells, these requirements often necessi-
tate the screening of a large number of stable
transfectants and are compounded by the need
to introduce both constructs into the same cell.
Although the tet-regulatable expression system
has already been widely employed in studies in-
volving cultured cell lines, the use of the system
to regulate gene expression in primary cells, ei-
ther in vitro or in vivo, has been hampered by
the inability to efficiently transduce the relevant
target cells without the use of drug selection. For
example, studies involving primary cells in vivo
have, to date, necessitated the lengthy process of
generating transgenic animals and the breeding
of strains carrying the expression and transacti-
vator-encoding constructs (6,7).

In order to extend the application of regu-
lated gene expression systems, we have gener-
ated highly transmissible retrovirus vectors

which encode the relevant elements of the tet-
racycline-regulated gene expression system de-
scribed by Gossen and Bujard (1,2). Here, we
describe both 'one virus' and 'two virus' strate-
gies which result in the ability to efficiently gen-
erate transduced cells which express the gene of
interest in a highly regulated fashion. We also
show that cells transduced by the vectors dem-
onstrate regulated expression even after their
transplantation in vivo.

MATERIALS AND METHODS
Construction of Retroviral Vectors

All constructs are based on the SFG retroviral
vector developed in our laboratory (8). In the
case of each construct, protein coding sequences
were introduced between the Nco I and Bam HI
sites of the vector in a precise way, such that the
AUG sequences encoded by the Nco I site initiate
translation of the gene product of interest. SFG
hGH contained the human growth hormone
(hGH) ORF (9). SFG Luc was constructed by
insertion of the luciferase ORF from the pGL-2
plasmid (Promega Corp., Madison, WI). The SFG
tTA and rtTA constructs contained the ORF of the
transactivator (tTA) from pUHD 15-1 (1) and the
reverse transactivator (rtTA) from pUHGl 7-1
(2). SFG NLS-Lac-z contained the E. coli beta ga-
lactosidase gene fused C-terminal to a SV40 nu-
clear localization signal (10).

Variants of the basic SFG vectors with mod-
ifications in the U3 of the 3'LTR have the type of
deletion specified by letters and numbers (e.g.
SFG Luc ECl). A prefix "t7" in front of the dele-
tion indicates the insertion of 7 tet operator se-
quences into the deletion site (e.g. SFG Luc
t7EC 1). A prefix "tc" in front of the gene name
indicates the insertion of tet/CMV regulatory el-
ement immediately upstream of the gene (e.g.
SFG tcLuc). Vectors expressing the tTA or rtTA
ORF linked through an EMCV IRES element
downstream of the marker gene are labeled SFG
tcLuc IT or SFG tcLuc IRT, respectively.

The following deletions and/or insertions in
the U3 region of the 3'LTR were made (positions
of the first and last nucleotide of the deletion
relative to the transcription start of the 3'LTR are
indicated): El (-327/-152), E2(-327/-116),
E3 (-327/-92), E4 (-412/-152), E5 (412/-116),
E6 (-412/-92), E7 (-436/-92), E8 (-436/-116),
E9 (-436/-152), ECI (-327/-63), EC2 (-412/
-63), EC3 (-436/63), ECTI (-327/-63 +-30/
-24), ECT2 (-412/-63 +-30/-24), ECT2
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(-412/-63 +-30/-24), ECT3 (-436/-63 +
-30/-24), t7CM (-436/-i + inserted tet-CMV
minimal promoter).

Cells and Animals
C2C12 (11,12) and NIH3T3 cells were obtained
from American Type Culture Collection, Rock-
ville, MD and ecotropic BOSC23 (13) packaging
cells were a gift from W. Pear. C2C12 and BOSC
cells were cultivated in DMEM containing 10%
fetal calf serum (FCS) and NIH3T3 cells were
cultured in DMEM containing 10% calf serum.
All media was supplemented with 100 U/ml pen-
icillin and 100 ,ug/ml streptomycin. C3H/HeJ
mice, 3-4 weeks old, were purchased from Jack-
son Laboratory (Bar Harbor, ME).

Transfections, Infections, Induction of
Gene Expression, and Determination of
Transduction Efficiencies
Recombinant retroviral vectors were generated
by transient transfection of the ecotropic
BOSC23 packaging cell line as described else-
where (13). Viral supernatants from indepen-
dent transfections with the same retroviral con-
struct were pooled, filtered (0.45 ,u), and used
immediately or stored at -80°C until use. When
using the original tTA gene, BOSC23 cells were
grown in the presence of 1 Ag/ml tetracycline
(Sigma, St. Louis, MO).

For infection of NIH3T3 cells, 1 x 105 cells
per 6 cm dish were plated for 24 hours and then
incubated for 4 hours with 3 ml of viral super-
natant in the presence of 8 ,ug/ml Polybrene. The
following day the transduced cell population was
split into two 6 cm dishes. In the case of vectors
employing the tTA gene product, gene expres-
sion was induced 24 hours later on one plate by
washing two times and further incubation with
tetracycline free growth medium while the other
plate continued to be incubated in the presence
of tetracycline (1 ,ug/ml). When using the rtTA
gene product, expression was induced on one
plate through the addition of doxycycline (Sig-
ma, St. Louis, MO) at 1 jig/ml to the medium.
After an additional 48 hours incubation cells of
both plates were harvested and gene expression
was analyzed.

Transduction efficiency was determined by
Southern blot analysis of infected cultures as de-
scribed previously (14). Briefly, equal amounts
of genomic DNA from infected cultures were
separated by agarose gel electrophoresis after re-

striction enzyme digestion, blotted onto Zeta-
probe GT membrane (Biorad) and hybridized
with insert specific radiolabelled probes. A
mouse IgM constant region specific probe was
included to standardize the individual samples.
Intensity of the different bands was quantitated
on a Fuji Phosphorimager (Fuji, Tokyo, Japan)
using the MacBas2.2 software system.

Luciferase Assays

Luciferase activity of transduced cells was essen-
tially performed as described elsewhere (1). En-
zymatic activities where normalized for total pro-
tein concentration determined by a Bradford
assay (Biorad) and expressed as relative light
units (rlu) per ,ig total protein and the copy
number of the luciferase gene in the infected
cells as determined by Southern blot analysis.

Regulation of hGH Expression In Vitro
and In Vivo

C2C12 rtTA cells were generated by infection of
C2C12 with supernatant of BOSC 23 cells trans-
fected with the SFG rtTA vector. Wildtype C2C 12
or C2C 12 rtTA cells were infected with various
retroviral vectors for constitutive or regulated
hGH expression as indicated. Twenty four hours
after infection, 1 X 106 transduced cells were
plated in parallel into 10 cm dishes either in
normal media or in doxycycline (1 ,ig/ml) con-
taining growth media. The next day the growth
medium was replaced by the appropriate fresh
growth medium and 24 hours later the superna-
tant was harvested and filtrated and hGH con-
centrations were determined by ELISA (United
Biotech Inc., Mountain View, CA). The sensitiv-
ity of the assay was 0.3 ng hGH/ml.

For injection into mice, transduced C2C12
cell populations were trypsinized and washed
twice with Hanks Balanced Salt Solution (HBSS)
and finally resuspended in HBSS at a concentra-
tion of 3 x 107 cells per ml. Groups of 3- 6
anaesthetized C3H/HeJ mice, 3-5 weeks old, re-
ceived 3 X 106 transduced cells per mouse
through i.m. injection into the tibialis anterior
muscle (50 gl per muscle).

Doxycycline (Sigma, St. Louis, MO) was dis-
solved at 2.2 mg/ml in deionized water supple-
mented with 5% sucrose and administered orally
through the drinking water. The flasks were
wrapped in tin foil to protect the doxycyline
against light and were replaced every third day.
Mice not on doxycyline treatment received
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deionized water supplemented with 5% sucrose.
Mice were bled at the indicated time points and
hGH serum levels were determined with a hGH
specific RIA (Nichols Institute, San Juan Capi-
strano, CA) according to the manufacturer's in-
structions. The sensitivity of the assay was
0.15 ng hGH/ml.

A. "Two Virus" Strategy

SFG tTA

5'LTR 3'LTR
SD SA
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SFG tcLucECT {n | :
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RESULTS
Strategies for Generating Tetracycline-
Regulatable Retroviral Vectors

Two different strategies for incorporating the dif-
ferent components of the original and modified
tet-regulated gene expression systems into retro-
viral vectors were evaluated (Fig. 1). In a first
strategy (termed the "two virus strategy"), one
virus was generated in order to provide for the
constitutive expression of the chimeric transac-
tivator gene products and a second virus was
generated for the purposes of transferring a tet-
responsive transcriptional cassette carrying the
gene of interest. Co-infection with both viruses is
therefore necessary in order to obtain regulated
gene expression. The rationale for the two virus
strategy is to ensure that the signals used for the
constitutive expression of the transactivators do
not influence the basal (non-induced) level of
expression of the transgene. The high efficiency
of gene transfer afforded by the SFG/MFG vec-
tors (8,14,15) suggested that it would be possible
to efficiently co-introduce both proviral genomes
into the same cell.

To generate the transactivator-encoding vi-
ruses, the coding sequences for either the tTA or
rtTA gene products were introduced into the
vector SFG (8), a derivative of the MFG vector
(14,15). The MFG/SFG vectors employ the
MMLV LTR and MMLV-derived splicing signals
for expression of inserted sequences. The result-
ing viruses were termed SFG tTA and SFG rtTA
(Fig. 1). For transfer of the regulatable transcrip-
tion cassette, two types of constructs were gen-
erated. In one configuration, the 3'LTR of SFG
was modified so as to incorporate tet-responsive
transcriptional control elements, either by re-
placement of both viral enhancer and promoter
elements with the tetOP/CMV control element
(SFG Luc t7CM), or by replacement of the viral
enhancer or enhancer/CAAT sequences with the
multimeric tetOP element, leaving the viral min-
imal promoter sequences intact (only one en-
hancer deficient version of these vectors, SFG

SFG Luc t7CM 1-1 1 [

B. "Single Virus" Strategy

IRES

SFG tclc +IT _

FIG. 1. Schematic map of SFG-based retroviral
vectors used in the study
Vectors employed in the "two virus" strategy (A)
and "single virus" strategy (B) are shown. For the
"two virus" strategy, the vectors include SFG vectors
used for constitutive gene expression of the transac-
tivators tTA or rtTA (depicted as SFG tTA), and (i) a
retroviral vector in which tetOP/minimal CMV pro-
moter sequences are introduced internal to the pro-
viral transcriptional unit (SFG tc LucECT), (ii) retro-
viral vectors in which tetracycline response elements
(tetOP) are introduced into a 3'LTR in which the
enhancer (or CAAT sequences) are deleted (depicted
as SFG Luct7E) (the vector carrying a deletion of
enhancer and CAAT sequences, termedSFG Luc7EC,
is not shown), or (iii) a retroviral vector in which
the tetOP/minimal CMV promoter sequences are in-
troduced in the 3'LTR in place of the viral enhancer/
promoter sequences (SFG Luc t7CM). Also shown is
a vector representing the "single virus" strategy (SFG
Luc tc LucIT). For all constructs, tTA or rtTA (shaded
boxes) represent the original or modified transactiva-
tor ORFs; tet (black boxes) represent the tandem
repeats of tet operator sequences; CMV (lightly
shaded boxes) represents the CMV IE minimal pro-
moter; Luc (open boxes) represents the luciferase
ORF; IRES (striped boxes) represents the EMCV in-
ternal ribosomal entry site; SD, splice donor; SA,
splice acceptor; LTR, long terminal repeat. Details of
the construction of the different retroviral vectors
are provided in the Materials and Methods section.

Luc t7E, is shown in Fig. 1)(see Materials and
Methods for precise description of the deletions).
Transmission of the corresponding proviral se-
quences to cells should result in the representa-
tion of the modified transcriptional control se-
quences in both the 5' and 3'LTRs (16-18) and
generation of a transgene-encoding transcript
identical in structure to that produced by the
parental SFG vector. In a second configuration,

469



470 Molecular Medicine, Volume 3, Number 7, July 1997

tetOP/minimal CMV promoter sequences were
introduced into SFG internal to the proviral tran-
scriptional unit in which the enhancer, CAAT
box and TATAAA box were deleted (SFG tcLuc
ECT) (Fig. 1). The deletion of sequences in the
LTR were introduced in order to decrease or
eliminate LTR-mediated transcription after pro-
viral integration ( 16-18). In both two-virus con-
figurations, the luciferase gene was used as the
reporter gene.

In a second strategy (termed the "single virus
strategy"), attempts were made to introduce all
of the necessary components into a single vector.
For the construction of this type of vector, both
the tet/CMV promoter sequences and luciferase
coding sequences were positioned internal to the
proviral transcriptional unit. To provide for ex-
pression of the transactivator gene products, pi-
cornavirus-derived internal ribosome entry site
(IRES) sequences (19) were positioned directly
3' to the luciferase encoding sequences and 5' to
either the tTA or rtTA coding sequences (SFG tc
luc IT) (Fig. 1). With this configuration, we ex-
pected that expression of both the transgene and
the transactivator would be largely controlled by
the tet/CMV promoter sequences, and that low
levels of transactivator expression would 'auto-
stimulate' transactivator expression. One likely
requirement of such a transcriptional circuit,
however, would be that some low level of tet-
independent transcription would be needed in
order to initiate the autostimulatory circuit. For
this reason, we evaluated a number of constructs
carrying deletions in the 3'LTR expected to re-
duce the transcriptional activity of the 5 'LTR
after proviral integration (see below).

Characterization of the Two-Virus
Vector System
To evaluate the characteristics of the two virus
system, NIH 3T3 cells were first infected with
either SFG tTA or SFG rtTA virus generated by
transient transfection of the BOSC 23 cell line
(13) (see Materials and Methods). Southern blot
analysis of DNA isolated from cells infected by
either virus indicated that virtually all of the cells
were infected (data not shown). Next, mock-
infected, SFG tTA-, or SFG rtTA infected NIH 3T3
cells were additionally infected with either SFG
Luc t7E7, SFG Luc t7EC3, SFG Luc t7CM, or SFG
tcLuc ECT3 and subsequently cultured in the
presence or absence of tetracycline (in the case of
mock- or SFG rtTA infected cells) or doxycycline
(in the case of mock- and SFG rtTA infected cells)
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FIG. 2. Regulation of luciferase activity in
NIH3T3 cells infected with vectors representing
the "two virus" strategy
NIH3T3 cells were first infected with retroviral vec-
tors for constitutive expression of the transactivators
tTA, rtTA, or mock incubated with BOSC 23 super-
natant alone, as indicated in the "1st vector" col-
umn. After splitting into multiple dishes, the three
different NIH3T3 populations were superinfected
with different vectors, as indicated in the "2nd vec-
tor" column. The next day the cultures were split
into replica plates and gene expression was kept in
the off state (solid bar) or turned on (shaded bar)
through the addition of doxycycline in the case of
rtTA expressing cells or removal of tetracycline in
the case of tTA expressing cells. Luciferase activities
of cell extracts were determined 48 hours after in-
duction. Enzymatic activities are expressed in rela-
tive light units (rlu) and were normalized for the
amount of total protein of the samples and the copy
number of the luciferase gene in the different cell
populations, which was determined by Southern
blot analysis. Relative induction levels were calcu-
lated by dividing the enzyme activity of the on state
through that of the off state from replica plates of
the same culture, and are shown in the "relative in-
duction" column.

as described in the Materials and Methods. Ex-
tracts were then prepared from the different
transduced cells for the determination of lucif-
erase activity (Fig. 2). As expected, in the ab-
sence of tTA or rtTA expression, none of the
vectors containing tet-regulatable control ele-
ments expressed appreciable amounts of lucif-
erase, either in the presence or absence of anti-
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biotic, while SFG Luc infected cells expressed
luciferase at high levels, both in the presence and
absence of antibiotic. In contrast, in cells trans-
duced by both a transactivator-encoding con-
struct and a tet-regulatable vector, the levels of
luciferase expressed could be varied from 20-60
fold, depending on the construct, by the addition
or withdrawal of the appropriate antibiotic. In
the case of the vectors in which multimerized tet
operator sequences were positioned in the viral
LTR adjacent to minimal LTR promoter se-
quences (SFG Luc t7E7 and SFG Luc t7EC 3), the
deletion of both the enhancer and CAAT se-
quences in the LTR led to a modest (two-fold),
but significant reduction in basal expression, in
comparison to deletion of only enhancer se-
quences without reducing the level of induced
expression. Replacement of both the viral en-
hancer and promoter sequences within the LTR
with tetOP/CMV sequences (SFG Luc t7CM)
yielded up to two-fold higher levels of induced
expression than observed with the SFG Luc t7E7
and SFG Luc t7EC3 constructs, and basal levels
comparable to those observed with the SFG Luc
t7E7 construct. In the case of the vector config-
uration in which tet-regulatory sequences were
placed internal to the proviral transcriptional
unit (SFG tcLuc ECT3), the absolute levels of
expression of luciferase in the induced state were
at least two-fold greater than any of the other
constructs, and the basal levels were comparable
to those observed with the SFG Luc 7E7 and SFG
t7CM constructs. All of the tet regulatable con-
structs yielded levels of expression in the induced
state which were significantly higher than those
observed with the parental SFG vector. In the
case of the studies involving SFG tTA transduced
cells, the SFG tcLucECT3 vector expressed ap-
proximately ten times more luciferase than the
SFG Luc vector. Interestingly, both the SFG Luc
and the SFG Luct7E7 vectors expressed higher
levels of luciferase in rtTA expressing cells.

Characterization of the Single
Virus System
Because it was likely that the efficacy of the
single virus system would depend critically upon
achieving specific levels of LTR-driven transcrip-
tion which would be sufficient to initiate tTA
expression, yet not lead to a unsuitably high
level of transgene expression in the uninduced
state, we first directly examined the effects of
specific deletions of the LTR on viral transcrip-
tion in order to select a series of mutations for

evaluation in single virus vector constructs. For
this study, we generated a number of derivatives
of SFG Luc carrying different deletions in the
3'LTR and examined the expression of luciferase
in NIH 3T3 cells 48 hours after infection with
virus generated by transient transfection of
BOSC 23 cells. As shown in Figure 3A, deletion
of increasing amounts of sequence in the LTR led
to progressive decreases in luciferase activity. For
example, deletion of the core enhancer se-
quences of the LTR (termed El) led to an 18-fold
decrease in luciferase activity relative to the in-
tact LTR, while the most extensive enhancer de-
letion (E7) resulted in a 90-fold decrease in ac-
tivity. Additional removal of the CAAT box and
the TATA box resulted in a further 1.5-5-fold
decrease in enzyme activity compared to the en-
hancer only deletions. Cells infected with the
vector having the most extensive deletion of the
LTR (ECT3) showed a luciferase activity that was
175-fold below that of the unmodified vector.
Southern blot analysis of infected NIH/3T3 cells
indicated that all of the viruses faithfully trans-
ferred the proviral sequence at high efficiency
(approximately 2-3 copies/cell); (data not
shown), thereby indicating that the deletions
had little or no effect on viral replication/integra-
tion. In addition, analysis of luciferase activity in
transfected BOSC cells indicated that none of the
deletions in the 3'LTR appreciably affected the
translational efficiency of the resulting RNAs
(data not shown).

Based on the above analysis, single virus
constructs carrying either an intact 3'LTR or
LTRs carrying the El, E4, E7, or ECT3 deletions
were constructed and virus derived from the
constructs was used to infect NIH 3T3 cells in
order to determine the capacity of the constructs
for tet-regulated expression. The results of such
an analysis are shown in Figure 3B. Gene expres-
sion in cells infected with the SFG tcLuc IT vec-
tor, containing an intact MuLV enhancer/pro-
moter, could be stimulated 8-fold in the on state.
However, in the off state, luciferase activity was
only slightly below that of the constitutively ex-
pressing SFG Luc vector, which was not regulat-
able by tetracycline treatment. A dramatic in-
crease in the relative regulation level of
luciferase activity was observed with the vectors
harboring various deletions in the MuLV LTR.
Progressive deletion of viral enhancer/promoter
sequences led to a progressive decrease in the
basal level of luciferase expression. Interestingly,
however, the decrease in basal expression asso-
ciated with the increasing deletion of LTR se-
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FIG. 3. Characterization of "single virus" vectors

(A) Transcriptional activity of vectors possessing deletions in the 3'LTR (see Materials and Methods for precise
boundaries of deletions). Luciferase activities were determined 48 hours after infection with the different vectors
as indicated on the y axis. Enzymatic activities were normalized for the amount of total protein of the samples and
the copy number of the luciferase gene in the different cell populations. The activity of the unmodified original
SFG Luc vector was set arbitrarily as 100%. (B) Regulation of luciferase activity in NIH3T3 cells infected with "sin-
gle virus" vectors. NIH3T3 cells were infected with different luciferase vectors as indicated in the "vector" column
and split into replica plates. Luciferase activities of the off- (solid bar) and on state (shaded bar) were determined
48 hours after induction of gene expression. The relative transduction efficiency, normalized for proviral copy
number, is shown in the "relative transduction efficiency" column. The value of the original SFG Luc vector was
arbitrarily set as 1. The relative induction of gene expression is given in the "relative induction" column. Induction
of gene expression, normalization and calculation of the values was done as described in the legend to Figure 2.

quences was accompanied by a progressive de-
crease in the absolute levels of gene expression
that could be achieved in the on state. Of all the
vectors, the SFG LucITE1 vector, which carried
the smallest enhancer deletion, yielded the high-
est level of luciferase expression (approximately
8x the level of expression of the parental SFG
Luc) and the ability to regulate gene expression
over 130-fold. Vectors carrying the other dele-
tions were also highly regulatable (76-100-fold),
yet yielded a range of levels of expression in the
on state (2 to 4X the levels of SFG Luc).

Regulation of Gene Expression In Vivo

To explore the feasibility of the use of tet-regu-
latable retroviral vectors in vivo, we examined
the ability of both the two virus and single virus
systems to provide for regulated gene expression
after the transplantation of murine C2C12
(1 1, 12) myoblasts transduced by the vectors. For
these studies, we employed the human growth

hormone (hGH) as a marker gene and vectors
which expressed the rtTA gene product. For
study of the two virus system, C2C12 cells were
first infected with SFG rtTA and subsequently
with SFG tchGH ECT3. For studies of the single
virus system, C2C12 cells were transduced by
SFG tchGH IRTE1 or SFG tchGH IRTE4 (IR des-
ignates the use of rtTA rather than tTA). Studies
in vitro indicated that in the case of both the two
virus and single virus systems, significant regu-
lation of hGH (approx. 34-65 fold) could be
achieved through the addition of doxycycline
(Fig. 4A). In addition, both vector systems ex-

pressed levels of hGH in the on state comparable
or greater than that produced by SFG hGH. The
lower extent of regulation observed relative to
the studies involving luciferase vectors in NIH
3T3 cells likely relates to a cell type difference in
expression of the vectors (20), since experiments
involving C2C 12 cells and luciferase vectors also
yielded lower extents of regulation (data not
shown).
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FIG. 4. Regulation of hGH expression in transduced C2C12 myoblasts in vitro and in vivo
(A) In vitro regulation of hGH expression. C2C12 myoblasts were infected with different retroviral vectors for con-

stitutive or regulated hGH expression, as indicated on the y axis, as described in Materials and Methods. Two days
after infection, 1 106 cells were plated into replica plates, one of which contained 1 ,ug/ml doxycyline in the
growth medium. The following day the growth medium was replaced and 24 hours later the supernatant was har-
vested and levels of secreted hGH in the off- (solid bar) or the on state (shaded bar) were determined by ELISA.
(B) In vivo regulation of hGH expression. Groups of 5 to 6 C3H/HeJ mice received i.m. injections of transduced
C2C12 myoblast populations as described in Materials and Methods. Mice were left untreated up until day 16 after
injection when half of the mice of each group were put on doxycycline treatment (dark symbols), while the other
half continued to be untreated (light symbols). The treatment of both subgroups was then changed to the opposite
on day 46 after injection (e.g. mice treated with doxycycline were taken off the drug and mice not previously
treated were given doxycycline). Serum samples of individual mice were taken at the time points indicated in the
graph and hGH serum levels were determined by RIA as described in Materials and Methods. Individual values in
the graph are the mean of the hGH serum levels of 2 to 6 mice.

In vivo regulation of hGH production by
these vectors was examined by injection of trans-
duced C2C 12 myoblast populations into the hind
limbs of C3H/HeJ mice (21). Gene expression
was regulated through the oral administration of
doxycycline in the drinking water. At various
time points after injection the hGH serum levels
in individual mice were determined by RIA. As
shown in Figure 4B, mice that received SFG
hGH-transduced myoblasts initially expressed
high levels of hGH, whether or not doxycycline
was administered, yet at subsequent time points
showed reduced expression. This decrease in ex-

pression most likely reflects the induction of im-
mune responses to hGH. In contrast, mice trans-
planted with cells transduced by the tet-
regulatable constructs showed no detectable

hGH in their serum (<O.l5ng/ml) in the absence
of doxycycline, except for low levels detected 2
days post-transplantation. However, when doxy-
cycline was administered either 16 or 46 days
after transplantation of cells transduced by the
tet-regulatable constructs, large amounts of hGH
could be detected when serum from the animals
was analyzed 2 days later. At subsequent time
points, the levels of hGH decreased, as observed
in the case of mice transplanted with SFG hGH
transduced cells. While even the initial high lev-
els of hGH gene expression observed in vivo did
not appear to directly correlate with the levels of
gene expression observed in vitro, it is quite dif-
ficult to determine whether this discrepancy re-

flects the inherent in vivo activity of the tet-
regulated transcription system employed, or
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factors related to the efficiency of fusion of the
transduced myoblasts in vivo. Because of the
progressive decrease in hGH expression, it was
not possible to definitively demonstrate the abil-
ity to shut off hGH expression by removal of
antibiotic. Nevertheless, removal of doxycycline
30 days after induction of hGH expression (46
days post-transplantation), a time when hGH ex-
pression could readily be detected, was associ-
ated with the subsequent inability to detect hGH
at later time points.

DISCUSSION
The studies described above were motivated by
the need for the development of highly efficient
mammalian gene transfer vectors which make it
possible to manipulate the expression of inserted
genes. Several strategies which make use of ret-
roviral-mediated gene transfer for the regulated
expression of genes have already been already
described (22-25). Our current studies extend
those previous studies in a number of important
ways. In the case of the two virus systems de-
scribed, we chose to generate separate vectors for
the expression of the necessary transactivator
gene products and the regulated expression of a
desired transgene. Such a strategy makes it pos-
sible to express the transactivator without affect-
ing the basal expression of the transgene. We
also chose to compare the use of the original tTA
transactivator described by Gossen and Bujard
(1) to the use of the recently described rtTA (2),
since the ability to induce expression with drugs
(rather than by removal) has obvious merits,
particularly in the context of in vivo delivery of
gene products. Our analysis of the expression
capabilities of the various constructs tested in the
two virus system indicated that gene expression
could be regulated 20-60-fold, depending on the
constructs, and that similar levels of expression
in the induced state were obtained using vectors
in which the tet-regulatable transcriptional con-
trol sequences were positioned in either the LTR
or internal to the proviral transcriptional unit.
Only minor differences in the basal levels of ex-
pression were observed (2 >) when a deletion of
enhancer, CAAT, and promoter elements in the
LTR, rather than a deletion of the enhancer
alone, was used. Perhaps the most striking ob-
servation made with the two virus constructs
was that, in every case, the absolute levels of
transgene expression achieved in the induced
state was equal to or greater than that achieved

with the parental SFG vector. In some cases,
10-fold higher levels than SFG were achieved. In
light of our considerable experience with the
MFG family of vectors, which indicates that high
levels of transgene expression are routinely
achieved (8,14,15), the ability to achieve even
higher levels of expression than the MFG vectors
was unanticipated. Why, in the case of several
constructs, the use of the rtTA gene led to higher
levels of gene expression in the induced state
than that achieved with tTA, remains unclear.

In the case of the single virus system, gene
expression could be regulated over a 100-fold
range. The most important observation made in
the course of studies with the single virus sys-
tems was that progressive deletion of transcrip-
tional control sequences in the viral LTR led to
proportional decreases in both the basal and in-
duced levels of transgene expression. While the
removal of such sequences might be anticipated
to reduce the component of basal expression lev-
els due to a low level of LTR-driven transcription,
and to perhaps influence expression of the min-
imal CMV promoter (by reducing enhancement
from sequences in the LTR), we do not under-
stand why expression from the regulatable tet/
CMV transcriptional unit would be decreased,
rather than increased, by progressive deletion.
Although it is possible that the larger deletions
affect the stability and/or translational efficiency
of the tet/CMV promoted transcripts, studies of
gene expression after transfection of SFG-de-
rived constructs carrying those same deletions
showed little or no differences in luciferase ex-
pression (data not shown). Another potential ex-
planation for the results observed is that the
progressive deletions in the LTR reduce the ex-
pression of the transactivator gene products to
the point they are unable to properly initiate the
autostimulation of their expression necessary to
provide for the high levels of transgene expres-
sion observed with the other constructs. What-
ever the explanation, one fortuitous conse-
quence of the phenomenon is that we now have
available a family of vectors that lead to distinctly
different levels of expression in the induced
state. Such vectors may obviate the need to care-
fully titrate antibiotic concentrations in biological
studies in which attaining a specific level of ex-
pression is critical. Again, as in the case of the
two virus system, we observed, at least with one
single virus vector, the ability to achieve levels of
gene expression in the induced state higher than
those achieved with the parental SFG.

In studies by Blau and co-workers (22) in-
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volving a vector design remarkably similar to
that of the single vectors described here, a dele-
tion of both enhancer and promoter sequences
in the LTR were employed. While those studies
did not provide any information regarding the
absolute levels of expression that could be ob-
tained, it is likely, based on our own studies, that
the levels of expression that can be achieved in
the induced state with their vector would be
diminished, relative to that achievable with the
parental MFG vector. Although Blau and co-
workers also reported the ability to regulate gene
expression 600X with their vector, it should be
noted that such a calculation was based on the
analysis of a subpopulation of transduced cells
isolated by FACS on the basis of low basal ex-
pression and high induced expression. Based on
the similarity of their constructs and the ones
presented here, it is likely that the basal levels of
expression of the different constructs would be
comparable.

Lastly, the experiments involving the trans-
plantation of cells transduced by the regulatable
vectors are encouraging for the ultimate use of
such vectors in vivo. In conjunction with the
recent development of packaging cell lines which
make it possible to generate high titers of viral
pseudotypes which can be highly concentrated
(26,27), and the demonstration of the ability of
lentivirus vectors to efficiently transduce at least
some quiescent cells (28), the work reported
here suggests that obtaining the regulated ex-
pression of genes via the direct in vivo delivery of
retroviral vectors will ultimately prove to be fea-
sible.
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