THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2001 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 276, No. 48, Issue of November 30, pp. 45168-45174, 2001
Printed in U.S.A.

Tetracycline-regulated Gene Expression Mediated by a Novel
Chimeric Repressor That Recruits Histone Deacetylases in

Mammalian Cells*

Received for publication, July 23, 2001, and in revised form, September 24, 2001
Published, JBC Papers in Press, October 1, 2001, DOI 10.1074/jbc.M106924200

Wei Jiangi, Lan Zhoui§, Benjamin Breyeri, Tao Feng§, Hongwei Cheng, Rex Haydon,

Akira Ishikawat, and Tong-Chuan He|

From the Molecular Oncology Laboratory, Department of Surgery, The University of Chicago Medical Center,
Chicago, Illinois 60637, the §Department of Biochemistry and Molecular Biology, Chongqing University of Medical
Sciences, Chongqing 400046, China, and the 1Department of Orthopaedic Surgery, Yamagata University School of

Medicine, 2-2-2, Iida-Nishi, Yamagata 990-9585, Japan

Regulated gene expression will provide important
platforms from which gene functions can be investi-
gated and safer means of gene therapy may be devel-
oped. Histone deacetylases have recently been shown to
play an important role in regulating gene expression.
Here we investigated whether a more tightly controlled
expression could be achieved by using a novel chimeric
repressor that recruits histone deacetylases to a tetra-
cycline-responsive promoter. This chimeric repressor
was engineered by fusing the tetracycline repressor
(TetR) with an mSin3-interacting domain of human
Mad1l and was shown to bind the tefO, element with high
affinity, and its binding was efficiently abrogated by
doxycycline. The chimeric repressor was shown to di-
rectly interact with mSin3 of the histone deacetylase
complex. This inducible system was further simplified
by using a single vector that contained both a chimeric
repressor expression cassette and a tetracycline-respon-
sive promoter. When transiently introduced into mam-
malian cells, the chimeric repressor system exhibited a
significantly lower basal level of luciferase activity (up
to 25-fold) than that of the TetR control. When stably
transfected into HEK 293 cells, the chimeric repressor
system was shown to exert a tight control of green fluo-
rescent protein expression in a doxycycline dose- and
time-dependent fashion. Therefore, this novel chimeric
repressor provides an effective means for more tightly
regulated gene expression, and the simplified inducible
system may be used for a broad range of basic and clin-
ical studies.

The ability to regulate the expression of a gene of interest in
mammalian cells possesses unlimited potential in both basic
science and clinical medicine (1, 2). Earlier inducible expres-
sion systems were primarily based on endogenous elements
that responded to exogenous signals or stresses, such as heat
shock (3, 4), hormones (5—8), or metal ions (9—-11). A common
problem associated with these systems was their low specificity
caused by the pleiotropic effects of their inducers. Higher spec-
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ificity of gene induction was achieved by using nonmammalian
or mutated endogenous control elements in several inducible
systems, including the lac repressor/operator, FK506/rapamy-
cin, ecdysone-inducible, RU486/mifepristone, and tetracycline
(Tc)'-inducible systems (12-26). The Tec-inducible system is
derived from the gene regulation features of Tc resistance
determinants in Gram-negative bacteria (27). Each Tc deter-
minant consists of a resistance protein (e.g. TetB) and a regu-
latory/repressor protein (i.e. TetR). The TetR protein regulates
the expression of seven Tc resistance proteins. In the absence of
Tc, TetR is bound to the tet operon (¢et0O,). In the presence of T,
TetR binds to Tc allosterically and rapidly dissociates from
tetO,, allowing expression of Tc resistance proteins (28-35).
The best characterized TetR protein is a repressor for the
resistance protein TetB, or TetR(B) (or TetR, thereafter) (36).
Gene expression in eukaryotes regulated by TetR was first
demonstrated in plant cells (37). Subsequently, Tc-responsive
promoters were developed for regulated gene expression in
mammalian cells (19, 38), which have been proven suitable for
both in vitro and in vivo gene expression (39—41). Despite
significant improvements in the Tc-inducible systems (2, 36,
42), two significant shortcomings have limited their use in
many circumstances. First, they usually exhibit a significant
level of basal expression. This “leakiness” makes it difficult to
establish inducible clones expressing toxic genes, tumor sup-
pressor genes, or genes involved in apoptosis. Second, they
require two-stage transfections to establish stable inducible
lines. This can be problematic because clonal variations may
affect functional outcomes of a given gene.

Recently, significant progress has been made in understand-
ing eukaryotic gene regulation in the context of chromatin.
Activation and repression of gene expression correlates with
the acetylation state of histones (43—46). Acetylated histones
are correlated with active gene expression, whereas deacety-
lated histones are correlated with repressed gene expression.
Recently, enzymes that carry out histone acetylation (histone
acetyltransferases) and deacetylation (histone deacetylases, or
HDACS) have been identified. Transcription activators are of-
ten associated with histone acetyltransferases, and repressors
can interact with HDACs, leading to local chromatin modifica-
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tion of specific genes (47-50). One of the most important
HDAC:S is conferred by the mSin3 complex, which is comprised
of at least seven subunits (51, 52). The Mad-Max complex has
been shown to repress gene expression via an association with
the mSin3 complex (53). The Myc/Max/Mad network comprises
a group of transcription factors whose distinct interactions
result in gene-specific transcriptional activation or repression
(54). By forming heterodimers, the Myc-Mad complex recruits
co-activators and activates E-box-containing promoters,
whereas the Mad-Max heterodimer functions as a transcrip-
tional repressor (54, 55). Recently, Mad1l-mediated repression
has been shown to require the formation of a ternary complex
with Max and mSin3. The mSin3 interaction domain (SID) has
been mapped to the N-terminal 35 amino acid residues of
human Mad1 protein (56).

To test whether a chimeric TetR repressor that recruits
HDACSs can confer a tight regulation of gene expression, we
engineered a hybrid repressor, namely TRSID, by fusing the
TetR with a SID derived from human Madl protein (56).
TRSID was shown to retain tetO, binding ability and Tc induc-
ibility and was also shown to directly interact with the
mSin3-HDAC complex. By using a single vector system that
contained both a chimeric repressor expression cassette and a
Tec-responsive promoter, we have demonstrated that the chi-
meric repressor exhibited significantly tighter regulation of
gene expression, and its repression was efficiently relieved by
doxycycline. This tightly controlled gene expression system
should be valuable for a wide range of gene function studies
and clinical applications.

EXPERIMENTAL PROCEDUERS

Cell Culture, Medium, and Chemicals—Human embryonic kidney
cell line HEK 293, human colon cancer line HCT116, and human
osteosarcoma line 143B were purchased from the American Type Cul-
ture Collection (Manassas, VA). 293 cells were maintained in Dulbecco’s
modified Eagle’s medium (Mediatech, Herndon, VA) supplemented with
10% fetal bovine serum (Mediatech), 100 units/ml penicillin, and 100
pg/ml streptomycin at 37 °C in 5% CO,. HCT116 cells were maintained
in McCoys 5A (Mediatech) supplemented with 10% fetal bovine serum,
100 units/ml penicillin, and 100 pg/ml streptomycin at 37 °C in 5% CO.,,.
143B cells were maintained in Eagle’s minimal essential medium (Me-
diatech) supplemented with 10% fetal bovine serum, 2.0 mm L-gluta-
mine, 1X nonessential amino acids (Mediatech), 1.0 mM sodium pyru-
vate, 100 units/ml penicillin, and 100 ug/ml streptomycin (Mediatech)
at 37 °C in 5% CO,. Unless otherwise indicated, all chemicals were
purchased from Sigma.

Construction of the Geneticin-selectable Expression Cassettes for TetR
and the Chimeric Repressor TRSID—Both TetR and TRSID expression
cassettes were constructed by multiple subcloning steps. Details of
cloning procedures are available upon request. Briefly, the TetR coding
sequence (underlined) was amplified by polymerase chain reaction with
the following pair of oligonucleotides: 5'-CCGCTCGAGATGTCTAGAT-
TAGATAAAAGTAAAG-3" and 5-CATGCATGCTTAGGACCCACTTT-
CACATTTAAGTTG-3'. The amplified fragment was cloned into pSL301
(Invitrogen) at Xhol and Sphl sites, resulting in pSL-TetR. The SID was
amplified with the following pair of oligonucleotides: 5'-GATCCATAT-
GCGGATTAGAAAAACAACTTAAATGTGAAA GTGGGTCCGGACCG-
GGTATGGCGGCGGCGGTTCGGATG-3' and 5'-CGCGGATCCTTAG-
TCCTTGTTATTGTATGGTAAC-3' (the TetR sequence is underlined,
and the SID sequence is italicized). To construct the hybrid repressor
TRSID, the amplified SID fragment was subcloned into pSL-TetR at the
Ndel and BamHI sites to replace the 3'-end of TetR sequence, resulting
in pSL-TRSID. Subsequently, an internal ribosome entry site (IRES)-
neomycin resistance cassette was added to the 3’-end of both TetR and
TRSID to enable a bicistronic expression of TetR or TRSID, and a
geneticin resistance selection marker in mammalian cells. The final
expression cassettes for both TetR (CMV-TetR-IRES-Neo-SV40 PA) and
TRSID (CMV-TRSID-IRES-Neo-SV40 PA) were flanked with M{ul sites
and were readily subcloned into the pCMV-TO4 vector (see below). All
polymerase chain reaction-amplified DNA fragments were sequenced to
verify their nucleotide sequence authenticity.

Construction of a tetO,-containing CMV Promoter and pTRE and
pTHE Vectors—To engineer a tetO,-containing CMV promoter that is
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responsive to TetR or the chimeric repressor TRSID, we designed two
overlapping oligonucleotides that contained four copies of the tet opera-
tor site tetO, (underlined) and multiple cloning sites (italicized): 5'-G-
CAGAGCTCTCCCTATCAGT GATAGAGATCTCCCTATCAGTGATA-
GAGATCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAG-
ATCGAGCTGTTTAGTGAACCGTCAG-3" and 5'-CGAGCGGCCGC
TCGAGTTAACCGCGGACCGGTCGACAGGCCTGAATTCGGTGTCT-
TCTATGGAGGTCAAAACAGCGTGGATGGCGTCTCCAGGCGATCT-
GACGGTTCACTAAACAGC-3'. Two oligonucleotides were denatured,
annealed, and extended with Platinum Taq (Life Technologies, Inc.) for
one cycle to generate a cassette that was subsequently cloned down-
stream to a CMV promoter, resulting in pCMV-TO4. In this vector, the
first tetO, site was precisely positioned 10 nucleotides downstream from
the TATA box of the CMV promoter (Fig. 1B). The cloned fragment was
verified by DNA sequencing. Finally, the M{ul fragment containing the
TetR or TRSID expression cassette (see above) was subcloned into the
pCMV-TO4 vector, generating pTRE and pTHE, respectively. Other
vectors were also constructed, including pTRE-GFP, pTHE-GFP, pTRE-
Luc, and pTHE-Luc. DNA sequences and maps for pTRE and pTHE
vectors are available at the following website: mywebpage.netscape.
com/ucmolab/home.html.

Construction and Purification of GST Fusion Proteins—For the con-
struction of GST fusion proteins with TetR or the chimeric repressor
TRSID, the coding sequences of TetR or TRSID were subcloned into
pGEX-3X (Amersham Pharmacia Biotech) at a filled-in EcoRI site,
resulting in pGST-TetR and pGST-TRSID, respectively. The cloning
junctions were verified by DNA sequencing. Purification of GST fusion
proteins was performed essentially as described previously (57). Briefly,
exponentially growing BL21 bacterial cells that contained GST fusion
vectors were induced with 0.1 mM isopropyl-1-thio-B-D-galactopyrano-
side for 4 h at 37 °C. Cells were collected and lysed by sonication. GST
fusion proteins were purified by using glutathione-Sepharose 4B (Am-
ersham Pharmacia Biotech) and eluted with reduced glutathione (10
mM, Sigma). The purified proteins were quantified by using a BCA-200
Protein Assay kit (Pierce) and kept at —80 °C.

Electrophoretic Mobility Shift Assays—DNA binding assays were
performed essentially as described previously (57). Briefly, each DNA
binding assay was supplemented with 0.1-0.2 ug of GST fusion pro-
teins; a nonspecific competitor, poly(dI-dC) (6 pg/ml); and 0.5 ng of
32P-labeled probe (=~10¢ dpm). For competition assays, a 50-fold excess
of unlabeled probe was added. The tetO, probe was formed by annealing
5'-CTCCCTATCAGTGATAGAGAT-3' and 5'-ATCTCTATCACT GATA-
GGGAG-3'. To test Tc inducibility, various amounts (ranging from 0.01
to 10.0 ng) of doxycycline were added to the DNA binding assays.

GST Fusion Protein Pull-down Assay and Western Blotting Analy-
sis—Exponentially growing 293 cells were collected and lysed in a cell
lysis buffer (50 mm Tris-HCI, pH 7.5, 100 mMm NaCl, and 0.5% Nonidet
P-40) containing protease inhibitors (Roche Molecular Biochemicals).
The cleared cell lysate was incubated with 0.5 mg of GST-TetR or
GST-TRSID proteins at 4 °C for 60 min. Next 100 ul of a 50% slurry
glutathione-Sepharose 4B (Amersham Pharmacia Biotech) was added
to the GST fusion protein mixtures. As a control, an equal volume of
cleared lysate was incubated with 100 ul of a 50% slurry of glutathione-
Sepharose 4B. After 30 min of incubation at 4 °C, the protein-bound
glutathione-Sepharose 4B was washed with phosphate-buffered saline
three times. Bound proteins were eluted by boiling the samples in
Laemmli sample buffer and were loaded onto a 4-20% gradient SDS-
polyacrylamide gel. After being resolved by electrophoresis, proteins
were transferred to an Immobilon-P membrane (Millipore) via electro-
blotting. The membrane was blocked with 5% nonfat milk in TBST (10
mM Tris-HCI, pH 8.0, 150 mm NaCl, 0.05% Tween 20) at room temper-
ature for 1 h and probed with a rabbit anti-mSin3A antibody (Santa
Cruz Biotechnology) for 60 min followed by a 30-min incubation with
anti-rabbit IgG conjugated with horseradish peroxidase (Pierce). The
presence of mSin3 protein was detected by using the SuperSignal West
Pico chemiluminescent substrate kit (Pierce).

Luciferase Assays—Exponentially growing cells were seeded in 12-
well cell culture plates for 4 h and transfected with 0.2 ug of a luciferase
reporter plasmid and 0.2 pg of pCMV-B per well using Lipofect AMINE
(Life Technologies, Inc.). At 15 h after transfection, doxycycline (100
ng/ml) was added to the transfected cells. At 48 h after induction, cells
were lysed and collected for assays of luciferase activity using the
Luciferase Assay kit (Promega). Each assay condition was done in
triplicate, and transfection efficiency was normalized by B-galactosid-
ase assays.

Establishment of Stable Inducible Lines Using pTHE-GFP—HEK
293 cells were plated in a 25-cm? flask and transfected with 2 ug of
Pacl-linearized pTHE-GFP plasmid DNA by using LipofectAMINE
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Fic. 1. Schematic representation of TetR, TRSID, a Tc-responsive expression cassette, and the chimeric repressor-containing
PTHE vector. A, structures of TetR and chimeric repressor TRSID. Ten a-helices are numbered. Helices 2 and 3 are responsible for tetO, DNA
binding activity, and helices 4-9 are required for Tc binding. aa, amino acid; HTH, helix-turn-helix domain. B, the tetO,-containing CMV-driven
expression cassette (see text for detail). MCS, multiple cloning sites. C, construction of the chimeric repressor-containing pTHE inducible system.
The single vector pTHE was constructed (pTRE was used as a control). See “Experimental Procedures” for details. Full-length sequences and vector

maps are available at mywebpage.netscape.com/ucmolab/home.html.

(Life Technologies, Inc.). At 24 h after transfection, cells were replated
into 96-well plates with various densities and selected in G418 (0.3
mg/ml) for 2 weeks. Clones derived from single cells were grown up for
further analysis.

RESULTS

Construction of the Chimeric Repressor TRSID—Controlled
gene expression is important for gene function studies and
therapeutic applications. Despite improvements, current Tec-
inducible systems continue to be limited by two factors: high
basal level of expression and inconvenient two-stage establish-
ment of inducible lines (2, 36). In an attempt to reduce the
basal level of expression, we constructed a hybrid repressor,
TRSID, which contained the full-length TetR fused with a well
characterized SID (amino acids 1-44) derived from human
Mad1 protein (Fig. 1A). A small linker sequence, Gly-Pro-Gly,
was introduced between the two moieties. It has been demon-

strated that the SID is necessary and sufficient to recruit
histone deacetylases to the vicinity of the transcription start
site and to repress transcription activity (56). Proper configu-
ration of the chimeric repressor TRSID was verified by DNA
sequencing. The prototypic TetR was included as a control for
our studies (Fig. 1A). To engineer a TRSID-mediated repres-
sion system, we introduced four copies of the canonical tetO,
site in the context of a CMV promoter. To maximize the poten-
tial suppressive effects of the repressor proteins, we placed the
first copy of the tetO, site precisely 10 base pairs downstream
of the TATA box (Fig. 1B).

Functional Characterization of the Chimeric TRSID Repres-
sor—We next tested whether the hybrid repressor TRSID re-
tained its ability to bind the zetO, element. To facilitate these
assays, we constructed a GST fusion protein, GST-TRSID, as
well as GST-TetR for a control (Fig. 2A4). As indicated in elec-
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Fic. 2. Functional characterization of the chimeric TRSID repressor. A, expression and purification of GST fusion proteins, GST-TetR
and GST-TRSID. About 2 pg of GST fusion proteins were resolved by 10% polyacrylamide gel electrophoresis and stained with Coomassie BR-250.
B, electrophoretic mobility shift assays of TetR and chimeric TRSID. GST fusion proteins were incubated with 3?P-labeled tetO, probe formed by
two complementary oligonucleotides in the presence or absence of a 50-fold excess of unlabeled tetO, cassette. C, effect of doxycycline on the DNA
binding ability of TetR and TRSID. 0.2 ug of GST fusion proteins were incubated with a ®*?P-labeled tetO,, probe in the presence of the indicated
amount of doxycycline (see text for details). D, interaction of the chimeric repressor with mSin3 of the HDACs. Total cell lysate was prepared from
the exponentially growing 293 cells and was incubated with 0.5 mg of GST-TetR or GST-TRSID proteins at 4 °C for 60 min followed by incubation
with glutathione-Sepharose 4B (Amersham Pharmacia Biotech). As a control, an equal volume of cleared lysate was incubated with glutathione-
Sepharose 4B. The protein-bound glutathione-Sepharose 4B was eluted by boiling the samples in Laemmli sample buffer and resolved on a 4-20%
gradient SDS-polyacrylamide gel. Proteins were transferred to an Immobilon-P membrane (Millipore) via electroblotting and probed with a rabbit
anti-mSin3A antibody (Santa Cruz Biotechnology). The presence of mSin3 protein was detected by using the SuperSignal West Pico chemilumi-

nescent substrate kit (Pierce).

trophoretic mobility shift assays, the tetO, binding capability of
the chimeric repressor TRSID was not affected by the fusion
construction (Fig. 2B). Interestingly, the binding of TRSID to
the tetO, element was reproducibly shown to be slightly stron-
ger than that of the control TetR protein. Reasons for the
enhanced binding ability of TRSID are not known.

Previous studies have indicated that although mutations in
other regions also significantly affect its Tc-induced allosterical
conformational changes, Tc inducibility is mostly determined
by the carboxyl portion of the TetR protein (28-35). To assess
whether the chimeric TRSID retained this inducibility, we
included doxycycline, a water-soluble and more stable analogue
of Te, in the electrophoretic mobility shift assay reactions. As
illustrated in Fig. 2C, addition of doxycycline at a concentration

as low as 1.0 ng/ml significantly reduced the tetO, binding
ability of TRSID protein, which was completely abolished when
10 ng of doxycycline was used. There was no significant differ-
ence in the inducibility between control TetR and TRSID pro-
teins (Fig. 2C). Taken together, these observations demon-
strate that the chimeric TRSID repressor exhibited similar
biochemical features to those of the control TetR.

We next tested whether the TRSID directly interacted with
the mSin3 complex. Total cell lysate prepared from 293 cells
was incubated with ~0.5 mg of GST-TetR or GST-TRSID fol-
lowed by an incubation with glutathione-Sepharose 4B. As a
control for nonspecific binding to the beads, total cell lysate was
also incubated with glutathione-Sepharose 4B. Bound proteins
were eluted and subjected to Western blotting analysis. The
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TaBLE 1
Comparison of doxycycline (Dox)-induced luciferase activity using pTRE and pTHE inducible vectors
TRE-Luc THE-Luc
Cell line
—Dox +Dox —Dox +Dox
143B
Mean (S.D.) 36,265 (7,985) 159,997 (47,241) 1,391 (306) 83,288 (15,789)
-Fold induction 4.4 59.9
-Fold decrease in basal level 26.1
HCT116
Mean (S.D.) 133,589 (34,448) 504,385 (57,917) 39,551 (6,229) 440,728 (29,188)
-Fold induction 3.8 11.1
-Fold decrease in basal level 3.4
HEK 293
Mean (S.D.) 249,950 (31,907) 5,534,640 (1,570,912) 125,756 (13,385) 441,524 (65,350)
-Fold induction 22.1 3.5

-Fold decrease in basal level

2

presence of mSin3 was probed with an anti-mSin3A antibody.
As shown in Fig. 2D, a specific interaction between mSin3 and
TRSID was readily detected.

Construction of pTHE Inducible Vector That Contained the
Chimeric Repressor—To circumvent the requirement of a two-
stage transfection to establish Tc-inducible lines, we developed
a single system, namely the Tc-controlled heterologous expres-
sion (THE) system (Fig. 1C). Specifically, in the pTHE system,
a single vector contains two independent expression cassettes.
The first one contains a TetR- or TRSID-responsive expression
cassette, and the second cassette contains a CMV-driven bicis-
tronic expression of a repressor protein (e.g. TetR or TRSID)
and a G418 selection marker (Neo"), which was mediated by an
IRES. The bicistronic configuration ensures a concordant ex-
pression of the repressor protein in G418-resistant cells. To
further facilitate establishment of stable cells, octanucleotide-
recognizing restriction endonuclease sites of Pacl, Pmel, and
Ascl were engineered for construct linearization. It is expected
that expression of a transgene would be suppressed by repres-
sor TetR or TRSID and activated in the presence of Tc or
doxycycline. Depending on the repressor, resultant vectors
were designated as pTRE (i.e. TetR as a repressor) and pTHE
(i.e. TRSID as a repressor), respectively (Fig. 1C).

Controlled Expression of Luciferase by the Chimeric Repres-
sor—To initially assess whether gene regulation was under a
tight control in the pTHE vector, we constructed two reporter
plasmids, pTHE-Luc and a control reporter, pTRE-Luc, both of
which contained a gene encoding luciferase under the control of
a tetOy-bearing CMV promoter. Upon introduction of reporter
vectors into three mammalian cells (HEK 293, HCT116, and
143B), expression of luciferase was induced by doxycycline.
Luciferase activity was assayed 48 h after induction. As sum-
marized in Table I, the luciferase activity of both pTRE-Luc-
and pTHE-Luc-transfected cells was significantly induced by
doxycycline in all three tested cell lines. Levels of induction
were higher in 293 cells for pTRE-Luc (approximately 22-fold)
and 143B cells for pTHE-Luc (approximately 60-fold). More-
over, a significant decrease of basal luciferase activity was
documented in all the pTHE-Luc-transfected cell lines. The
greatest reduction of basal activity was found in the 143B cells
(approximately 26-fold decrease) when the luciferase activity of
the uninduced state in pTRE-Luc- and pTHE-Luc-transfected
cells was compared. It is noteworthy that the maximum activ-
ity induced by doxycycline seemed to be lower in the pTHE-
Luc-transfected cells (especially in 143B and 293 cells). This
result is consistent with that observed using the pTHE-GFP
inducible vector (see below). Nevertheless, these quantitative
data strongly suggest that the chimeric repressor drastically
reduced the basal level of expression. Interestingly, the mag-
nitude of induction and the fold of reduction in basal activity
exhibited significant variations among the three cell lines

tested. Although the actual causes of these differences remain
undefined, there may be two contributing factors. First, it
seemed that a higher basal level of luciferase activity was
directly related to higher transfection efficiency. We observed
that among the three lines HEK 293 cells exhibited the highest
efficiency of transfection and 143B cells exhibited the lowest.
Second, the advantage of the chimeric repressor system may
not be fully exploited in transient expression assays. Mecha-
nistically, it is expected that the basal activity of pTHE system
would be more significantly suppressed by the HDACs once the
inducible vectors stably integrate into the host chromosomes.

Regulated Expression of Green Fluorescent Protein by the
Chimeric Repressor—To further test the efficacy and kinetic
features of the pTHE inducible system in mammalian cells, we
constructed two GFP reporter vectors: pTHE-GFP and pTRE-
GFP. After the vectors were transiently introduced into HEK
293 cells, expression of GFP was induced by doxycycline (at 100
ng/ml). As shown in Fig. 3A, GFP expression was readily de-
tectable at 48 h after induction in both pTHE-GFP- and pTRE-
GFP-transfected cells. However, the basal level of GFP expres-
sion was significantly higher in the pTRE-GFP-transfected
cells than in the pTHE-GFP-transfected cells, strongly suggest-
ing that the chimeric repressor TRSID indeed enhances the
repression of basal expression on the tetO,-responsive
promoter.

To further assess the kinetic characteristics of gene expres-
sion in the THE inducible system, we generated multiple HEK
293 clones that were stably transfected with the pTHE-GFP
vector. We observed that on average about 10-20% of the
stable clones derived from single cells were tightly regulated by
doxycycline, and the tightly controlled expression was well
retained in the cells recovered from cryogenic preservation. As
illustrated in Fig. 3B, GFP expression was induced in a doxy-
cycline dose-dependent manner. Apparent GFP expression was
induced by doxycycline at a concentration as low as 0.5 ng/ml.
Like most Tc-inducible systems, the dosage range of induction
was fairly narrow (less than 10-fold) because GFP expression
was induced close to the maximum level at 1.0 ng/ml doxycy-
cline. In a time course study, we observed that appreciable GFP
expression could be induced as early as 6 h but that the max-
imum level of induction was achieved at 24 h after induction
(Fig. 3C). Thus, our collective data have demonstrated that the
pTHE inducible system can tightly regulate gene expression in
a Tc-dependent fashion and that the chimeric TRSID repressor
significantly reduces the basal level of expression from a tetO,-
containing CMV promoter.

DISCUSSION

The arrival of the postgenomic era mandates the develop-
ment of tightly regulated expression technologies for gene func-
tion studies as well as gene therapy. As one of the most com-
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Fic. 3. Tightly controlled GFP ex-
pression by the chimeric repressor.
A, comparison of induced GFP expression
in pTHE and pTRE vectors. HEK 293
cells were transiently transfected with
pTHE-GFP or pTRE-GFP vectors and in-
duced with doxycycline (100 ng/ml). GFP
expression was recorded at 48 h after in-
duction. B, dose-dependent induction of
GFP expression with the pTHE-GFP vec-
tor. A stable pTHE-GFP line derived from
293 cells was induced with doxycycline at
the indicated concentrations. GFP expres-
sion was recorded at 24 h after induction.
C, time course induction of GFP expres-
sion with the pTHE-GFP vector. A stable
THE-GFP line derived from 293 cells was
induced with doxycycline (5 ng/ml). GFP
expression was recorded at the indicated
hours after induction.

+ Dox - Dox + Dox

0.5ng 1.0 ng 10.0 ng
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monly used methods, conventional Tc-inducible systems
usually exhibit a significant basal level of expression and re-
quire a two-stage procedure to establish stable inducible lines
(2, 58). To overcome these shortcomings, we engineered a
tightly controlled gene expression (pTHE) system mediated by
a chimeric repressor that recruits histone deacetylases. The
development of the pTHE inducible vector has conceptually
benefited from recent progress in our understanding of chro-
matin remodeling and transcriptional regulation. Recent stud-
ies have demonstrated that the acetylation status of histones is
a key determinant of transcriptional activity. Transcriptional
activators are often associated with histone acetyltransferases
and repressors interacting with HDACs. Recruitment of
HDACS to specific promoter regions plays a major role in si-
lencing gene expression (43—46). To exploit the gene silencing
function of HDACs, we created a hybrid repressor by fusing the
TetR with an mSin3 interaction domain of human Mad1 re-
pressor (56). As assessed by electrophoretic mobility shift as-
says, the chimeric repressor TRSID was shown to retain its
ability to specifically bind the zetO, element with high affinity.
Furthermore, the TRSID binding to tetO, was dramatically
reduced or abolished in a doxycycline dose-dependent fashion,
suggesting that the chimeric repressor retained Tc inducibility.
To avoid the conventional two-step establishment of stable
lines, we constructed a single vector system, namely the pTHE
vector, as well as a control vector, pTRE. Quantitative analyses
using luciferase as a reporter demonstrated that the chimeric
TRSID repressor significantly suppressed the basal level of
expression. Accordingly, GFP expression in pTHE-GFP system
is tightly regulated by doxycycline in a time course- and dosage-
dependent manner. It is noteworthy that the maximum level of

gene expression was slightly lower in pTHE-GFP-transfected
cells than that in pTRE-GFP-transfected cells. For reasons yet
to be understood, this may reflect the fact that the chimeric
repressor may bind tetO, with a higher affinity as suggested by
the in vitro electrophoretic mobility shift assay results. Never-
theless, the Tc-induced expression of transgenes should remain
high enough for most in vitro or in vivo studies.

Since Bujard et al. (19, 38) developed the prototypic Tec-
inducible system for mammalian cells by converting TetR to a
Tec-controlled transactivator (tTA), several modifications have
been made. For instance, Shockett et al. (59) developed an
autoregulatory tTA production for a Tc-inducible system that
functioned in cultured cells and transgenic mice. In a series of
studies, Blau and colleagues (40, 42, 60) demonstrated that a
fine-tuned transcriptional regulation could be achieved by a
binary Tc-regulatable retroviral system containing both trans-
activator tTA and transrepressor rtTA. Urlinger et al. (61)
conducted a comprehensive mutagenic analysis and optimized
the rtTA protein with a broader range of regulation and higher
sensitivity. To avoid the potential toxicity associated with the
VP16 transactivation domain, Akagi et al. (62) have recently
constructed a novel Tc-dependent transactivator with an E2F4
transcriptional activation domain. On the contrary, several
groups have explored the silencing potential of the TetR in
mammalian cells (63—66).

The development of the THE inducible system has further
exploited the potent silencing function of gene expression me-
diated by histone deacetylases. Thus, our THE inducible sys-
tem should be superior to the current Tc-inducible system in
the following areas. 1) It does not alter the intrinsic biochem-
ical function of the prototypic TetR, which is to suppress gene
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expression. 2) Strong exogenous transactivators (e.g. VP16),
which may cause cellular toxicity due to overexpression, are
not required for gene regulation. 3) It is more feasible to con-
struct a single vector for a repressor-mediated inducible system
because the close proximity of repressor and its responsive
element would less likely interfere with each other and hence
should not compromise the tight regulation of gene expression.
Our findings have demonstrated that the THE inducible sys-
tem is tightly regulated by doxycycline and exhibits signifi-
cantly lower leakiness. This feature is particularly important
for studies in which controlled expression of toxic genes, tumor
suppressor genes, and apoptosis-inducing genes is desired.
Moreover, the single vector system facilitates the establish-
ment of inducible lines and minimizes the possible phenotypic
aberrations caused by clonal variations. Thus, this inducible
system should be highly valuable for a broad range of basic and
clinical studies.
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