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Controlled gene expression is 
important for elucidating gene func-
tions and developing safer methods 
of gene therapy (1,2). Historically, 
early inducible expression systems 
were mainly based on responses of 
endogenous elements to exogenous 
signals or stresses such as heat shock, 
hormones, or metal ions. However, 
these systems lacked specificity due to 
the inducer’s pleiotropic effects. Con-
sequently, nonmammalian or mutated 
endogenous control elements such as 
the lac repressor/operator, ecdysone-
inducible system, Cre/Lox system, 
and tetracycline (Tc)-inducible system 
were used to achieve higher specificity 
of gene induction (1,2). Currently, the 
Tc-inducible system remains as one of 
the most commonly used expression 
systems (3). The Tc-inducible system 
is derived from regulatory Tc-resistant 
determinants in Gram-negative bacteria 
(4). There are 11 Tc resistance determi-
nants, each consisting of a resistance 
protein (i.e., TetB) and a regulatory/
repressor protein (i.e., TetR). In the ab-
sence of Tc, TetR binds to the tet opera-
tor (tetO2). However, the presence of 
Tc allows expression of Tc resistance 
proteins as TetR binds to Tc allosteri-
cally and dissociates from tetO2 (4). 
The best understood TetR protein is 
a repressor for the resistance protein 
TetB, or TetR(B) (or TetR henceforth) 
(5). TetR-regulated gene expression 
was first shown in plant cells (6) with 
subsequent advances that led to the de-
velopment of Tc-responsive promoters 
for regulated gene expression in mam-
malian cells (5,7). 

We have recently developed a single 
vector system, the so-called pTHE vec-

tor system, in which Tc-regulated gene 
expression is mediated by a chimeric 
repressor that recruits histone deacety-
lases in mammalian cells (8). The 
chimeric repressor was engineered by 
fusing the TetR with an mSin3-inter-
acting domain of human Mad1, which 
bound to tetO2 element with high affin-
ity and was abrogated by doxcycline, 
a commonly used stable analog of Tc. 
This Tc-inducible system improved 
the previous Tc-inducible systems by 
using a single vector that contained 
both the chimeric repressor and the 
Tc-responsive promoter (8). However, 
an apparent weakness of the pTHE 
system is that it requires time to pro-
duce the chimeric repressor, resulting 
in the lack of initial repression of the 
gene of interest. This could be highly 
problematic if a gene product is growth 
inhibitory or toxic.

In order to improve the initial re-
pression of transgene expression in 
our recently developed pTHE system 
(8), we inserted a LoxP-flanking 
stuffer containing the green fluores-
cent protein (GFP) coding sequence 
and a simian virus 40 (SV40) poly-
adenylation (SV40 PA) signal into the 
pTHE vector before the multiple link-
er sites and after the TetR-responsive 
elements (TO4) (Figure 1A). Origi-
nally identified in bacterial phage P1, 
the Cre recombinase directs specific 
excision of DNA flanked by two LoxP 
sites and reunites the LoxP sites, a 34-
bp sequence, consisting of two 13-bp 
inverted repeats separated by an 8-bp 
spacer region (9,10). The SV40 PA 
element served as transcription termi-
nation to prevent possible expression 
of the gene of interest. Conceptually, 

the expression of transgene could be 
restored after the GFP stuffer cassette 
is removed by Cre recombinase. As il-
lustrated in Figure 1A, the GFP stuffer 
cassette was subcloned into the EcoRI 
and NotI sites of the pTHE vector and 
positioned immediately downstream 
of the TetR binding sites. The result-
ing vector was designated as pTLOX. 
In order to test the functionality of this 
vector, we subcloned the coding region 
of firefly (Photinus pyralis) luciferase 
into the cloning linker of pTLOX, re-
sulting in pTLOX-Luc (Figure 1B). To 
efficiently introduce Cre recombinase 
into mammalian cells, we constructed 
a recombinant adenovirus expressing 
the Cre recombinase (i.e., AdCRE) 
using our recently developed AdEasy 
system (11). A previously character-
ized adenoviral vector expressing GFP 
(AdGFP) was used as a control (11). 
Details regarding the construction of 
the above vectors are available upon 
request. A vector map and full-length 
sequence of pTLOX are available 
at http://www.boneandcancer.org/
resources.htm.

We next tested the functionality of 
the pTLOX vector. Using the pTLOX-
Luc vector, we examined the excision 
efficiency of the LoxP sites and resto-
ration of luciferase expression upon the 
introduction of the Cre recombinase. 
Briefly, subconfluent HCT116 cells 
were transfected with pTLOX-Luc 
using Lipofectamine™ (Invitrogen, 
Carlsbad, CA, USA). At the end of 
transfection, cells were infected with 
AdCRE or AdGFP [multiplicity of in-
fection (MOI) = 50] (11) and were in-
cubated in complete medium without or 
with doxycycline (100 ng/mL). At 24 h 
after infection, cells were lysed for lu-
ciferase assays. As shown in Figure 2A, 
in the absence of Cre recombinase (i.e., 
infection with AdGFP), the luciferase 
activity was maintained at a basal level 
and was not affected by doxycycline, 
suggesting that the GFP stuffer cassette 
can effectively block the expression of 
transgenes. However, in the AdCRE-
infected cells luciferase activity was 
remarkably increased (Figure 2A). 
Specifically, the luciferase activity in-
creased >1000-fold in the doxycycline-
induced and AdCRE-infected cells, 
whereas the luciferase activity was also 
elevated approximately 88-fold in the 
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Figure 1. Representation of pTLOX and pTLOX-Luc vectors. (A) Construction of pTLOX vector. A 
stuffer cassette, in which the green fluorescent protein (GFP) coding region and simian virus 40 (SV40) 
polyadenylation element were flanked with two head-to-tail LoxP sites, was first constructed and then 
subcloned into the EcoRI and NotI sites of the pTHE vector, resulting in pTLOX. (B) Construction of 
pTLOX-Luc vector. The coding region of firefly (Photinus pyralis) luciferase gene was PCR-amplified 
and subcloned into the pTLOX vector at the StuI site, resulting in pTLOX-Luc. Details regarding the 
vector constructions are available upon request (see also Reference 8). 
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AdCRE-infected cells 
without doxycycline 
stimulation. These 
findings suggest that: 
(i) there is a lack of 
initial repression of 
transgene expression in 
the pTHE vector; and 
(ii) the pTLOX-medi-
ated gene expression 
is tightly regulated 
by both doxycycline 
and Cre recombinase. 
Similar results were 
also observed in sev-
eral other human and 
mouse cell lines (data 
not shown).

We sought to test 
the time-course res-
toration of luciferase 
expression upon the 
introduction of Cre 
recombinase. Briefly, 
subconfluent HCT116 
cells were transfected 
with pTLOX-Luc and 
infected with AdCRE 
(MOI = 50) in the pres-
ence of doxycycline 

(100 ng/mL). At 0, 4, 8, 12, and 24 h 
after AdCRE infection, cells were col-
lected for luciferase assays. As shown 
in Figure 2B, compared with that at 0 
h, luciferase activity increased approxi-
mately 2-fold at 4 h, 39-fold at 8 h, 
696-fold at 12 h, and 1120-fold at 24 h, 
respectively. These findings have dem-
onstrated that doxycycline and Cre re-
combinase can efficiently induce trans-
gene expression in the pTLOX system. 
We examined the luciferase activity 
in longer time points (up to 96 h) and 
found that it nearly reached the peak 
level at around 24 h (data not shown). 
At as early as 12 h after AdCRE infec-
tion, the luciferase activity reached 
approximately 60% of that at 24 h, 
indicating that the GFP stuffer cassette 
was efficiently removed by the Cre re-
combinase expressed by the adenoviral 
vector. We next tested the regulation 
of luciferase expression in a pool of 
HCT116 cells stably transfected with 
pTLOX-Luc. As shown in Figure 2C, 
the introduction of both doxycycline 
and Cre induced an approximately 
11,500-fold increase in luciferase 
activity. Although the luciferase activ-
ity increased approximately 50-fold in 

Figure 2. Dual regulation of luciferase activity by doxycycline and 
Cre recombinase in pTLOX-Luc. (A) Subconfluent HCT116 cells 
were transfected with pTLOX-Luc using Lipofectamine. At the end of 
transfection, cells were infected with AdCRE or AdGFP (as a control) 
at a predetermined optimal multiplicity of infection (MOI) of 50, and 
maintained in complete McCoy’s 5A medium without or with 100 
ng/mL of doxycycline. At 24 h after infection, the cells were harvested 
for luciferase assays using the Luciferase Assay kit (Promega, Madi-
son, WI, USA). (B) For the time point assays, cells were transfected 
with pTLOX-Luc and infected with AdCRE in the same fashion as 
described above and were incubated in the doxycycline-containing 
(100 ng/mL) complete medium. At 0, 4, 8, 12, and 24 h after infection, 
cells were collected for luciferase assays. Transfection efficiency was 
normalized by measuring the β-galactosidase activity of the co-trans-
fected pCMV-β. (C) Subconfluent HCT116 cells were transfected with 
pTLOX-Luc and selected in the presence of 0.4 mg/mL for 3 weeks. 
The stable pool was replated into 24-well plates in the absence or pres-
ence of doxycycline (100 ng/mL) and infected with AdCRE or AdGFP. 
Luciferase assays were carried out at 24 h after infection/induction. 
Each assay condition was carried out in triplicate, and the mean value  
of each treatment is shown. Representative results from at least three 
independent experiments are shown. CMV, cytomegalovirus; AdCRE, 
recombinant adenovirus expressing Cre recombinase; AdGFP, adeno-
viral vector expressing green fluorescent protein.

Figure 3. Cre-mediated removal of GFP expression in pTLOX and pTLOX-
Luc. Subconfluent HCT116 cells were transfected with pTLOX or pTLOX-Luc 
for 4 h using Lipofectamine. At the end of transfection, cells were infected with 
AdCRE at a multiplicity of infection (MOI) of 50, and maintained in complete 
McCoy’s 5A medium containing 100 ng/mL of doxycycline. At 48 h after AdCRE 
infection and doxcycline induction, GFP expression was examined under a fluores-
cence microscope. Representative results from three independent experiments are 
shown. GFP, green fluorescent protein; AdCRE, recombinant adenovirus express-
ing Cre recombinase.
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the cells infected with AdCRE alone 
(i.e., no doxcycline), the basal levels in 
the stable pools were in general much 
lower than that in the transiently trans-
fected cells (Figure 2A). 

Finally, we sought to visualize the 
removal of the GFP stuffer cassette 
upon the introduction of Cre recom-
binase. Experimentally, subconfluent 
HCT116 cells were transfected with 
pTLOX or pTLOX-Luc. The transfect-
ed cells were induced with doxycycline 
(100 ng/mL) in the presence or absence 
of AdCRE infection. GFP expression 
was assessed at 48 h after infection. 
As shown in Figure 3, GFP signal was 
readily detectable in the absence of Cre 
recombinase expression (Figure 3, A 
and C). However, a marked decrease 
in GFP signal was observed in the cells 
that were infected with AdCre (Figure 
3, B and D), indicating that the GFP 
stuffer cassette was efficiently excised 
by the Cre recombinase expressed by 
the recombinant adenoviral vector. 
Similar results have been observed in 
several other human and mouse cell 
lines, as well as in the stable pools 
(data not shown).

In summary, we developed and 
characterized a much improved induc-
ible expression system, the so-called 
pTLOX vector. By exploiting the Cre 
recombinase-mediated site-specific re-
combination, the pTLOX vector over-
comes the shortcomings of the lack of 
initial repression of transgene expres-
sion in our previously developed pTHE 
system (8). While retaining the advan-
tage of the pTHE system as a single-
step Tc-inducible vector, the pTLOX 
vector offers additional advantages. For 
example, the LoxP site-flanked GFP 
stuffer can be used as an easy screen-
ing marker of potential stable clones 
since their GFP signal can be induced 
by doxycycline. Expression of trans-
genes can be further analyzed in the 
doxycycline-inducible GFP-expressing 
stable clones by introducing the Cre 
recombinase. Thus, the use of the GFP 
stuffer could significantly simplify 
and speed up the screening process of 
stable clones. A recent report described 
the potential utility of a LoxP-flanked 
stuffer for diphtheria toxin-mediated 
cytotoxic cancer gene therapy (12). 
Although the expression of the toxin 
was shown to be highly regulated by 

Cre recombinase, the activation of gene 
expression was not reversible, and the 
level of toxin gene expression was not 
regulatable (12). Taken together, the 
pTLOX system should be useful not 
only for in vitro studies but also for 
in vivo animal studies, as transgenic 
animals expressing Cre recombinase 
or Tet regulators are readily available 
(10,13–17).
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