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The receptor for advanced glycation end products 
(RAGE) is a member of the immunoglobulin 
superfamily of cell-surface molecules.1 RAGE has 

been implicated in the pathogenesis of several chronic 
disorders, including neurodegenerative diseases such as 
Alzheimer’s, Huntington’s, and Parkinson’s disease.1–3 
Our main interest was to investigate the role of RAGE 
in neurodegeneration by over-expressing RAGE using 
cell-culture models. The salient feature of RAGE is that 
it binds to several classes of ligands; its repertoire of 
ligands includes advanced glycation end products (AGEs), 
amphoterin (highly expressed in neuronal development), 
β amyloid (a hallmark of Alzheimer’s disease), and S100/ 
calgranulins (a family of inflammatory mediators).1,4 The 
receptor (RAGE)-ligand interaction triggers cascades of 
cell signaling events including the release of TNF-α1 and 

caspase-8 (effector protein of TNF family cell-death path-
way),5 both of which can be toxic to cells. It was therefore 
necessary to develop and optimize vectors enabling the 
tight regulation of this gene in terms of its induction in 
adequate amounts and at the desired time point.

A number of inducible gene expression systems 
have recently been described; the systems are named 
after their inducer drugs. Five systems that can be used 
for expressing genes in mammalian cell lines have been 
described: Tet-On/Off,6,7 Pip-On/Off,8 antiprogestin-
dependent,9 ecdysone-dependent,10,11 and the rapamy-
cin-dependent12,13 system. Among these, the Tet-On/Off 
system has been shown to exhibit the best features. The 
Tet system is well characterized and has been studied 
extensively in the context of both viral and non-viral vec-
tors to regulate a variety of genes.14–17 The Tet-On/Off 
system originally comprised of two expression units: the 
response plasmid, where the gene of interest is placed 
under the Tet-inducible promoter/Tet responsive element 
(TRE), and the regulatory plasmid, which carries the 
tetracycline trans-activator (tTA) or reverse tetracycline 
trans-activator (rtTA), able to bind the inducer drug (dox/
Tet) and mediate either repression or activation of the 
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inducible gene.6,7,16,18 The response plasmid may carry a 
reporter gene to allow for assessment of the degree of suc-
cess of the transfection and transfection efficiency. Both 
plasmids may carry selection markers, such as drug/antibi-
otic resistance genes for the selection of stably transfected 
cell lines. While many examples of successful applications 
of Tet-On/Off systems have been reported, certain limi-
tations, such as basal leakiness and low induction of the 
genes, have necessitated further development to provide 
improved versions of this system. Thus, extensive devel-
opment of the Tet-system has taken place since the time 
it was originally proposed by Gossen and Bujard (1992, 
Tet-Off system)6 and Gossen et al. (1995, Tet-on system).7 
The most recent developments include incorporating both 
components of the Tet-system (rtTA and TRE) into one 
plasmid in both viral and non-viral vector.14,15,17

We wished to use the Tet-On system as an inducible 
expression system for the gene RAGE. Our early attempts 
to modify the pIRES2-EGFP plasmid (BD Biosciences, 
Clontech) by placing the TetCMV promoter (seven copies 
of Tet operon placed upstream of the CMV) upstream 
of the gene RAGE cloned at the multiple cloning site 
(MCS) of this plasmid and using the pCMV-rtTA (pTet-
on, Clontech) plasmid as a regulatory plasmid, suffered 
from serious basal leakiness of the gene RAGE. Thus, 
the observed difference in gene expression between the 
non-induced and induced state was minimal. Therefore, 
our aim was to optimize the Tet-On system to achieve 
maximum induction of the gene RAGE with negligible 
basal leakiness of the gene. In addition, we also wanted 
to use enhanced green fluorescent protein (EGFP) as the 
reporter molecule, to make stable cell lines using a mam-
malian selection marker and have an internal ribososme 
entry site (IRES) between the MCS/gene of interest and 
EGFP, so that EGFP and the gene of interest could be 
translated from the same bicistronic mRNA. In a recent 
report by Lee et al.,16 it has been suggested that the indi-
vidual components of the Tet system (rtTA and TRE) 
function optimally to control gene expression when they 
are incorporated into separate vectors, and that the ratio 
of rtTA to TRE is also very important to achieve efficient 
regulation of gene expression. We therefore optimized our 
dual-vector Tet-On system for the gene RAGE consisting 
of both a regulatory plasmid and a response plasmid. 

MATERIALS AND METHODS

Plasmid Constructions
Two sets of plasmids, named as a universal set 1 (to trans-
fect a broad range of cell lines) and a neuron-specific set 
2 (for neuronal cell lines) were constructed. For set 1, we 
used pTet-On (BD Biosciences, Clontech; provided by a 

close colleague, Dr. Stephanie Hughes, Department of 
Pharmacology, Faculty of Medical and Health Sciences, 
University of Auckland, New Zealand) as a regulatory 
plasmid, where rtTA expression is driven by the CMV pro-
moter; we named this plasmid pCMV-rtTA. To generate 
the response plasmid for set 1, pIRES2-EGFP (BD Bio-
sciences, Clontech; provided by a close colleague, Dr. Deb-
bie Young, Department of Molecular Medicine, Faculty 
of Medical and Health Sciences, University of Auckland) 
was modified. Full-length hRAGE cDNA in the plasmid 
pcDNA3 was provided by Dr. Shi-Fang Yan, Division of 
Surgical Science, Columbia University, New York. RAGE 
was excised from pcDNA3 using KpnI/XhoI restriction 
enzymes, blunted using T4 DNA polymerase (Epicentre, 
Canada) and cloned at the EcoRV site into the pBluescript 
II SK (+) plasmid (Stratagene). The gene RAGE was then 
cloned using SacII and SalI restriction sites at the MCS of 
pIRES2-EGFP. This plasmid was named pIRES-RAGE-
EGFP. The CMV promoter of pIRES-RAGE-EGFP was 
replaced with TREtight, a modified Tet-responsive pro-
moter that contains a Tet-response element with seven 
direct repeats of a 36-bp sequence; each repeat contains 
a 19-bp Tet operator sequence (Tet-O), and this is fused 
to a CMV minimal promoter region.19 For this replace-
ment step, the TREtight fragment was amplified from the 
pTREtight plasmid (BD Biosciences, Clontech; provided 
by Dr. Stephanie Hughes). Cloning sites were added to the 
TREtight by PCR amplification using the forward primer 
with an AseI site, the reverse primer with a NheI site 
(primers, Table 1), and pfx Taq polymerase (proofread-
ing polymerase), which gives blunt ended products. After 
running the PCR products on the agarose gel, the 362-bp 
fragment was purified using an Eppendorf kit. The blunt-
ended TREtight fragment was first cloned into pZErO-2 
(Invitrogen) at the EcoRV site (EcoRV restriction enzyme 
gives blunt-ended DNA fragments). This fragment was 
then excised using AseI and NheI restriction enzymes and 
cloned into the pIRES-RAGE-EGFP at these sites. This 
plasmid was named pTREtight-RAGE-EGFP.

To achieve neuronal cell specificity in set 2, pNSE-
rtTA was made by again modifying the pIRES2-EGFP 
(BD Biosciences, Clontech). The CMV promoter was 
replaced with the neuronal specific enolase (NSE) pro-
moter, and rtTA was cloned at the MCS after removing 
the EGFP fragment. For these modifications, the restric-
tion sites AseI and NheI were added to the NSE promoter 
of pAAV/NSE-Luc (provided by Dr. Debbie Young) by 
PCR amplification (forward primer with AseI site and the 
reverse primer with NheI site; Table 1), and pfx Taq poly-
merase was used for amplification. The amplified NSE 
promoter product, with the required restriction sites, was 
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run on an agarose gel and purified using an Eppendorf kit. 
The product was then cloned into pZErO-2 vector (Invi-
trogen) at its EcoRV site, excised using AseI and NheI 
restriction enzymes, and cloned into the pIRES2-EGFP 
at these sites. The EGFP gene was removed from this 
plasmid using the restriction enzymes NotI and BstXI. 
The plasmid was then ligated by T4 DNA ligase (Roche) 
after blunt ending using T4 DNA polymerase (Epicentre, 
Canada). The rtTA fragment was then amplified from the 
pTet-On plasmid using primers with NheI and EcoRI sites 
in the forward and the reverse primers, respectively. After 
purifying the fragment, it was cloned into the pZErO-2 
vector at the EcoRV site and then excised and cloned into 
the pNSE-IRES (without EGFP) plasmid between the 
NheI and EcoRI sites. These modifications gave a plasmid 
with rtTA under the NSE promoter without the reporter 
gene EGFP. This plasmid was named pNSE-rtTA. The 
response plasmid was the same for set 1 and set 2. 

The cloning strategies are summarized in Figure 1. 
Two sets of plasmids were constructed: set 1, universal 
set/non-cell-type specific, consisting of the pCMV-rtTA 
(pTet-On) and pTREtight-RAGE-EGFP; and set 2, 
neuron-specific set consisting of pNSE-rtTA and pTRE-
tight-RAGE-EGFP. The regulatory plasmids have neomy-
cin resistance (Neor gene), which is used as a mammalian 
selection marker. This plasmid can therefore be used to 
make stable cell lines. The response plasmid also has the 

Neor and the EGFP reporter gene. Thus, after induction 
of the gene, only cells which are transfected with both the 
regulatory and the response plasmids show green fluores-
cence. Double-stable cells will show Neor resistance and 
green fluorescence. 

Transfections

Murine neuroblastoma Neuro2a (ATCC, CCL-131) and 
human cervical carcinoma HeLa (ATCC, CCL-2) cell 
lines were purchased from American Type Culture Col-
lection (ATCC, Manassas, VA). For routine cultures, 
cell lines were cultured in complete Dulbecco’s modi-
fied Eagle medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 2 mM glutamine, and 1 mM 
sodium pyruvate. Cultures were maintained in 250 
mL, 75 cm2 culture flasks and were passaged routinely 
on reaching confluency. For transfections, Neuro2a 
(2.4×105 cells) and HeLa (1.5×105 cells) were plated in 
24-well plates. On reaching 90–95% confluency, cells 
were transiently co-transfected with either set 1 or set 2 
plasmids by using a Lipofectamine 2000 transfection kit 
(Invitrogen). All plasmids were purified using a Qiagen 
kit. Opti-MEM (modified MEM medium, Invitrogen) 
was used to dilute DNA and the lipofectamine reagent 
according to the manufacturer’s instructions. The ratios 
of regulatory to response plasmids and the total amount 
of DNA (µg) to lipofectamine (µL) were determined 

T A b L E  1

Primer Specifications and PCR Conditions

Target primer sequences (5’ → 3’) pcR conditions product size

nse Forward(Asei site at 5’)
Reverse(nhei site at 5’)

attaatgagctcctcctctgctcgc
gctagcctcgaggactgcagactcag

94°c × 4 min
35 cycles
94°c × 1 min
54°c × 1 min
72°c × 2 min
extension: 72°c 
×10 min

1.8 kb

rtTA Forward
(nhei site at 5’)
Reverse
(ecoRi site at 5’)

gctagcatgtctagattagataaaagtaaagtgatt

gaattcctacccaccgtactcgtca

same as above 1.0 kb

TRetight Forward(Asei site at 5’)
Reverse(nhei site at 5’)

attaatctcgagtttaccactccctatcag
gctagcaggatccccaggtaccgt

94°c × 4 min
35 cycles
94°c × 30 sec
54°c × 30 sec
68°c × 1 min
extension: 68°c × 
10 min

0.362 kb
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FIguRE 1

cloning strategies used to construct the Tet-on system. A: schematic representation of the cloning steps used 
to make the regulatory plasmids pcmV-rtTA and pnse-rtTA. in pcmV-rtTA, expression of rtTA is driven by the 
cmV promoter, whereas in pnse-rtTA, the cmV promoter of the piRes2-eGFp plasmid was replaced with the 
nse promoter and the rtTA fragment subcloned downstream of the nse promoter after removing the eGFp frag-
ment. b: schematic illustration of the subcloning steps involved in the construction of the response plasmid. The 
cmV promoter was replaced with TRetight in the piRes2-eGFp, and the gene RAGe subcloned downstream of 
the TRetight. 
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from our preliminary experiments (data not shown). We 
found that a 1:10 nM ratio of regulatory to response plas-
mid and a 1:2.4 ratio of total DNA (µg) to lipofectamine 
(µL) were optimal; these ratios were used for all transient 
co-transfection experiments. The medium was replaced 
after 4 h of transfection with complete DMEM with 
10% FBS, 2 mM glutamine, and 1 mM sodium pyru-
vate. As the response plasmid has the EGFP reporter 
gene, EGFP expression (green fluorescence) was used 
to monitor the transfection efficiency. 

Induction of RAgE Expression, Dose Response to 
Doxycycline (dox, an Analogue of Tetracycline) and 

basal Leakiness of the gene

RAGE expression was induced 24 h after transfection by 
supplementing the medium with different doses of dox 
(0.1–2µg/mL). RAGE expression, shown as green fluo-
rescence due to EGFP expression, was recorded using a 
Nikon inverted microscope; all images were taken under 
identical microscopic settings. Transfection efficiency was 
estimated by counting the number of EGFP-expressing 
cells/total number of cells. Cells were recovered after 24 h 
of induction, washed twice with PBS, and lysed in whole 
cell lysis buffer (2% SDS, 2% glycerol, 62.5 mM Tris [pH 
6.8], and 1 complete mini-tablet of proteases [Roche] per 
10 mL of lysis buffer). Protein concentration was estimated 
by using a Bio-Rad protein assay. Western blot was per-
formed using a monoclonal anti-human RAGE antibody 
(Chemicon) to detect the full length RAGE in the cell 
lysates obtained from these experiments. Briefly, 20 μg of 
protein was loaded into each well of a 10% PAGE gel and 
run at 200 V. A nitrocellulose membrane and Tris-glycine 
transfer buffer (with 20% methanol) was used for transfer. 
Transfer was carried out at 120 V for 1 h at 4°C. The mem-
brane was blocked with 5% nonfat milk in PBS-T (PBS 
with 0.1% Tween-20) for 16–18 h at 4°C. After blocking, 
the membrane was washed three times in PBS-T at room 
temperature (RT) followed by incubation for 2 h at RT 
with the monoclonal RAGE antibody (Chemicon), 1:1000 
diluted in 1% milk in PBS-T. The membrane was then 
washed with PBS-T twice, followed by incubation with 
anti-mouse secondary antibody (Sigma, 1: 5000 diluted in 
1% milk in PBS-T). β-actin was used as an internal loading 
control. ImageJ software was used to quantify the bands. 
The RAGE expression was normalized against the β-actin 
expression and the ratio of RAGE/actin optical density 
(OD) was used for analysis. 

Cell Type Specificity

Neuro2a and HeLa cells were co-transfected either with 
the universal set 1 plasmids (pCMV-rtTA and pTREtight-

RAGE-EGFP, 1:10 nM ratio) or with the neuron-specific 
set 2 plasmids (pNSE-rtTA and pTREtight-RAGE-
EGFP, 1:10 nM ratio), as described above. Cell specific-
ity of the promoter was investigated after supplementing 
the medium with or without dox (2 μg/mL) by micro-
scopic detection of the green fluorescence using a Nikon 
inverted microscope and by detection of RAGE expres-
sion on Western blot. 

RAgE Induction in the Presence of AgEs  
in both Neuro2a and HeLa Cells

Transfected cells were induced with 2 μg/mL of dox and 
supplemented with 50 μM AGEs (prepared in our labora-μM AGEs (prepared in our labora-M AGEs (prepared in our labora-
tory as described below). Culture media and cell lysates 
were collected after 4, 6 and 24 h of RAGE induction. Cell 
lysate protein concentration was adjusted to 1 mg protein/
mL of lysate. TNF-α is the downstream effector of RAGE-α is the downstream effector of RAGE- is the downstream effector of RAGE-
AGE interaction, and caspase-8 the effector protein of the 
TNF-α-mediated cell death pathway.α-mediated cell death pathway.-mediated cell death pathway.1,5 The presence of 
TNF-α and caspase-8 was therefore estimated in the cul-α and caspase-8 was therefore estimated in the cul- and caspase-8 was therefore estimated in the cul-
ture supernatants and cell lysates. RAGE and caspase-8 
were detected by Western blot using specific monoclonal 
antibodies (Chemicon and Cell Signaling, respectively). 
This anti-caspase-8 antibody (IC12) detects cleaved, un-
cleaved, and intermediate caspase-8 fragments. TNF-α 
was measured in the culture supernatants and the corre-
sponding cell lysates from Neuro2a and HeLa cells using 
both mouse and human ELISA kits (BD Biosciences), 
respectively. The minimum detectable limits of TNF-αα 
for these kits were 5 pg/mL and 2 pg/mL, respectively. 
Samples and standards were run in duplicate according 
to the manufacturer’s instructions, and the mean absor-
bance value of each standard and the sample was recorded 
after subtracting the mean absorbance value of the zero 
standard. 

Preparation of AGEs: AGEs were prepared by incubat-
ing 0.75 mM BSA with 0.75 M glucose and 0.01 M D-
ribose in sterile PBS (pH 7.4) at 50°C for 6 wks. All solu-
tions used were filter sterilized and all incubations done in 
sterile conditions. After incubation, the samples were dia-
lyzed for 24 h to remove unbound sugars; the dialysis pro-
cess was repeated three times. Dialyzed AGEs were filter 
sterilized and stored at –70°C until use. The AGEs prepa-
ration was analyzed for the presence of bacterial endo-
toxins by QCL-1000 endotoxin assay kit (BioWhittaker) 
according to the manufacturer’s instructions (endotoxins 
could not be detected in the AGE preparation). Protein 
concentrations were estimated by the Bradford protein 
assay (Bio-Rad) using BSA standards. AGE contents were 
determined by taking the optical measurements at 405 nm 
(OD at 405 nm; 0.588/mg protein) as described by Munch 
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et al.20 and Kuhla et al.21 The presence of AGEs was also 
confirmed by running the samples on a 10% PAGE gel 
and performing Western blot using the monoclonal anti-
AGE 6D12 antibody (TransGenic, Inc., Japan). This anti-
body is a Nε-carboxymethyllysine (CML) adduct; i.e., it 
recognizes the CML-complexed BSA/proteins, where the 
CML epitope of AGEs serves as the ligand for RAGE.4,22 
The concentration of AGE-modified proteins was calcu-
lated using the molecular weight of non-glycated protein 
(BSA).

RESuLTS

The Reduction of the basal Leakiness  
of the gene RAgE and Dose Response to dox

Following co-transfection of Neuro2a and HeLa cells 
with set 1 plasmids (pCMV-rtTA and pTREtight-RAGE-
EGFP), in the absence of the inducer dox, expression of 
the EGFP reporter molecule and RAGE was undetectable 
(Figure 2). High inducibility (142-fold) of the full-length 
RAGE was seen in both Neuro2a and HeLa cell lines in 
the presence of dox (Figure 2, B and C). We observed two 

FIguRE 2

induction of RAGe expression with different doses of dox. A: eGFp expression in neuro2a and hela cell lines; 
scale bar: 50 μm. b: Representative Western blot for RAGe, using anti-RAGe monoclonal antibody (chemicon) 
and neuro2a cell lysates. Bands were quantified using imageJ. C: histogram representing the fold increases in the 
induction of RAGe expression in response to the different doses of dox. each bar represents the ratio of RAGe 
protein to β-actin. The arbitrary densitometric units (ADu) are depicted on each bar and the fold increase relative 
to non-induced RAGe shown in bold over the bars. 1 = no induction; 2 = induction with 0.1 μg/ml of dox; 3 = induc-
tion with 1 μg/ml of dox; 4 = induction with 2 μg/ml of dox.
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bands of RAGE, corresponding to 55 and 50 kd on the 
Western blot (Figure 2B). The level of expression of EGFP 
and RAGE correlated positively with the amount of dox 
used for induction. At 0.1 μg/mL of dox, Neuro2a cells 
showed 5.5-fold increase in the expression of RAGE; 1 μg/
mL dox showed 42.5-fold induction, while 2 μg/mL of dox 
showed 142-fold induction of RAGE compared to non-
induced RAGE expression, which was negligible (Figure 
2, A, B, and C). The presence of the reporter gene EGFP 
made it possible to monitor the efficiency of transfection 
(70–75%) and transfection homogeneity in cells. Further-
more, the use of a dual vector system, i.e., incorporating 
the TREtight promoter and transactivator elements in two 
separate vectors, allowed us to alter the ratio of regulatory 
plasmid to response/reporter plasmid. A ratio of 1:10 nM 
was the most efficient for transient co-transfections. 

Cell-Type Specificity of Our System

The neuronal cell-type specificity of our system was inves-
tigated using both Neuro2a and HeLa cells, where cells 
were co-transfected with either universal set 1 (pCMV-
rtTA and pTREtight-RAGE-EGFP, 1:10 nM ratio) or 
with neuronal-specific set 2 (pNSE-rtTA and pTREtight-
RAGE-EGFP, 1:10 nM ratio) plasmids. After 24 h of 
transfection, RAGE expression was induced by supple-
menting the medium with 2 µg/mL dox. Induction of 
the gene was observed by microscopic detection of the 
EGFP expression (Figure 3) and by RAGE expression on 
Western blot (data not shown). Our system showed strict 

cell-type specificity. Our universal set 1 plasmid showed 
expression of EGFP and RAGE in both Neuro2a and 
HeLa cells, while neuron-specific set 2 showed EGFP 
and RAGE expression in Neuro2a cells only. In HeLa 
cells, gene expression with set 2 plasmids was undetect-
able (Figure 3).

Effects of the Induction of RAgE  
in the Presence of AgEs in Neuro2a and HeLa Cells

Up-regulation of TNF-α and caspase-8 protein was 
observed only in cells in which RAGE was induced with 
dox in the presence of its ligand AGE (Figure 4). Non-
induced cells treated with AGEs or cells induced (for 
RAGE expression) but not supplemented with AGEs 
showed no detectable levels of TNF-α and caspase-8. TNF-
α was secreted into cell supernatants by both Neuro2a 
and HeLa cells. After 24 h of induction for RAGE in 
the presence of AGEs, TNF-α secreted by HeLa cells 
was approximately twofold (1.77 times) higher than that 
secreted by Neuro2a cells (Figure 4B). Membrane-bound 
TNF-α, detected in the HeLa cell lysates, was 1.6-fold 
higher than that secreted into the corresponding super-
natants by these cells (Figure 4B). We could not detect 
TNF-α in the cell lysates (membrane bound) of Neuro2a 
cells (data not shown). 

DISCuSSION

Among all the available inducible gene expression systems, 
the Tet-regulated system has been developed extensively 

FIguRE 3

neuro2a and hela cell lines transfected with our Tet-on-inducible system for the gene RAGe. To test the cell-type 
specificity of the neuronal-specific enolase (nse) promoter, the cell lines were either co-transfected with set 1 
(pcmV-rtTA and pTRetight-RAGe-eGFp) or with set 2 (pnse-rtTA and pTRetight-RAGe-eGFp) plasmids. After 24 h 
of transfection, RAGe expression was induced by supplementing the culture medium with 2 μg/ml of dox. eGFp 
expression was recorded using a nikon inverted microscope. 1 = no induction; 2 = cells co-transfected with set 1 
plasmids and induced with 2 μg/ml of dox; 3 = cells co-transfected with set 2 plasmids and induced with 2 μg/ml 
of dox. scale bar: 50μm.



s. shAikh AnD l.F.B. nicholson

290 JouRnAl oF BiomoleculAR Techniques, Volume 17, issue 4,  sepTemBeR 2006

due to several advantages it has over other systems. Despite 
refinements, however, the system still has the problems of 
basal leakiness and low induction of the gene, although sev-
eral researchers have been successful in overcoming these 
problems to a greater extent.14–17 While several groups have 
incorporated both the components of the Tet system (rTA 
and TRE) into one vector/plasmid,14,15,17 a recent report16 
suggests that the Tet system (adenoviral vectors) works 
optimally when the two components are incorporated 
separately into separate vectors. The aim of our study was 
therefore to achieve tight regulation for our gene RAGE 
in cell lines by optimizing the two-plasmid Tet-On system, 
namely, the regulatory and the response plasmids. 

The original response plasmid from Clontech (BD 
Biosciences), pTRE2, does not have the EGFP reporter 
gene, and the TRE (TetCMVmin) promoter/Tet-inducible 
promoter, has a basal effect in the absence of the inducer 
(see references 23–25, our unpublished observations); i.e., 
this promoter is active in the absence of dox. A newer 
version of the response plasmid, pTRE-tight (Clontech), 

does not have the reporter gene, nor a selection marker 
to allow for making stable mammalian cell lines. In the 
pTRE-tight-EGFP plasmid (Clontech), the MCS has been 
replaced with EGFP,26 making cloning the gene of inter-
est very difficult. In addition, these plasmids do not have 
any mammalian selection markers. In our system, we 
wanted to have the EGFP reporter gene in the response 
plasmid only, and internal ribosome entry site (IRES) 
between the gene and EGFP, as IRES enables transla-
tion of both EGFP and the gene from the same bicis-
tronic mRNA. We also wanted to use a drug/antibiotic 
resistance gene as a mammalian selection marker, in addi-
tion to having tight regulation and cell-type specificity 
for our gene expression. To achieve these aims, we modi-
fied the pIRESE2-EGFP plasmid (Clontech). The MCS 
of the pIRES2-EGFP has various cloning sites, giving 
several options for cloning, and has the EGFP reporter 
gene and IRES between EGFP and MCS. It also has the 
neomycin resistance (Neor) gene, which can be used as a 
mammalian selection marker. Our own observations and 

FIguRE 4

RAGe induction in the presence of AGes. A: Representative Western blots showing expression of RAGe, caspase-
8, and β-actin proteins in neuro2a cell lysates detected using specific antibodies. neuro2a cell lysates were col-
lected following transfection (with our inducible expression system) and induction with dox in the presence and 
absence of AGes. 1 = no induction; 2 = AGes only (no induction but supplemented with 50 μm AGes); 3 = RAGe 
only (induced with 2 μg/ml dox without AGes supplements); 4 = RAGe-AGe (induced with 2 μg/ml dox and 
supplemented with 50 μm AGes). b: Graph showing elisA results representing the TnF-α levels in the culture 
supernatants collected from neuro2a and hela cells and cell lysates from hela cells following transfection (with 
our Tet-inducible system) and induction to express RAGe in the presence and absence of 50 μm AGes. in culture 
supernatants, TnF-α levels are expressed in pg/ml of supernatants. The protein concentration in hela cell lysates 
was adjusted to 1 mg protein/ml lysate and TnF-α levels are expressed in pg/ml cell lysate/mg cell protein. 



inDuciBle RAGe expRession

JouRnAl oF BiomoleculAR Techniques, Volume 17, issue 4,  sepTemBeR 2006 291

the published literature23–25 suggest that the main reason 
for the basal leakiness in the Tet-system is the intrinsic 
activity of the CMV minimal promoter in the TRE of 
the response plasmid. To avoid basal leakiness, Zabala et 
al. (2004)14 substituted CMVm in the TRE with the very 
weak liver-specific promoter. Although they were success-
ful in reducing basal expression of the system to an almost 
undetectable level, they suggested that reducing basal 
expression could also lead to a decrease in the amount 
of the final induced protein. In addition, this approach 
is suitable for liver-specific cells only; it would be very 
difficult to find such suitable weak promoters for most 
other cells. We wanted to use a much tighter Tet-respon-
sive element to prevent the basal leakiness without using 
any other weak promoter. We therefore replaced the CMV 
promoter in pIRES2-EGFP with TREtight (Clontech; 
TREtight is a modified Tet-responsive element, which 
consists of seven direct repeats of 36-bp sequence that 
contains the 19-bp tet-operator sequence, and this is fused 
to CMVm promoter). The gene RAGE was cloned at the 
MCS of this plasmid (pTREtight-RAGE-EGFP). This 
modification gave very tight regulation of RAGE expres-
sion when co-transfected with pTet-On/pCMV-rtTA, and 
we found negligible RAGE and EGFP expression in both 
HeLa and Neuro2a cells in the absence of the inducer dox. 
EGFP expression allowed easy microscopic assessment of 
the transfection efficiency and also allowed us to assess 
whether the transfection was homogenous in the cells. 

To achieve cell-type specificity, we constructed a reg-
ulatory plasmid with a neuronal-specific promoter, NSE, 
regulating the expression of rtTA (reverse transactiva-
tor). The regulatory plasmid pTet-On (Clontech) did not 
have any restriction site for this modification.27 There-
fore, again we modified the pIRES2-EGFP plasmid to 
obtain a neuron-specific regulatory plasmid. EGFP was 
removed from this plasmid before cloning rtTA at the 
MCS downstream of the NSE promoter (plasmid named 
as pNSE-rtTA). We removed the EGFP before these 
modifications, since we did not want to have a green flu-
orescent reporter gene in any of our regulatory plasmid. 
Our response plasmid already had EGFP, and induction 
of the gene required the cell lines to be transfected with 
both the plasmids either by transient or stable transfec-
tion. Presence of both the plasmids was therefore needed 
for gene expression. EGFP expression indicates that the 
gene is being expressed and both the plasmids are pres-
ent in the cell. Since both plasmids have the neomycin 
resistance gene and EGFP reporter is only in the response 
plasmid, a double-stable cell line (having both the plas-
mids in one cell) is one that exhibits neomycin resistance 
and EGFP expression when induced with dox. In agree-

ment with Lee et al.,16 we also found that the ratio of 
regulatory and response plasmid is important and that 
a 1:10 nm ratio of regulatory to response plasmid gave 
optimal results. Co-transfection of HeLa cells and Neu-
ro2a cells with either set 1 or set 2 plasmids showed that 
set 2 expresses RAGE in Neuro2a cells only, indicating 
that our system exhibits strict cell-type specificity. Both 
the set 1 and set 2 showed negligible basal expression of 
RAGE and EGFP in the absence of dox, and showed 
high induciblity of the gene (142-fold). There are three 
immunoglobulin-like extracellular domains in full-length 
RAGE: an N-terminal V-type (variable) region, followed 
by two C-type (constant) regions. The V region is impor-
tant for ligand binding and contains two glycosylation 
sites. Full-length RAGE also contains a transmembrane 
and a cytoplasmic domain. This cytoplasmic domain is 
important for RAGE-mediated signal transduction, and 
for fully functional RAGE, all three domains are essen-
tial.1 Secretory RAGE (sRAGE) is C-truncated and lacks 
transmembrane and cytoplasmic domains; it can bind to 
ligands, but does not lead to signal transduction. V-trun-
cated RAGE lacks the V-type domain and hence is inca-
pable of binding ligands. The induced RAGE in our sys-
tem was full length. We observed two bands on Western 
blots of 55 and 50 kda, corresponding to the size of the 
glycosylated and non-glycosylated full-length RAGE pro-
tein.1 Following RAGE induction, we observed increased 
levels of TNF-α and caspase-8 in the presence of AGEs. 
TNF-α has been shown to be a downstream effector of 
the AGE-RAGE interaction,1,28 and caspase-8 is a proxi-
mal effector protein of the TNF-α receptor family cell 
death pathway.5 The amount of TNF-α secreted by HeLa 
cells was higher than that secreted by Neuro2a cells. We 
also detected TNF-α in cell lysates (membrane bound) 
of HeLa cells. HeLa cells express about 3,000 molecules 
of TNFR1/cell, and the specific binding of TNF-α to its 
receptors on HeLa cells is very rapid.29,30 TNFR1 (TNF-
α receptor 1) and its ligand TNF-α also exhibit positive 
feedback. This may well explain the abundant amount of 
TNF-α we detected in the cell lysates of HeLa cells com-
pared to Neuro2a cells following induction of RAGE in 
the presence of AGEs. The presence of TNF-α in both 
secretory and membrane-bound forms and caspase-8 fol-
lowing the induction of RAGE in the presence of AGEs 
indicates that the induced RAGE is functional.

In conclusion, we have modified the existing Tet-On 
system for the gene RAGE. Our system showed negligible 
basal leakiness and high induction of the gene RAGE. 
This system can be used for any other gene of interest 
and also can be modified to provide further additional 
cell-type specificity by replacing the NSE promoter with 
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an alternative promoter. This system is highly suitable 
to study the effect of any gene in a specific cell type, in 
mixed cell populations or mixed primary cultures. 
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