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Abstract
Background—The tetracycline (Tet) responsive system is a valuable tool that is routinely used in
a wide variety of mammalian cells for regulatable expression of gene products. However, technical
difficulties such as harsh selection conditions and extensive screening processes to identify suitably
responsive clones limit the generation of stable cell lines. Hence, application of this system in
mammalian cells with relatively slow growth rates and / or the capacity to undergo terminal
differentiation such as primary mouse keratinocytes is particularly challenging.

Objective—To our knowledge, no Tet-responsive stable cell lines have been generated from mouse
keratinocytes, presumably due to their sensitivity to selection conditions. Our goal was to utilize a
modified and robust Tet-expression system to generate a stable primary mouse keratinocyte cell line.
These cells could be then utilized for conditional expression of potentially toxic proteins in an
inducible fashion.

Methods—We utilized a eukaryotic promoter instead of a viral promoter to express a modified
reverse tetracycline transactivator in mouse keratinocytes and optimized the selection process for
generating stable cell lines.

Results—Here, we report the generation of a stable mouse keratinocyte cell line for Tet-regulated
gene expression with minimal leakiness and high degree of Tet responsivity. This mouse keratinocyte
cell line was further engineered for generation of a double stable cell line, which expresses the
transcription factor AP-2α in an inducible manner. Importantly, the selected cells retain their inherent
keratinocyte morphology, respond to differentiation signals and exhibit a persistent and highly
tunable Tet inducibility upon continuous culturing.

Conclusion—We have generated a tetracycline inducible gene expression model system in mouse
epidermal keratinocytes. Such inducible cell lines will serve as valuable in vitro models for future
gain-of-function and loss-of-function studies.
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INTRODUCTION
The study of in vivo gene functions in specific tissues has been made feasible by advances in
transgenic and knockout mouse technology. Although such mouse models have revealed a
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great deal about the biological role of genes in their native milieu, studies with these models
are expensive, time consuming and often quite limited in their flexibility. In contrast to animal
models, cell lines can be easily established and manipulated; therefore, a wide range of studies
can be performed with much more ease and efficiency in cultured cells. As the predominant
cell type present in the stratified squamous epithelia of mammalian skin epidermis,
keratinocytes have been extremely valuable in broadening our understanding of many facets
of skin biology. Studies on keratinocytes have been greatly facilitated by the fact that these
cells can be isolated from mammalian skin and can be easily grown in culture, where they
retain much of their in vivo properties [1]. Keratinocytes in culture exhibit polarity, grow as
epithelial sheets and can be induced to undergo terminal squamous differentiation [2,3,4].
Therefore, these cells have been widely utilized to study various biological processes of
epithelial cells such as cell cycle progression, differentiation, migration, and wound healing
[4,5].

Despite application of similar methods and conditions for establishment, culture, and
passaging, studies with mouse epidermal keratinocytes have lagged behind those of human
keratinocyte cell lines. Difficulties in growing mouse keratinocytes have been attributed in part
to their species-specific properties, unique nutrient requirements and special growth conditions
such as low (0.05 mM) extracellular calcium [6]. Indeed, an increase in extracellular Ca2+

concentration initiates a differentiation program in these cells, which is characterized by a loss
of their proliferative capacity and alteration in their gene expression profile [7,8]. Recent
studies have led to formulation on several approaches that allow the selection, growth and
passage of mouse keratinocytes in a variety of medium, including those that are serum-free
[9]. To promote survival and propagation, mouse keratinocytes can also be cultured on
fibroblast feeder layers. Although establishing primary cultures of mouse keratinocytes
remains challenging, the propensity for these cells to get easily immortalized (unlike human
keratinocytes) offers an unlimited supply of cells for downstream applications [10].

In view of the growing number of studies that involve knock out and transgenic mice, the
importance of parallel and confirmatory gain-of-function and loss-of-function experiments
using mouse keratinocytes cannot be stressed enough. In a typical scenario, these experiments
would involve transient transfections for one-time usage or generation of stable cell lines as a
permanent source of research material. However, mouse keratinocytes have proven to be
recalcitrant to both these methods using conventional techniques. In addition, expression of
genes encoding for very potent or potentially toxic proteins in keratinocytes has also proven
to be a difficult task. This is often due to the accumulation of overexpressed deleterious gene
products and / or altered levels of downstream targets affecting the survival of transfected cells.
Inducible gene expression systems, such as the tetracycline regulated gene expression system
have overcome this drawback by virtue of their ability to tightly control the expression of
heterologous genes in mammalian cells [11,12]. Indeed, a number of stable cell lines including
Tet based systems have been generated from human keratinocytes, especially HaCaT cells, but
similar mouse keratinocyte cell lines do not exist [13,14].

The tetracycline regulated gene expression system has undergone several modifications [15,
16] and has been widely utilized for more than a decade since its inception. There are two
variants of the Tet based system, the Tet-On version in which the transgene expression is
induced in the presence of the tetracycline analog, doxycycline (Dox) and the Tet-Off version
where the expression of the transgene is turned off by Dox. Typically, the Tet-on system has
several advantages over its Tet-off equivalent especially in cell culture model systems. This
includes a high sensitivity to the inducer Dox, quicker response and the generation of a graded,
dose dependent expression of the gene product [17]. In addition, the Tet-on system also offers
the advantage of not exposing the cells to doxycycline for prolonged periods of time during
the process of selection and under non-inducing conditions.
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The Tet-on system includes three functional components. The first component is the activator
plasmid, encoding for a chimeric reverse tetracycline regulated transactivator (rtTA), a fusion
of the E.coli reverse tetracycline repressor protein and the herpes simplex virus (HSV) VP16
transactivation domain. The expression of rtTA is usually controlled by strong viral promoters
such as the cytomegalovirus (CMV) promoter or mammalian promoters that are active in
specific cells or tissues. The activity of rtTA is regulated by the inducing agent Dox (second
component). Only in the presence of Dox, can rtTA bind to the tetracycline response element
(TRE) and activate transcription. Finally, the third component of this system is the Tet
responder, which consists of the gene of interest under control of the TRE. Expression from
the Tet responder is turned on only when the inducer, Dox is added to the system. Although
this tripartite system allows for controlled gene expression, its widespread use has been limited
by its relatively high basal activity or leaky expression. To overcome this drawback, improved
versions of rtTA have been developed, such as rtTA2S-M2 [18,19] which possesses a lower
background activity, higher Dox sensitivity and inducibility in a wide range of mammalian cell
lines and diverse organ systems in transgenic animals [20].

Establishing a tetracycline inducible cell line is a time consuming two-step process. The first
step involves the generation of a ‘Tet-on’ cell line which stably expresses the activator plasmid
(rtTA). The second step involves stable transfection of the response plasmid which encodes
for the desired gene under TRE control in the Tet-on cells. The procedure entails two rounds
of transfection, clonal selection and extensive screening of the isolated clones to identify those
that lack basal expression of the desired gene product in the absence of Dox but are rapidly
and strongly induced upon addition of Dox. One major drawback of this system is the fact that
upon continuous culture, some cell lines spontaneously lose their inducibility, especially after
successive rounds of selection [21]. Such a phenomenon has usually been attributed to the loss
of expression of rtTA and to the inherent nature of the cell line used. Indeed, these events are
particularly common in cell lines that proliferate slowly and possess the capacity to undergo
differentiation.

As demonstrated in this report, we have successfully generated multiple mouse keratinocyte
cell lines that constitutively express enhanced green fluorescent protein (EGFP) and the
tetracycline transactivator, rtTA. We further show that one of these cell lines exhibits virtually
no basal expression of Tet responsive genes, but is highly activated upon Dox administration
and more importantly, retains normal keratinocyte behavior and function. Finally, we have
established Tet-on mouse keratinocytes that can express AP-2α in a tightly regulated fashion.
AP-2α is a transcription factor that plays an important role in keratinocyte growth and
differentiation [22]. It has been difficult till now to stably express AP-2α in cultured cells
because of its deleterious effect on cell survival [23]. Thus, our studies provide proof of
principle for the notion that potent or potentially toxic proteins can be inducibly expressed in
mouse keratinocytes. Thus, development of the Tet-on keratinocyte system is a significant
advance in epithelial biology.

MATERIALS AND METHODS
Plasmids

The rtTA2S-M2 construct was originally generated by Urlinger et al., by random and directed
mutagenesis of TetR and subsequent selection of the mutants for higher specificity and
inducibility at lower concentrations of Dox [11,18]. The modified reverse tetracycline
transactivator (pN1pβactin-rtTA2S-M2-IRES-EGFP) plasmid was a generous gift from A.
Welman (Paterson Institute for Cancer Research, Manchester, UK) [28]. pTRE2H-HA-
mAP-2α was constructed by inserting the mouse AP-2α cDNA (mRNA: NM_011547.2;
genomic DNA: NC_000079.5) with a 5′ HA tag into the BamHI and XhoI sites of the pTRE2H
plasmid (BD Biosciences, Clontech). pTRE-Tt-Luc consists of the luciferase reporter gene
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under the control of the modified TRE (BD Biosciences, Clontech). pTet-Op-LacZ encodes
for the β-galactosidase reporter gene under control of the Tet operator (a kind gift from L.
Chodosh). pCMV-LacZ includes the β-galactosidase reporter gene under the control of CMV
promoter.

Cell lines
Primary mouse keratinocytes were isolated as previously described with slight modifications
[6]. The dorsal skin from newborn mice (strain C57/Bl6) was dissected out and incubated in
Dispase II (Roche Diagnostics) with the epidermal side facing up overnight at 4°C. The
epidermis was mechanically separated from the underlying dermis, placed in TrypLE Express
(GIBCO / Invitrogen Corporation) and disaggregated with a pair of NO. 15 Brad Parker knives
to separate the keratinocytes. The TrypLE Express was subsequently neutralized with a serum
rich low Ca2+ medium calcium free DMEM/F12 [3:1], containing 15% Chelex (Biorad
Laboratories) treated Fetal Bovine Serum). The suspension was filtered through a 100μm cell
strainer (BD Biosciences) and the epidermal keratinocytes were obtained by centrifugation at
500 rpm for 5 minutes. The keratinocytes were then plated out and maintained in low Ca2+

media prepared with the Tet system approved Fetal Bovine Serum (BD Biosciences, Clontech).
Keratinocyte differentiation was induced by the addition of calcium chloride to the culture
medium to a final concentration of 1.2mM for various periods of time (early differentiation- 3
hours; intermediate differentiation- 6 hours and late differentiation- 12 hours).

Transfection of mouse keratinocytes and selection of stable clones
Separate killing curve assays were performed for G-418 (GIBCO / Invitrogen) and hygromycin
(Invitrogen) to determine the optimal concentration of each antibiotic to be used for selection.
Keratinocytes were grown in a series of dilutions of the individual antibiotic and the
concentration that caused 100% cell death at 7 days was chosen as the optimum selection
concentration.

Mouse keratinocytes were transfected with pN1pβactin-rtTA2S-M2-IRES-EGFP 1.0μg/well
in 35 mm dishes using Fugene6 transfection agent (Roche Diagnostics), as per manufacturer’s
instructions. Selection with 60μg/ml of G-418 was begun 36 hours post-transfection and
maintained hence forth. After 2 days of G-418 selection, the cells were trypsinized and
transferred to 150 mm dishes. This facilitates dispersal of cells, so that the stable transfectants
will be sufficiently separated from each other. Two weeks later, 24 individual colonies were
transferred to a 24 well plate for further propagation and clonal expansion, after which they
were screened for EGFP expression. For continuous propagation, the TMK-17 clone was
cultured in the presence of G-418. For the second round of transfection, cells from the TMK17
clone were transfected with 1.0μg/well of pTRE2H-HA-mAP-2α and selection was performed
with 7.5μg/ml of hygromycin and 60μg/ml of G-418. The cells were treated with 0.5μg/ml of
doxycycline (BD Biosciences, Clontech) for 48 hours where indicated before being harvested
for luciferase assay, measurement of β-galactosidase activity, immunofluorescence or
immunoblot analysis.

EGFP detection
The cells were plated on coverslips and after 48 hours of culture, fixed in 10% neutral buffered
formalin, rinsed in 1× PBS and mounted with 50% glycerol in 1× PBS. The cells were
photographed using Zeiss Axioplan microscope fitted with a Q-imaging Retiga EXi color
camera and analyzed with OpenLab imaging software.
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Luciferase reporter assay
The luciferase reporter assays were performed as described [24]. Briefly, cells were plated at
a density of 125,000 cells/well in 6 well plates and were transfected using Fugene6 reagent
(Roche Diagnostics) at a confluence of 40-60% with pTRE-Tt-Luc (0.5 μg) and pCMV-LacZ
(0.25 μg) for luciferase reporter assays. For β-galactosidase reporter assays, the cells were
transfected as above with pTet-Op-LacZ (0.5 μg) in duplicate. Four hours post transfection,
0.5μg/ml of doxycycline was added to one of the duplicate wells. Cells were harvested 48 hours
post transfection in Reporter lysis buffer (Promega) and luciferase assays were performed using
the Luciferase assay system (Promega). β-galactosidase values were measured using the
Galacton plus kit (Applied Biosystems). The Luciferase and β-galactosidase values were
measured using a Lumat LB 9501 Luminometer (Berthold). For luciferase reporter assays,
luciferase values were normalized to β-galactosidase levels to accommodate for transfection
efficiency. Reporter assays were performed in duplicates of at least three independent
experiments.

Western blots
Whole cell extracts were prepared using Laemmli sample buffer (Biorad Laboratories) from
TMK clones transiently transfected with pTRE2H-HA-mAP-2α or untransfected TMK-AP2
clones in the presence or absence of Dox. Equal amounts of lysates were loaded on a 10%
SDS-polyacrylamide gel and transferred on to Immun-Blot PVDF membrane (Biorad
Laboratories). After blocking in 5% non-fat dry milk in 1×TBST (Tris- buffered Saline
Tween-20), the membrane was incubated with a 1:5000 dilution of rat anti-HA antibody (Roche
Diagnostics) overnight at 4°C. After washing in 1×TBST, the membrane was incubated in
horseradish peroxidase (HRPO) conjugated goat anti-Rat secondary antibody (KPL) at
1:20,000 dilution for 45 minutes at room temperature. Specific bands were detected by
chemiluminescence (KPL).

Indirect immunofluorescence
Cells were cultured to 80% confluence on coverslips in the presence or absence of Dox for 48
hours and fixed with 4% paraformaldehyde in 1× PBS on ice for 20 minutes, followed by three
washes in 1× PBS at room temperature. Cells were blocked in 5% BSA in 1× PBS for 1 hour
at RT, then incubated with the primary rat anti-HA antibody (1:500 dilution) and mouse anti-
AP2α antibody (1:100 dilution) (3B5, a gift from Trevor Williams, University of Colorado
Health Sciences Center, Denver) in 5% BSA for 1 hour at RT. After three 1× PBS washes, the
cells were incubated in 1:500 dilution of FITC conjugated goat anti-mouse antibody and
Alexa-568 conjugated goat anti-rat antibody. Antibodies against keratinocyte markers –
keratin14, keratin10, involucrin and filaggrin (a generous gift from Julia Segre, National
Human Genome Research Institute, Bethesda) and the FITC conjugated anti-Rabbit secondary
antibodies were used at a dilution of 1:500. The cells were counterstained with DAPI (4’, 6-
diamidino-2-phenylindole) to mark the nuclei and coverslips were mounted with 50% glycerol
in 1× PBS. The cells were viewed and photographed with an Axiophot Zeiss microscope,
equipped with a Hamamatsu ORCA-ER camera. The contrast and brightness of the images
were adjusted using the Adobe Photoshop and ImageJ software.

RESULTS
Use of a eukaryotic promoter driven Reverse Tetracycline Transactivator to generate Tet-on
mouse keratinocyte (TMK) clones

Most of the currently available Tet-on cell lines utilize rtTA driven by a strong viral promoter
[25]. Recently, eukaryotic housekeeping gene promoters have been favored over viral
promoters to drive the expression of rtTA in mammalian cell lines. For example, Human
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EF-1α [26,27] and chicken β-actin [28] promoters have been employed effectively in rtTA
expression plasmids in human colon cancer cell lines. These promoters are typically cell type
and cell cycle independent and are less subject to epigenetic modifications. Hence, they can
maintain their activity at relatively comparable levels under various physiological conditions.
To generate a stable mouse keratinocyte cell line, we utilized the plasmid pN1pβactin-
rtTA2S-M2-IRES-EGFP where the modified version of reverse tetracycline transactivator
rtTA2S-M2 is under control of the chicken β-actin promoter [29]. This construct contains a
Neomycin resistance cassette; hence the transfected cells can be selected using G-418. Cells
transfected with this plasmid will also express EGFP; this feature aids in the easy identification,
sorting and selection of transfected clones.

A primary epidermal keratinocyte cell line was established from newborn mouse skin by
enzymatic separation of epidermis and mechanical disaggregation, and was propagated for
multiple passages to ensure homogeneity and robustness among the cells. The keratinocytes
were first examined for their sensitivity to the selection antibiotics G-418 and hygromycin, by
antibiotic killing curve assay. Interestingly, these cells were extremely sensitive to routinely
used concentrations of the antibiotics. For instance, the optimal concentrations required for
selection in HaCaT keratinocytes were 550μg/ml of G-418 and 75μg/ml of hygromycin (our
unpublished data). On the other hand, the mouse keratinocytes could tolerate only 60μg/ml
and 7.5μg/ml of G-418 and hygromycin respectively. This difference in antibiotic sensitivity
could be a reflection of the inter-species difference or the fact that HaCaT cells have been in
culture for an extensive period and are immortalized [30].

Mouse keratinocytes were transfected with pN1pβactin-rtTA2S-M2-IRES-EGFP and then
selected with G-418. The use of very low antibiotic concentrations accommodates for the
sensitivity and slow growing nature of mouse keratinocytes, thereby allowing for efficient
selection of transfected cells. After 14 days of culture under selection, 24 individual Tet-on
mouse keratinocyte (TMK) clones were chosen for further propagation. At this stage, the cells
were examined for EGFP expression and as expected, all the clones were positive. Though the
clones varied in the degree of EGFP expression, within a single clone there was a uniform
intensity of EGFP fluorescence suggesting homogeneity among clonal populations.

Tet-responsiveness of TMK clones
Three representative TMK clones were chosen for further analysis. These clones, TMK1,
TMK16 and TMK17 were selected based on the criterion that they expressed uniform and high
levels of EGFP throughout the cell population (Fig. 1A). In addition, they displayed normal
morphological characteristics and growth behavior similar to the parent (untransfected)
keratinocyte cell line. The Dox inducibility of these clones was tested by transiently
transfecting the cells with two different reporter genes under the control of the tetracycline
response element (TRE). The clones were transiently transfected with pTet-Op-LacZ and the
β-galactosidase activity was measured under inducing and non-inducing conditions (Fig. 1B).
The β-galactosidase levels of TMK1 and TMK16 did not vary significantly in the presence or
absence of Dox, suggesting that these clones were not very Dox responsive. On the other hand,
clone TMK17 was promising in that it displayed very low basal levels of β-galactosidase
activity, which was increased approximately 61 fold upon addition of Dox. The higher
background and weak induction for TMK1 and TMK16 was surprising but could be attributed
to the nature of the pTet-Op-LacZ reporter construct. The β-galactosidase in this plasmid is
driven by the Tet operator sequence (TetO), which has been shown to be leaky in its expression
and to produce higher background.

Therefore, we examined the Dox inducibility of these clones with a different reporter construct
pTRE-Tt-Luc, in which the luciferase reporter gene is under the control of the ‘TRE-Tight’
promoter. TRE-Tight (TRE-Tt) is an improved version of TRE, consisting of a modified Tet
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responsive element fused to a minimal CMV promoter; its activity has been shown to be far
less leaky when compared to that of the Tet operator. While TMK16 demonstrated very low
luciferase values in the presence of Dox and almost no activity in its absence (28 fold
difference), TMK1 was quite leaky in its expression in spite of its overall higher response to
Dox (Fig. 1C), resulting in only a 10 fold difference. On the other hand, TMK17 displayed a
strong response to Dox with minimal basal level of expression in its absence (approximately
685 fold over Dox-). The data comparing the reporter activity of the three TMK clones clearly
indicate that they are divergent in their sensitivity to Dox and that Dox responsiveness does
not always correlate with the intensity of EGFP fluorescence; for example, though the three
Tet-on mouse keratinocyte clones express similar levels of EGFP (Fig. 1A), they differed
noticeably in their Dox responsivity (Fig. 1B and 1C). This difference in responsiveness could
be an integration site specific effect: in case of clone TMK1, the plasmid could have integrated
close to an extremely active site of transcription, while in clone TMK16, the genomic
integration could have occurred within a region of heterochromatin.

Transient induction of AP-2α
In addition to reporter assays, which offer an indirect readout of Dox inducibility of the clones,
we also examined them by directly monitoring the levels of Tet responsive protein expression.
For this purpose, the clones were transiently transfected with pTRE2H-HA-mAP-2α. This
plasmid allows the expression of epitope tagged transcription factor, AP-2α under the control
of the Tet-responsive promoter. The Dox responsive expression of HA-mAP2α was examined
by western blotting with anti-HA antibodies. Clone TMK1 showed strong expression of HA-
mAP-2α irrespective of the presence or absence of Doxycycline (Fig. 1D). Clone TMK16
showed a very weak band only in the presence of Dox, suggesting that it might be a weak
responder. TMK17 on the other hand, displayed a very strong band corresponding to HA-
mAP2α only in the presence of Dox, with no leakiness in its activity under non-inducing
conditions. These data on the expression of AP-2α protein tallies well with the reporter assays
and taken together suggest that clone TMK17 is the first reported stable mouse keratinocyte
cell line with outstanding conditional gene expression properties. Based on these results, we
chose to use clone TMK17 for further studies.

Response to keratinocyte differentiation signals of the parental TMK17 cell line
Owing to their extremely sensitive nature, the physiologic properties and therefore the behavior
of mouse keratinocytes can be easily altered upon antibiotic selection. To rule out the possibility
that the processes of transfection and selection could have altered the normal physiology of
TMK17, we examined the keratinocytes for their capacity to differentiate. TMK17 cells were
induced to differentiate by the addition of Ca2+. The ability to undergo a process of terminal
differentiation and expression of specific marker proteins were examined at various stages
(Fig. 2). Upon addition of Ca2+, the cells of TMK17 clone underwent changes in morphology
that culminated in the formation of an epithelial sheet, the terminally differentiated state of
keratinocytes in culture within 24 hours. Also, they expressed stage specific structural proteins
as they went through the multi-step process of differentiation. In the undifferentiated state, the
cells expressed keratin14. Upon addition of Ca2+, they sequentially switched on the expression
of keratin10, involucrin and filaggrin at early, intermediate and late stages of differentiation
respectively. Thus, as judged by immunoflorescence, the differentiation profile and marker
expression of clone TMK17 were found to be normal. The EGFP expression of TMK17 was
examined upon induction of differentiation at various time points and was found to be constant,
suggesting continuous activity of the β-actin promoter in all states of keratinocyte
differentiation (data not shown). Clone TMK17 was maintained in culture for multiple passages
and its activity in terms of EGFP expression and Dox responsiveness was monitored and found
to be unaltered over time, even when cultured in the absence of G-418 for several weeks (data
not shown).
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Generation and characterization of TMK-AP2 stable clones
Though a very tight expression of potentially harmful target genes has been demonstrated by
the Tet system [31], generation of double transfectants after the second round of stable
transfection has been a particularly difficult task in most cell lines. Generally, these failures
have been contributed to leaky expression of potentially harmful gene product from the second
plasmid before its stable integration into the genome, which could compromise the survival of
the transfected cells even at very low levels.

AP-2α is transcription factor that has been implicated in cellular processes such as proliferation,
cell cycle progression, differentiation and apoptosis [32]. In keratinocytes, AP-2α functions in
developmental events associated with growth and differentiation and plays a key role in
keratinocyte specific gene expression [22,33]. The presence of supra-physiological levels of
AP-2α has been shown to block cell cycle progression [34] and induce cellular apoptosis [23,
35]; thus evading attempts at stable transfection. Consequently overexpression studies of
AP-2α in cell culture model systems have been limited to transient transfections. Therefore,
we chose to utilize the TMK17 clone to generate a stable mouse keratinocyte cell line that
expresses AP-2α in an inducible fashion.

A second round of transfection was performed in clone TMK17 with pTRE2H-HA-mAP-2α.
Double stable transfectants were selected with hygromycin and G-418. Expression of HA-
mAP-2α was examined by performing western blots with anti-HA antibodies on the clones
grown in the presence and absence of Dox. Of the 20 clones screened, one clone TMK-AP-2
clone #9 (hereafter TMK-AP2 clone) showed a tight Dox responsive expression of HA-
mAP-2α (Fig. 3A). Immunofluorescence on these cells showed a tight Dox dependent
expression of HA-mAP-2α. The cells demonstrated negligible background, if any, in non-
inducing conditions, i.e. in the absence of Dox. On the other hand, upon addition of Dox, the
cells displayed a robust induction and homogeneous expression of the overexpressed protein.
Being a transcription factor, AP-2α is localized predominantly in the keratinocyte nuclei.
Similar to endogenous AP-2α, the exogenous protein was also localized in the nucleus (Fig.
3B). The induction of HA-mAP-2α expression can be detected as early as 6 hours after the
addition of Dox to the culture media and reaches a peak around 24 hours. Upon withdrawal of
Dox, the decline in HA-mAP-2α levels was discernible in just 6 hours, suggesting that the
TMK-AP2 clone was highly Dox responsive and its withdrawal turns the system off
immediately (data not shown). This is in contrast to several animal models where Dox
withdrawal does not produce an early effect, presumably due to the presence of considerable
quantities of Dox in tissue stores.

Analysis of the TMK-AP2 stable clones
Transient transfection of TMK-AP2 clone with a Tet responsive luciferase reporter construct,
suggested that the clone retained its Dox responsivity (233 fold approximately) even after
undergoing two rounds of transfection and antibiotic selection and several passages (Fig. 3C).
Differentiation studies on the TMK-AP2 double stable transfectant showed that these cells
maintain their inherent keratinocyte characteristics such as squamous differentiation in
response to increased extracellular calcium concentrations and expression of differentiation
state specific marker proteins (Fig. 3D). This suggests that two rounds of transfection and
selection did not affect the inherent properties of TMK-AP2 keratinocytes. Therefore, TMK-
AP2 cells can express supra-physiological levels of AP-2α in an inducible fashion, without
compromising the survival of the cell line. This conditional expression system will allow us
to effectively explore the keratinocyte specific functions of AP-2α, specifically its role in
keratinocyte proliferation, differentiation and programmed cell death. In conclusion,
overexpression of AP-2α in cell culture model systems has now been extended to stable
transfections.
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DISCUSSION
Tetracycline regulated system is one of the most versatile gene expression tools available today.
The system is tightly regulated, robust and is relatively non-toxic to cells in culture. In addition,
the induction of target gene expression is rapid and reversible. These favorable features have
led to an extensive use of this system in several cell culture, transgenic animal and even plant
model systems [36]. However, the efficiency of this system has been shown to differ in different
cell lines, especially in terms of Dox inducibility [21]. Therefore, the system must be carefully
adapted in different cell lines. We have optimized the use of this system for conditional gene
expression in mouse keratinocytes and generated an inducible mouse keratinocyte cell line for
the overexpression of a potent gene.

Traditionally viral promoters such as the cytomegalovirus (CMV) promoter have been utilized
to direct the expression of a gene of interest in mammalian cell lines [19]. One major caveat
to the use of viral promoters for such applications is loss of gene expression upon long-term
culture of cell lines [21]. To circumvent this problem, eukaryotic promoters have recently been
put to use in the place of viral promoters. This has resulted in a long-term, sustained and strong
target gene expression in mammalian cell lines [26,27,28]. These eukaryotic promoters include
those that control housekeeping genes or are cell-type specific. To target specific expression
in keratinocytes, promoters such as those of keratins (K5, K14 and K10) and involucrin [37,
38,39,40] have been effectively used in transgenic mice. However, the use of these promoters
in cell culture system is tricky, since in most cases their activity in keratinocytes is
differentiation state specific. For instance, the use of involucrin or keratin 10 promoters in cell
culture necessitates induction of keratinocyte differentiation to initiate strong transgene
expression. On the other hand, though keratin 5 and keratin 14 promoters possess the advantage
of being extensively active in proliferating keratinocytes, their activity is diminished upon
induction of differentiation (our unpublished data). Hence, the use of a promoter that is
ubiquitously active and is not altered by a change in the state of differentiation or by cell cycle
progression is desirable. For this purpose we utilized the plasmid pN1pβactin-rtTA2S-M2-
IRES-EGFP where the modified version of reverse tetracycline transactivator rtTA2S-M2 is
under control of the chicken β-actin promoter [29]. The advantage of the β-actin promoter was
to provide prolonged and sustained transgene expression. Similarly the use of the improved
mutant of the Dox-regulated reverse transcriptional transactivator (rtTA2S-M2) allowed for
favorable kinetics of inducible gene expression as shown by previous studies [28]. Finally the
use of EGFP under an IRES cassette enabled easy selection and subsequent monitoring of the
keratinocytes.

The development of the inducible mouse keratinocyte cell line serves many important purposes
and offers numerous advantages. As we have shown with the generation of AP-2α
overexpressing clones, the TMK17 cell line can be utilized for construction of double-stable
cell lines inducibly expressing a protein of interest. This is of particular importance when there
is a need to express toxic proteins. As we demonstrate by generation of the double stable cell
line, this approach obviates the need for viral expression systems, which is time consuming
and presents safety issues. There have been many published and anecdotal evidence that
traditional methods of establishing stable cell lines for proteins involved in cell cycle,
differentiation and cell growth often lead to weakly expressing clones, presumably due to
selection advantage. Furthermore, many stable cell lines stop expressing ectopic proteins over
time due to shut down of viral promoters by epigenetic silencing. The generation of the Tet
inducible cell line utilizing a mammalian promoter circumvents such problems and offers the
option to modulate the levels of protein expressed in a graded fashion. The fact that the system
is reversible and gene expression can be easily turned off as desired, affords added and useful
experimental maneuverability.
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The TMK17 cell line is very well suited for transient transfection studies, for example, to test
whether a newly generated expression construct indeed expresses the protein of choice in a Tet
inducible fashion (as we have demonstrated for AP-2α). The transient transfection assay will
save time and facilitate the optimization of the conditions before embarking on a long-term
experiment such as generation of transgenic animals. There has been a rapid growth and use
of RNAi to study the effects of knockdown of genes of interest in cell culture [41,42]. Our
TMK17 cells will also serve as a useful resource to generate RNAi in an inducible fashion and
thus can be utilized to inhibit the expression a wide range of genes that are involved in cell
growth, proliferation and differentiation in a dynamic and reversible fashion.

Finally, these Tet-on cells have been grown in culture for a long time period and have been
passaged extensively. Interestingly, these cells have proven to be remarkably hardy and have
retained their growth and keratinocyte-specific differentiation properties and Tet-inducibility.
The fact that the keratinocytes can be easily assessed by periodically checking the cells for
EGFP expression during routine culture is an added benefit. Our study suggests that although
it is possible to generate mouse keratinocytes that are stably transfected by conventional
methods, it is important to emphasize the need for calibration and optimization of the antibiotic
selection conditions. Not surprisingly, these conditions vary significantly from those of human
cells, in accordance with the distinct physiological differences in mouse and human
keratinocyte growth characteristics in culture. Since such species-specific differences might
be biologically important, it is important that studies be performed in the appropriate cell type.
Our generation of a Tet-inducible mouse keratinocyte cell line fulfills a void in the field and
offers researchers a valuable system to study various cellular processes. Considering the
general applicability of the system, it can be efficiently tailored to suit other sensitive and
difficult-to-grow cell lines such as melanocytes, cardiomyocytes, neurons and insect cells as
well.
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Figure 1. Generation and characterization of TMK, Tet-on mouse keratinocyte clones
A. EGFP fluorescence of the three representative TMK clones, Scale bar - 20μm. B. β-
galactosidase reporter assay: Comparison of Dox responsivity of the TMK clones by transient
transfection with pTet-Op-LacZ construct. C. Luciferase reporter assay: Dox responsive
inducibility of the TMK clones determined by transient transfection with pTRE-Tt-Luc reporter
plasmid. D. Immunoblot for HA-mAP-2α expressed under the control of TRE by transient
transfection of pTRE-HA-mAP-2α in the TMK clones. Loading controls: β-Tubulin and K14.
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Figure 2. Analysis of physiological properties of TMK17 clone
Examination of differentiation profile of TMK17 clone. Bright Field (top) images of
differentiation pattern of TMK17; fluorescent (bottom) images of specific markers of
keratinocyte differentiation. Scale bar - 20μm.
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Figure 3. Generation of TMK-AP2 clone and examination of its characteristics
A. Immunoblot for HA-mAP-2α after stable transfection and selection of TMK17 clone with
pTRE-HA-mAP-2α. TMK-AP2 clone shows Dox responsive expression of HA-mAP-2α. B.
Immunofluorescence on TMK-AP2 clone in the presence and absence of Dox, Scale bar -
20μm. C. Examination of Dox inducibility in TMK-AP2 clone by transient transfection with
pTRE-Tt-Luc reporter plasmid. D. Evaluation of in vivo properties of TMK-AP2 clone. Bright
field (top) images of differentiating TMK-AP2 keratinocytes and immunofluorescence
(bottom) for keratinocyte markers. Scale bar - 20μm.

Nagarajan and Sinha Page 15

J Dermatol Sci. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


