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Cell Type-Specific and Inducible PTEN Gene
Silencing by a Tetracycline Transcriptional
Activator-Regulated Short Hairpin RNA

Shan Wang*?, Ting Wang*?, Tao Wang®, and Lintao Jia™*

Inducible and reversible gene silencing in desired types of
cells is instrumental for deciphering gene functions using
cultured cells or in vivo models. However, efficient condi-
tional gene knockdown systems remain to be established.
Here, we report the generation of an inducible expression
system for short hairpin RNA (shRNA) targeted to PTEN, a
well-documented dual-specificity phosphatase involved in
tumor suppression and ontogenesis. Upon induction by
doxycycline (DOX), the reverse tetracycline transcriptional
activator (rtTA) switched on the concomitant expression of
GFP and a miR-30 precursor, the subsequent processing
of which released the embedded PTEN-targeted shRNA.
The efficacy and reversibility of PTEN knockdown by this
construct was validated in normal and neoplastic cells, in
which PTEN deficiency resulted in accelerated cell prolif-
eration, suppressed apoptosis, and increased invasive-
ness. Transgenic mice harboring the conditional shRNA-
expression cassette were obtained; GFP expression and
concurrent PTEN silencing were observed upon ectopic
expression of rtTA and induction with Dox. Therefore, this
study provides novel tools for the precise dissection of
PTEN functions and the generation of PTEN loss of func-
tion models in specific subsets of cells during carcino-
genesis and ontogenesis.

INTRODUCTION

RNA interference (RNAIi) has emerged as a powerful tool of
gene silencing for the study of gene function and the develop-
ment of novel therapeutic approaches to disease (Fellmann
and Lowe, 2014; Wilson and Doudna, 2013). Compared with
gene knockout at genomic loci, RNAI is a reversible method of
gene silencing because switch-off of small interfering RNA
(siRNA) expression restores target gene expression (Fellmann
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and Lowe, 2014; Kunath, 2008). Although complementary base
pairing between target mMRNAs and the guide strands of siR-
NAs provides strict specificity for gene knockdown, silencing of
an individual gene in a specific type of cell or over a selected
period of time, i.e., conditional gene silencing, is frequently
needed (Kleinhammer et al., 2011; Wiznerowicz et al., 2006).
Several siRNA or short hairpin RNA (shRNA) expression con-
structs are now available for cell type-specific gene knockdown
(Kleinhammer et al., 2011; Wiznerowicz et al., 2006). Some of
these constructs are based mainly on the Cre/loxP system, in
which the Cre recombinase, driven by a specific promoter, re-
moves a loxP-flanked spacer or transcriptional terminator to
switch on shRNA expression (Fritsch et al., 2004; Hitz et al.,
2007; Kasim et al., 2004; Wiznerowicz et al., 2006). The tetra-
cycline-inducible system can also be used to exert temporal
control over shRNA expression via the administration or with-
drawal of tetracycline (TET) or doxycycline (DOX) (Gupta et al.,
2004). Alternatively, cell specificity of DOX-induced gene
knockdown can be achieved via specific promoter-dependent
expression of a tetracycline transcriptional activator (tTA) or its
mutant version, rtTA, which prevents or induces gene transacti-
vation upon DOX administration, respectively (Gupta et al.,
2004; Wiznerowicz et al., 2006). Of note is the generation of a
Tet-regulated reproducible gene knockdown system in which
Tet initiates the expression of a natural microRNA (miRNA)
precursor and the subsequent miRNA splicing releases the
embedded shRNA targeted to an individual gene (Dickins et al.,
2007; Premsrirut et al., 2011).

Phosphatase and tensin homolog deleted on chromosome
10 (PTEN) is a potent tumor suppressor, the dysfunction of
which is responsible for the occurrence of divergent human
cancers (Song et al., 2012). The coordinate involvement of
PTEN in embryonic development and ontogenesis has been
demonstrated (Di Cristofano et al., 1998; Knobbe et al., 2008).
Germline mutation of the PTEN gene in human is associated
with Cowden syndrome, hyperplastic lesions in multiple organs,
and neurological disorders including macrocephaly, seizure,
Lhermitte-Duclos disease, and mental retardation, while con-
ventional PTEN knockout in mice results in early embryonic
death (Di Cristofano et al., 1998; Kwon et al., 2001; Li et al.,
2003; Orloff and Eng, 2008; Song et al., 2012). Since the
irreversible deletion of this phosphatase gene from the chro-
mosome causes PTEN deficiency in targeted cells (e.g., stem
cells) and their offspring cells, these models may have limita-
tions in dissecting the precise role of PTEN in a specific type of
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cells during a given phase of development (Knobbe et al.,
2008). In this study, we generated a conditional PTEN knock-
down system, in which the PTEN-targeted shRNAs can be
controlled both spatially by using a cell type-specific promoter
regulating rtTA expression, and temporally via induction with
DOX. The efficacy of PTEN gene silencing by this system was
validated in cultured cells and a transgenic mouse model.

MATERIALS AND METHODS

Plasmid and lentiviral constructs

The pCol-TGM plasmid containing the green fluorescent pro-
tein (GFP)-miR-30 cassette flanked by tetracycline response
elements (TRE) was obtained from Addgene (USA) (Premsrirut
et al., 2011). The PTEN-targeted shRNA sequences were used
to substitute for those of shRNA targeted to adenomatous poly-
posis coli (APC). Briefly, the 2 double-stranded DNA fragments,
were synthesized by Shanghai Genechem Inc. (China), di-
gested, and ligated into the Xhol/EcoRI sites of pCol-TGM.
The sequences of synthesized DNAs are as follows: 5-
agaaggctcgagaaggtatattgctgttgacagtgagcgaagagatcgttagcagaa
acaatagtgaagccacagatgtattgtttctgctaacgatctctctgectactgectcgga
ttcaagggg-3', and 5'-agaaggctcgagaaggtatattgctgttgaagtgagcga
tgaagatgacaatcatgtttagtgaagccacagatgtaaacatgattgtcatcttcactct
tactgcctcggaattcaagggg-3', which target nucleotides 18-36 and
338-356 of the coding sequence of PTEN, respectively. The
resulting constructs, namely Ptn1 and Ptn2, were confirmed by
DNA sequencing. A construct harboring a scrambled PTEN
targeting sequence of Ptn1 was generated and used as a con-
trol. Small interfering RNAs (siRNAs), siPTEN1 and siPTEN2,
were synthesized to target the aforementioned sites of PTEN.
Similarly, a scrambled siRNA of siPTEN1 was included as a
control. For generation of rfTA-overexpressing lentiviruses us-
ing the pLenti6.3/V5-DEST Gateway system (Invitrogen, USA),
the pTet-On plasmid (ClonTech, USA) was digested with Bam-
HI, blunted with T4 DNA polymerase, and digested with EcoRI.
The resulting TA cDNA fragment was ligated into the Eco-
RI/EcoRV site of the pENTR™3C plasmid. The pENTR™3C
harboring the rtTA gene or the mCherry gene as a control was
subjected to recombination with the lentiviral backbone vector
and was packaged in HEK293T cells.

Cell culture, treatment and transfection

Human embryonic kidney (HEK) 293 cells, HEK293T cells, and
liver carcinoma HepG2 cells were purchased from the Cell
Bank of Shanghai Institute for Biological Sciences, Chinese
Academy of Sciences. All cell lines were characterized by gene
profiling analysis by the provider, and were used no more than
6 months after purchase. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco BRL, USA) containing
10% fetal bovine serum (FBS, Gibco BRL, USA), and main-
tained at 37°C in a humidified atmosphere containing 5% CO,.
Where indicated, cells were treated with 100 nM insulin (Sigma,
USA). Transfection of cells was performed using Turbofect
transfection reagent (Thermo, USA), according to the manufac-
turer’s instructions.

Quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen) ac-
cording to the manufacturer’s protocol. The reverse transcrip-
tion reaction was performed with PrimeScript™ RT Master Mix
(TaKaRa, Japan; 1 pg total RNA). The cDNAs were detected
by PCR using SYBR@ Premix Ex Tag™ (TaKaRa Bio Group,
Shiga, Japan). The primers used for PCR were as follows: 5"-
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cgtgcggataatgacaag-3' and 5'-ttgatggctccictactg-3' for PTEN;

'-aagaacggcatcaaggtg-3' and 5'-ctgggtgctcaggtagtgg-3' for GFP;
and 5'-gatcattgctcctcctgage-3' and 5'-actcctgcttgctgatccac-3' for
B-actin. Real-time PCR was performed in triplicate using the
CFX96 Real Time PCR Detection System (Bio-Rad, USA), and
the 2T method was used to determine relative gene ex-
pression levels.

Western blotting

Cells were washed in phosphate buffered saline (PBS) twice
before protein extraction with RIPA lysis buffer(20 mM Tris-HCI
pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 2 mM EDTA pH8.0, 2 mM
vanadate), and proteins were separated on a SDS/PAGE gel,
transferred onto an NC membrane, and subjected to immunob-
lot analysis. Blotting was performed with antibodies against
PTEN (Cell Signaling Technology, USA), B-actin (Cell Signaling
Technology, USA), GFP (Sigma), AKT, and Ser473 phosphory-
lated AKT (Cell Signaling). Goat anti-rabbit and goat anti-mouse
immunoglobulin horseradish peroxidase-linked F(ab)2 frag-
ments (ZB-2305, Zhong Shan Jin Qiao, China) were used as
secondary antibodies.

Cell proliferation assay

Cells (3000/well) were seeded in 96-well plates in complete
medium after overnight serum starvation. Cell proliferation was
measured using a Cell Counting Kit-8 (CCK-8) (Boster, China).
Briefly, 48 h after transfection the transfection medium was
replaced with 100 pl fresh serum-free medium with 10 pl of
CCK-8 solution. After incubation at 37°C for 1.5 h, absorbance
was measured at a wavelength of 450 nm in a plate reader.
Cell proliferation was evaluated at 0, 24, 48, 72 and 96 h after
transfection.

Transwell assay of cell migration and invasion

For invasion assay, cells were serum-starved for 6 h in DMEM
containing 0.1% FBS. Serum-starved cells were trypsinized
and resuspended in DMEM containing 0.1% BSA, and cells
(20000/insert) were added to the upper chamber of each well
coated with diluted Matrigel (Matrigel:serum-free DMEM = 1:6).
After 24 h of incubation at 37°C, cells on the upper membrane
surface were removed by careful wiping with a cotton swab,
and the filters were fixed by treatment with 95% ethanol for 20
min and stained with 0.2% crystal violet solution (Sigma) for 30
min. Cells that invaded through the pores to the lower surface
of the filter were counted under a microscope. The migration
assay is the same as the invasion assay except that no mat-
rigel was used and the permeating time for cells was 14 h.

Generation of transgenic mice

The pCol-TGM-Ptn1 construct was linearized via cleavage with
BamHlI, and purified for pronuclear injection as described (lttner
and Gotz, 2007). Briefly, 300 zygotes were collected from mat-
ed C57BL6 female mice, injected with the purified DNA, and
implanted into the oviduct infundibulum of the pseudopregnant
foster mother. The offspring mice were screened for the inte-
gration of the transgene by genomic PCR using the following
primers: 5'-cgacgtaaacggccacaagttc-3', and 5'-tcttgtagttgccg
tegtecttg-3'.

Fibroblast isolation, culture, and assays

To isolate tail-tip fibroblasts (TTFs), a 1.5 cm length of tail-tip
from an 8-week-old mouse was washed with 70% ethanol and
PBS, the superficial dermis was peeled away, and the remaining
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tissue was cut into 1-mm pieces using a scalpel. Five or six
pieces were plated in one well of a six-well plate and cultured
with 2 ml of DMEM containing 10% FBS and 50 units/ml peni-

cillin/streptomycin. The medium was changed every 2 to 3 days.

A large number of TTFs migrated out from the explants after 5
days. Cells were then subjected to lentivirus infection, fluores-
cent microscopy, and Western blot assays as described above.

Statistical analysis

Statistical significance was assessed by comparing mean (+
SD) values using Student's t-test for independent groups. P <
0.05 was considered statistically significant.

RESULTS

Generation of a tetracycline-inducible siRNA expression
cassette for PTEN

A previously reported conditional shRNA-expression construct
based on the Tet-on system was described for PTEN targeting
(Premsrirut et al., 2011). The original shRNA coding sequence
for APC was replaced by those encoding shRNAs targeted to
PTEN (Fig. 1A). The lentivirus vector harboring rtTA gene
downstream of a constitutively active promoter was also gener-
ated, and the infection efficiency of the packaged recombinant
lentiviruses were validated (Figs. 1A and 1B). The lentivirus-
mediated overexpression of itTA was verified in HEK293 cells
(Fig. 1C). In principle, rtTA, upon activation by TET or DOX,
initiates the synchronous expression of GFP and the miR-30
precursor, whose subsequent processing generates short hair-
pin RNAs (shRNAs) targeted to PTEN.

Inducible PTEN gene silencing in normal and neoplastic
cells

To examine the efficacy of specific PTEN gene silencing in
cultured cells, we stably transfected HEK293 cells and he-
patic carcinoma HepG2 cells with the construct carrying
shRNAs embedded in miR-30. Upon further infection with
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the rtTA-overexpressing lentivirus and induction with DOX,
the expression of GFP was switched on and increased in a
time-dependent manner in both Ptn1- and Ptn2-transfected
cells (Figs. 2A and 2B). A concomitant knockdown of PTEN
was observed in these cells, suggesting that the shRNAs
targeted to PTEN were generated from the primary tran-
script containing the GFP-coding sequence and the miR-30
precursor (Fig. 2C). Similarly, upon lentivirus-mediated ex-
pression of rtTA and induction with DOX, the expression of
GFP and the silencing of PTEN were achieved in HepG2
cells harboring the inducible PTEN-targeted shRNA-
expressing cassette but not in cells harboring the scrambled
shRNA cassette (Figs. 2D-2G). In addition, we observed a
rapid restoration of PTEN expression in genetically modified
HEK293 and HepG2 cells after withdrawal of DOX (Figs. 2B
and 2E). PTEN knockdown was also observed with a de-
layed time course in transfectants without DOX induction,
which was probably due to the presence of trace amounts of
tetracycline analogues in the serum (Figs. 2B and 2E).
HEK293 cells stably transfected with Ptn1, and HepG2 cells
harboring Ptn2 were used thereafter for further study. The
efficiency of PTEN knockdown by the DOX-inducible system
was comparable with that of synthesized siRNAs (Fig. 2H).
Consistent with the critical role of PTEN in negatively regu-
lating PI3K/AKT signaling, we observed significantly in-
creased activation of AKT in cells whose PTEN was si-
lenced by the DOX-inducible system (Fig. 2I). Taken togeth-
er, the rtTA-based inducible shRNA-expression system is
effective for conditional and reversible PTEN knockdown in
various mammalian cells.

Inducible PTEN gene silencing promotes cell proliferation
and invasion

PTEN deficiency underlies cell transformation and malignant
phenotype maintenance in transformed cells (Song et al., 2012).
Thus, we explored the effects of DOX-induced PTEN gene
silencing on the above cells. CCK-8 assays revealed that DOX
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Fig. 2. Inducible PTEN knockdown by the conditional shRNA-expressing system in cultured cells. (A-C) HEK293 cells were stably transfected
with the inducible shRNA-expressing constructs Ptn1 (A-C) and Ptn2 (B), followed by infection with lentiviruses engineered to express rtTA
and induction with DOX (1 uM). Cells were then subjected to fluorescent microscopy to observe GFP expression (A), and to gRT-PCR assays
(B) and Western blot (C) analyses after incubation with DOX for 48 h (A) or at the indicated times of incubation with DOX (24 h to 96 h), or
following DOX withdrawal after treatment for 96 h (-24 h) (B, C). (D-F) HepG2 cells were stably transfected with Ptn1 (E) and Ptn2 (D-F), fol-
lowed by infection with lentiviruses engineered to express rTA and induction with DOX (1 uM). Cells were then subjected to fluorescent mi-
croscopy to observe GFP expression (D), and to qRT-PCR assays (E) and Western blot (F) analyses after incubation with DOX for 48 h (D) or
at indicated times of incubation with DOX (24 h to 96 h), or following DOX withdrawal after treatment for 96 h (-24 h and -48 h) (E, F). (G-I)
HepG2 cells stably transfected with Ptn2 (G-I, shPTEN) or the scrambled construct (G and H, shC) were further infected with the rtTA-
expressing lentivirus, followed by incubation with (G-I) or without DOX for 48 h. Alternatively, cells were transfected with PTEN-targeted or
scrambled siRNAs (H,100 nM). Where indicated, cells were treated with 100 nM insulin. Cell lysates were prepared and subjected to Western
blot analysis. Data are represented as the mean + SD of n = 3 replicates or representative of three independent experiments.
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Fig. 3. Inducible PTEN knockdown promoted cell growth and invasion and suppressed apoptosis. (A, B) The stably transfected HEK293 cells
described in Fig. 2A were infected with rtTA-expressing lentiviruses, followed by incubation with DOX (1 uM) or the solvent as a control. CCK-8
assays (A) and Western blot analyses of cells after treatment with or without ethanol (B) were performed 48 h or at the indicated times of incu-
bation with DOX. (C-E) The stably transfected HepG2 cells described in Fig. 2D were infected with rtTA-expressing lentiviruses, followed by
incubation with DOX (1 uM) or the solvent as a control. CCK-8 assays (C), and Transwell measurements of cell migration (D) and invasion (E)
were performed 48 hrs or at the indicated times after incubation with DOX. Data are represented as the mean + SD of n = 3 replicates or rep-
resentative of three independent experiments. ***P < 0.001, compared with DOX-untreated cells.

treatment caused the accelerated growth of HEK293 cells (Fig.
3A). DOX induction also resulted in the apparent suppression
of ethanol-triggered processing and activation of caspase-3, the
downstream executioner of programmed cell death (Fig. 3B).
DOX-induced expression of the GFP/miR-30 transcript and the
subsequent generation of PTEN-targeted shRNA in HepG2
cells resulted in increased cell proliferation (Fig. 3C), and facili-
tated the migration and invasion of these malignant cells (Figs.
3D and 3E). These data are in agreement with the well-
documented tumor suppressor role of PTEN in various types of
cells (Song et al., 2012).

Specific and inducible PTEN gene silencing in transgenic

mice
The rtTA-regulated shRNA-expression cassette was then used

http://molcells.org

to generate transgenic mice. After pronuclear injection of the
DNA and transfer of injected zygotes into recipient foster mice,
screening of offspring mice confirmed the successful incorpora-
tion of the transgene fragment in the genome (Fig. 4A). To veri-
fy the expression of GFP induced by rtTA without sacrificing the
mice, we isolated the tail fibroblast cells for in vitro culture (Fig.
4B). The fibroblasts were then infected by the aforementioned
recombinant lentiviruses to constitutively express rtTA. Conse-
quently, treatment of the infected cells with DOX switched on
the expression of GFP and caused downregulation of PTEN
(Figs. 4C and 4D). Therefore, the transgenic mice harboring the
rtTA-regulated shRNA-expression cassette would be applicable
for cell type-selective PTEN silencing when hybridized with a
mouse strain expressing rTA under the control of a cell type-
specific promoter.

Mol. Cells 963
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Fig. 4. Inducible PTEN silencing by the conditional shRNA-expression system in transgenic mice. The linearized pCol-TGM-Ptn1 construct
was used for the generation of transgenic mice. Genomic PCR was used to screen for mice harboring the conditional shRNA-expression cas-
sette (A). The fibroblasts were dissected from the tail of the above neonatal transgenic mice and were continuously cultured in vitro (B). Cells
were infected with rtTA-expressing lentiviruses, followed by incubation with DOX (1 uM) or the solvent as a control. Fluorescent microscopy
(C) and Western blot analyses (D) were performed 48 h post-incubation with Dox or the solvent.

DISCUSSION

Past decades have witnessed the functional denotation of nu-
merous genes using conventional or conditional gene silencing
model organisms (Kleinhammer et al., 2011; Kunath, 2008).
Gene loss of function is also instrumental for defining the in-
volvement of a specific gene product in cell signaling and the
regulation of the behavior of specific types of cells (Bernards,
2014; Fellmann and Lowe, 2014). Despite the development of
several conditional gene knockdown systems based on
Cre/loxP-mediated DNA recombination and tetracycline-
responsive transcriptional activation, the systems permitting
efficient temporal and spatial control of gene silencing, espe-
cially reversible in vivo gene knockdown, remain to be devel-
oped (Kleinhammer et al., 2011; Wiznerowicz et al., 2006).
Here, we achieved inducible PTEN gene knockdown by modi-
fying a previously reported universal conditional gene silencing
system (Premsrirut et al., 2011). Upon induction with DOX, rtTA
initiated the concomitant expression of GFP and the miR-30
precursor, the subsequent splicing of which released the em-
bedded shRNA targeted to PTEN. The expression of tTA by a
cell type-specific promoter in combination with this conditional
shRNA-expressing cassette could be used to achieve PTEN
knockdown in a given population of cells. Compared with previ-
ous conditional RNAI systems, which utilized either Cre to un-
block or constitutive tTA or rtTA to transactivate shRNA expres-
sion, the current system is effective in permitting the reversible
silencing of target genes in a specific subset of cells, and
moreover allows detailed studies to be performed on the PTEN
knockdown cells only by sorting the cells coexpressing GFP
(Matthess et al., 2005; Tiscornia et al., 2004).

As a multifunctional protein and a dual-specificity phospha-
tase that catalyzes the dephosphorylation of phosphatidylinosi-

964 Mol. Cells

tols and protein substrates, PTEN is involved in the regulation
of a wide variety of cell events, e.g., cell cycle progression,
differentiation, and apoptosis (Song et al., 2012). Nevertheless,
as exemplified by the limited number of proteins that have been
identified as its physiological substrates, the precise roles of
PTEN in carcinogenesis, as well as in ontogenesis, remain to
be determined (Hopkins et al., 2014; Song et al., 2012). For
instance, PTEN plays essential roles in the development of the
central nervous system (CNS), as evidenced by the enlarged
neuron soma size, abnormal cell proliferation, and histoarchi-
tectual disorganization of the brain following PTEN deletion in
CNS stem cells, differentiated neurons, or specifically in gran-
ules of the cerebellum and dentate gyrus (Backman et al., 2001;
Groszer et al., 2001; Kwon et al., 2001; Li et al., 2003). Howev-
er, the irreversible nature of PTEN deficiency in these mice
precluded using them to determine whether these abnormali-
ties were due to a lack of PTEN in the neural stem cells or in
the differentiated neurons derived from these NSCs (Groszer et
al., 2001; Li et al., 2003). In this respect, the reversible PTEN
knockdown system we established here could be employed to
knock down PTEN selectively in NSCs, for instance, by driving
rtTA expression using a NSC-specific promoter, e.g., the nestin
promoter, plus administration of Dox. The conditional knock-
down of PTEN could thus be stringently controlled in the litter-
mate mice. Given the availability of mouse strains with trans-
genic rtTA-expressing cassettes controlled by various specific
promoters, the reversible PTEN knockdown system would be
applicable for the study of PTEN functions in different cell popu-
lations during the desired period of time, and would be particu-
larly useful for determining the role PTEN plays in the intervallic
developmental stage (Ko et al., 2011; Miething et al., 2014). In
addition, when hybridized to mice with oncogenic mutations,
these conditional PTEN deficient mice would probably develop
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malignancies in specific tissues, thus providing spontaneous
tumor models with homogeneous and definitive genetic back-
grounds for cancer research (Ai et al., 2014; Im et al., 2014).
Taken together, the present study provides a novel approach to
achieving conditional PTEN silencing, which is instrumental for
precisely deciphering the function of PTEN during carcinogen-
esis and ontogenesis.
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