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ABSTRACT

RNA interference (RNAi) is a powerful tool to induce
loss-of-function phenotypes by inhibiting gene
expression post-transcriptionally. Synthetic short
interfering RNAs (siRNAs) as well as vector-based
siRNA expression systems have been used suc-
cessfully to silence gene expression in a variety of
biological systems. We describe the development
of an inducible siRNA expression system that is
based on the tetracycline repressor and eukaryotic
RNA polymerase III promoters (U6 and 7SK). For
proof of concept we selectively inhibited expression
of two catalytic subunits of the phosphatidylinositol
3-kinase (PI 3-kinase), p110a and p110b, by using
vector-derived short hairpin RNAs (shRNAs). Stable
pools of human prostate cancer cells (PC-3) exhibit-
ing reduced levels of both PI 3-kinase catalytic sub-
units due to the expression of corresponding
shRNAs in an inducible fashion were established
and analyzed for their invasive potential in vitro as
well as in an orthotopic metastatic mouse model.
This inducible system for RNAi allows an unbiased
and comparable analysis of loss-of-function pheno-
types by comparing selected isogenic cell popula-
tions on the induced and non-induced level. In
addition, conditional RNAi allows the study of
essential and multifunctional genes involved in
complex biological processes by preventing inhibi-
tory and compensatory effects caused by constitu-
tive knockdown.

INTRODUCTION

RNA interference (RNAi) was discovered in Caenorhabditis
elegans as a gene silencing mechanism in response to injection
of long double-stranded RNA (dsRNA) (1,2). In most
mammalian cells the introduction of long dsRNA induces a
cytotoxic response due to activation of the PKR system (3,4).
This cellular defence response can be circumvented by use of
synthetic short (21±22 nt) interfering RNAs (siRNAs) (5,6).
Two different approaches have been described for expressing

double-stranded siRNAs in mammalian cells. In the ®rst case a
single promoter directs the transcription of a stem±loop
structure, whereas in the second case two promoters transcribe
the sense and antisense strands separately. In most cases RNA
polymerase III promoters such as H1 and U6 have been used to
direct expression of functional short hairpin RNAs (shRNAs)
from vectors (7±13). More recently, shRNA promoter expres-
sion cassettes have been incorporated into retroviral vectors,
including lentivirus-based vectors, to allow for ef®cient, cell
type-independent delivery (14±17). Nonetheless, the analysis
of stable loss-of-function phenotypes requires selection for
cells which continuously express shRNAs. This selection
process may cause compensatory or even non-physiological
responses masking the true biological consequence of a
functional knockdown. Compensatory responses may be
especially pronounced in experiments where loss-of-function
interferes with proliferation or causes cell death. Therefore,
the controlled expression of shRNA molecules in a temporal
and spatial manner would be bene®cial for studying loss-of-
function phenotypes in the context of cellular development
and differentiation.

Very recently, van de Wetering et al. reported a stable
system for inducible expression of shRNAs. In their report, a
Tet-regulated [Tet repressor (TetR)-responsive] variant of the
RNA polymerase III-dependent H1 promoter was used for
doxycycline (Dox)-induced shRNA expression and conse-
quent knockdown of b-catenin in stably transfected colorectal
cancer cell clones (18). In a similar approach, we aimed to
develop our previously described shRNA expression system
(13) into an inducible vector-based system to direct the
conditional expression of shRNAs. We used the well-
characterized phosphatidylinositol 3-kinase (PI 3-kinase)
signaling pathway as a model system to measure biological
effects of induced shRNA action. PI 3-kinase and its
downstream effectors regulate a variety of cellular responses
such as survival, proliferation and cell migration (19). In
addition, chronic activation of PI 3-kinase signaling appears to
contribute to invasive tumor cell growth (20). Due to this
central role of PI 3-kinase signaling in regulating a variety of
cellular functions, a more sophisticated gene inactivation
approach such as the inducible expression of shRNAs is
required. Here we have employed a new inducible shRNA
expression system to describe conditional knockdown of two
different catalytic subunits of PI 3-kinase, p110a and p110b.
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We analyzed the phenotypic consequences of the correspond-
ing knockdown in a cell-based assay and, furthermore, we
applied this system in a mouse model for metastatic human
prostate cancer.

MATERIALS AND METHODS

Plasmid constructs

7SK and U6 RNA polymerase III promoter fragments were
ampli®ed from human genomic DNA [7SK primer derived
from X05490, 5¢-gaagagagaaagggcgaggaa-3¢, 5¢-ggtcctta-
gatgggtaatgggtcaa-3¢ (21); U6 primer derived from X07425,
5¢-tcgggcaggaagagggcctatttc-3¢, 5¢-aaacagaaaaacaacctgatgtaa-
3¢] and subcloned into a promoter-less pcDNA3.1 (neomycin
resistance)-derived vector (Invitrogen). One tetracycline oper-
ator (tetO) sequence was introduced between the TATA box
and transcription start site by a PCR-based cloning approach
leading to the core promoter sequences 7SKtetO
(tataCTCCCTATCAGTGATAGAGATCgg) and U6tetO
(tatatCTCCCTATCAGTGATAGAGATCgt) (tetO in capital
letters).

Oligonucleotides coding for the p110a and p110b hairpin
siRNAs were cloned into two non-palindromic BsmBI
restriction sites and have been described previously (13).
The TetR expression plasmid pcDNAÔ6/TR was obtained
from Invitrogen.

Cell culture and generation of stable cell pools

Human prostate carcinoma PC-3 cells were grown in F-12K
Kaighn's modi®cation medium (Gibco-BRL) containing 2 mM
glutamine (Gibco-BRL), 20 mM HEPES (Biochrom) and 10%
fetal bovine serum (Gibco-BRL). The shRNA expression
plasmids and the TetR expression plasmid (pcDNAÔ6/TR)
were transfected with Effectene transfection reagent (Qiagen).
The cells were trypsinized 48 h after transfection and seeded
into selective medium. PC-3 cells stably expressing siRNA
were established by selection with medium containing
geneticin (600 mg/ml; Invitrogen) alone or in the case of
double transfection experiments with pcDNAÔ6/TR in com-
bination with blasticidin (10 mg/ml). The medium was
renewed every 3 days. After 2 weeks resistant colonies (a
minimum of 200 individual clones) were trypsinized, com-
bined in pools and cultured in selective medium. Transient
transfection experiments with HeLa cells have been described
in Czauderna et al. (13).

Northern blot analysis

Detection of the expressed shRNAs has been described
previously (13). Total RNA was prepared from cells and
tumor tissues using RNAzol (WAK Chemie, Germany). The
RNA (20 mg) was denatured by DMSO/glyoxal treatment for
1 h at 50°C and subsequently separated in a sodium phosphate-
buffered 3% Nusieve agarose (3:1) gel. During electrophoresis
the buffer was recirculated. The RNA was transferred to nylon
membranes (Nytran Supercharge; Schleicher & Schuell,
Germany) and UV cross-linked. 5¢-32P-end-labeled oligonu-
cleotides (p110b, 5¢-ttttttttttttaaattccagtggttcattcca-3¢; p110a,
5¢-ttttttttttttctccaaagcctcttgctcagt-3¢; tRNAVal probe, 5¢-
gaacgtgataaccactacactacggaaac-3¢) were used for hybridiza-
tion. Blots were washed several times under stringent

conditions and exposed to phosphorimager screens
(Molecular Dynamics).

Immunoblot analysis

Cell lysates were prepared and aliquots of the cell extracts
containing equal amounts of protein were analyzed by
immunoblotting as described previously (13,22). The murine
monoclonal anti-p110a antibody and monoclonal anti-p85
have been described (23). Rabbit polyclonal anti-phospho-Akt
(S473) antibodies were obtained from Cell Signalling
Technology and the polyclonal anti-p110b antibody was
from Santa Cruz Biotechnology. The murine monoclonal anti-
TetR was obtained from MoBiTec (Germany).

In vitro growth on matrigel matrix

Parental PC-3 cells or PC-3 pools stably transfected with
shRNA expression plasmids were trypsinized, washed in
medium and seeded into 24 wells (100 000 cells/well) pre-
coated with 250 ml matrigel basement membrane matrix
(Becton Dickinson). After incubation for 48±72 h photographs
were taken at 53 magni®cation with an Axiocam camera
attached to an Axiovert S100 microscope (Zeiss).

Orthotopic prostate tumor/metastasis model

Eight-week-old male Shoe:NMRI-nu/nu mice (DIMED,
Germany) were inoculated with 2 3 106 stably transfected
PC-3 cells resuspended in 30 ml PBS into the left dorsolateral
lobe of the prostate gland under total body anesthesia (24). In
the experiments with and without Dox treatment the animals
were randomized into two groups (eight animals each) and
cells were implanted alternately in both groups during surgery.
Doxycycline hydrochloride (Sigma) was administered as a
0.1% solution via the drinking water with 3% sucrose
dissolved in natural mineral water starting on the day of
surgery. Animals were killed 56 days post-operation and
tumors (prostate gland), regional metastases (caudal, lumbar
and renal lymph node metastases) and distant metastases were
measured in two dimensions by means of a pair of callipers
and the volume was calculated according to V (mm3) = ab2/2
with b < a. All killed animals were completely dissected and
photographically documented. The mouse experiments
(mouse surgery, cell transplantation, measurement of tumor
volume, etc.) were performed double blind and independently
by two researchers (W.A. and F.L.).

RESULTS AND DISCUSSION

We have shown previously that transient expression of vector-
derived shRNAs speci®c for the PI 3-kinase catalytic
isoforms, p110a and p110b, mediate ef®cient gene silencing
in HeLa cells (13). In a ®rst step towards the development of a
conditional RNAi system in mammalian cells we generated
PC-3 cell pools stably expressing suf®ciently high expression
levels of shRNA molecules. For this purpose, we employed
different RNA polymerase III promoter cassettes, namely the
previously described H1 and U6 promoters, to drive vector-
based shRNA expression (7±10,25). In addition, for further
development of the conditional knockdown system we used
the newly developed 7SK promoter cassette (21), which
turned out to be suitable for generating high amounts of
shRNA (Czauderna et al., unpublished). In selected PC-3
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pools with stably integrated expression cassettes we observed
a dramatic reduction in the amount of shRNA compared to
transiently expressed shRNA (Fig. 1A). A very similar
decrease in expression was observed for all three RNA
polymerase III promoter (U6, H1 and 7SK) constructs after
stable integration (data not shown). We and others have shown
previously that the reduction in protein expression by RNAi is
dependent on the intracellular amount of cytoplasmically
localized or delivered siRNA effector molecules (13). To
demonstrate that the lower level of shRNA expression in
stable cell pools is still suf®cient for gene silencing of
the targets p110a and p110b, we performed immunoblot
analyses. Figure 1B shows a reduction in p110a protein in
PC-3 pools stably expressing shRNA generated with a U6
promoter-based p110a-shRNA expression construct. We and
others have reported previously that knockdown of only one PI
3-kinase catalytic isoform, namely p110b, in PC-3 cells can be
suf®cient for a substantial reduction in phosphorylation of the
PI 3-kinase downstream effector Akt, suggesting distinct
signaling roles of the isoforms (13,22,26). Therefore, p110b
knockdown was demonstrated indirectly by inhibition of Akt
phosphorylation (Fig. 1B, lane 2).

Having established that shRNA expression levels in stable
PC-3 populations are suf®cient to reduce protein expression,
we set out to develop an inducible shRNA expression system
for the generation of conditional loss-of-function phenotypes.
A tetracycline-responsive derivative of the human U6 snRNA
promoter has been described that allows inducible transcrip-
tion of antisense RNA (27). Here we give an example of how
TetR can be employed in combination with two different RNA
polymerase III promoters, U6 and 7SK, for the inducible
expression of shRNAs. We inserted into both promoters one
tetO sequence immediately downstream of the TATA box
(Fig. 2; see Materials and Methods). In the absence of its
synthetic regulator, Dox, TetR binds to the operator and
prevents expression of the shRNA transcripts by RNA
polymerase III. In an initial step to assess inducible expression
of p110a- and p110b-directed shRNAs, we performed tran-
sient co-transfection experiments with the TetR expression
plasmid and the 7SK- or 7SKtetO-shRNA plasmids in HeLa
cells. Northern blot analysis revealed Dox-dependent tran-
scription of the p110a- and p110b-speci®c shRNA transcripts
in a tetO-dependent manner (7SKtetO), since shRNA tran-
scription was not affected by Dox in samples with control
plasmids lacking the operator sequence (7SK) (Fig. 3A).
Importantly, transient cell pools in the absence of Dox did not
show any shRNA expression, demonstrating tight control of
the system by TetR. With the U6-based constructs (U6 and
U6tetO) a very similar regulation was observed (data not
shown; see also Fig. 3C). Successful inhibition of p110a
protein expression correlated with induced shRNA expression,
as shown in Figure 3B (compare lanes 3 and 4). Dox-
dependent p110b knockdown was again demonstrated
indirectly by phospho-Akt inhibition (Fig. 3B, compare
lanes 1 and 2), as shown in comparison to the non-induced
control. Next, we addressed the question of whether the
conditional shRNA expression system can achieve inducible
suppression of gene expression after stable transfection. Pools
of PC-3 prostate cancer cells co-transfected and selected for
the TetR and shRNA expression plasmids were analyzed by
northern blotting for Dox-dependent induction of shRNA

transcription (Fig. 3C). Again, we observed a 50- to 100- fold
lower level of stable expression when compared to transient
expression (see also Fig. 1A; data not shown). However, Dox-
dependent transcription could still be observed with both tetO-
containing RNA polymerase III promoters (U6tetO and
7SKtetO) for each p110 isoform-speci®c shRNA. We did
not observe signi®cant differences in the expression level or
induction of the two different RNA polymerase III promoters.
Dox-induced shRNA transcription resulted in successful
reductions in protein expression in different stable PC-3
pools analyzed by immunoblotting (Fig. 3D). In this experi-
ment we also employed a p110b-speci®c antibody alongside
the measurement of Akt phosphorylation to demonstrate
functional knockdown of the target. Both p110b protein
expression and phosphorylation of the downstream kinase Akt
were reduced by Dox-mediated derepression of p110b shRNA
expression (Fig. 3D). The reduction in p110a protein level
was less prominent, but detectable, and had no functional
consequences on downstream signaling, as shown previously
(13,22). Having demonstrated inducible protein knockdown of
the two PI 3-kinase catalytic subunits p110a and p110b in
stable PC-3 cell pools we analyzed the phenotypic con-
sequences in a cell-based assay. It has been shown by us and
others that inhibition of PI 3-kinase activity leads to reduced
growth of invasive cancer cells on basement membranes such
as extracellular matrigel matrix (13,22,28). As a positive
control for inhibition of cell growth we used the small
molecule PI 3-kinase inhibitor LY294002 on parental PC-3
cells (Fig. 3E, left panel). The addition of Dox itself had no
effect on PC-3 growth in this assay. However, Dox treatment
of the PC-3 cell pools stably expressing 7SKtetOp110b and
U6tetOp110b shRNA led to substantial inhibition of cell
growth and a reduction in the formation of cellular network
structures, similar to LY294002 treatment (Fig. 3E). Inducible
expression of p110a-speci®c shRNAs had no inhibitory effect

Figure 1. shRNA expression vectors speci®c for the two catalytic subunits
of PI 3-kinase, p110a and p110b, are functional after stable integration in
the genome of PC-3 cells. (A) Comparison of stable and transient U6
promoter-driven shRNA expression level by northern blot analysis. Aliquots
of 20 mg of total RNA from pools of PC-3 cells stably expressing shRNA
(lane 1) and 4 mg of total RNA (adjusted with 16 mg RNA from untreated
cells; lane 2) from transiently transfected PC-3 cells (48 h post-transfection)
were loaded and compared. (B) Stable expression of shRNA mediates
inhibition of p110a and p110b protein expression in PC-3 cell pools. Cell
lysates derived from PC-3 cells mock transfected (lane 1) or stably
transfected with p110b-shRNA (lane 2) or p110a-shRNA (lane 3) were
separated by SDS±PAGE and protein reduction was analyzed by immuno-
blotting using anti-p110a (upper row) and anti-phospho-Akt antibody
(lower row) to monitor p110b inhibition indirectly through a reduction in
phosphorylated Akt levels. The amount of p85, a regulatory subunit of
PI 3-kinase, was used as a loading control (middle row).
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with either expression cassette. This result is consistent with
the Dox-dependent inhibition of Akt phosphorylation and
suggests that p110b is the more relevant catalytic isoform for
growth on extracellular matrix in PC-3 cells.

Tetracycline-dependent expression systems have been
widely used in animal models for studying gene function
(29). To assess whether inducible RNAi-mediated knockdown
of the two PI 3-kinase isoforms shows distinct phenotypic
consequences on tumorigenicity and/or the incidence of
metastasis we implanted the above characterized stable PC-3
pools intraprostaticly into nude mice. In contrast to ectopic
application, direct implantation of human PC-3 prostate
cancer cells into the mouse prostate does permit expression
of the metastatic potential of these cells and therefore
represents an orthotopic metastatic model for human prostate
cancer (24). Figure 4A summarizes the tumor volume in the
prostate and the volume of lymph node metastases 56 days
after implantation of the different inducible shRNA-express-
ing cell pools (for details see Materials and Methods). Stable
PC-3 pools with inducible 7SKtetOp110b or U6tetOp110b
expression cassettes showed a signi®cant reduction in the
formation of metastases but not in tumor size in mice treated
with Dox. This inhibitory effect was not observed with cells
stably transfected with the 7SKtetOp110a constructs. Cell
pools constitutively expressing p110b shRNA (7SKp110b
without tetO but co-selected with the TetR plasmid) did not
show a difference in either tumor growth or metastases
formation after Dox treatment. In Figure 4B representative in
situ pictures of the abdominal cavity are shown visualizing the
prostate tumor and the lumbar lymph node metastases (two
mice per group are shown). The absence of lumbar lymph
node metastases in Dox-treated mice implanted with
7SKtetOp110b transfectants, in particular, is striking, since
the prostate tumor size itself is not signi®cantly reduced. It can
be speculated that p110b may mainly regulate more speci®c
responses such as migration of prostate cancer cells from the
primary tumor to other sites in the body. In order to
demonstrate that Dox-dependent transcription is maintained

during the 8 week time period of the in vivo experiment, we
performed northern blots with total RNA derived from
individual prostate tumors. Expression of p110b-speci®c
shRNA in tumors of eight individual animals from the Dox-
treated as well as untreated groups were analyzed and the
existence of induced shRNA expression in mice treated with
Dox was observed. Figure 4C clearly shows that p110b-
shRNA expression is maintained and even increased in
primary tumors derived from mice treated with Dox, in
contrast to animals without Dox treatment. This result
demonstrates that Dox treatment of the mice was effective
and indicates that the conditional shRNA expression is stable
and maintained for an extended time, here 56 days, in vivo.
However, Dox-controlled shRNA expression in vivo did not
appear to be as tightly regulated as observed for stable cell
pools maintained in culture under selection pressure (see
Fig. 3C). It is likely that during the tumor development period
of several weeks in the absence of selection pressure, the
applied cell pools partly lost TetR expression and conse-
quently regulated shRNA expression. In addition, it is
conceivable that the two promoter systems (polymerase III
for shRNA expression and polymerase II for TetR expression)
are affected differently by silencing mechanisms. To over-
come the observed leakiness of the system in our mouse
model, we are currently developing retrovirus-based systems
in which TetR and shRNA expression are more tightly linked
to ensure a more rigid control.

Taken together, our data demonstrate that an inducible
siRNA expression system can be applied to generate condi-
tional loss-of-function phenotypes in vitro and in vivo allow-
ing a more comprehensive functional analysis of genes.
Surprisingly, the TetR-based system resulted in an extremely
tight regulation of shRNA expression. In addition, regulated
expression of shRNA allows direct analysis of loss-of-
function phenotypes in a more controlled manner. For
example, phenotypic consequences can be studied in single
cell pools expressing shRNAs in direct comparison with the
same pool but where shRNA expression is repressed. In future

Figure 2. Schematic illustration of the tetracycline (Dox)-regulated RNA polymerase III promoter (7SK, U6) shRNA expression system. Within the
7SK/U6-tetO-promoter, the tetO sequence is located immediately downstream of the TATA box. Transcription is repressed by binding of TetR in the absence
of Dox. Addition of Dox results in dissociation of the repressor leading to derepression/activation of the transcriptional unit. The RNA polymerase III
promoter elements are indicated: DSE, distal sequence element; PSE, proximal sequence element; TATA, TATA box. The G represents the transcription start
site followed by the sequence encoding a 21 bp long shRNA molecule containing an (A)12 loop.
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Figure 3. Functional characterization of the Dox-inducible shRNA expression system. (A) Northern blot analysis to show inducible expression of p110b- (left
panel, lanes 3 and 4) and p110a-speci®c (right panel, lanes 7 and 8) shRNA transcripts upon treatment with Dox (50 ng/ml, 72 h) after transient co-expression
of TetR with corresponding 7SK-tetO-shRNA expression constructs (ratio 4:1) in HeLa cells. Non-inducible/constitutively active shRNA expression constructs
7SK-p110b (lanes 1 and 2) and 7SK-p110a (lanes 5 and 6) were used as controls. Equal loading of total RNA was assessed by detecting rRNA (lower panel).
(B) Dox-induced inhibition of p110a and p110b protein expression in transiently transfected HeLa cells. Cell extracts from cell pools treated with (lanes 2
and 4) or without (lanes 1, 3 and 5) Dox (50 ng/ml, 72 h) were separated by SDS±PAGE and blotted and probed with anti-p110 (detecting p110a and p85),
anti-phospho-Akt, anti-p85 and anti-TetR antibodies as indicated. TetR is only present in transfected cells. The signal for p85 was used as a loading control.
(C) Dox-inducible expression of p110b-shRNA (left panel) and p110a-shRNA (right panel) in PC-3 cells stably co-transfected with TetR protein expressing
plasmids and the indicated shRNA expression constructs (U6-shRNA and 7SK-shRNA). The rRNA served as a loading control. (D) Dox-induced reduction in
p110b and p110a protein levels (lane 2 and 4) in doubly transfected stable PC-3 cell expressing TetR and the indicated shRNA expression constructs. Cell
extracts from parental or stably transfected PC-3 cells treated with or without Dox (50 ng/ml, 48 h) were separated by SDS±PAGE and analyzed by western
blotting using anti-p110 antibody (for p110a and p85), anti-phospho-Akt antibody, anti-p85 antibody and anti-p110b antibody. The p85 signal was used as a
loading control. (E) Growth of corresponding PC-3 cell pools [taken from (D)] on extracellular matrix with or without Dox treatment. The different stable
7SktetO and U6tetO PC-3 cells were incubated for 72 h with or without 50 ng/ml Dox before seeding on matrigel. To rule out non-speci®c Dox effects
untransfected PC-3 cells (parental) with or without Dox treatment were prepared in parallel. Parental cells were seeded on matrigel in the presence of 10 mM
PI 3-kinase inhibitior (LY294002) or with the vehicle DMSO (left panels). After incubation for 24 h on matrigel, cells were photographed at 53
magni®cation.
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a combination of inducible shRNA expression systems with
viral vector systems for effective delivery will enhance
application of recombinant RNAi technology in functional
gene analysis and for use as a potential therapeutic.
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