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Chronic activation of the phosphoinositide 3-kinase

(PI3K)/PTEN signal transduction pathway contributes to

metastatic cell growth, but up to now effectors mediating

this response are poorly defined. By simulating chronic

activation of PI3K signaling experimentally, combined

with three-dimensional (3D) culture conditions and gene

expression profiling, we aimed to identify novel effectors

that contribute to malignant cell growth. Using this ap-

proach we identified and validated PKN3, a barely char-

acterized protein kinase C-related molecule, as a novel

effector mediating malignant cell growth downstream of

activated PI3K. PKN3 is required for invasive prostate cell

growth as assessed by 3D cell culture assays and in an

orthotopic mouse tumor model by inducible expression

of short hairpin RNA (shRNA). We demonstrate that PKN3

is regulated by PI3K at both the expression level and the

catalytic activity level. Therefore, PKN3 might represent a

preferred target for therapeutic intervention in cancers

that lack tumor suppressor PTEN function or depend on

chronic activation of PI3K.
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Introduction

The phosphoinositide 3-kinase (PI3K)/PTEN signaling path-

way regulates a diverse set of cellular responses including

growth, development, survival, motility, adhesion, immune

cell function and glucose transport (Katso et al, 2001;

Roymans and Slegers, 2001). Class IA PI3K molecules are

heterodimers consisting of a regulatory subunit, p85, and

a catalytic subunit, p110, whereby several different isoforms

exist for each subunit (Wymann and Pirola, 1998). PI3K is

only transiently activated after growth factor stimulation

of normal cells, and is rapidly turned off through tumor

suppressor PTEN function. PTEN negatively regulates PI3K

signaling by dephosphorylating its second messenger phos-

pholipid products, thereby ensuring that activation of the

pathway occurs in a transient and controlled fashion

(Vazquez and Sellers, 2000). PTEN is one of the most

frequently inactivated tumor suppressor genes in human

cancer (Trotman and Pandolfi, 2003), and its loss results in

chronic activation of the PI3K pathway and correlates with

increased metastatic behavior (Wang et al, 2003). Sustained

PI3K activation can also be achieved by activated forms

of PI3K itself and correlates with increased invasiveness or

growth in semi-solid matrices (Jimenez et al, 1998; Klippel

et al, 1998; Kobayashi et al, 1999).

Conventional gene expression analysis using microarrays

to identify cancer therapy targets is hampered by the chro-

mosomal instability of tumor cells and typically results in a

large number of differentially expressed genes with uncertain

disease relevance. Instead of comparing disease end points,

we investigated the molecular changes induced after simulat-

ing PI3K hyperactivation experimentally, which allowed to

compare pairs of otherwise isogenic cells under normal

growth conditions in subsequent gene profiling studies

(Kaufmann et al, 2004). This approach was combined with

three-dimensional (3D) culture conditions using basement

membrane-containing extracellular matrix, which provides

for a more relevant system to recapitulate tumor cell growth

and metastasis than standard 2D culture conditions using

plastic culture surfaces (Bissell et al, 2003). In fact, controlled

modulation of PI3K signaling has little phenotypic conse-

quences on 2D cell growth (Stolarov et al, 2001), but drama-

tically affects the growth phenotype under 3D culture

conditions (Kaufmann et al, 2004).

A number of kinases and other signaling molecules, which

mediate PI3K-regulated events, represent candidate cancer

therapy targets (Luo et al, 2003). However, most of these

proteins act rather upstream in the PI3K signaling cascade

and also regulate multiple functions in normal cells

(Wymann et al, 2003). Therefore, their inhibition is likely

to cause side effects. Here, we describe the identification,

validation and biochemical characterization of a novel kinase

molecule, which mediates invasive prostate cancer cell

growth further downstream of a hyperactive PI3K pathway

in cell-based assays and a mouse tumor model.

Results

PKN3 mediates growth on basement membrane

downstream of PI3K

Sustained activation of PI3K signaling is required for growth

of invasive PTEN�/� PC-3 prostate cancer cells on basement

membrane matrix, whereas modulation of MEK-MAP kinase

signaling has little effect in this cell type (Kaufmann et al,
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2004; Supplementary Figure 1). By expression profiling,

we identified genes that are PI3K-dependently expressed in

cells grown on basement membrane-containing matrigel

(Kaufmann et al, 2004). One of these genes encoded a kinase

with homology to the protein kinase C superfamily: PKN3,

also known as PKNb (Manning et al, 2002; Mukai, 2003), has

not yet been linked to the PI3K/PTEN pathway or to invasive

growth.

After verifying its PI3K-dependent expression (Supple-

mentary Figure 2A), we tested whether PKN3 expression is

required for PI3K-induced cell growth under 3D culture

conditions. PC-3 cells were treated with three different PKN3-

specific antisense molecules, the so-called GeneBlocs (GBs)

(Sternberger et al, 2002), and subsequently seeded on

matrigel (Figure 1A). GBs specific for inhibiting expression

of PTEN or p110b, an isoform of the catalytic subunit of PI3K,

served as negative or positive controls. In PC-3 cells, p110b
appears to represent the predominant isoform for mediating

PI3K signaling as compared to p110a (Supplementary

Figure 3). Parallel samples were analyzed to confirm specific

reduction of PKN3 mRNA expression (not shown; see reduc-

tion of protein expression in Figure 1B). Inhibition of PKN3

expression interfered with growth on matrigel to the same

extent as inhibition of p110b (Figure 1A), which was pre-

viously shown to be required for growth of PC-3 cells on

basement membrane matrix (Czauderna et al, 2003b;

Supplementary Figure 3). PTEN GB treatment had no effect

on the PTEN�/� PC-3 cells in the matrigel assay, similar to a

mismatch control antisense molecule (mm) of PKN3 GB3.

Three GB molecules targeting distinct sites in the PKN3

mRNA all inhibited PC-3 cell growth on matrigel, whereas

their corresponding four-nucleotide mismatch controls did

not (Supplementary Figure 4A). To verify the GB-mediated

PKN3 protein knockdown, we raised antibodies against the

PKN3 kinase domain. PKN3-specific GBs that interfered with

PC-3 cell growth on matrigel also efficiently reduced PKN3

protein levels, whereas none of the control antisense mole-

cules had any effect (Figure 1B). Importantly, the PKN3 GBs

did not interfere with expression of the kinase molecules

PKN1 or PKN2 (also known as PRK1 and PRK2), which are

close homologs of PKN3 (Mukai, 2003). Both were shown to

be regulated by PI3K (Flynn et al, 2000) and implicated in

prostate cancer (Metzger et al, 2003). Furthermore, PKN1

mRNA expression was also PI3K-dependent in PC-3 cells

grown on matrigel (Supplementary Figure 2B). In contrast

to PKN3, however, neither PKN1 nor PKN2 protein knock-

down interfered with the ability of PC-3 to grow on matrigel

(Supplementary Figures 4B and C). These experiments sug-

gest that PKN3, but not PKN1 or PKN2, is required for PC-3

growth on matrigel.

PKN3 is expressed in a PI3K-dependent manner

and is upregulated in patient prostate tumor samples

To investigate whether sustained PI3K signaling is not only

required but may even be sufficient for increased expression

of PKN3, we generated stably transfected pools of a normal

human breast epithelial cell line (MCF-10A) expressing an

inducible version of a constitutively active PI3K, M-p110*-ER,

from promoters with different strengths. The activity of

M-p110*-ER can be stimulated by the addition of 4-hydro-

xytamoxifen (4-OHT), which results in chronic activation of

the PI3K pathway (Klippel et al, 1998). Both stable M-p110*-

ER pools exhibited increased basal PI3K signaling compared

to the control cell population, as indicated by the elevated

phosphorylation of the downstream effector p70S6 kinase

(p70S6K) (Figure 2A, lanes 1, 5 and 9). In cells with lower

M-p110*-ER levels PI3K signaling was further enhanced by

4-OHT treatment (lanes 5 and 6), whereas it was almost

maximal without 4-OHT in cells with high M-p110*-ER levels

(lanes 9 and 10). Endogenous PKN3 protein expression was

strongly induced in M-p110*-ER cells compared to control

cells, and the induction level correlated with the respective

level of PI3K signaling (compare lanes 1 and 2, 5 and 6, and 9

and 10); the identity of the PKN3 signal was confirmed by the

disappearance of PKN3 in GB-treated samples (lanes 13 and

14). In MCF-10A cells, increased PKN3 expression was also

dependent on chronic activation of the PI3K pathway, as

indicated in samples treated with LY294002 (LY), a small-

molecule inhibitor of PI3K (lanes 7 and 11). Rapamycin,

which inhibits mTOR-p70S6K signaling, also abrogated

PKN3 expression in MCF-10A cells (lanes 8 and 12), indicat-

ing that this PI3K effector pathway contributes to PKN3

PTEN GB p110β β GB PKN3 mm3

PKN3 GB1 PKN3 GB2 PKN3 GB3

GB  mmGB  mm

PKN3 GB2 PKN3 GB3

GB  mm GB  mm

60 nM 60 nM30 nM 30 nM

p110α

p85

PKN3

PKN1/2

A

B

Figure 1 PKN3 mediates growth on basement membrane matrix in
PTEN�/� prostate cancer cells. (A) PC-3 cells transfected with
30 nM of the indicated GB antisense or mismatch molecules (mm)
were grown for 48 h on matrigel; size bars: 200mm. The experiment
was reproduced by independent transfections. (B) PC-3 cells were
grown for 48 h in the presence of the indicated sets of PKN3 GB or
mm control. Protein extracts were analyzed by immunoblotting
using PKN3-specific antiserum. The filter was reprobed using anti-
bodies against PKN1 and PKN2. The PI3K subunits p110a and p85
served as loading controls.

PKN3 is controlled by PI3K at multiple levels
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induction in these cells. PKN1/2 expression was regulated

by PI3K to some extent, but was not as readily induced by

M-p110*-ER as PKN3. Taken together, this indicates that

hyperactivation of the PI3K pathway is not only required

but can also be sufficient for enhanced PKN3 expression.

Since loss of PTEN function and the concomitant activa-

tion of PI3K signaling have been correlated with the devel-

opment of metastatic prostate cancer, we wanted to test

whether PKN3 could be detected in tissue samples of patient

prostate tumors. Immunohistochemical analysis of adjacent

tissue sections was carried out using PKN3 preimmune or

immune serum. Only the immune serum-treated samples

exhibited regions with positive staining (Figure 2B, left).

Close inspection revealed that most of the tumor cells in

the sample stained positive for PKN3 while the surrounding

nontumorigenic tissue was negative. These results were

corroborated by in situ hybridization studies, where prostate

tumor tissues showed elevated staining only with a PKN3-

antisense probe compared to normal prostate tissue

(Figure 2B, right).

Induced inhibition of PKN3 expression interferes with

formation of lymph node metastasis in an orthotopic

mouse prostate tumor model

For long-term loss of function studies to validate candidate

targets in mouse tumor model systems, we recently estab-

lished a vector-derived expression system for inducible

shRNA molecules (Czauderna et al, 2003b). Doxycyline

(Dox) treatment induces U6tetO promoter-controlled shRNA

expression by inactivating the tetracycline repressor (TetR).

We isolated stable PC-3 cell populations expressing two

different shRNAs targeting PKN3. Dox-induced shRNA ex-

pression resulted in efficient knockdown of PKN3 protein

levels after 48 h (Figure 3A). Pools of stable cells directing

induced inhibition of p110a or expressing an unrelated con-

trol shRNA were analyzed in parallel. Respective cell popula-

tions were seeded on matrigel and photographed at different

time points. As expected from experiments shown above

(Figure 1), cells with shRNA-mediated knockdown of PKN3

expression exhibited impaired growth on extracellular matrix

(Figure 3B). As described earlier, inhibition of p110b, but not

of p110a, interferes with matrigel growth of PC-3 cells

(Supplementary Figure 3; Czauderna et al, 2003b), whereas

p110a represents the predominant PI3K subunit in other cell

types (Figure 5A). Accordingly, induced inhibition of p110a
had no effect in PC-3 cells in the experiment shown here and

served as a control for Dox treatment and shRNA induction.

This result confirmed that vector-derived inducible expres-

sion of PKN3 shRNA in these stable cell populations was

indeed functional.

Next, stable PKN3 shRNA PC-3 cells were transplanted

intraprostatically into nude mice (Stephenson et al, 1992).

The animals were split into two groups, one group was

treated with Dox to induce shRNA expression and the second

group was mock-treated. After 56 days the mice were killed

and analyzed for primary tumor formation and lymph node

metastasis. The Dox-treated group of mice showed a small

effect on primary tumor growth; however, metastases forma-

tion was strongly inhibited (Figure 3C). Similar results were

obtained in a separate experiment with a cell population

expressing the second PKN3 shRNA; also, Dox treatment of

mice transplanted with untransfected PC-3 cells did neither

affect tumor nor metastases formation (not shown).

Northern-blot analysis of RNA extracted from the primary

tumors showed that samples obtained from Dox-treated mice

exhibited on average increased expression of PKN3 shRNA

compared to samples from the control group (Figure 3D, top

panel). In fact, overall there was an inverse correlation

between the level of shRNA induction and the amount of

PKN3 mRNA detected in these samples: high shRNA levels in
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Figure 2 PKN3 is PI3K-dependently expressed and upregulated in
prostate tumor samples. (A) Stable MCF-10A cells that direct
expression of a 4-OHT-inducible version of an activated PI3K, M-
p110*-ER, from a weaker (open arrow) or a stronger promoter (filled
arrow, bold) were analyzed compared to vector-transfected cells.
The cells were incubated in serum-free medium with or without
DMSO (D), 200 nM 4-OHT, 10 mM LY or 20 nM rapamycin (R) over-
night. Parallel samples were treated with 30 nM PKN3 GB3 or
mismatch (mm) control to confirm the identity of the PKN3 signal.
Cell extracts were analyzed using the indicated antibodies.
Inhibition of PI3K signaling was confirmed by dephosphorylation
of p70S6K at T389 (P*-p70S6K); MAP kinase phosphorylation at
T202/Y204 (P*-MAPK) served as control. (B) Immunohisto-
chemical analysis of two adjacent human prostate tumor tissue
sections was performed using anti-PKN3 antiserum or pre-immune
serum (left panels). The samples were hematoxylin counterstained
to monitor the glandular tissue structure; size bars: 500mm. Normal
and tumor prostate tissue samples were compared by in situ
hybridization using a PKN3-specific antisense probe; the specificity
of the signal was confirmed by hybridizing adjacent tissue sections
with the sense probe (right panels); size bars: 200mm.
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Figure 3 Inducible knockdown of PKN3 expression inhibits metastasis in an orthotopic mouse prostate tumor model. (A) PC-3 cells stably
transfected with vectors that direct Dox-dependent expression of two different PKN3 shRNAs were analyzed in parallel to p110a or an unrelated
control shRNA. Cells were grown7100 ng/ml Dox, and extracts were analyzed by immunoblotting. Expression of the TetR was confirmed using
an anti-TetR antibody; a-tubulin served as loading control. (B) PKN3(2) shRNA and p110a shRNA cells analyzed in (A) were seeded on matrigel
and photographed after 2 and 4 days; size bars: 200mm. (C) PC-3 cells with inducible PKN3(2) shRNA were transplanted intraprostatically into
nude mice. One group of animals received Dox (black bars), the second group was mock-treated (white bars); each group consisted of eight
animals. After 56 days, the mice were killed and evaluated for primary tumor and lymph node metastases development (top). Each bar
represents the mean tumor volume7s.e. The reduction in lymph node metastases formation in the Dox-treated group is statistically significant
according to the Mann–Whitney test. Representative in situ pictures of three animals of each group are shown (bottom). The primary prostate
tumor is labeled with ‘T’ and the position of lumbar and renal lymph node metastases is indicated by white arrows. (D) RNA samples extracted
from PC-3 prostate tumors of seven animals of each group were analyzed by Northern blotting for induction of PKN3 shRNA; tRNAVal served as
loading control (top). PKN3 mRNA levels after shRNA induction were quantified by Taqman analysis relative to p110a mRNA (bottom); the
results are mean of triplicates7s.e. Black bars indicate the results for Dox-treated animals, white bars for the control group. (E) PC-3 cell
populations stably expressing shRNA specific for p110a (negative control), p110b (positive control) and PKN3 were analyzed by time-lapse-
video microscopy on matrigel. Pictures taken at the indicated times after seeding are shown at � 2.5 magnification.
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tumors resulted in reduced levels of PKN3 mRNA (Figure 3D,

lower panel). Leakiness in shRNA expression as well as

limited knockdown in PKN3 mRNA in certain samples may

have been caused by loss of TetR expression after 56-day

implantation or by contaminating PKN3 signals from mouse

cells in the respective human tumor cell material.

Nevertheless, the data strongly suggest that the decreased

PKN3 levels in the primary tumors were indeed the cause for

the reduced metastases formation. This result correlates with

the results obtained from the matrigel growth assay and

indicates that PKN3 may be an important mediator of in-

vasive signaling.

The finding that PKN3 supports metastasis formation

rather than tumor growth suggests that PKN3 might modulate

cell adhesion and/or migration. shRNA-mediated reduction

in PKN3 expression appeared to affect PC-3 cell morphology

and the structure of the tubulin network, indicating cyto-

skeletal rearrangements (Supplementary Figure 5). To analyze

whether these alterations affect migration and motility, PC-3

cell populations expressing shRNA specific for p110a, p110b
and PKN3 were analyzed by time-lapse-video microscopy on

matrigel, since changes caused by reduced PKN3 levels are

more evident under 3D growth conditions (Figure 3E). Equal

plating of the cells was observed 1 h after seeding.

Subsequent time points indicated that cells expressing

p110b- or PKN3-specific shRNAs were impaired in forming

network-like structures on matrigel, which correlated with

reduced cell numbers compared to the p110a shRNA control.

The entire video clips for the p110a shRNA control and the

PKN3 shRNA cells can be viewed in the Supplementary

section. The data indicate that motility and cell–cell contacts

might influence PC-3 cell growth on matrigel.

PKN3 is an AGC-type kinase and its catalytic activity

is regulated by PI3K

After validating PKN3 as a downstream effector of activated

PI3K by independent gene silencing approaches, we wanted

to characterize its catalytic activity to investigate whether

it could serve as a target for therapeutic intervention in

cancer. We transiently expressed various recombinant PKN3

derivatives in HeLa cells (Figure 4A, top), and immunoblot-

ting of cell extracts with PKN3-specific antiserum revealed

approximately equal expression of the different proteins

(upper blot). The cell extracts were analyzed in parallel

using an antibody that recognizes the activation loop phos-

phorylation (T-loop) site in the catalytic domain of PKN1 or

PKN2 (middle blot). Phosphorylation of this conserved threo-

nine residue, which is present in PKN3 at position 718, is

required for activation of AGC-type kinases (Parekh et al,

2000). Endogenous PKN1/2 and all recombinant PKN3

molecules were detected by this phospho-specific antibody,

except for the fragment carrying a threonine to alanine

substitution at position 718 (TA718), indicating that wild-

type (wt) PKN3 is phosphorylated at this residue. The PKN3

derivatives were precipitated from the lysate via their Myc tag

and after a series of stringent washes subjected to an in vitro

protein kinase assay using myelin basic protein (MBP) as a

substrate in the presence of radiolabeled ATP. The fragment

comprising just the kinase domain exhibited catalytic activ-

ity, which was specific, since fragments with mutations in the

catalytic center (lysine to arginine, KR588) or the T-loop

phosphorylation site (TA718) had no detectable activity

(lower panel). The full-length molecule, however, had sub-

stantially increased kinase activity compared to the catalytic

domain fragment. DN, the derivative lacking the N-terminal

region, appeared to be inactive despite the fact that it over-

laps the kinase domain fragment, which was active by itself,

and was phosphorylated at T718. This suggests that the

middle region of PKN3 imposes a negative regulatory func-

tion on the catalytic domain that is relieved in the presence of

the N-terminus in the full-length protein. Our results were

confirmed with HA-tagged versions of PKN3 (not shown).

Having established a biochemical assay for PKN3 enzy-

matic activity we wanted to test whether its catalytic function

is regulated by PI3K as shown for other AGC-type kinases

(Parekh et al, 2000). In order to investigate the requirements

for PKN3 activation without using overexpression, we estab-

lished stable HeLa cell pools expressing an inducible version

of PKN3, PKN3-ER, and its kinase-deficient version,

PKN3Dkin-ER. The PKN3-ER fusion protein had no detectable

kinase activity in the absence of 4-OHT, also increased

phosphorylation at the T-loop site (T718) was 4-OHT depen-

dent (Figure 4B). PKN3Dkin-ER had no activity confirming

specificity of the 4-OHT-induced response. Consistent with

transient transfection experiments (Supplementary Figure 6),

phosphorylation at T718 in the inactive PKN3Dkin-ER was

weaker in this inducible system than in the active kinase

molecule. Next, HeLa PKN3-ER cells were starved in serum-

free medium overnight and subsequently stimulated in the

presence or absence of 4-OHT with or without insulin for

the indicated times (Figure 4C). Insulin treatment strongly

activated the PI3K pathway in HeLa cells, as indicated by

increased phosphorylation of the downstream effectors Akt

and p70S6K, but had little or no effect on the MEK-MAP

kinase pathway (Figure 4D). PKN3-ER kinase activity as well

as T-loop phosphorylation were substantially increased in the

presence of 4-OHT plus insulin (Figure 4C, lanes 1–5) com-

pared to 4-OHT treatment alone (lanes 6–10). In contrast to

the immediate Akt activation, PKN3-ER activity increased

steadily during 6 h insulin treatment, suggesting that PKN3

is not a direct PI3K effector and requires activation of addi-

tional components within the signaling cascade, which then

mediate PKN3 stimulation further downstream. Similar data

were obtained with serum stimulation (not shown).

To investigate the contribution of various signaling path-

ways to PKN3 activation, 6 h insulin stimulation was carried

out in the absence or presence of LY, U0126 or Rapamycin.

Successful inhibitor treatment was monitored by reduced

phosphorylation of Akt, MAP kinase or p70S6K (Figure 4D).

Inhibition of PI3K strongly interfered with the insulin-

mediated increase in PKN3 activity and also blocked PKN3

basal activity (lanes 3 and 8), whereas inhibition of MEK-

MAP kinase signaling had no substantial effect (lanes 4 and

9). Rapamycin did not affect the insulin-mediated increase in

PKN3 activity, but it reduced the basal activity (lanes 5 and

10), suggesting that mTOR-p70S6K signaling downstream

of PI3K can contribute to PKN3 stimulation to a certain

extent. This set of experiments suggests that activation of

PI3K can regulate PKN3 activity.

PKN3 catalytic activity depends on PI3K, but not on Akt

We wanted to investigate the contribution of the PI3K path-

way for PKN3 activation in more detail without having to

rely on pharmacological inhibitors, such as LY. Therefore, we

PKN3 is controlled by PI3K at multiple levels
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inhibited p110a and p110b expression in the stable HeLa

PKN3-ER cell system, to interfere with PI3K activity. Two

different GBs for each subunit were employed and each one

caused a specific reduction in p110a or p110b protein levels

(Figure 5A); specific reduction in mRNA levels was also more

than 90% for each subunit (not shown). In both cases PI3K
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Figure 4 Characterization of PKN3 catalytic activity. (A) Full-length or truncated PKN3 versions were modified with the Myc epitope at the
C-terminus and transiently expressed in HeLa cells. Schematic structures of the molecules are shown (top): Presumed functional regions
(Mukai, 2003) are represented by white (ACC-finger domains), hatched (C2-like domain) and black (kinase domain) boxes. The fragment
lacking the first 287 amino acids from the N-terminus is labeled DN. A protein fragment spanning the kinase domain at the C-terminus is
labeled KD. KR588 (KR) and TA718 (TA) denote point mutations in the ATP-binding site (lysine to arginine or glutamic acid (KE588) at position
588 behaved identically) and in the activation loop (T-loop) phosphorylation site (threonine to alanine, position 718) of the catalytic domain.
The first and last amino acids of each fragment are indicated. Cell extracts were analyzed using anti-PKN3 antiserum or anti-phospho(T-loop)-
PKN1/2 antibody (P*-PKN1/2) as indicated. The position of wt and truncated PKN3 molecules is indicated by black arrows at the left of each
filter; the position of endogenous phosphorylated PKN1/2 molecules is shown by a white arrowhead. Anti-Myc precipitates were tested for
kinase activity in vitro using MBP as a substrate; radiolabeled MBP (32[P]MBP) was detected by autoradiography (bottom). (B) HeLa cells
stably expressing a 4-OHT-regulatable version of PKN3, PKN3-ER, and its inactive version, PKN3Dkin-ER (carrying mutation KE588), were
stimulated for 30 min with 200 nM 4-OHT in DMSO (D). Cell extracts were immunoblotted and tested for in vitro kinase activity after
precipitation with anti-ER antibody. (C) Serum-starved cells were stimulated in a time course with or without insulin (10 mg/ml)74-OHT.
Activation of the PI3K pathway was confirmed with anti-phospho(S473)-Akt antibody (P*-Akt). (D) Quiescent cells were stimulated for 6 h as
in (C) 710mM LY, 10 mM U0126 (U0) or 20 nM rapamycin (Rap). Inhibitor treatment was monitored by P*-Akt, phospho(T202/Y204)-MAP
kinase (P*-MAPK) and phospho(T389)-p70S6K (P*-p70S6K) levels.
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signaling was inhibited, as indicated by the reduction in

phospho-Akt levels (Figure 5A, compare lanes 2 to 6),

although inhibition of p110a expression had a more pro-

nounced effect than inhibition of p110b expression. This is

in contrast to the result obtained for PC-3 cells, where p110b
was the predominant subunit compared to p110a, although

the identical GBs had been used (see Supplementary Figure

3). This indicates that p110a represents the predominant

isoform in this particular type of HeLa cells (please note:

different from the HeLa line used by Czauderna et al, 2003a),

whereas p110b is the predominant species in PC-3 cells. In

other cell types, we have observed equal contributions of

both subunits to PI3K signaling (not shown). The inhibitory

effect of both p110a GBs on Akt phosphorylation was com-

parable to that of LY treatment; total Akt protein levels and

MAP kinase phosphorylation were not affected. The level of

inhibition of PI3K signaling correlated with the reduction

in 4-OHT-dependent PKN3-ER activity: Similar to the effect on

phospho-Akt levels, inhibition of p110a expression had a

more pronounced effect on PKN3-ER activity than inhibition

of p110b expression in regular growth medium (lanes 2–6).

GB-mediated inhibition of PKN3-ER expression abrogated the

detection of kinase activity, confirming the specificity of the

kinase reaction. Even though PKN3 T-loop phosphorylation

was required for PKN3 activation (Figure 4A, Supplementary

Figure 6), it was not sufficient for PKN3 activation, as

indicated in the p110a GB- or LY-treated samples (Figure 5A,

lanes 3, 4 and 8).

Since inhibition of p110a expression reduced Akt phos-

phorylation and PKN3 activation to a comparable extent, we

next analyzed the contribution of Akt to PI3K-dependent

PKN3 activation. Two different GB molecules that specifically

inhibit expression of either Akt1 or Akt2 were identified and

tested for their ability to interfere with PKN3-ER activity,

single and in combination; Akt3 protein expression was not

detected in this HeLa cell line (not shown). Akt1 GBs

specifically reduced Akt1, Akt2 GBs reduced Akt2 protein

levels and the combination of both types substantially re-

duced the expression of all detectable Akt species, whereas

MAP kinase levels were not affected (Figure 5B, lanes 4–9).

Compared to the p110a GB control, which inhibited 4-OHT-

dependent PKN3-ER kinase activation, none of the Akt GBs

was able to reproducibly inhibit PKN3 activity, even when

Akt1 and Akt2 were simultaneously reduced. This indicates
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Figure 5 PI3K regulates PKN3 activity. (A) HeLa cells stably
expressing PKN3-ER were grown in the presence of 40 nM of the
indicated GBs or their mismatch (mm) controls in regular growth
medium for 48 h. PKN3-ER activity was induced with 200 nM 4-OHT
in DMSO (D) 12 h before cell lysis; 10mM LY was added to a control
sample. Cell extracts were analyzed by probing with the indicated
antibodies. Specific inhibition of PI3K signaling was confirmed by
testing for phospho(S473)-Akt (P*-Akt) and phospho(T202/Y204)-
MAP kinase (P*-MAPK) levels. Anti-ER precipitates were subjected
to in vitro kinase activity using MBP as substrate; radiolabeled
MBP (32[P]MBP) was detected by autoradiography (bottom).
(B) PKN3-ER cells were treated with GBs and analyzed as in (A).
For combination of two GBs, each individual GB was employed at
30 nM. (C) The indicated His-tagged PKN3 derivatives were tran-
siently coexpressed in COS-7 cells in the presence of empty vector
(lanes 1–4) or expression vectors for activated PI3K (M-p110*-myc),
activated Akt (M-Akt-HA) or their respective inactive versions (M-
p110Dkin-myc; AktDkin-HA) (lanes 5–8). The cells were depleted in
phosphate-free medium and metabolically labeled with 32Pi710mM
LY or DMSO (D) as indicated. Duplicate samples were kept in
phosphate-free medium without label, and protein expression was
detected by immunoblotting (IB) of the extracts (upper part). In vivo
phosphorylation of PKN3-His was detected by anti-His IP followed
by (a) IB and (b) autoradiography of the labeled samples (lower
part).
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that Akt does not appear to mediate PI3K-dependent activa-

tion of PKN3 catalytic activity in this cellular context.

The experiments shown in Figure 4 and Supplementary

Figure 6 suggested that phosphorylation of PKN3 within the

T-loop is required, but not sufficient for its catalytic activity.

Therefore, it is likely that other PI3K-mediated signals, such

as additional phosphorylation events, are necessary as well.

To investigate whether hyperactivation of PI3K or Akt, as they

occur in PTEN-deficient cancers, can contribute to increased

PKN3 phosphorylation, we monitored PI3K-dependent phos-

phorylation of PKN3 in vivo. COS-7 cells transfected with

recombinant PKN3-His or PKN3Dkin-His were metabolically

labeled with orthophosphate in the presence or absence of

LY. In parallel, PKN3-His was coexpressed with a constitu-

tively active PI3K (M-p110*) or its kinase-defective control

(M-p110Dkin), as well as with a constitutively active Akt (M-

Akt) or the inactive control (AktDkin) (Klippel et al, 1996;

Kulik et al, 1997). Unlabeled duplicate samples were ana-

lyzed by immunoblotting (Figure 5C, upper part); the radi-

olabeled samples were analyzed by immunoprecipitation,

followed by blotting and autoradiography (lower part). In

agreement with the experiments shown above, the immuno-

blot analysis revealed that PKN3 is PI3K-dependently ex-

pressed also in this system, as indicated by the LY-treated

samples (lanes 1–4) and the fact that coexpression of M-p110*

increased the amount of PKN3-His above basal levels (lane 5

compared to lanes 1, 3, 6 and 8). By contrast, M-Akt (lane 7)

was not able to elevate PKN3-His expression above basal

levels. Radiolabeled cell extracts from 10-cm plates were

precipitated with limiting amounts of antibody in order to

compensate for the different expression levels. Immuno-

blotting confirmed approximately equal loading (Figure 5C,

lower panels). In COS-7 cells, T-loop phosphorylation was

strongly dependent on PI3K and again on the presence of an

active PKN3. Importantly, coexpression of M-p110*, but not

of M-Akt, substantially enhanced the total incorporation of

radiolabeled phosphate into PKN3-His above basal levels

(lane 5), indicating that hyperactivation of PI3K is sufficient

to stimulate increased phosphorylation of this effector

protein. Taken together, this shows that activation of PI3K

signaling is required and can also be sufficient for increased

PKN3 expression and phosphorylation.

PKN3 is an effector of various signal transduction

pathways involved in transformation

Our data indicated that PKN3 mediates malignant growth of

cells with an activated PI3K pathway, such as PTEN-defective

tumor cells. To investigate its role in malignant growth

regulated by additional signaling pathways, we analyzed

human breast epithelial cells that can be inducibly trans-

formed by activating expression of an oncogenic form of Ras,

RasV12. Pools of stably transfected MCF-10A cells were

mock-stimulated or stimulated for RasV12 expression in the

presence or absence of LY or the MEK inhibitor U0126.

RasV12 induction was functional, as shown by enhanced

phosphorylation of the downstream effector MAP kinase,

and resulted in increased expression of PKN3 (Figure 6A,

compare lanes 1 and 5). The increase in endogenous PKN3

expression was dependent on PI3K (lanes 5–7), in agreement

with data shown above. Interestingly, Ras-mediated upregu-

lation of PKN3 was also blocked in the presence of U0126,

which blocked MAP kinase phosphorylation (lane 8).

To test whether inhibition of RasV12-induced PKN3

expression can interfere with growth of these cells in 3D

cultures, we isolated double stable populations, after
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Figure 6 Upregulation of PKN3 in mammary epithelial cells ex-
pressing oncogenic Ras. (A) MCF-10A cells stably transfected with
an inducible RasV12 were induced or mock-treated7LY or U0126
(U0) in DMSO (D) as indicated. Pathway activation/inhibition was
monitored via phospho(T202/Y204)-MAP kinase (P*-MAPK) levels.
The identity of the PKN3 protein band was confirmed by analysis of
extracts from cells treated with PKN3 GB3 (GB) or its mismatch
(mm) (lanes 9 and 10). (B) Double-stable MCF-10A cells expressing
inducible RasV12 plus Dox-inducible PKN3(2) or control shRNAs
were grown in duplicate samples70.5mg/ml (lane 3) or 1 mg/ml
Dox (lanes 4 and 6) for 48 h. One set of samples was analyzed by
immunoblotting (B), the second set was grown in 3D cultures (C).
(C) Cells were embedded into collagen gels in 24 wells7Dox with
or without RasV12 induction. Photographs were taken at the
indicated times; size bars: 100mm.
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transfection of an inducible PKN3 shRNA or a control shRNA

vector into the MCF10A RasV12 background. As shown

above, induction of RasV12 strongly enhanced MAP kinase

phosphorylation as well as PKN3 expression, but did not

affect PKN1/2 expression (Figure 6B, lanes 1 and 2). Dox-

mediated PKN3 shRNA induction caused downregulation of

PKN3 protein expression without reducing PKN1/2 levels

(lanes 3 and 4). Parallel samples were embedded into col-

lagen gels (Grunert et al, 2003) and grown for the indicated

times in the presence or absence of RasV12 induction with

or without Dox treatment (Figure 6C). RasV12 strongly

stimulated MCF10A cell growth in the collagen matrix, and

Dox-mediated inhibition of PKN3 expression partially, but

reproducibly, reversed this effect. In contrast, Dox treatment

of cells expressing a control shRNA continued to grow like

RasV12-transformed cells. This result shows that enhanced

expression of PKN3 in cells transformed by oncogenic Ras

can contribute to their invasive potential. Depending on the

cellular context, PKN3 can be regulated by various signal

transduction pathways that mediate cell growth and trans-

formation.

Discussion

We show that PKN3, an AGC-type kinase, can contribute to

malignant growth of cells with increased PI3K activation:

Inhibition of PKN3 expression using different types of gene

silencing tools interfered with growth of prostate and breast

epithelial cells in 3D assay systems (Figures 1, 3 and 6). Pools

of stably transfected PC-3 cells were impaired in forming

metastases in an orthotopic mouse tumor model after induc-

tion of PKN3 shRNA expression, although the effect on

primary tumor formation was relatively small (Figure 3C).

This suggests that PKN3 may primarily be required for

metastatic growth of prostate cancer cells. In agreement

with this, reduced levels of PKN3 appeared to cause cyto-

skeletal rearrangements and decreased cell motility

(Supplementary Figure 5, Figure 3E). This resulted in reduced

formation of network-like structures on extracellular matrix,

which can be viewed by time-lapse-video microscopy

(Supplementary section).

Reducing PI3K levels or its activity in cells with a chroni-

cally active pathway interferes predominantly with growth in

3D cultures, but not with growth on plastic (Kaufmann et al,

2004). This is consistent with results demonstrating that

restoring PTEN expression in PTEN�/� cells to physiological

levels reduced PI3K activation without affecting growth on

plastic, but it induced changes in cell morphology and

attachment (Stolarov et al, 2001). shRNA-directed inhibition

of PI3K also strongly interfered with metastases formation in

mice after orthotopic transplantation of stably transfected

PC-3 cells (Czauderna et al, 2003b). Therefore, sustained

activation of PI3K signaling may in certain cell types

primarily affect cell functions that contribute to invasiveness,

such as loss of cell–cell contacts, reduced adherence, in-

creased motility or anchorage independence (Di Cristofano

et al, 1998; Klippel et al, 1998; Kobayashi et al, 1999), and

some of these functions might be mediated by PKN3.

A number of studies have demonstrated that growth in

3D cultures using extracellular matrix components represents

a better indicator for the malignant potential of tumor cells

than 2D culture conditions (Weaver et al, 1997; Sahai and

Marshall, 2003; Wolf et al, 2003). Cells with increased

malignant potential have a growth advantage on matrigel

matrix consisting of basement membrane components

(Petersen et al, 1992; Muthuswamy et al, 2001). Even signal-

ing events exhibit striking differences when 3D and 2D

growth conditions were compared (Wang et al, 1998;

Cukierman et al, 2001). We would have failed to detect the

PI3K dependence of PKN3 expression in RNA samples ob-

tained from cells grown in regular 2D plastic cultures.

Similarly, EPSTI-1, which regulates epithelial–stromal cell

interactions in breast tumors, was only identified in cells

grown in 3D cultures (Gudjonsson et al, 2003). We would

have also missed the inhibitory effect in response to PKN3

knockdown using 2D conditions, which is only evident on

matrigel or collagen.

In contrast to PKN3, inhibition of the closely related

kinases PKN1 and PKN2 did not interfere with matrigel

growth (Supplementary Figure 4). This finding is unexpected,

since the three proteins share a similar structural organiza-

tion and extensive sequence homology (Mukai, 2003). A

number of additional differences between PKN3 and PKN1/

2 have been observed: (i) PKN1 and PKN2 appear to be

ubiquitously expressed, whereas expression of PKN3 is low

in normal adult tissue, but increased in human cancer cells

(Oishi et al, 1999; Figure 2B) and in early mouse embryonic

stages (not shown). (ii) The kinase domain fragments of

PKN1/2 represent constitutively active forms (Mukai,

2003), whereas the corresponding PKN3 fragment exhibited

significantly less catalytic activity than the full-length mole-

cule (Figure 4A). (iii) The finding that the N-terminal domain

of PKN3 is required for full enzymatic activity (Figure 4A)

implies that the N-terminal region has a function different

from the corresponding regions in PKN1/2. These regions

determine the association between PKN1/2 and the small

GTPases Rac and Rho, which regulate cytoskeletal remodel-

ing (Vincent and Settleman, 1997). Whether PKN3 is also

regulated by small GTPases remains to be elucidated.

Phosphorylation at the T-loop site was necessary, but

not sufficient for PKN3 activity, since inhibition of the acti-

vity could occur uncoupled of T718 dephosphorylation

(Supplementary Figure 6, Figure 4D). Also, insulin-stimu-

lated T-loop phosphorylation was observed before kinase

activity could be detected (Figure 4C). T-loop phosphoryla-

tion was reduced in ATP-binding site mutants (Figures 4B and

5C, Supplementary Figure 6), indicating that PKN3 can

autophosphorylate to some extent or that a feedback loop

between PKN3 and PDK1, the likely T-loop kinase (Newton,

2003), may exist. T-loop phosphorylation cannot be mi-

micked by acidic residues as in other kinase molecules;

similarly, the presumed phosphorylation site within the

turn motif of the kinase domain (Newton, 2003), T860,

appears to be invariant (not shown).

PKN3 appears to be controlled by PI3K at several levels:

Its mRNA was expressed in a PI3K-dependent manner only

in cells grown on matrigel (Supplementary Figure 2A).

However, PI3K-dependent expression at the protein level

was detectable in cells grown on plastic, indicating a second

level of control. For example, activated PI3K was sufficient for

upregulating endogenous PKN3 in stable cell systems as well

as recombinant PKN3, when transiently coexpressed (Figures

2A and 5C). In the latter case, this must be caused post-

transcriptionally, since recombinant PKN3 expression was
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directed from a heterologous promoter. It is possible that the

PI3K-directed phosphorylation at the T loop and other sites

leads to increased stabilization of PKN3, as shown for other

PKC family kinases (Newton, 2003).

The catalytic activity of PKN3 appears to be PI3K-depen-

dently regulated as well, and this effect was independent of

Akt in the systems investigated here (Figures 4C,D and 5A,B).

Inhibition of the mTOR-p70S6K pathway by Rapamycin

reversed M-p110*-induced PKN3 expression (Figure 2A)

and reduced the level of basal PKN3 activity (Figure 4D),

but did not affect PKN3 mRNA expression in PC-3 cells

(Supplementary Figure 2B). This suggests that this effector

arm downstream of PI3K can contribute to the regulation to

PKN3 levels and activity to some extent. Also, PI3K-indepen-

dent signals that mediate malignant growth can regulate

PKN3 expression in certain cell types as well (Figure 6A).

We have identified, validated and characterized PKN3 as

a novel effector of chronically active PI3K that appears to

contribute to invasive prostate cancer. Our data suggest that

the development of inhibitors against PKN3 holds great

promise for therapeutic intervention in metastasis regulated

by activated PI3K.

Materials and methods

Reagents
The reagents used were LY294002, rapamycin and U0126 (Calbio-
chem), doxycycline hydrochloride, 4-OHT and blasticidin (Sigma)
and Geneticin (PAA laboratories).

Antibodies
The following antibodies were used: Akt, phospho-Akt (S473), MAP
kinase, phospho-MAP kinase (T202/Y204), phospho-PKN1/2
(T778/T816) and phospho-p70S6 kinase (T389) antibody (Cell
Signalling Technology); phospho-FOXO3a (T32) antibody (Upstate);
p110b (H-239) and H-Ras antibodies (C-20) (Santa Cruz Biotechnol-
ogy); PKN1 and 2 antibodies (Becton Dickinson); Penta-His
antibody (Qiagen); TetR antibody (MoBiTec); b-tubulin (AB-1)
antibody (Calbiochem). Rabbit PKN3 antibodies were raised against
the 281 C-terminal amino acids overexpressed and purified from
bacterial extracts (see Supplementary data). p110a and p85
antibodies have been described (Klippel et al, 1994). Immunopre-

cipitations were carried out using HA antibody (F-7) (Santa Cruz
Biotechnology); mERa (#06–935) antibody (Upstate); ascites fluid-
containing Myc-tag antibody (Klippel et al, 1996).

Orthotopic mouse prostate tumor/metastasis model
Male Shoe:NMRI-nu/nu mice (DIMED, Germany), 8-week old, were
inoculated with 2�106 pools of stably transfected PC-3 cells into
the left dorsolateral lobe of the prostate gland under total body
anesthesia (Stephenson et al, 1992; Czauderna et al, 2003b).
Doxycycline hydrochloride was administered as a 0.1% solution via
drinking water with 3% sucrose from the day of surgery. Animals
were killed 56 days post operation and tumors (prostate gland),
regional lymph node metastases (caudal, lumbar, renal) and distant
metastases were measured in two dimensions by means of a pair of
calipers; the volume was calculated according to V (mm3)¼ ab2/2
with boa. All animals were completely dissected and photogra-
phically documented. All experiments (surgery, cell transplantation,
measurement of tumor volume) were performed double-blinded
and independently by two researchers, and in compliance with the
guidelines of the Landesamt für Arbeits-, Gesundheitsschutz and
technische Sicherheit Berlin, Germany (institutional approval no.
G0264/99).

Preparation of cell extracts and immunoblotting
Cell lysis and immunoblot analysis were carried out essentially as
described (Klippel et al, 1998).

For details on 2D and 3D culture conditions, plasmid construc-
tions, sequences of GBs and other oligonucleotides, in vivo and
in vitro protein kinase assays, in situ hybridization and immuno-
histochemistry, see Supplementary information (available at The
EMBO Journal Online).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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