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A B S T R A C T

PKN3 is an AGC-family protein kinase implicated in growth of metastatic prostate cancer

cells with phosphoinositide 3-kinase pathway deregulation. The molecular mechanism,

however, by which PKN3 contributes to malignant growth and tumorigenesis is not

well understood. Using orthotopic mouse tumor models, we now show that inducible

knockdown of PKN3 protein not only blocks metastasis, but also impairs primary prostate

and breast tumor growth. Correspondingly, overexpression of exogenous PKN3 in breast

cancer cells further increases their malignant behavior and invasiveness in-vitro. Mecha-

nistically, we demonstrate that PKN3 physically interacts with Rho-family GTPases, and

preferentially with RhoC, a known mediator of tumor invasion and metastasis in epithe-

lial cancers. Likewise, RhoC predominantly associates with PKN3 compared to its closely

related PKN family members. Unlike the majority of Rho GTPases and PKN molecules,

which are ubiquitously expressed, both PKN3 and RhoC show limited expression in nor-

mal tissues and become upregulated in late-stage malignancies. Since PKN3 catalytic ac-

tivity is increased in the presence of Rho GTPases, the co-expression and preferential

interaction of PKN3 and RhoC in tumor cells are functionally relevant. Our findings pro-

vide novel insight into the regulation and function of PKN3 and suggest that the

PKN3eRhoC complex represents an attractive therapeutic target in late-stage

malignancies.
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Published by Elsevier B.V. All rights reserved.
1. Introduction adult tissues, but abundantly expressed in various cancer
PKN3 is a member of the PKN family, which resides in the

protein kinase C (PKC) superfamily of serine/threonine ki-

nases. PKN3 has previously been implicated in regulating

malignant prostate cell growth downstream of activated

phosphoinositide 3-kinase (Leenders et al., 2004). A role for

PKN3 in tumorigenesis was inferred by early reports indicat-

ing that PKN3 mRNA is barely detectable in normal human
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bers of the PKN family, PKN1 and PKN2, are ubiquitously

expressed in human and rat tissues (Hashimoto et al.,

1998; Mukai and Ono, 1994; Quilliam et al., 1996). Further-

more, PKN3 catalytic activity is significantly less responsive

to fatty acid-mediated stimulation compared to PKN1 and

PKN2, thus underscoring the diversity of PKN isoform func-

tion and regulation.
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The PKN family of PKC-related protein kinases constitutes

some of the major Rho GTPase-associated protein kinase ac-

tivities detected in mammalian tissues (Flynn et al., 1998;

Lim et al., 2006, 2008; Vincent and Settleman, 1997). Although

the interaction of PKN1/PKN2 with RhoA and RhoB has been

reported, the biological significance of these interactions re-

mains largely unknown. Members of the Rho family of small

GTPases serve as molecular switches that regulate a diverse

set of cellular functions and signaling pathways linked to on-

cogenesis, such as cell polarization andmigration through ac-

tin cytoskeleton remodeling, transcription, cell cycle control,

cellular transformation and metastasis (Hall, 2009; Karlsson

et al., 2009). Importantly, several of these Rho-dependent

phenotypes are specifically attributed to the PKN family

kinases (Dong et al., 2000; Vincent and Settleman, 1997). More-

over, loss of PKN function in Drosophila leads to cytoskeletal

defects closely resembling those induced by loss of Rho1 (Lu

and Settleman, 1999). In addition to cytoskeletal remodeling,

the RhoAePKN1/PKN2 signaling axis has been linked to the

transcriptional activation of androgen receptor (AR) in pros-

tate cancer tissues, which exhibit marked increases in PKN1

expression relative to normal prostate epithelium (Metzger

et al., 2003).

A direct involvement of PKN3 in malignant growth was

demonstrated by conditional depletion of PKN3 expression in

an orthotopic mouse prostate cancer model (Leenders et al.,

2004). In this context, PKN3 functions as amediator of invasive

prostate cancer cell growth downstream of a hyperactivated

phosphoinositide 3-kinase pathway in three-dimensional

(3D) culture environments as well as in in-vivo tumor xeno-

transplants. PKN3 is regulated by chronic activation of phos-

phoinositide 3-kinase signaling at both the expression and

the activity level in anAkt-independentmanner. This suggests

that PKN3 acts as an effector of an as of yet unexplored branch

of the oncogenic phosphoinositide 3-kinase signaling network

and may, therefore, represent a unique opportunity for thera-

peutic intervention in metastatic phosphoinositide 3-kinase-

dependent tumors (Leenders et al., 2004). PKN3 inhibition

was also found to interfere with endothelial cell morphogene-

sis, while having no effect on proliferation (Aleku et al., 2008).

Primary endothelial cells are among the few normal cell types

expressing considerable amounts of PKN3 aside from tumor

cells, which is in agreementwith their naturally invasive char-

acteristics. Systemic interference with PKN3 expression in the

vasculature of mice transplanted with prostatic or pancreatic

tumor xenografts inhibits tumor growth and lymph node me-

tastasis (Aleku et al., 2008). Thiswas accompanied by a specific

reduction in lymph vessel density, arguing that PKN3 supports

tumor growth and metastasis by cell-autonomous as well as

non-cell-autonomous mechanisms.

Given the importance of Rho GTPases in tumor growth and

invasion as well as in the regulation of PKN1- and PKN2-

mediated effects, we have examined cooperation between

PKN3 and Rho-family members in mediating neoplastic cell

growth. Our findings demonstrate that PKN3 preferentially in-

teracts with RhoC, a well known mediator of EMT and metas-

tasis, and we hypothesize that the PKN3eRhoC association

results in the formation of a ‘pathological’ complex, which is

assembled in tumor cells to promote increased malignant

growth behavior.
2. Materials and methods

2.1. Antibodies

The anti-Flag antibody was obtained from Sigma, the anti-

mER antibody fromMillipore. HA (12CA5) and Myc (9E10) anti-

bodies were from Roche and Santa Cruz Biotechnology. Akt,

phospho-AKT (S473), phospho-PKN1/2 (T778/T816), PDK1 and

RhoC antibodies were from Cell Signaling Technology. PKN3

and p110a antibodies were previously described (Leenders

et al., 2004). Vimentin and p110b antibodies were from Epi-

tomics. Rabbit phospho-PKN3-T860 antibodies were raised

against a peptide encompassing the phosphorylated turn-

motif of PKN3 (P*-T860), EFTGLPPAL-T(PO3)-PPAP, and affinity

purified.
2.2. Plasmids

The full-length cDNA of human PKN3, PKN3wt, and its kinase-

defective version PKN3kd (K588E) were cloned into both

pcDNA3 and pcDNA4/TO mammalian expression vectors

(Invitrogen). In each case, the 50 primer contained an ATG co-

don followed by a Flag-epitope in-frame with the coding re-

gion that was amplified. Corresponding PCR products were

digested with EcoRI and XhoI restriction enzymes and ligated

into either pcDNA3 or pcDNA4/TO to generate N-terminal Flag

epitope-tagged PKN3 constructs. HA- and ER-tagged full-

length PKN3wt, PKN3kd and the additional T718A and DN dele-

tion variants have been described (Leenders et al., 2004).

The GSK3-derived substrate for non-radioactive assess-

ment of PKN3 catalytic activity in in-vitro protein kinase assays

was generated by annealing the phosphorylated oligonucleo-

tides described in the Supplementary Materials section

and fusing the respective DNA fragment in-frame to the

GST moiety via Asp718/BamHI ends into vector pET41b

(EMD Biosciences); S* denotes the phosphorylation site

serine residue. PKN3 substrate amino acid sequence:

GTGGGGPKGPGRRGRRRTSS*FAEGGstop.

The PDK1 expression vector was a kind gift from Dr. Bing

Guo (Pfizer, Oncology, Pearl River).

Human RhoA, RhoB and RhoC cDNAs were PCR-amplified

using primers overlapping the start codon by an Nde I restric-

tion site and a BamH I site extending the stop codon. The

cDNAs were fused in-frame via Nde I to an N-terminal Myc-

epitope tag and ligated via Xba IeBamH I ends into mamma-

lian expression vector pCG, in which transcription is con-

trolled by the cytomegalovirus promoter and translation

initiation is controlled via the 50 untranslated region of the

herpes simplex virus thymidine kinase gene (Matthias et al.,

1989). Wt, constitutively active (Q63L) and dominant-negative

(T19N) RhoA cDNAs from Upstate Biotechnology were PCR-

amplified using primers overlapping the start codon by an

Nde I restriction site and a BamH I site extending the stop co-

don. Sequences were confirmed by DNA sequence analysis.

Mutations were introduced using the QuickChange mutagen-

esis kit (Stratagene). Primers used to generate constitutively

active (CA) and dominant-negative (DN) forms of RhoC are de-

scribed in the Supplementary Materials section. GFP-tagged

RhoA and RhoC plasmids were purchased from OriGene.

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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2.3. Immunoprecipitation and kinase assays

Cells were transfected using FuGene 6 according to the manu-

facturer instructions (Roche Applied Science). 48 h after trans-

fection, cells were washed with phosphate-buffered saline

(PBS) and lysed in lysis buffer (50 mM TriseHCl [pH 7.5],

150 mM NaCl, 10 mM b-glycerophosphate, 10% glycerol, 1%

Tween-20, 0.1% NP-40, 1 mM Na3VO4, 1 mM NaF and protease

inhibitors [Roche Molecular Biochemicals]) for 30 min on ice.

Proteins were immunoprecipitated with anti-Flag M2 affinity

resin (Sigma) and eluted with Flag peptide as described previ-

ously (Unsal-Kacmaz et al., 2005). For anti-ER or Myc-tag im-

munoprecipitates mERa C1355 (Millipore) or 9E10 epitope

antibody sc-789 (Santa Cruz Biotechnology) was used, and

immunocomplexes were subjected to washes containing

0.5 M LiCl and 0.5% NP-40 as described previously (Klippel

et al., 1998). Kinase assays were carried out as described pre-

viously (Leenders et al., 2004) except that a GSK3-derived pep-

tide fused to GST was used as a substrate (see above), the

phosphorylation of which can be detected by phospho-

GSK3a/b antibody 37F11 (Santa Cruz Biotechnology).

2.4. siRNAs, shRNAs

Small interfering RNA (siRNA) duplexes were 21 bp, including

a 2-base deoxynucleotide overhang synthesized by BioSpring,

Germany. Cells were transfected using Profectin 65 transfec-

tion reagent following the manufacturer’s suggested protocol

(Silence Therapeutics, Germany). siRNA sequences are listed

in the Supplementary Materials section.

Vectors for inducible expression of PKN3 and p110b

shRNAs were described previously (Czauderna et al., 2003;

Leenders et al., 2004). New PKN3 and ineffective control

shRNAs also tested (see Supplementary Materials section)

were cloned via BsmBI sites into a lentivirus-adapted vector

system allowing Dox-inducible expression of shRNAs

(Czauderna et al., 2003). Correct insertion of the respective se-

quences was confirmed first by diagnostic restriction analysis

and then with DNA sequence analysis.

2.5. Cell lines and culture conditions

PC-3 cells were cultured and transfected as previously de-

scribed (Leenders et al., 2004). PC-3 cells stably expressing var-

ious shRNA molecules were maintained in Blasticidin (10 mg/

ml) containing medium. For induction of the shRNA mole-

cules 0.25 ug/ml Dox was used, and 48e72 h after Dox treat-

ment cells were analyzed for protein knockdown. MDA-MB-

231 cells were cultured in DMEMwith 10% Fetal Bovine Serum,

2 mMGlutamax, 1 mM sodium pyruvate, 0.1 mM nonessential

amino acids, 1% penicillin/streptomycin. MDA-MB-231-TRex

cells stably overexpressing Dox-inducible PKN3wt and PKN3kd

were maintained in the same medium with Blasticidin (10 mg/

ml) and Zeocin (150 mg/ml). MDA-MB-231 cells overexpressing

various shRNA molecules were maintained in the same

growth medium with Blasticidin (10 mg/ml) only. HEK293T

and HeLa cells were cultured as described previously (Unsal-

Kacmaz et al., 2005). HeLa cells stably expressing PKN3 with

regulatable kinase activity or its kinase-defective control

have been described (Leenders et al., 2004).
2.6. Three-dimensional cell culture assays

shRNA expression was induced in stably transfected PC-3 cell

populations in the presence of Doxycycline for 72 h. The cells

were seeded on 250 ml solidifiedmatrigel basementmembrane

matrix (11e12 mg/ml; Becton Dickinson) in duplicate 24-wells

(typically 100,000e150,000 cells per well). After settling the

cells were overlayed with 1 ml medium plus additives and in-

cubated for the indicated times.

MDA-MB-231 cells were embedded into Matrigel (Becton

Dickinson) according to the manufacturer’s recommenda-

tions. In brief, cells grown in 10 cm dishes with or without

Dox for 48e72 h were detached from culture dishes and sus-

pended in Matrigel solution at a concentration of

2.83� 105 cells/ml at 4 �C. 300 ml of this Matrigel embedded

cell suspension containing 85,000 cells was overlaid on

a 300 ml foot of Matrigel in a 24-well plate. The plate was

allowed to solidify at 37 �C in the incubator. After 30 min

DMEM media� 250 ng/ml Dox was added for cell growth.

For spheroid assays, 5� 105 MDA-MB-231 PKN3 shRNA

expressing cells were seeded on 6 cm low binding plates in

normal growth media supplemented to 2% matrigel in the

presence or absence of Dox (250 ng/ml). At day 5 spheroids

were measured; those of similar size were re-plated onto 24-

well plates for time course analysis. Additionalmeasurements

and photographs were taken at days 9 and 13.

2.7. Immunofluorescence analysis

For indirect immunofluorescence analysis cells grown on Lab-

tek II chamberslides (Nunc) were fixed and permeabilized us-

ing Fix & Perm solutions (Invitrogen). Samples were incubated

in blocking solution (10% FCS, 2% BSA, 0.1% Triton X-100,

0.025% Tween-20 in PBS) and then incubated with anti-HA

(12CA5) antibody (Roche) at 1:200, anti-PKN3 antibody at

1:300 or anti-P*-T860 antibody at 1:1000 diluted in blocking so-

lution. After washing twice in PBS containing 0.1% Triton

X-100 the slides were incubated with a 1:500e1:1000 dilution

of Alexa-488 or Alexa-546 labeled secondary antibody (Molec-

ular probes). Slides were mounted in the presence of DAPI

(Vectastain) for nuclear staining and analyzed on a confocal

LSM510 Meta microscope (Zeiss).

The extent of co-localization as assessed by Pearson’s Co-

localization Correlation (PCC) was calculated using the Voloc-

ity 6.0 Image Analysis Software (Perkin Elmer) with back-

ground exclusion. The PCC is a standard statistical analysis

to measure the strength of a linear relationship between fluo-

rescent intensities from two images. The resulting PCC value

is expressed relative to a maximum of 1� S.E.

2.8. Orthotopic mouse prostate and breast tumor models

Male nu/nu mice were inoculated with pooled 2� 106 stably

transfected PC-3 cells into the left dorsolateral lobe of the pros-

tate glandunder total body anesthesia (Stephenson et al., 1992;

Czauderna et al., 2003; Leenders et al., 2004). Doxwas adminis-

tered via food at 625 mg/kg; control groups received regular

food. Animalswere killed 49 days post transplantation andpri-

mary tumors (prostate gland) and lymph node metastases

were measured as described previously (Leenders et al., 2004).

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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Stable pools of 2� 106 MDA-MB-231 cells expressing Dox-

inducible PKN3, p110b, or control shRNAs were orthotopically

transplanted into the abdominal mammary fat pad of female

nude mice. Dox was administered via food at 625 mg/kg; con-

trol groups received regular food. Mammary tumor growth

was measured weekly. All animals were completely dissected

and photographically documented.
3. Results

3.1. Inhibition of PKN3 expression interferes with
primary tumor growth and lymph node metastasis in a pre-
established orthotopic mouse prostate tumor model

Previous work revealed that PKN3 mediates malignant cell

growth in-vitro and in-vivo downstream of activated phosphoi-

nositide 3-kinase in PTEN�/� prostate cancer cells (Leenders

et al., 2004). To determine if PKN3 is a general mediator of neo-

plastic growth and to identify the stages of tumor development

that are controlled by this kinase we reevaluated these results

in adifferentmousebackgroundaswell as in anestablished tu-

mor model. Human PC-3 prostate cancer cells were stably

transduced with viral vectors encoding Doxycycline-(Dox-)in-

ducible shRNAs against PKN3 or p110b, the relevant isoform

of the catalytic subunit of class I phosphoinositide 3-kinase in

prostate cancer cells (Jia et al., 2008). To limit the number of an-

imals, in this experiment we used only one shRNA per target,

because the general importance and efficacy of the respective

targets and reagents has previously been validated in-vitro

and in-vivo in PC-3 cells using multiple shRNAs (Leenders

et al., 2004). Dox treatment for 72 h produced efficient knock-

down of PKN3 and p110b protein expression, both of which

were accompanied by a reduction in the EMTmarker vimentin

(Thiery et al., 2009) compared to control cell populations

(Figure 1A). We tested these transduced cells in the ‘Matrigel

on-top’ assay (Kenny et al., 2007) and observed significant

growth attenuation in cells expressing PKN3 or p110b shRNAs

(Supplementary Fig. 1), consistent with the suggested role of

PKN3 in prostate cancer cell growth (Leenders et al., 2004).

In parallel, PC-3 cells stably engineered for inducible knock-

down of either PKN3 or p110b were intraprostatically trans-

planted into nude (nu/nu) mice (Stephenson et al., 1992). As

reported previously, Dox-treated animals exhibited strong in-

hibition of metastatic burden (Figure 1B). However, compared

to the previous report, which employed NMRI nude mice

(Leenders et al., 2004), primary tumor formation in PKN3 or

p110b knockdown cohorts, was impaired by about 50%. Mice

transplanted with parental PC-3 cells exhibited an increase

of tumor burden after Dox administration (Figure 1B) as previ-

ously observed with transplanted control shRNA cells

(Czauderna et al., 2003) indicating that the inhibitory effect ob-

served in response to PKN3 or p110b knockdownmay even rep-

resent an underestimate. Similar results were obtained in

three separate experiments showing that PKN3 regulates the

formation of both primary tumor and metastases.

Subsequently, we examined the effects of PKN3 knock-

down in a pre-established tumor setting. Transplanted cells

were allowed to form primary tumors for 28 days before Dox
administration for additional 21 days. As shown in

Figure 1C, PKN3 knockdown also resulted in attenuation of

pre-established primary tumor growth and lymph node me-

tastasis under these conditions.

3.2. PKN3 is a preferred binding partner for the
metastasis regulator RhoC

The finding that PKN3 regulates both, primary prostate tumor

growth and metastasis, together with the observed reduction

of vimentin levels after PKN3 knockdown indicates that PKN3

can contribute at various stages of tumor development. Given

the established role of Rho-family GTPases in different stages

of tumorigenesis and their role in regulating PKN1 and PKN2

(Mukai, 2003) we reasoned that PKN3 might also interact

with Rho-family molecules. We tested the interaction be-

tween PKN3 and GTPases by co-expressing Flag-tagged wild-

type PKN3, PKN3wt, or its catalytically inactive point mutant

harboring a K588E mutation within the ATP binding site,

PKN3kd, with or without Myc-tagged RhoA, RhoB or RhoC. Un-

expectedly, PKN3 preferentially interacted with RhoC com-

pared to RhoA and RhoB, indicating that PKN3 represents

a functional partner of RhoC (Figure 2A). Similar results were

obtained in independent experiments using different cell lines

such as HEK293 (Figure 2A and Supplementary Fig. 5), HeLa

(Figure 2B, Supplementary Figs. 2 and 3) as well as PC-3

(Figure 3B) cells highlighting the ability of PKN3 to bind to all

three Rho proteins, as well as the preferential association

with RhoC. The interaction between RhoC and PKN3 was

somewhat weakened when RhoC was co-expressed with

PKN3kd (Figure 2A and Supplementary Fig. 2).

Previous findings suggested that 3-phosphoinositide-de-

pendent protein kinase 1 (PDK1) associates with PKN1 and

PKN2 and phosphorylates these proteins at a conserved thre-

onine residue located in the activation loop of the PKN1/2 ki-

nase domain, a modification that leads to catalytic

activation of PKN family members (Flynn et al., 2000). There-

fore, we examined whether the immunoprecipitated

PKN3eRhoC complex also contains PDK1. Figure 2A shows

that endogenous PDK1 is readily detected in precipitates of

PKN3 bound to RhoC indicating that the PKN3eRhoC interac-

tion may facilitate ternary complex formation by recruiting

PDK1 to the complex analogous to the RhoePKN1/2ePDK1 ter-

nary complex described previously (Flynn et al., 2000). Alter-

natively, the association with RhoC may lead to

a conformational change in PKN3 facilitating binding of

PDK1. Yet in another scenario the dimeric RhoC could simul-

taneously bind PKN3 and PDK1 molecules via individual

monomers and form mixed dimers.

To study the binding of Rho proteins to endogenous PKN3,

we transiently expressed Myc-tagged Rac and Rho GTPases

and after stringent washes using 0.5 M LiCl/0.5% NP-40 anti-

Myc precipitates were analyzed for the presence of endoge-

nous PKN1, PKN2 and PKN3 (Figure 2B and Supplementary

Fig. 5). The relative levels of the PKN isoforms can be directly

compared using an antibody detecting an identical epitope

spanning the activation-loop phosphorylation site in all three

PKNmolecules. The results indicate first that RhoC represents

the preferred binding partner for endogenous PKN3 compared

to RhoA or RhoB. Secondly, PKN3 was preferentially bound by

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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Figure 1 e PKN3 mediates primary tumor growth and metastasis in an orthotopic mouse prostate cancer model. (A) PC-3 cells stably engineered

for Dox-dependent expression of PKN3, p110b or control shRNAs were grown either in the presence or absence of Dox (250 ng/ml) for 72 h, and

extracts were analyzed by immunoblotting with the indicated antibodies. Expression of Akt served as a loading control. (B) Stable PC-3 cells

expressing shRNAs targeting PKN3 (orange bars), p110b (blue bars) or PC-3 control cells (white bars) were transplanted intraprostatically into

nude mice. One group of animals received Dox (D), the second group received regular food without Dox (L) (n[ 7 animals per cohort). After 49

days, the mice were killed and evaluated for primary tumor (left) and lymph node metastases development (right). Each bar represents the mean

tumor volume ± S.E. (C) Mice with established tumors were divided into two groups 4 weeks after transplantation: One group of animals received

Dox (D), while the second group continued to be mock treated (L) for 3 weeks (n[ 10 animals per cohort). After 49 days, the mice were sacrificed

and analyzed for primary tumor and lymph node metastasis.
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RhoC over PKN1 or PKN2 despite the relative higher abun-

dance of the latter isoforms as shown in lysate controls run

in parallel (Figure 2B and Supplementary Fig. 5). The results

also show that, compared to Rho proteins Rac1 does not

form a complex with PKN3 under the stringent conditions

employed.
3.3. The catalytic activity of PKN3 is stimulated in the
presence of RhoC

Both, PKN3 and RhoC have been implicated in regulating ma-

lignant prostate cancer cell growth (Iiizumi et al., 2008;

Leenders et al., 2004), albeit independent of each other.

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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Figure 2 e PKN3 and RhoC are preferred binding partners. (A)

PKN3 preferentially interacts with RhoC. Recombinant Flag-

PKN3wt, Flag-PKN3kd, Myc-RhoA, Myc-RhoB and Myc-RhoC were

transiently expressed in HEK293T cells either single or in

combination. Cell lysates with equal protein concentration were

mixed with anti-Flag antibody beads, and bound protein complexes

were eluted with Flag peptides and subsequently subjected to Western

blotting analysis (top panel). Expression levels in the input lysates are

shown using the indicated antibodies (bottom panel). (B) RhoC

preferentially interacts with endogenous PKN3. Myc-tagged RhoA,

RhoB, RhoC (in duplicates) or Rac1 as a control were transiently

expressed in HeLa cells. Anti-Myc immune-complexes prepared from

cell lysates were analyzed for the levels of Rho and Rac proteins and

for associated PKN1/2/3 proteins via detection of the shared

activation-loop phosphorylation site (P*-PKN) (top panel). Lysates

were run in parallel to show relative expression levels of PKN proteins

in the input material (right lanes). Expression levels of recombinant

and endogenous proteins in the lysates are shown (bottom panel).

Lysates from Rac1 transfected cells had been analyzed on a separate

gel as indicated by the dotted line.
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Therefore, we investigated whether RhoC binding can stimu-

late PKN3 activity. To compensate for a somewhat stabilizing

effect of Rho proteins on PKN3 levels, we adjusted the PKN3

cDNA amount during transfection: While increasing the

amounts of RhoC cDNA to examine its dose-dependent stim-

ulation of PKN3 activity, we correspondingly lowered the

amounts of PKN3 cDNA in parallel. As shown in Figure 3A, rel-

atively equal amounts of PKN3 were present in anti-Flag im-

munoprecipitates allowing a direct comparison of the

catalytic activity between samples (top panel). The in-vitro
protein kinase assay performed indicates that PKN3 catalytic

activity is further stimulated in the presence of increasing

amounts of RhoC.

The experiment in Figure 2A using HEK293T cells indicated

that recruitment of endogenous PDK1 is favored especially

upon co-expression of recombinant PKN3 and RhoC. To assess

the function of complex formation (PKN3$RhoC$PDK1) also in

PC-3 cells, wemonitored expression and activity of PKN3 after

co-transfection with recombinant PDK1 and RhoA or RhoC. As

shown in Figure 3B, both RhoA and RhoC co-expression in-

crease PKN3 levels (bottom panel; compare lane 1 with lanes

6 and 7). Upon co-expression of PDK1, this stimulatory effect

was even more pronounced (lanes 10e11) suggesting that

complex formation leads to increased stability of the complex

components as compared to a PKN3$RhoA/C complex orwhen

expressed individually. Anti-Flag immunoprecipitates of the

lysates were subjected to an in-vitro protein kinase reaction:

PKN3 expressed alone was found to have intrinsic kinase ac-

tivity as monitored by using a GSK3-derived peptide as a sub-

strate (Figure 3B, top panel; lane 1). In the presence of RhoA or

RhoC, the catalytic activity of PKN3 was further increased

(lanes 6e7) and the highest kinase activity levels were

obtained when PKN3 was co-expressed simultaneously with

Rho proteins and PDK1 (lanes 10e11). The catalytic activity

correlated with phosphorylation of threonine 860 (T860)

within the turn-motif of PKN3 as detected by a novel poly-

clonal antibody that specifically recognizes phospho-T860

(see next section). Control reactions containing recombinant

PDK1 alone (lane 3) or PDK1 co-expressed with PKN3kd

(lane12) demonstrate that PDK1 does not phosphorylate the

PKN3 substrate under the conditions used. Compared to

HEK293T cells (shown above in Figure 3A) in PC-3 cells it is

more difficult to completely separate increased activity from

expression level due to mutual stabilizing effect in response

to complex formation as mentioned above.

We also compared RhoA and RhoC-mediated stimulation

of PKN3 activity in HeLa cells, where it was easier to maintain

comparable expression levels (Supplementary Fig. 3A). PKN3

showed increased kinase activity when RhoC was present

compared to RhoA as shown in anti-Myc and anti-HA immune

precipitates, which may result from the preferential associa-

tion of PKN3 and RhoC (Supplementary Fig. 3B).

3.4. Activated PKN3 is localized to nucleus

Previousexperiments indicated that PKN3 isnotonly regulated

at the transcriptional level in response to oncogenic pathway

deregulation, but also post-transcriptionally and at the level

of its catalytic activity (Leenders et al., 2004). Increased phos-

phorylation of AGC-type kinases at key residues located in

the activation loop, the turn-motif, and the hydrophobicmotif

contribute to increased protein stability as well as activity

(Newton, 2003). Since the hydrophobic motif in PKN3 is occu-

pied by a phospho-mimetic amino acid and the epitopearound

the activation loop (T718) is shared with other AGC-family ki-

nases, we aimed to develop an activation-state specific anti-

body against the unique turn-motif phosphorylation site at

T860, previously suggested to constitute an invariant site for

PKN3 activity (Leenders et al., 2004) because even phospho-

mimetic amino acid substitutions such as glutamic acid or

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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Figure 3 e PKN3 catalytic activity is regulated by RhoC. (A) Flag-tagged PKN3 was precipitated from equivalent amounts of HEK293T cell

lysates, in which PKN3 was co-expressed with increasing amounts of RhoC. Equal amounts of cell lysates were mixed with immobilized anti-Flag

antibodies, and bound complexes were eluted with Flag peptides. 1/3rd of each eluate was used for an in-vitro protein kinase reaction and

phosphorylated substrate was detected using a phospho-GSK3a/b antibody. Comparable amounts of PKN3 in the complexes are shown by

blotting for PKN3 levels; the anti-Flag antibody light chain eluted from the beads serves as a loading control (top panel). Equivalent amounts of

lysates were analyzed for expression levels (bottom panel). (B) PC-3 cells were transfected with PKN3wt, PKN3kd, PDK1 or RhoA/C expression

vectors individually (lanes 1e5) or in combinations (PKN3wt, PKN3kd with RhoA/C: lanes 6e9; PKN3wt, PKN3kd with PDK1 and RhoA/C: lanes

10e12). PKN3 complexes in the Flag-eluates were subjected to an in-vitro protein kinase reaction as described in (A) (top panel). Lysates from

equivalent cell numbers were immunoblotted as shown; endogenous Akt served as a loading control (bottom panel).
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aspartic acid completely abrogate its activity (data not shown).

As shown in Figure 4A affinity-purified rabbit antibodies that

were raised against an epitope encompassing the phosphory-

lated turn-motif (P*-T860) specifically detected PKN3wt by

Western blotting, but not PKN3kd or PKN1 and PKN2 in HeLa

cells stably expressing a 4-hydroxytamoxifen (4-OHT) induc-

ible form of PKN3, PKN3wt-ER, or the kinase-defective

PKN3kd-ER (Leenders et al., 2004). PKN3wt-ER had no detectable
kinase activity in the absence of 4-OHT (Figure 4A) and its abil-

ity to phosphorylate a substrate increased over the course of

18 h after addition of 4-OHT to themedium.The increase in ac-

tivity is closelymirrored by the phospho-signal detected using

the turn-motif specific P*-T860 antibody as indicated by quan-

tification of the relative signal intensities (Figure 4A). The

activation-loop specific phospho-antibody signal showed

a certain increase over time as well; however, since PKN3kd-

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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Figure 4 e PKN3 and RhoC can localize to the nucleus. (A) PKN3 phosphorylation at the turn-motif correlates with catalytic activity. HeLa cells

stably expressing PKN3wt-ER or PKN3kd-ER were treated in the presence of 10 mg/ml insulin with vehicle (D: DMSO) or 200 nM 4-OHT for the

indicated times and extracts were analyzed by Western blotting using pan-PKN3, activation loop (A-loop) or turn-motif (T860) specific phospho-

antibodies (top panels 1e3). PKN3-ER molecules were precipitated from equal amounts of lysates using an ER-tag antibody and subjected to an

in-vitro protein kinase assay; substrate phosphorylation was detected by a phospho-GSK3a/b antibody (bottom panel). Relative signal intensities

of A-loop, T860 and substrate phosphorylation of the PKN3wt samples were quantified by densitometric scanning of the luminescence signals and

are shown below each panel; the maximum activation achieved after 18 h 4-OHT treatment was set at a value of 1. (B) Active PKN3 is localized to

the nucleus. Confocal IF was performed on coverslips using anti-P*-T860 (Alexa-488 Green) and anti-HA antibodies (Alexa-546 Red) on HeLa

cells overexpressing HA-tagged PKN3wt or HA-tagged PKN3kd; the nuclei were DAPI stained. For co-localization analysis Pearson’s Correlation

Coefficient (PCC ± S.E.) for PKN3wt (n[ 15) and PKN3kd (n[ 25) cells was calculated using Volocity Image analysis software. Size bars indicate

50 mm. (C) Active PKN3 and RhoC can co-localize in the nucleus. IF was conducted using anti-P*-T860 and anti-HA antibodies (Alexa-546 Red)

on HeLa cells overexpressing either GFP-tagged RhoC or RhoA (Green) together with PKN3wt-HA or PKN3kd-HA. Nuclei were detected by

DAPI staining. All pictures were taken at 203 magnification; images are shown enlarged to provide details of the intracellular localization. Size

bars indicate 50 mm.
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ER and PKN1/2 are also detected, it is less suitable as an indica-

tor for PKN3 catalytic activity.

To evaluate activation-state specific localization of PKN3,

HA-tagged wt PKN3 or its catalytic site mutant (K588E) were
transiently expressed and recombinant proteins were

detected using confocal immunofluorescence (IF) microscopy

(Figure 4B). Transfected cells were identified with an HA-

antibody, which does not discriminate between active and

http://dx.doi.org/10.1016/j.molonc.2011.12.001
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inactive PKN3 molecules. The P*-T860 antibody specifically

recognizes wild-type, but not inactive versions of PKN3 as

shown in Figures 3B and 4A, B and Supplementary Fig. 3. Sur-

prisingly, PKN3 molecules detected by the P*-T860 antibody

predominantly localized to the nucleus, whereas the anti-HA

signal was prevalent in all cellular compartments. This sug-

gests that when overexpressed only a limited fraction of the

total PKN3 protein can become phosphorylated at T860,

whereas a major proportion of the overexpressed recombi-

nant protein remains unmodified and dispersed throughout

the cells. The predominant nuclear localization is mostly ap-

parent in the overlay analysis and is indicated by a nuclear

co-localization coefficient of 0.495 for DAPI and P*-T860 of wt

PKN3 (Figure 4B, upper panel) using Pearson’s Correlation Co-

efficient (PCC) analysis compared to 0.112 of kinase-defective

PKN3 (Figure 4B, lower panel). Taken together, these results

indicate that turn-motif phosphorylation at T860 correlates

with PKN3 catalytic activity and that active PKN3 localizes

predominantly to the nuclear compartment.

Since our experiments demonstrate that Rho GTPases form

a specific complex with PKN3, we wanted to test whether they

can associate with active PKN3 in the nucleus. We co-

expressed HA-tagged wt and kd PKN3 in the presence of

GFP-RhoC or GFP-RhoA in HeLa cells and analyzed their intra-

cellular localization by confocal immunofluorescence. Yellow

staining indicates co-localization of active PKN3 detected ei-

ther by P*-T860 or anti-HA antibodies with GFP-RhoA/C pre-

dominantly in the nucleus (Figure 4C, upper panel). By

contrast, PKN3kd was only detected by the HA-antibody and

appeared to be excluded from the inner nuclear area occupied

by Rho proteins (lower panel). Compared to RhoC, there was

increased co-staining of PKN3 with RhoA detectable in the

perinuclear and cytoplasmic region. These results suggest

that Rho GTPases can co-localize with active PKN3 in the nu-

cleuswhen highly expressed, but they do not explain the pref-

erence of PKN3 for interacting with RhoC over RhoA.

We also analyzed the localization of GFP-RhoC and GFP-

RhoA overexpressed individually indicating predominantly

nuclear and membrane localization plus some cytoplasmic

staining for RhoA (Supplementary Fig. 4).

3.5. PKN3 regulates growth of breast cancer cells in-
vitro and in-vivo

Previously, a study using RhoC-deficient mice demonstrated

that RhoC is dispensable for normal development and for tu-

morigenesis, while being essential for metastasis in a mouse

breast cancermodel (Hakem et al., 2005). In addition, RhoC ex-

pression is upregulated during breast cancer progression and

correlates with the aggressiveness of invasive carcinomas of

the breast (Fritz et al., 2002; Kleer et al., 2002, 2005). Since

our studies implicate PKN3 as a functional binding partner

of RhoC, we analyzed the expression of PKN3 and RhoC in

a panel of breast cancer cell lines. Figure 5A shows that

PKN3 is expressed in all mammary tumor lines examined,

with the highest level being detected in the basal-like triple

negative (estrogen receptor, progesterone receptor and ErbB2

negative) lines, BT549 and MDA-MB-231. Elevated PKN3 pro-

tein levels in these samples also correlate with increased

PKN3 catalytic activity as measured by T860 phosphorylation.
Similarly, the highest level of RhoC expressionwas detected in

the triple negative cell lines. Subsequently, we chose MDA-

MB-231 cells, which exhibit tumor-initiating cell characteris-

tics (Fillmore and Kuperwasser, 2008), to generate stable lines

expressing Dox-inducible PKN3, p110b, or non-targeting

shRNAs. Lysates from stably transduced cell populations

exhibited efficient knockdown of PKN3 or p110b after 72 h

Dox treatment (Figure 5B). Knockdown of either PKN3 or

p110b significantly attenuated growth of MDA-MB-231 cells

in Matrigel compared to control-treated samples (Figure 5C).

Furthermore, we observed that PKN3 regulates the ability of

MDA-MB-231 cells to formmulti-cellular spheroids, a hallmark

of tumor-initiating cells in breast cancer (Mani et al., 2008). Af-

ter only 4 days, the effect of PKN3 knockdown became visible,

as reflected by the smaller mammosphere size of the Dox-

treated samples (Figure 5D, left). We isolated spheroids of

comparable size and propagated them individually in 24-wells

for additional 13 days. Compared to mock-treated control

samples mammosphere growth was substantially impaired

in response to PKN3 knockdown with the occasional appear-

ance of apoptotic blebs on the spheroid surface (Figure 5D,

right). Collectively, the attenuated growth of PKN3 knockdown

cells observed in these 3D culture environments supports the

hypothesis that PKN3 can contribute to the phenotype of inva-

sive breast cancer cells, similar to the perceived role of its

binding partner RhoC in late-stage aggressive disease

(Hakem et al., 2005).

To analyze the role of PKN3 in an in-vivo breast cancer

model, theMDA-MB-231 cells engineered for inducible expres-

sion of PKN3, p110b or non-targeting shRNAs, were trans-

planted into the mammary fat pad of female mice. While

Dox administration of animals transplanted with cells

expressing non-targeting shRNAs did not affect primary

mammary tumor growth, strong attenuation of mammary tu-

mor development was observed in mice harboring PKN3

shRNA xenotransplants similar to that of p110b shRNA

(Figure 5E). In the latter case, due to leakiness of p110b shRNA

expression in the uninduced state (see Figure 5B), the mock-

treated animals also exhibited a reduction in tumor size com-

pared to mice harboring uninduced PKN3- and non-targeting

shRNA transplants (Figure 5E). To further substantiate this

novel finding in an orthotopic breast cancer model, we

employed additional PKN3 shRNAs and observed a dose-

dependent effect on tumor formation in mice treated with

and without Dox (Supplementary Fig. 6). The in-vivo analysis

is in agreement with the results obtained in the in-vitro studies

described above indicating that PKN3 can regulate breast can-

cer development.

3.6. PKN3 overexpression is sufficient for enhanced
growth of MDA-MB-231 cells in Matrigel, and this effect is
RhoC-dependent

A further functional connection between RhoC and PKN3 was

documented by analyzing MDA-MB-231 lysates from cells

with Dox-induced PKN3 knockdown: Compared to uninduced

samples, lysates from PKN3-depleted cells exhibited reduced

levels of RhoC protein (Figure 6A). Also, RhoA levels were re-

duced in response to PKN3 knockdown, albeit to a lesser ex-

tent. RhoB could not be detected. As a molecule with tumor
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Figure 5 e Malignant growth of MDA-MB-231 cells is mediated by PKN3. (A) PKN3 and RhoC expression levels in breast cancer cell lines.

Lysates from the indicated breast cancer lines grown in the presence or absence of serum were analyzed for expression and activation of PKN3 as

well as for RhoC levels by immunoblotting; p110a served as a loading control. Subsequent experiments were carried out in MDA-MB-231 cells

(underlined). (B) Stably transduced MDA-MB-231 cells with Dox-dependent expression of either PKN3 or p110b shRNAs were analyzed in

parallel with samples expressing an unrelated control shRNA. Cells were grown with or without 250 ng/ml Dox for 72 h and extracts were

immunoblotted with antibodies against PKN3, p110b and phospho-Akt (T308). Akt served as a loading control. (C) The engineered cells were

pre-treated with or without Dox for 72 h, embedded in 80% Matrigel (11e12 mg/ml) and photographed after 7 days at 103 magnification.

Medium was replaced every 2e3 days ±Dox. (D) In parallel, cells were cultured as mammospheres in low binding plates with or without Dox.

Representative spheroids from mock or Dox-treated plates were photographed after 4 days at 53 magnification (left). Comparable size spheroids

were selected and cultured individually in 24-wells and photographed on days 9 and 13 (right). (E) Stable PKN3 (orange bars), p110b (blue bars)

or control (white bars) shRNA expressing cells were transplanted into the mammary fat pad of female mice. The animals were split into two

groups, one group was treated with Dox to induce shRNA expression and the second group was mock treated; with 15 animals per group (n).

Primary mammary tumors were measured weekly for 6 weeks, and on day 42 the animals were killed and evaluated. Each bar represents the mean

tumor volume ± S.E.
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Figure 6 e PKN3 mediates growth of MDA-MB-231 cells in a RhoC-dependent manner. (A) MDA-MB-231 cells stably engineered for Dox-

dependent PKN3 knockdown were transfected with siRNAs targeting either RhoA or RhoC, in parallel to an unrelated control siRNA. 72 h after

Dox addition or 48 h after siRNA transfection, cells were lysed and analyzed by immunoblotting. (B) Stable MDA-MB-231 cells with Dox-

dependent overexpression of PKN3 were transfected with siRNA targeting RhoC or mock transfected, and then embedded in 80% Matrigel

(11e12 mg/ml). Medium was replaced every 2e3 days ±Dox. Multi-cellular clusters (>10 cells) indicating proliferating cells were quantified

relative to individual cells or small cell aggregates on day 7: Counts from five photographic sections were averaged per sample and expressed as

mean percentage ± S.E. Photographs were taken at 53 magnification; two enlarged images for each sample are shown. (C) Parallel Matrigel

samples were lysed on day 4 and both the induced overexpression of PKN3wt and knockdown of RhoC were confirmed by immunoblotting.
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suppressive function it is frequently downregulated in cancer

cells (Huang and Prendergast, 2006). The identity of the Rho

protein signals in the immunoblot was confirmed using siR-

NAs targeting either RhoC or RhoA. The RhoC antibody may

crossreact to some extent with RhoA as indicated by a slight

reduction in the RhoC band after RhoA siRNA treatment.
Similarly, the RhoA signal was somewhat reduced by RhoC

knockdown due to slight crossreactivity of the RhoA antibody.

Taken together, the results indicate that complex formation

with PKN3 can stabilize the RhoC protein; alternatively,

PKN3 may regulate RhoC expression via an mRNA or

miRNA-dependent mechanism.
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To investigate the role of PKN3 and RhoC in mammary tu-

mor formation inmore detail, we established stable MDA-MB-

231 lines overexpressing wt PKN3 in a Dox-inducible manner

and examined the growth of these cells embedded in Matrigel.

Surprisingly, cells with inducible PKN3 expression adopted

a more aggressive behavior as indicated by their growth ad-

vantage in extracellular matrix compared to uninduced cells

(Figure 6B): The enhanced growth potential upon PKN3 over-

expression is reflected by an increased percentage of cells

growing as multi-cellular clusters in the semi-solid 3D envi-

ronment (w17%) compared to control cells with wt PKN3 ex-

pression levels (w5%). This suggests that increased

expression of active PKN3 is sufficient to further augment

the ability of MDA-MB-231 cells to grow inMatrigel. The corre-

lation between induced PKN3 levels and the enhanced growth

observed in the 3D matrix (Figure 6B and C) indicates that el-

evated PKN3 expression can worsen the phenotype of breast

cancer cells.

To interrogate a possible involvement of RhoC in this

PKN3-driven phenotype, we depleted RhoC in these cells

with siRNA (Figure 6C). Indeed, knockdown of RhoC in cells

overexpressing PKN3 resulted in a normalization of the en-

hanced growth phenotype in Matrigel (Figure 6B) and the per-

centage of cells growing asmulti-cellular clusterswas reduced

to basal levels. RhoC knockdown had no apparent effect on

the isogenic control samples, which were not induced for in-

creased PKN3 expression. These results indicate that RhoC

not only stimulates the catalytic activity of PKN3, but also it

represents a mediator of PKN3-induced growth. Taken to-

gether, these results suggest that the functional complex be-

tween PKN3 and RhoC supports a more advanced malignant

phenotype in breast cancer cells.
4. Discussion

The results of this study delineate PKN3 as a crucial regulator

of neoplastic growth in prostate and breast cancer cells in-

vitro and in-vivo and provide new insight into the molecular

mechanism of regulation of this tumor-promoting kinase.

PKN3 has previously been found to be required for prostate

cancer cell growth downstream of oncogenic phosphoinosi-

tide 3-kinase (Leenders et al., 2004). In agreement with this,

we observed that knockdown of PKN3 was as effective at

inhibiting PC-3 cell growth as was knockdown of p110b

(Figure 1 and Supplementary Fig. 1), the predominant iso-

form of the catalytic subunit of class I phosphoinositide 3-

kinase in prostate cancer cells (Jia et al., 2008; Leenders

et al., 2004). However, in contrast to earlier findings stating

that PKN3 promotes metastatic growth in NMRI nude mice

xenotransplants, we now report that PKN3 supports both pri-

mary and metastatic tumor growth when transplanted into

nude (nu/nu) mice (Figure 1B). Since both studies were per-

formed using PC-3 cells and employed identical PKN3 and

p110b shRNAs we attribute the more profound effect in

the current data set to the use of a different mouse strain

(nu/nu). We observed a similar 50e60% reduction in primary

tumor growth and block of metastasis, whether shRNA in-

duction was induced early after transplantation or in an

established tumor setting (Figure 1B and C). This may
indicate that PKN3 function is more relevant during later

phases of tumor growth, e.g. when the tumor reaches

a size that demands neovascularization to provide sufficient

oxygen and nutrients to sustain tumor growth. Alternatively,

PKN3 may assist in maintaining aspects of tumor-initiating

or tumor stem cells such as EMT (Figure 1A) or mammo-

sphere growth (Figure 5D). In support of this possibility,

EMT was shown to regulate tumor stem cell growth and me-

tastasis (Mani et al., 2008; Thiery, 2002), and also RhoC is

a known mediator of both EMT and metastasis (Bellovin

et al., 2006; Hakem et al., 2005; Ma et al., 2007).

By investigating the molecular mechanism of how PKN3

exerts its function in regulatingmalignant growth,we demon-

strate that PKN3 undergoes complex formationwithmembers

of the Rho family of GTPases. Among a set of prototype family

members tested (Rac1, Cdc42, RhoA, RhoB and RhoC) PKN3

preferentially interacts with RhoC (Figure 2, and

Supplementary Figs. 2, 3 and 5). Considering the reciprocal

and preferred interaction of PKN3 with RhoC over the closely

related RhoA and RhoB, and of RhoCwith PKN3 over its homo-

logs PKN1 and PKN2, our data suggests a functional role for the

PKN3eRhoC complex in late-stage aggressive forms of pros-

tate and breast tumors, where both molecules become upre-

gulated (Iiizumi et al., 2008; Leenders et al., 2004). Notably,

the PKN3eRhoC interaction was found to facilitate recruit-

ment of PDK1 to the complex, thereby further stimulating

PKN3 catalytic activity (Figures 2A and 3B).

Rho GTPases are temporally and spatially activated by their

requisite guanine nucleotide exchange factors (GEFs), thus de-

termining the status of the interaction with their effector ki-

nases (Hall, 2009; Manser, 2002). Therefore, we employed

dominant-negative forms of the GTPases, which act by enter-

ing into a nonproductive interaction with their GEFs. As

expected, endogenous PKN3 exhibited decreased affinity to

dominant-negative RhoC compared to wild-type RhoC

(Supplementary Fig. 5). Although the overall affinity of PKN3

toward RhoA was reduced relative to RhoC, it was even lower

when dominant-negative RhoA was used as bait, indicating

that the interaction of PKN3 with both RhoC and RhoA is

GTP-dependent. However, PKN3 also exhibited reduced ca-

pacity for interacting with a constitutively active form of

RhoC compared to wild-type RhoC (Supplementary Fig. 5).

Overexpression of constitutively active RhoC may not allow

co-precipitation of PKN3 as efficiently as wt RhoC, because

of possible alterations in localization and/or competition

with many other GTPase effectors known to selectively asso-

ciate with the activated form of the GTPase (Heasman and

Ridley, 2008).

RhoC represents one of few Rho GTPase family members

with a Canonical Nuclear Localization Signal (CNLS)

(Williams, 2003). This CNLS overlaps with the polybasic region

(PBR) in RhoC and may regulate its nucleocytoplasmic shut-

tling, as shown for select Rho and Ras family members

(Chelsky et al., 1989; Chook and Blobel, 2001; Christophe

et al., 2000; Hodel et al., 2001). When highly expressed, RhoA

and RhoC can also be found in the nucleus and co-localize

with the activated form of PKN3, as measured by the turn-

motif specific phospho-T860 antibody (Figure 4B).

Expression of RhoC correlates with late-stage aggressive

behavior of several cancer types as characterized by
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increased invasive and metastatic capacity (Iiizumi et al.,

2008; Kleer et al., 2005, 2006; Kondo et al., 2004; Liu et al.,

2007; Marionnet et al., 2003; Shikada et al., 2003; Suwa

et al., 1998; van Golen et al., 1999; Wang et al., 2003, 2004).

RhoC overexpression is sufficient to enhance the metastatic

potential of tumor cells (Hakem et al., 2005). In a mouse

mammary adenocarcinoma model with 100% penetrance

for lung metastasis, markedly reduced numbers of metasta-

ses were formed in the absence of RhoC (Clark et al., 2000).

More recently, RhoC upregulation in metastatic breast cancer

was linked to miRNA10b expression (Ma et al., 2007): Mir10b

expression is elevated in metastatic breast cancer and its ex-

pression is positively controlled by the EMT-inducing tran-

scription factor, TWIST. Expression of mir10b indirectly

affects expression of RhoC through inhibition of the nega-

tively regulating transcription factor homeobox protein D10,

Hoxd10 (Ma et al., 2007). However, while this report describes

a model for how RhoC expression is regulated during metas-

tasis, the molecular mechanism by which RhoC stimulates

increased malignant potential of cancer cells remains un-

clear. Through shRNA-mediated depletion and overexpres-

sion, we demonstrate that PKN3 is both necessary and

sufficient for promoting an increased malignant phenotype

in a breast cancer model (Figure 6). Moreover, the growth

stimulation caused by PKN3 overexpression was reversed

by knocking down RhoC suggesting that PKN3 and RhoC

can be functionally coupled in late-stage breast cancer cells

(Figure 6B and C).

In total, we employed four different PKN3 shRNAs to sub-

stantiate a novel role of PKN3 in breast cancer growth using

an orthotopic breast tumor model, where we observed

a dose-dependent reduction in tumor formation in mice

treated with Dox (Figure 5E and Supplementary Fig. 6). Taken

together, our in-vivo studies in breast and prostate cancer

models suggest that PKN3 promotes malignant growth at

the level of primary tumor growth. Furthermore, given the

strong and preferential interaction of PKN3 and RhoC, we hy-

pothesize that PKN3 and RhoC form a complex, in which both

deregulated proteins functionally cooperate to promote in-

creased growth and invasion of breast cancer cells. While

RhoC appears to promote metastasis without effecting pri-

mary tumor growth (Clark et al., 2000; Hakem et al., 2005),

the ubiquitously expressed RhoA has been implicated in the

formation of primary tumors (Dohda et al., 2004). Since PKN3

can also interact with RhoA, albeit with reduced affinity com-

pared to RhoC, we cannot rule out that a complex consisting of

PKN3 and RhoA also regulates neoplastic growth. RhoA may

become substituted by RhoC during EMT-assisted progression

to more aggressive disease stages, when RhoC levels become

upregulated.
5. Conclusion

In summary, we propose a model suggesting that aberrantly

expressed PKN3 and RhoC can cooperate in advanced disease

stages. Complex formation leads to increased PKN3 catalytic

activity. The complex formed between PKN3 and RhoC in ag-

gressive tumor cells may, therefore, represent an attractive

target for therapeutic intervention.
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