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Abstract. It has been reported that suppression of protein 
kinase N3 (PKN3) expression in vascular and lymphatic 
endothelial cells results in the inhibition of tumor progres-
sion and lymph node metastasis formation. The present study 
investigated whether combination therapy of small interfering 
RNA (siRNA) against PKN3 and doxorubicin (DXR) could 
increase therapeutic efficacy against liver and lung metastases. 
In  vitro transfection of PKN3 siRNA into PKN3‑positive 
MDA‑MB‑231, LLC, and Colon 26 cells and PKN3‑negative 
MCF‑7 cells did not inhibit cell growth and did not increase 
sensitivity to DXR. However, following in vivo treatment, 
PKN3 siRNA suppressed the growth of liver MDA‑MB‑231 
and lung LLC and MCF‑7 metastases, although combination 
therapy with DXR did not increase the therapeutic efficacy. 
By contrast, in liver MCF‑7 metastases, PKN3 siRNA or DXR 
alone did not exhibit significant inhibition of tumor growth, 
but their combination significantly improved therapeutic effi-
cacy. Treatment of liver MDA‑MB‑231 metastases with PKN3 
siRNA induced a change in vasculature structure via suppres-
sion of PKN3 mRNA expression. PKN3 siRNA may induce 
antitumor effects in lung and liver metastases by suppression 
of PKN3 expression in stroma cells, such as endothelial cells. 
From these findings, PKN3 siRNA alone or in combination 
with DXR may reduce the tumor growth of liver and lung 
metastases regardless of PKN3 expression in tumor cells.

Introduction

Metastasis is the most lethal aspect of cancer, due to the 
challenges in treating the metastasis and spread of cancer to 
key organs, including the lung, liver and brain. Consequently, 
metastasis remains a major challenge for the clinical 

management and prognosis of patients with cancer. Therefore, 
novel systemic therapies for tumor metastasis are required. 
RNA interference can be used as a novel therapeutic modality 
for metastasis through specific silencing of therapeutically 
relevant genes in vivo (1‑3). Synthetic small interfering RNAs 
(siRNAs), which are small, double‑stranded RNAs, are 
substrates for the RNA‑induced silencing complex. However, 
there are challenges associated with the in  vivo delivery 
of siRNA, such as enzymatic instability and low cellular 
uptake (1).

Protein kinase N3 (PKN3) has been identified as a 
downstream effector of the phosphoinositide‑3‑kinase 
signaling pathway (4). Loss of PKN3 function in vascular and 
lymphatic endothelial cells results in the inhibition of tumor 
progression and lymph node metastasis  (5), although the 
molecular mechanism by which PKN3 contributes to malig-
nant growth and tumorigenesis is not well understood. Gene 
silencing of PKN3 expression by liposomal PKN3 siRNA 
(Atu027) inhibited tumor growth and metastasis formation by 
modulating tumor‑associated angiogenesis in various cancer 
mouse models  (5,6). Atu027 is currently being tested in a 
Phase I clinical trial in cancer therapy (7). Therefore, PKN3 is 
considered a promising therapeutic target for metastasis.

For in vitro and in vivo gene delivery, cationic liposomes 
composed 1,2‑dioleoyl‑3‑trimethylammonium‑propane 
methyl  su l fate  sa lt  (DOTAP)/cholesterol  (Chol) 
or DOTAP/1,2‑dioleoyl‑sn‑glycero‑3‑phosphoethanolamine 
(DOPE) have often been used (8‑10). Systemic injection of a 
cationic liposome/siRNA complex (lipoplex) can efficiently 
deliver siRNA to the lungs  (11). Electrostatic interactions 
between positively charged lipoplexes and negatively charged 
erythrocytes cause agglutination (12), and the agglutinates 
contribute to high entrapment of lipoplexes in the highly 
extended lung capillaries  (13). Previously, it was reported 
that intravenous injection of DOTAP/DOPE lipoplexes could 
deliver siRNA into lung metastasis and suppress the expres-
sion of a target gene (11). Furthermore, it was demonstrated 
that intravenous sequential injection of chondroitin sulfate plus 
DOTAP/Chol lipoplex into mice with liver metastasis could 
deliver siRNA efficiently to the metastasis without accumula-
tion in the lungs, and suppress expression of a target gene in 
tumor cells (14,15). Therefore, in the present study, the thera-
peutic efficacy of treatment with PKN3 siRNA was evaluated 
using the aforementioned transfection methods against liver 
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and lung metastases. Furthermore, it was examined whether 
a combination of PKN3 siRNA and doxorubicin (DXR) could 
increase therapeutic efficacy against metastases.

Materials and methods

Materials. DOTAP was obtained from Avanti Polar Lipids 
Inc. (Alabaster, AL, USA). Chol and chondroitin sulfate C 
sodium salt were purchased from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan). DOPE was obtained from 
NOF Corporation (Tokyo, Japan). DXR was purchased from 
Wako Pure Chemical Industries Inc.

siRNA. Mouse/human specific PKN3 siRNA and pGL2‑lucif-
erase siRNA (Cont siRNA), as a negative control for PKN3 
siRNA (blunt‑ended 23‑mer, alternating 2'‑O‑methyl modi-
fied), was synthesized by Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany). The siRNA sequences of the PKN3 
siRNA were as follows: Sense, 5'‑AgA​cUu​GaG​gAc​UuC​cUg​
GaC​aA‑3' and antisense, 5'‑uUg​UcC​aGg​AaG​uCc​UcA​aGu​
Cu‑3' (5). The siRNA sequences of the Cont siRNA were as 
follows: Sense, 5'‑AuC​aCg​UaC​gCg​GaA​uAc​UuC​gA‑3' and 
antisense, 5'‑uCg​AaG​uAu​UcC​gCg​UaC​gUg​Au‑3'  (5). The 
lower‑case letters represent 2'‑O‑methyl‑modified nucleo-
tides.

Cell culture. Human breast cancer MDA‑MB‑231/Luc cells 
stably expressing firefly luciferase were obtained from Cell 
BioLabs, Inc. (San Diego, CA, USA). Tamoxifen‑resistant 
human breast cancer MCF‑7‑Luc (TamR‑Luc#1) cells stably 
expressing firefly pGL3‑luciferase were donated by Dr. 
Kazuhiro Ikeda (Division of Gene Regulation and Signal 
Transduction, Research Center for Genomic Medicine, 
Saitama Medical University, Saitama, Japan). Human hepa-
tocellular carcinoma HepG2 and human cervical carcinoma 
HeLa cells were obtained from the European Collection of 
Cell Cultures (Salisbury, UK). Human pancreatic carcinoma 
PANC‑1 cells were provided by Dr. Fumitaka Takeshita 
(Division of Molecular and Cellular Medicine, National 
Cancer Center Research Institute, Tokyo, Japan). Murine 
Lewis lung carcinoma LLC and murine colon carcinoma 
Colon 26 cells were obtained from the Cell Resource 
Center for Biomedical Research, Tohoku University (Sendai, 
Japan).

LLC and Colon 26 cells were cultured in RPMI‑1640 
medium (Wako Pure Chemical Industries Inc.) with 10% 
heat‑inactivated fetal bovine serum (FBS, Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) and 100 µg/ml 
kanamycin (Wako Pure Chemical Industries Inc.) in a humidi-
fied atmosphere containing 5% CO2 at 37˚C. MCF‑7‑Luc 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Wako Pure Chemical Industries Inc.) supplemented 
with 10% FBS, 100 µg/ml kanamycin and 0.5 mg/ml G418 at 
37˚C in a 5% CO2 humidified atmosphere. MDA‑MB‑231/Luc 
and HepG2 cells were cultured in DMEM supplemented with 
10% FBS and 100 µg/ml kanamycin at 37˚C in a 5% CO2 
humidified atmosphere. HeLa cells were cultured in Eagle's 
Minimum Essential Medium (Wako Pure Chemical Industries 
Inc.) supplemented with 10% FBS and 100 µg/ml kanamycin 
at 37˚C in a 5% CO2 humidified atmosphere.

PKN3 expression level in  vitro. To investigate the PKN3 
mRNA levels in tumor cells, total RNA was isolated from 
MDA‑MB‑231, MCF‑7, PANC‑1, HeLa, HepG2, LLC and 
Colon 26 cells using NucleoSpin RNA (Macherey‑Nagel, 
Düren, Germany). For reverse transcription‑polymerase chain 
reaction (RT‑PCR), the 20‑µl reaction volume contained 
1  µl synthesized cDNA, 10  pmol of each specific primer 
pair (Fasmac Co., Ltd., Kanagawa, Japan) and 0.25 U Ex 
Taq DNA polymerase (Takara Bio, Inc., Otsu, Japan) with 
PCR buffer containing 1.5 mM MgCl2 and 0.25 mM of each 
dNTP (Takara Bio, Inc., Otsu, Japan). The profile of PCR 
amplification consisted of denaturation at 95˚C for 0.5 min, 
primer annealing at 55˚C for 0.5 min, and elongation at 72˚C 
for 1 min for 30 cycles. Human PKN3 cDNA (115 bp) was 
amplified using the following primers: Forward, 5'‑CAC​
TTT​GGG​AAG​GTC​CTC​CTG‑3' and reverse, 5'‑CGC​AGT​
ACA​GGC​TCT​CTA​TCT‑3'. Mouse PKN3 cDNA (88  bp) 
was amplified using the following primers: Forward, 5'‑TCA​
CCT​TCT​GCG​AGC​CTG​TC‑3' and reverse, 5'‑ATG​AAA​
TCC​CGG​CCT​CTC​CGC‑3'. Human GAPDH cDNA (820 bp) 
was amplified using the following primers: Forward, 5'‑ATG​
ACC​CCT​TCA​TTG​ACC​TC‑3' and reverse, 5'‑AAG​TGG​TCG​
TTG​AGG​GCA​AT‑3'. Mouse β‑actin cDNA (514  bp) was 
amplified using the following primers: Forward, 5'‑TGT​GAT​
GGT​GGG​AAT​GGG​TCA​G‑3' and reverse, 5'‑TTT​GAT​GTC​
ACG​CAC​GAT​TTC​C‑3'. The PCR products were analyzed by 
18% acrylamide gel electrophoresis in a Tris‑borate‑EDTA 
buffer (Wako Pure Chemical Industries Inc.), and were visual-
ized by ethidium bromide staining.

For knockdown of PKN3 mRNA by transfection of cells 
with PKN3 siRNA, MDA‑MB‑231, PANC‑1, HeLa, LLC and 
Colon 26 cells were plated into 6‑well culture dishes at a density 
of 3x105 cells per well. The cells were transfected with 50 nM 
Cont siRNA or PKN3 siRNA using Lipofectamine RNAiMax 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Total 
RNA was isolated and quantitative RT‑PCR was performed 
using a iCycler MyiQ detection system (Bio‑Rad Laboratories, 
Hercules, CA, USA) and a SYBR Green I assay (iQ™ SYBER 
Green Supermix; Bio‑Rad Laboratories) 48 h subsequent to 
transfection. Human and mouse PKN3 cDNAs were ampli-
fied using the aforementioned primers. Human β‑actin 
cDNA (186 bp) was amplified using the following primers: 
Forward, 5'‑TGG​CAC​CCA​GCA​CAA​TGA​A‑3' and reverse, 
5'‑CTA​AGT​CAT​AGT​CCG​CCT​AGA​AGC​A‑3'. Mouse β‑actin 
cDNA (171 bp) was amplified using the following primers: 
Forward, 5'‑CAT​CCG​TAA​AGA​CCT​CTA​TGC​CAA​C‑3' and 
reverse, 5'‑ATG​GAG​CCA​CCG​ATC​CAC​A‑3'. Samples were 
run in triplicate and the expression levels of human PKN3 
and mouse PKN3 mRNA were normalized to the quantity 
of human β‑actin and mouse β‑actin mRNA, respectively, 
in the same sample, and analyzed using the comparative Cq 
method (16).

Cell growth inhibition. MCF‑7, MDA‑MB‑231, LLC and 
Colon 26 cells were seeded in 96‑well plates at a density of 
2x104 cells/well 24 h prior to transfection. Cells at 50% conflu-
ency were transfected with 50 nM Cont siRNA or PKN3 
siRNA using Lipofectamine RNAiMax reagent and then 
incubated for 48 h. In the PKN3 siRNA or Cont siRNA with 
DXR combined treatment conditions, the cells were incubated 
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for 2 h subsequent to transfection with 50 nM PKN3 siRNA 
or Cont siRNA using Lipofectamine RNAiMax reagent, and 
then treated with various concentrations (0.016‑0.5 µM) of 
DXR for an additional 48 h. The cell number was determined 
using Cell Counting Kit‑8 (Dojindo Laboratories, Kumamoto, 
Japan). Cell viability was expressed relative to the absorbance 
of untreated cells at 450 nm.

Preparation of liposome and lipoplexes. Cationic liposomes 
were prepared from DOTAP/Chol or DOTAP/DOPE at a molar 
ratio of 1:1 using a thin‑film hydration method, as reported 
previously  (17). To prepare the cationic liposome/siRNA 
complex (cationic lipoplex), cationic liposome suspension was 
mixed with siRNA by vortexing for 10 sec at a charge ratio 
(+:‑) of 4:1, and left for 15 min at room temperature. The theo-
retical charge ratio (+:‑) of cationic liposome to siRNA was 
calculated as the molar ratio of DOTAP nitrogen to siRNA 
phosphate.

The particle size distributions of liposomes and lipoplexes 
were measured by the cumulant method using a light‑scattering 
photometer (ELS‑Z2, Otsuka Electronics Co., Ltd., Osaka, 
Japan) at 25˚C subsequent to diluting the dispersion to an 
appropriate volume (~1.5 ml) with water. The zeta‑potentials 
were measured by electrophoresis light‑scattering methods 
using ELS‑Z2 at 25˚C subsequent to diluting the dispersion 
to an appropriate volume (~1.5  ml) with water. Cationic 
liposomes were ~100 nm in size and had a zeta‑potential of 
~53 mV. The lipoplex size was ~340 nm and the zeta‑potential 
was ~41 mV.

Liver and lung metastasis model. All animal experiments 
were performed with approval from the Institutional Animal 
Care and Use Committee of Hoshi University (Tokyo, Japan). 
To generate the mouse model of liver metastasis, 1.0x106 
MCF‑7 or MDA‑MB‑231 cells suspended in 50  µl PBS 
(pH 7.4) containing 50% reconstituted basement membrane 
(Matrigel; BD Biosciences, Franklin Lakes, NJ, USA) were 
inoculated into the spleen of female BALB/c nu/nu mice 
(18‑20 g; 8 weeks of age; CLEA Japan, Inc., Tokyo, Japan). To 
generate mice with lung metastases, 1.0x106 MCF‑7 and LLC 
cells were injected intravenously into the tail vein of female 
BALB/c nu/nu mice and female C57BL/6 N mice (18‑20 g; 
8 weeks of age; Sankyo Laboratory Service Corporation, 
Tokyo, Japan), respectively.

In vivo therapy for liver MDA‑MB‑231 metastasis. For effi-
cient delivery of siRNA into liver metastasis, DOTAP/Chol 
lipoplex with 50 µg siRNA was administered intravenously 
into mice bearing liver metastases 1 min subsequent to the 
intravenous injection of 1 mg chondroitin sulfate (sequential 
injection method) (14). On day 32 subsequent to inoculation 
of MDA‑MB‑231/Luc cells into the spleen of mice, DXR was 
administered intravenously at 3 mg/kg via the lateral tail vein, 
and then Cont siRNA or PKN3 siRNA was administered to 
mice using a sequential injection method at 1 h subsequent to 
injection of DXR. On days 34, 36 and 38 subsequent to inocu-
lation, Cont siRNA or PKN3 siRNA was administered to mice 
using a sequential injection method. On day 40 subsequent to 
inoculation, mice were sacrificed by cervical dislocation, and 
the excised livers were then weighed.

To examine the expression level of PKN3 and vascular 
endothelial growth factor (VEGF) mRNA in MDA‑MB‑231 
tumors that metastasized to the liver, total RNA was isolated 
from the excised livers using TRI Reagent (Molecular 
Research Center, Inc., Cincinnati, OH, USA). RNA yield and 
purity were checked by spectrometric measurements at 260 
and 280 nm. cDNA was synthesized from total RNA using a 
PrimeScript RT Reagent kit with gDNA Eraser (Takara Bio 
Inc., Otsu, Japan). Quantitative PCR was performed using 
Takara Thermal Cycler Dice (Takara Bio Inc.) and TaqMan 
Gene expression assays (Pkn3, Mm00464275_m1; Vegfa, 
Mm00437306_m1; Gapdh, Mm99999915_g1; Applied 
Biosystems®; Thermo Fisher Scientific, Inc.). Samples were 
run in triplicate, and the expression levels of PKN3 and VEGF 
mRNA were normalized to the amount of GAPDH mRNA 
in the same sample, and analyzed using the comparative Cq 
method (16).

Furthermore, to examine the antiangiogenic effect of PKN3 
siRNA on MDA‑MB‑231 tumors that metastasized to the liver, 
excised livers were frozen on dry ice and sliced to 16 µm thick-
ness. The sections were incubated with rat anti‑mouse CD31 
(PECAM‑1) monoclonal antibody (cat. no. 550274; dilution 
1:50; clone, MEC 13.3; BD Pharmingen, San Diego, CA, USA), 
for the detection of mouse endothelial cells, and subsequently 
incubated with goat anti‑rat IgG conjugated to Alexa Fluor 488 
(cat. no. A11006; dilution, 1:1,000; Invitrogen; Thermo Fisher 
Scientific, Inc.), as a secondary antibody. Immunofluorescence 
was examined microscopically using an ECLIPSE TS100‑F 
microscope at a magnification of x100 (Nikon, Tokyo, Japan).

In vivo therapy for liver MCF‑7 metastases. On day 8 subse-
quent to inoculation of MCF‑7‑Luc cells into the spleen of 
mice, 3 mg/kg DXR was administered intravenously via the 
lateral tail vein and then 50 µg Cont siRNA or PKN3 siRNA 
was administered to mice using sequential injections at 1 h 
subsequent to the injection of DXR. On days 10, 12, and 14 
following inoculation, 50 µg Cont siRNA or PKN3 siRNA 
was administered into the mice using sequential injections. 
At day 16 subsequent to inoculation, mice were sacrificed by 
cervical dislocation, and the excised livers were weighed. The 
luciferase activities in the livers were measured as previously 
described (14). Luciferase activity (%) was calculated relative 
to the luciferase activity (cps/organ) of untreated liver.

Distribution of DXR in MCF‑7 tumors that metastasized to the 
liver. On day 15 subsequent to the inoculation of MCF‑7‑Luc 
cells into the spleen of mice, 3 mg/kg DXR was administered 
intravenously via the lateral tail vein. At 1 h after injection of 
DXR, 50 µg Cont siRNA or PKN3 siRNA was administered 
to the mice using sequential injections with chondroitin sulfate 
and DOTAP/Chol lipoplexes. Twenty‑four h after injection of 
cationic lipoplex, the mice were sacrificed by cervical disloca-
tion. The tumors that metastasized to the liver were excised, 
and then homogenized in 0.1 M NH4Cl/NH3 buffer (pH 9.0). 
DXR was extracted with chloroform/methanol (2:1 v/v) and 
analyzed by high‑performance liquid chromatography, as 
previously described (18).

In vivo therapy for lung MCF‑7 and LLC metastatic tumors. For 
efficient delivery of siRNA to lung metastases, DOTAP/DOPE 
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lipoplexes were used  (11). On day 5 after inoculation of 
MCF‑7‑Luc or LLC cells by intravenous injection into mice, 
DXR was administered intravenously at 3 mg/kg via the lateral 
tail vein, and then DOTAP/DOPE lipoplexes with 50 µg of 
Cont siRNA or PKN3 siRNA were administered intravenously 
to mice at 1 h after DXR administration. On days 7, 9, and 11 
after inoculation, Cont siRNA or PKN3 siRNA was adminis-
tered intravenously by injection of DOTAP/DOPE lipoplexes. 
At day 13 after inoculation, the mice were sacrificed by 
cervical dislocation, and then the excised lungs were weighed.

Statistical analysis. The statistical significance of differences 
between mean values was determined by Student's t‑test 
using GraphPad Prism (version 4.0; GraphPad Software Inc., 
La Jolla, CA, USA). P≤0.05 was considered to indicate a statis-
tically significant difference.

Results

Expression level of PKN3 mRNA. To investigate PKN3 mRNA 
expression in culture cells, the human tumor MDA‑MB‑231, 
MCF‑7, PANC‑1, HeLa and HepG2 cell lines, and mouse 
tumor Colon 26 and LLC cell lines were used. Human 
PKN3 mRNA was expressed in MDA‑MB‑231, PANC‑1, 
HeLa and HepG2 cells, but not in MCF‑7 cells (Fig. 1A). By 
contrast, mouse PKN3 mRNA was expressed in LLC and 
Colon 26 cells (Fig. 1A). Previously, it has been reported 
that PKN3 is expressed in breast tumor cell lines, including 
MDA‑MB‑231 and MCF‑7 cells (19); however, certain studies 
have reported that PKN3 is expressed in MDA‑MB‑231 cells, 
but not in MCF‑7 cells  (20,21), which was consistent with 

the present results. Therefore, in subsequent experiments, 
the MDA‑MB‑231, PANC‑1, HeLa, Colon 26 and LLC cells 
were used as PKN3‑positive cell lines and MCF‑7 cells as the 
PKN3‑negative cell line.

Subsequently, whether transfecting PKN3 siRNA into 
the cells decreased the expression level of PKN3 mRNA 
was investigated. Lipofectamine RNAiMax was used as an 
in vitro transfection reagent for siRNA. When transfected 
into MDA‑MB‑231, PANC‑1, HeLa, Colon 26 and LLC cells, 
PKN3 siRNA significantly inhibited the expression of human 
and mouse PKN3 mRNA compared with Cont siRNA (P<0.01) 
(Fig. 1B and C). By contrast, Cont siRNA did not markedly 
affect the expression of PKN3 mRNA in the cells.

Antiproliferative activity. To examine whether transfection 
with PKN3 siRNA could induce suppression of cell growth, 
cell viability was measured 48 h subsequent to transfection 
of MDA‑MB‑231, MCF‑7, Colon 26 and LLC cells with 
PKN3 siRNA. However, transfection with PKN3 siRNA did 
not inhibit tumor growth in all the cell lines (Fig. 2A and B), 
indicating that suppression of PKN3 expression did not affect 
tumor growth in vitro.

Subsequently, whether transfection with PKN3 siRNA 
could increase the growth inhibitory effect of DXR treatment 
in tumor cells was evaluated. MCF‑7, MDA‑MB‑231, Colon 
26 and LLC cells were transfected with PKN3 siRNA, and 
2 h later the cells were treated with various concentrations of 
DXR for 48 h. However, the transfection of PKN3 siRNA did 
not affect the cytotoxicity of DXR in any cell lines (Fig. 3A‑D). 
These data indicated that a reduction of PKN3 expression did 
not increase the sensitivity to DXR in tumor cells.

Figure 1. Expression of PKN3 mRNA and suppression of PKN3 mRNA by transfection with PKN3 small interfering RNA (siRNA) in human and mouse tumor 
cell lines. (A) The expression levels of PKN3 mRNA in human and mouse tumor cell lines were analyzed by reverse transcription‑polymerase chain reaction 
(RT‑PCR). (B) Human MDA‑MB‑231, PANC‑1 and HeLa cells, and (C) mouse LLC and Colon 26 cells were transfected with 50 nM Cont siRNA or PKN3 
siRNA using Lipofectamine RNAiMax reagent, and the expression levels of PKN3 mRNA in the cells were analyzed by RT‑quantitative PCR (RT‑qPCR). 
Each result represents the mean ± standard deviation (n=3). PKN3, protein kinase N3; siRNA, small interfering RNA; Cont, control.
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Therapeutic efficacy against liver MDA‑MB‑231‑metastasized 
tumors. Subsequently, the in vivo efficacy of PKN3 siRNA 
and DXR combination therapy in inhibiting the growth of 
MDA‑MB‑231 tumors that metastasized to the liver was 
investigated. Injection of PKN3 siRNA was performed a 
total of four times, with 2 days between each injection. DXR 
was administered at a dose of 3 mg/kg at 1 h prior to the first 
injection of siRNA lipoplex. The anti‑metastatic effect was 

evaluated by measurement of liver weight (mg) (Fig. 4A) or 
liver weight relative to body weight (%) (Fig. 4B). A normal 
mouse liver (8 weeks of age) is ~1,300 mg in weight and 
accounts for 6.5% of body weight (data not shown). The 
four injections of PKN3 siRNA significantly suppressed the 
increase in weight of livers with MDA‑MB‑231 metastasis 
(1,320±62 mg) compared with no treatment (1,712±188 mg; 
P<0.01) or Cont siRNA (1,643±173 mg; P<0.05), but PKN3 

Figure 2. Anti‑proliferative effects of PKN3 siRNA 48 h subsequent to transfection of cells with PKN3 siRNA. Following transfection with 50 nM PKN3 
siRNA, cell viability in (A) MCF‑7 and MDA‑MB‑231 cells, and (B) Colon 26 and LLC cells was measured. Each column shows the mean ± standard deviation 
(n=4). PKN3, protein kinase N3; siRNA, small interfering RNA; Cont, control.

Figure 3. Dose effect of DXR on cytotoxicity in (A) MCF‑7, (B) MDA‑MB‑231, (C) LLC and (D) Colon 26 cells at 2 h after transfection of cells with PKN3 
siRNA. The cells were transfected with Cont siRNA or PKN3 siRNA for 2 h, and then were treated with various concentrations of DXR for another 48 h. 
The number of viable cells was determined using a WST‑8 assay. Each result represents the mean ± standard deviation (n=4). PKN3, protein kinase N3; Cont, 
control; siRNA, small interfering RNA; DXR, doxorubicin.
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siRNA plus DXR did not reduce liver weight (1,370±59 mg) 
compared with PKN3 siRNA alone (Fig. 4A and B).

To examine whether this antitumor effect was dependent 
on the suppression of PKN3 expression, human and mouse 
PKN3 mRNA levels in livers with MDA‑MB‑231 metastasis 
were measured by quantitative RT‑PCR analysis; however, 
human PKN3 and GAPDH mRNA levels in certain tumors 
were below the detection limit by quantitative PCR analysis 
(data not shown). For mouse PKN3 mRNA levels, repeated 
injections of PKN3 siRNA significantly decreased PKN3 
mRNA levels compared with those in untreated livers (P<0.05; 
Fig. 4C), indicating that PKN3 siRNA could suppress expres-
sion of PKN3 mRNA in vivo.

Vascular structure of tumors after injection of PKN3 siRNA. 
To investigate the mechanism of the antitumor effect of 
PKN3 siRNA on liver MDA‑MB‑231 metastases, the vascular 
structure following repeated injections of PKN3 siRNA was 
examined. Treatment of metastasis with PKN3 siRNA and 
PKN3 siRNA combined with DXR induced apparent changes 
in vascular structure (Fig. 5A). Treatment with PKN3 siRNA 
reduced narrow vessels in tumors and increased open vessels. 
This histological change in tumor vasculature subsequent 
to treatment with PKN3 siRNA appeared to be similar to 
‘normalization’ of tumor vasculature (22).

Vascular endothelial growth factor (VEGF) protein is a 
prominent cytokine that promotes endothelial cell proliferation 

during angiogenesis (23). Therefore, the present study inves-
tigated whether treatment with PKN3 siRNA affected the 
expression level of VEGF mRNA in livers with MDA‑MB‑231 
metastases by quantitative RT‑PCR analysis. Treatment with 
PKN3 siRNA significantly decreased mouse VEGF mRNA 
levels in the liver compared with that in untreated livers 
(P<0.05; Fig. 5B), indicating that the change in vascular struc-
ture may be caused by a decrease in VEGF expression.

Therapeutic efficacy against liver MCF‑7‑metastasized 
tumors. To examine whether PKN3 siRNA could exhibit anti-
tumor effects, regardless of the expression of PKN3 mRNA in 
tumor cells, the efficacy of PKN3 siRNA combined with DXR 
against liver MCF‑7‑Luc metastasis was investigated. Since this 
liver metastasis model rapidly led to moribund recipient mice, 
combination therapy was commenced at 8 days subsequent to 
tumor cell challenge. Repeated injections of PKN3 siRNA or 
a single injection of DXR could not suppress the increase in 
weight of livers with MCF‑7‑Luc metastasis (2,230±303 and 
1,983±356 mg, respectively), compared with no treatment 
(2,160±174 mg) or Cont siRNA (2,163±289 mg); however, 
combination treatment significantly inhibited the increase in 
liver weight (1,593±131 mg; P<0.01) (Fig. 6A and B).

Luciferase activity in livers with MCF‑7‑Luc metastasis 
indicated the number of living tumor cells. Therefore, the 
present study measured luciferase activity in the livers subse-
quent to combination therapy. Treatment with PKN3 siRNA 

Figure 4. In vivo combination therapy of PKN3 siRNA and DXR for mice with liver MDA‑MB‑231 metastasis. In (A and B), DXR, followed by PKN3 siRNA 
was administered to mice on day 32 after inoculation, and PKN3 siRNA was administered on days 34, 36, and 38. The mice were sacrificed at day 40, and 
then the excised livers were weighed. Each result represents the mean ± standard deviation (n=4‑5). *P<0.05; **P<0.01. In (C), mouse PKN3 mRNA level in 
tumor‑metastasized liver shown in (A and B). Each result represents the mean (n=2 for Cont siRNA) or the mean ± standard deviation (n=4). *P<0.05. PKN3, 
protein kinase N3; Cont, control; siRNA, small interfering RNA; DXR, doxorubicin.
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did not decrease luciferase activity in the metastatic tumors, 
but a combination of Cont siRNA plus DXR significantly 
reduced luciferase activity compared with Cont siRNA 
(P<0.05) (Fig. 6C). However, the liver weight was not signifi-
cantly different between the groups (Fig. 6A), indicating that 

a single injection of DXR may be effective for the treatment 
of liver MCF‑7 metastasis. Furthermore, the luciferase activity 
following combination therapy with PKN3 siRNA and DXR 
was significantly decreased compared with the activity subse-
quent to injections of PKN3 siRNA (P<0.01) and subsequent 

Figure 5. Change in vascular vessels in liver metastasized MDA‑MB‑231 tumors after combination therapy of PKN3 siRNA and DXR. (A) Immunostaining 
for endothelial cells in tumors shown in Fig. 4. White signals indicate CD31‑positive endothelial cells. Scale bar, 100 µm. (B) Mouse VEGF mRNA level in 
livers with MDA‑MB‑231 tumor metastasis. Each result represents the mean (n=2 for Cont siRNA) or the mean ± standard deviation (n=4). *P<0.05, **P<0.01, 
compared with no treatment. PKN3, protein kinase N3; Cont, control; siRNA, small interfering RNA; DXR, doxorubicin.

Figure 6. In vivo combination therapy with PKN3 siRNA and DXR in mice with liver MCF‑7 metastasis. In (A‑C), DXR, followed by PKN3 siRNA was 
administered to mice on day 8 after inoculation, and PKN3 siRNA was administered on days 10, 12, and 14. The mice were sacrificed at day 16 after 
inoculation, and then the excised livers were weighed. In (C), the luciferase activities in livers shown in (A and B) were measured. Luciferase activity (%) was 
calculated relative to the luciferase activity (cps/organ) of untreated liver. In (A‑C), each result represents the mean ± standard deviation (n=4‑6). In (A and B), 
*P<0.05, **P<0.01, compared with PKN3 siRNA and DXR. In (D), on day 15 after the inoculation, DXR, followed by PKN3 siRNA was administered to mice. 
DXR concentrations in livers were measured at 24 h after injection of siRNA by high‑performance liquid chromatography (HPLC). Each column shows the 
mean ± standard deviation (n=3). In (C and D), *P<0.05, **P<0.01. N.S., not significant; PKN3, protein kinase N3; Cont, control; siRNA, small interfering RNA; 
DXR, doxorubicin.
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to combination therapy with Cont siRNA and DXR (P<0.05) 
(Fig. 6C), indicating that PKN3 siRNA could increase the 
therapeutic efficacy of DXR for liver MCF‑7‑Luc metastasis. 
These findings suggested that PKN3 siRNA may increase 
antitumor effects by suppression of PKN3 in mouse stroma 
cells, such as endothelial cells, but not tumor cells, as MCF‑7 
cells do not express PKN3 (Fig. 1A).

Additionally, to investigate the mechanism of how PKN3 
siRNA enhanced antitumor activity by DXR in  vivo, the 
concentration of DXR in liver MCF‑7 metastasis was measured 
at 24 h subsequent to a single injection of PKN3 siRNA that 
was administered following DXR administration. However, 
PKN3 siRNA did not significantly increase the accumulation 
of DXR in the liver compared with the administration of free 
DXR solution (Fig. 6D), indicating that treatment with PKN3 
siRNA did not affect the accumulation of DXR in liver MCF‑7 
metastasis.

Therapeutic efficacy against lung MCF‑7 and LLC metas‑
tasis. To investigate whether treatment with PKN3 siRNA 
could inhibit lung metastasis, combination therapy with PKN3 
siRNA and DXR for lung MCF‑7 and LLC metastases was 
examined. Since the two lung metastasis models rapidly led 
to moribund recipient mice, combination therapy was started 
on day 5 after tumor cell challenge. Normal mouse lungs are 
~150 mg in weight and represent 0.75% of body weight (data 
not shown). In lung MCF‑7 metastasis, repeated injections of 

PKN3 siRNA significantly suppressed the increase in weight 
of lungs with metastasis (305±45 mg), compared with no 
treatment (446±16 mg; P<0.01) or Cont siRNA (384±30 mg; 
P<0.05) (Fig. 7A and B). However, the combination of PKN3 
siRNA and DXR did not induce a decrease in lung weight 
(312±93 mg) compared with PKN3 siRNA alone. In lung 
LLC metastasis, repeated injections of PKN3 siRNA or a 
single injection of DXR significantly suppressed the increase 
in the weight of lungs with LLC metastasis (323±79  mg 
and 396±77 mg, respectively), compared with Cont siRNA 
(630±26 mg; P<0.01) (Fig. 7C and D). However, the combina-
tion with PKN3 siRNA and DXR could not reduce lung weight 
(378±88 mg) compared with PKN3 siRNA. These findings 
suggested that PKN3 siRNA could suppress tumor growth in 
lung metastases, but could not increase the antitumor effect of 
DXR.

Discussion

The present study investigated whether PKN3 siRNA and 
DXR combination therapy could increase the inhibition of 
tumor growth induced by DXR or PKN3 siRNA alone in vitro 
and in vivo. It has been reported that the expression of PKN3 
mRNA was relatively restricted to specific tissues, including 
the skeletal muscle, heart and liver in normal tissues (20), 
primary vascular endothelial HUVEC cells and endothelial 
lymphatic HMVEC‑LLy cells (5). Aleku et al (5) reported 

Figure 7. In vivo combination therapy of PKN3 siRNA and DXR for lung MCF‑7‑ (A and B) and LLC‑metastasized mice (C and D). (A‑D) DXR, followed by 
PKN3 siRNA was administered to mice on day 5 subsequent to inoculation, and PKN3 siRNA was administered on days 7, 9 and 11. The mice were sacrificed 
at day 13 after inoculation, and then the excised livers were weighed. In (A and B), each result represents the mean + standard deviation (n=4‑5). In (C and D), 
each result represents the mean ± standard deviation (n=3‑5). *P<0.05, **P<0.01. PKN3, protein kinase N3; siRNA, small interfering RNA; DXR, doxorubicin.
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that transfection of PKN3 siRNA into cultured primary endo-
thelial cells revealed an essential role of PKN3 in endothelial 
tube formation and migration. Furthermore, liposomal PKN3 
siRNA (Atu027) showed an inhibitory effect on invasive 
tumor growth and regional lymph node metastasis in mice 
bearing orthotropic pancreatic and prostate cancer (6). In the 
present study, treatment of liver or lung metastases with PKN3 
siRNA could suppress tumor growth in vivo (Figs. 4 and 7), 
although it did not exhibit inhibition of cell growth in vitro 
(Fig. 2). Furthermore, PKN3 siRNA reduced tumor growth 
of lung PKN3‑negative metastasis, as well as PKN3‑positive 
metastasis (Fig. 7). These findings suggested that the anti-
tumor effect of PKN3 siRNA on the metastases may be due 
to inhibition of endothelial function via knockdown of PKN3 
expression in endothelial cells.

Adhesive interactions between tumor cells and endothe-
lial cells are initial key events in the extravasation of tumor 
cells from the blood stream into underlying tissues. Firm 
adhesion of tumor cells to endothelial cells is mediated by 
cell adhesion molecules, such as intercellular adhesion 
molecule‑1 (ICAM‑1) and vascular cell adhesion molecule‑1 
(VCAM‑1), leading to tumor invasion  (24,25). ICAM‑1 is 
a central adhesion molecule that is important for binding 
and signaling between vascular endothelial cells and tumor 
cells during tumor metastasis  (26). Recently, it has been 
reported that PKN3‑knockdown mice are viable and develop 
normally, but the mice exhibited impaired lung metastasis of 
tumor cells subsequent to intravenous injection (27). It was 
also found that PKN3 knockdown induced a glycosylation 
defect in cell‑surface glycoproteins, including ICAM‑1, 
integrin β1, and integrin α5 in HUVEC cells. Furthermore, 
Atu027‑treated HUVEC cells showed elevated expression 
of VE‑cadherin, a major protein involved in adherence junc-
tion integrity, indicating that knockdown of PKN3 siRNA 
induced an elevation of VE‑cadherin in vascular endothelial 
cells and prevented tumor metastasis through enhancement 
of the endothelial barrier (6). These findings suggested that 
knockdown of PKN3 in stroma cells, such as endothelial 
cells, may inhibit tumor metastasis via an increase in the 
endothelial barrier or a decrease in binding between vascular 
endothelial cells and tumor cells. Following the present study, 
to elucidate the mechanism of the antitumor effect of PKN3 
siRNA, additional studies should be performed to investigate 
the expression level of VE‑cadherin and changes in glycosyl-
ation in ICAM‑1 in the metastasis subsequent to treatment 
with PKN3 siRNA.

Repeated injections of PKN3 siRNA were effective 
against liver MDA‑MB‑231 metastasis and lung MCF‑7 and 
LLC metastases, but not liver MCF‑7 metastasis (Figs. 4, 6 
and 7). The therapeutic efficacy against lung LLC metas-
tasis in the present study (2.5 mg PKN3 siRNA/kg mouse, 
a total of four times) was extremely similar to a previous 
finding (6) that LLC metastasis in the lungs was significantly 
inhibited in mice repeatedly treated with Atu027 at 2.8 mg 
PKN3 siRNA/kg mouse (a total of nine times), indicating 
that DOTAP/DOPE liposomes could deliver PKN3 siRNA 
into lung metastasis, as well as Atu027. It was previously 
reported that repeated injections of PKN3 siRNA (a total of 
five times) could inhibit liver MCF‑7 metastasis (14). However, 
in the present study, no inhibitory effect was observed after 

repeated injections of PKN3 siRNA (a total of four times) in 
liver MCF‑7 metastasis (Fig. 6A and B). It was hypothesized 
that a difference in administration schedule between the 
previous study and the present study may have affected the 
therapeutic efficacy. However, it was not clear why repeated 
injections of PKN3 siRNA suppressed lung MCF‑7 metastasis, 
but not liver MCF‑7 metastasis using the same administration 
schedule. In the present study, PKN3 siRNA was transfected 
into liver metastasis using sequential injections of chondroitin 
sulfate and DOTAP/Chol lipoplex, and into lung metastasis 
by injections of DOTAP/DOPE lipoplex. The difference in 
transduction efficiencies between the injection methods into 
MCF‑7 metastases may affect the therapeutic efficacy of 
PKN3 siRNA.

It has been reported that knockdown of PKN3 in vascular 
endothelial cells induced an enhancement of the endothelial 
barrier via an elevation of VE‑cadherin (6), indicating that 
injection of PKN3 siRNA may be able to decrease the efflux 
of DXR accumulated in tumor metastasis into the blood flow; 
therefore, for in vivo combination therapy, DXR was injected 
prior to injections of PKN3 siRNA. However, in vivo treatment 
with PKN3 siRNA could not increase therapeutic efficacy by 
DXR for liver MDA‑MB‑231 metastasis (Fig. 4A and B) and 
lung MCF‑7 and LLC metastases (Fig. 7), with the exception 
of liver MCF‑7 metastasis (Fig. 6A and B), indicating that 
combination therapy with PKN3 siRNA and DXR could not 
induce synergistic or additive antitumor effects for their metas-
tases. Additional studies should be performed to elucidate why 
treatment with PKN3 siRNA using sequential injections of 
chondroitin sulfate and DOTAP/Chol lipoplexes increased the 
therapeutic efficacy of DXR only for liver MCF‑7 metastasis.

In conclusion, the present study demonstrated that PKN3 
siRNA reduced tumor growth of liver and lung metastases, 
regardless of PKN3 expression in tumor cells, but the 
combination with DXR did not increase therapeutic efficacy. 
Although PKN3 siRNA may induce antitumor effects in 
metastases by suppression of PKN3 mRNA in stroma cells, 
such as endothelial cells, rather than tumor cells, PKN3 may 
be a promising therapeutic target for the treatment of lung and 
liver metastases.
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