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CHAPTER 4

SOLID LIPID NANOPARTICLES

IMPAIR AUTOPHAGIC FLUX IN PC3
PROSTATE CANCER CELLS: A NOVEL

OPPORTUNITY FOR ‘TARGETING’
PROSTATE CANCER CELLS
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Abstract. Gene therapy holds promise for reprograming cellu-
lar metabolism at the molecular level, thereby offering a potential
cure for genetic diseases, including cancer. A variety of devices for
cellular delivery of drugs and genes that more or less efficiently re-
lease their cargo into cells, has been developed and applied in recent
years. Here we show that solid lipid nanoparticles (SLNs) composed of
stearic acid, DOTAP, and pluronic F68, efficiently transfect malignant
PC3 prostate cancer cells, but not non-malignant PNT2-C2 prostate
cells. Interestingly, the specificity of this ability is emphasized by the
notion that nanoparticles composed of lipofectamine transfect these
cells with equal efficiency. Thus in case of lipofectamine-based de-
vices, delivery of fluorescently-labeled ODNs, monitored by their ac-
cumulation into the nucleus, was fast and efficient in both cell types.
However, although PC3 and noncancerous PNT2-C2 prostate cells in-
ternalize SLN lipoplexes with equal efficiency, SLNs displayed a slower
but, eventually, similar efficiency compared to lipofectamine in case of
delivery into PC3 cells, but very little if any nuclear delivery into non-
cancerous PNT2-C2 cells. Further investigations revealed that in both
cell types SLN lipoplexes induce autophagosome formation, which is
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connected with autophagic degradation in PNT2-C2 cells, but not in
malignant PC3 cells. We suggest that a low autophagic flux in the PC3
tumor cells compared to that in non-malignant PNT2-C2 cells broad-
ens the time window for effective endosomal escape of cargo, resulting
in its selective and effective release into the tumor cells, but not their
healthy counterparts. Accordingly, the application of SLNs provides a
novel and ‘selective’ approach in the therapy of (prostate) cancer.

4.1 Introduction

CANCER can be caused by inherited or acquired genetic disorders that
lead to uncontrolled cell proliferation [1]. A better understanding
of the genetic mutations that lead to cancer and the development

of protocols for gene expression modulation may lead to (personalized)
cancer therapy [2]. As an alternative to conventional cancer treatments,
commonly relying on the use of chemotherapeutics, the modulation of gene
expression holds the promise to reprogram cancer cells at the molecular
level and cure the disease [3].

Prostate cancer is a huge burden for human health, since it accounts
for almost 30% of all diagnosed cases of cancer among men [4]. Annually,
around 80,000 deaths are due to prostate cancer in Europe, while 190,000
new cases are diagnosed [5]. Treatment of prostate cancer may rely on
surgery and/or radiotherapy and may be successful early after development
of the disease but commonly fails when treatment initiates at later stages
[5,6]. Thus, the design of new therapeutic approaches for prostate cancer
treatment is highly desired.

Currently, an efficient gene delivery system stands between the theory
and practice of gene therapy. Recently, solid lipid nanoparticles (SLNs)
have attracted attention because of several physicochemical and pharma-
cological advantages over other delivery systems (e.g. liposomes and emul-
sions), such as a relative ease of large-scale production, superior physical
stability, and long-term storage as lyophilized and sterilized formulations
[7-10]. Furthermore, by inclusion of cationic lipids, SLNs hold promise
as effective devices in gene and oligonucleotide delivery. For example, Jin
et al. produced SLN formulations capable of efficiently delivering siRNA
in the orthotopic glioblastoma xenograft model [11]. Jiang et al. used
mannose-conjugated SLN formulations to target mannose receptors, and
reported the successful transfection of Kupffer cells with high efficiency,
both in vitro and in vivo [12].

Because cationic lipids were shown to induce the formation of au-
tophagosomes [13], while autophagy has been implicated in the develop-
ment of prostate cancer [14,15], we investigated the role of autophagy in
SLN-mediated transfection of PNT2-C2 and PC3 cells.
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Autophagy, or self-eating, is one of the major mechanisms for the degra-
dation of cytoplasmic components, including misfolded proteins and dam-
aged organelles [16]. Autophagy can also be triggered by nutrient starva-
tion, allowing the cell to degrade proteins and organelles in order to ‘re-
cycle’ nutrients [17]. During autophagy cytoplasmic components become
engulfed in double membrane-bounded structures (autophagosomes) and
are delivered to lysosomes/vacuoles for degradation [18,19]. During au-
tophagosome formation, a cytosolic microtubule-associated protein light
chain 3 (LC3) is processed and conjugated with phosphatidylethanolamine
(PE) at its carboxyl terminus [20,21]. The PE-conjugated LC3, i.e., LC3- II,
is inserted into autophagic vesicle membranes. Thus, LC3-II is widely con-
sidered as an autophagosomal marker [22,23]. The p62/SQSTM1 protein
binds directly to LC3 II-positive vesicles and drive them for degradation in
autophagosomes [24]. Therefore, changes in the p62 levels are inversely
proportional to the autophagic flux [24].

Here, we show that SLNs colocalize with LC3 puncta in PNT2-C2 and
PC3 cells, transfected with pLC3-GFP. Interestingly, p62 degradation, re-
flecting an increased autophagic flux, is only observed in PNT2-C2 cells.
Because p62 degradation is negligible in PC3 cells, we conclude that a low
autophagic flux in PC3 cells compared to PNT2-C2 cells, together with the
slow endosomal escape of SLNs, results in efficient transfection of PC3, but
not PNT2-C2 cells by SLNs. This mode of selective release of SLN contents
in prostate cancer cells, but not in healthy counterparts may be exploited
for SLN-based drug/gene therapy in prostate cancer.

4.2 Methods

4.2.1 Materials and Antibodies

Stearic acid (SA), Pluronic F68 (PLF68), and deoxyribonuclease I (DNase
I) were purchased from Sigma-Aldrich (St. Louis, USA). The lipids N-[1-
(2,3-Dioleoyloxy) propyl]-N,N,N-trimethyl-ammonium chloride (DOTAP),
dioleoylphosphatidylethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-PE)
were purchased from Avanti Polar Lipids (Alabaster, USA). Lipofectamine
2000® (LF2k) was from Invitrogen (Breda, The Netherlands), JetPEI was
from Polyplus Transfection (NY, USA), and the plasmid pEGFP-N1 was
purchased from BD Biosciences Clontech (Palo Alto, USA). Mouse anti-
LAMP1 H4A3 was obtained from the Developmental Hybridoma Bank,
University of Iowa, mouse anti-p62 clone D3 was obtained from Santa
Cruz, mouse anti-beta-tubulin was obtained from Sigma (Zwijndrecht, The
Netherlands) and mouse anti-early sorting endosome (EEA)1 from Abcam
(Cambridge, United Kingdom). For immunostaining, secondary antibodies
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(Alexa Fluor488, Alexa Fluor546) were purchased from Invitrogen. Cyto-
ID® Autophagy Detection Kit was purchased from Enzo Life Sciences.

4.2.2 Preparation of SLNs

SLNs were prepared from a cationic microemulsion composed of SA
(7 mM), DOTAP (1.25-2.5 mM), and PLF68 (1 mM), with or without
DOPE (0.25-1.25 mM), using the microemulsion extrusion technique [25].
Briefly, SA was melted at 5-10 °C above its melting point under me-
chanic agitation, and dispersed into a hot aqueous solution of PL-F68 and
DOTAP/DOPE. The hot solution was then passed 15 times through a poly-
carbonate membrane (100 nm pore size; Isopore™, Millipore) using a mini-
extruder (Avanti Polar Lipids Inc., Alabaster, USA). Then, the suspension
was cooled in a bath of 2 °C to prevent coalescence of the particles and was
stored at 4 °C until further use. Fluorescently labeled SLNs were prepared
by adding a trace amount of Rhod-PE (0.4 mol% relative to DOTAP/DOPE)
into a hot aqueous solution of PL-F68 and DOTAP/DOPE.

4.2.3 Preparation of lipoplexes and polyplexes

Lipoplexes composed of SLNs and pEGFP-N1 (N/P 10:1) were prepared
as follows: SLNs (2 µl) and pDNA (0.8 µg) were each diluted to an end
volume of 50 µl in serum- and antibiotics-free medium. Subsequently, the
solution containing the pDNA was added to the suspension containing the
SLNs. The mixture (100 µl) was equilibrated for 20 min. at room tem-
perature and used immediately after preparation. Lipoplexes composed
of LF2k and pEGFP-N1 and polyplexes composed of JetPEI and pEGFP-N1
were prepared according to the manufacturer’s protocol.

4.2.4 Cell culture, transfection protocol and cell association
studies

PC3 and DU145 cells were obtained from the ATCC, and PNT2-C2 was
kindly donated by N. Maitland, York. The PC3 prostate cancer cell line was
maintained in Ham’s F-12 nutrient mixture, Kaighn’s modification (Sigma
Chemical Co.), the DU145 cell line was maintained in MEM (Gibco), and
the PNT2-C2 normal human prostate cell line was maintained in RPMI
(RPMI)-1640 medium, supplemented with 2 mM glutamine. Mouse embry-
onic fibroblasts (MEF) Atg5 wild type [MEF-Atg5(+/+)], and Atg5 knock-
out [MEF-Atg5(-/-)] were a kind gift from Dr. Harm H. Kampinga (Uni-
versity Medical Center Groningen, Groningen, the Netherlands) and were
maintained in DMEM medium. All media were supplemented with 10%
(v/v) FCS, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were
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grown at 37 °C under an atmosphere of 5% CO2 in air and subcultured ev-
ery 2 days using trypsin/EDTA. For transfection, cells were seeded on 12-
well plates at a density that reached a confluency of 70-90% after 24 h. The
cells were washed once with HBSS, and 400 µl of serum- and antibiotics-
free medium was added per well. Next, 100 µl of lipo/polyplexes were
added per well and incubated at 37°C. After 4h, the medium was replaced
with complete medium. The percentage of EGFP-positive cells was deter-
mined after 24 h by means of flow cytometry (FACS/Calibur Flow Cytome-
ter, Becton Dickinson, Mansfield, MA). To determine the total cell associ-
ation of SLN lipoplexes, cells were incubated with lipoplexes, which were
fluorescently labeled with 0.5 nmol of thioated TRITC–ODN (Biognostik,
Germany). TRITC-positive cells were quantified after 30, 60, 120, and 240
min of incubation by flow cytometry (FACS/Calibur Flow Cytometer, Bec-
ton Dickinson, Mansfield, MA).

4.2.5 SLN internalization and transfection efficiency in the
presence of endocytic pathway inhibitors

Cell plating conditions were the same as used for evaluating transfection
efficiency, as described in the previous section. At the day of the experi-
ment, the cells were washed once with HBSS and pre-treated with endo-
cytic pathway inhibitors in medium for 30 min before adding the lipoplexes.
To determine the total cell association of SLN lipoplexes, cells were incu-
bated with SLN-lipoplexes, which were fluorescently labeled with a trace
amount of Rhod-PE (0.4 mol%). After 4 hours, the fluorescence of ex-
tracellular lipoplexes was quenched using 0.2% trypan blue solution in
HBSS (10 min, RT), and Rhod-PE-positive-cells were subsequently quanti-
fied by flow cytometry (FACS/Calibur Flow Cytometer, Becton Dickinson,
Mansfield, MA). For determination of transfection efficiency, the cells were
washed once with HBSS and pre-treated with endocytic pathway inhibitors
in medium for 30 min before adding the lipoplexes. After 4 hours, the
medium was aspirated and complete cell culture medium was added. After
24 hours, cells were collected by trypsination followed by centrifugation,
and analyzed for GFP expression by flow cytometry (FACS/Calibur Flow
Cytometer, Becton Dickinson, Mansfield, MA). Endocytic inhibitors were
used at the following concentrations: 6 µg/ml chlorpromazine to inhibit
clathrin mediated endocytosis (CME), 25 µg/ml nystatin to inhibit caveo-
lar endocytosis, and 100 µM DMA (5-(N,N-dimethyl) amiloride hydrochlo-
ride) to inhibit macropinocytosis. Effective concentrations of the inhibitors
were determined by measuring their effect on the uptake of markers for
specific endocytic pathways by PC3 and PNT2-C2 cells, i.e., transferrin (5
min) for CME, cholera toxin B (30 min) for the caveolar pathway (data not
shown). Cell viability of PNT2-C2 and PC3 cells was not compromised at
the effective concentrations of the endocytic pathway inhibitors, as veri-
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fied by an MTT assay (data not shown). Detection of autophagosomes and
LC3-GFP puncta in transfected cells PNT2-C2 and PC3 cells were plated on
coverslips and cultured overnight. Then, the cells were washed with HBSS
and treated for 24h with lipoplexes/polyplexes, containing pEGFP-N1 that
was labeled with Cy5 (LabelIT kit; Mirus Corporation, Madison, WI, USA).
Subsequently, cells were stained for autophagosomes according to the man-
ufacturer’s instructions, using the Cyto-ID autophagy Detection Kit (Enzo
Life Sciences, Farmingdale, USA), washed with HBSS, and fixed with 4%
formaldehyde-PBS for 20 min. Coverslips were mounted onto glass slides
with Prolong Gold Antifade reagent (Invitrogen, Carlsbad, CA). The sam-
ples were investigated using confocal microscopy (Leica TCS SP2 or Leica
TCS SP8, Germany). To determine LC3 puncta formation, cells were tran-
siently transfected with GFP-LC3 plasmid using Lipofectamine 2000. After-
wards, cells were treated for 4h with lipoplexes/polyplexes, containing Cy5
labeled pEGFP-N1 (LabelIT kit; Mirus Corporation, Madison, WI, USA). The
samples were washed with HBSS and fixed with 4% formaldehyde-PBS for
20 min. Coverslips were mounted onto glass slides with Prolong Gold An-
tifade reagent (Invitrogen). The samples were analyzed for the presence of
LC3-GFP puncta using confocal microscopy (Leica TCS SP2 and Leica TCS
SP8, Germany).

4.2.6 Immunostaining for EEA-1 and LAMP-1 in PNT2-C2 and
PC3 cells transfected with SLN lipoplexes

PC3 and PNT2-C2 cells were seeded 24 hours before the experiment at 1.5
105 cells/well on glass coverslips in a 12-wells plate. The next day, cells
were incubated with fluorescently labeled SLNs for different times. After
that, cells were washed with PBS, fixed for 20 min with 4% p-formaldehyde
(PFA) in PBS, and the autofluorescence was quenched by 0.1 M glycin in
PBS for 20 min. Then, cells were permeabilized with 0.2% triton X-100
for 2 min, and blocked with 10% serum solution in PBS for 5 min. Sub-
sequently, cells were incubated with rabbit polyclonal anti-EEA1 (1:200)
or anti-Lamp1 (1:200) for 1 h at 37 °C in a humid chamber. The primary
antibodies were diluted in blocking solution. Cells were washed once with
PBS and blocked for 1 min. Then, cells were incubated with Alexa Fluor-
labeled secondary antibodies diluted 1:1000 in blocking solution, for 30
min at 37 °C in a humid chamber. After three times washing with PBS, cov-
erslips were mounted on glass slides using Dako mounting medium (Dako,
Carpinteria, USA). The samples were examined on a Leica TCS SP2 con-
focal microscope (Leica Microsystem, Germany) using a 63-oil-immersion
lens. The images were acquired using the pinholes set to 1 airy unit for
each channel at sequential manner and analyzed using ImageJ software
(NIH).
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4.2.7 Nuclear accumulation of FITC-labeled oligonucleotides
in PNT2-C2 and PC3 cells incubated with SLN lipoplexes

SLN and LF2k lipoplexes, containing 0.5 nmol thioated FITC–ODN (Biog-
nostik, Germany) were added to PNT2-C2 and PC3 cells, grown to 60–80%
confluency in 12-well plates. After 30, 60, 120 and 240 min of incubation,
cell nuclei were stained with DAPI. Several fields were randomly selected
and about 104 cells were counted per condition. Images were taken using
a TissueFAXS system equipped with a Zeiss AxioObserver Z1 microscope.
The percentage of nuclei positive for FITC-ODN was quantified using DAPI-
stained nuclei as 100% on the TissueQuest cell analysis software (TissueG-
nostics).

4.2.8 Quantification of p62/SQSTM1 in PC3 and PNT2-C2
cells incubated with SLN lipoplexes

Cells were transfected in 6 well plates as described above. Two, 4, and 8 h
after transfection, cells were harvested, washed twice with PBS, and lysed
on ice for 2 h in 200 µL of lysis buffer (50 mM Tris–HCl (pH 7.4), 150
mM NaCl, 1 mM EGTA, 20 mmol/L NaF, 1 mM Na3VO4, 0.25% sodium
deoxycholate and protease inhibitors (1 µg/ml aprotinin, 10 µg/ml le-
upeptin, and 1 mM 4-(2-aminoethyl) benzenesulfonylfluoride hydrochlo-
ride). Protein concentrations were determined using the Bio-Rad protein
assay, according to the manufacturer’s instructions (Bio-Rad protein assay,
Bio-Rad, Richmond, CA). An equal volume of 2 ×sodium dodecyl sulfate
(SDS) gel loading buffer (100 mM Tris–HCl (pH 6.8), 200 mM DTT, 4%
SDS, 0.1% bromophenol blue and 20% glycerol) was added to the samples
which were subsequently boiled for 10 min at 100 ºC. Cellular proteins
(20 µg) were resolved by SDS–polyacrylamide gel (12%) electrophoresis
(PAGE) and transferred to PVDF membranes. After blocking for 1 h at room
temperature with Odyssey™ blocking buffer, membranes were incubated
simultaneously with primary antibodies (1:1000), for 1 h. Subsequently
the incubation was continued with goat antirabbit 800 and goat antimouse
680 secondary antibodies (both at 1:20,000) for 45 min. After washing
with physiological salt solution, the membranes were scanned using the
Odyssey™ Infrared Imager. Actin or tubulin proteins were used as internal
control. Autophagy was induced by nutrient starvation; cells were incu-
bated with HBSS for 8 h and used as a positive control. In addition, cells
were treated with bafilomycin A1 (200 nM), an inhibitor of autophagy,
during nutrient starvation. These cells were processed for p62/SQSTM1
quantification as described above.
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4.2.9 Statistical analysis

All experiments were performed in triplicate and were repeated indepen-
dently at least three times. Means and standard deviations were calculated.
An ANOVA test was performed to test for statistical significance (p<0.05)
between the treatment groups.

4.3 Results

SLNs efficiently transfect PC3 prostate cancer cells but not
non-cancerous PNT2-C2 prostate cells

Previously, we developed and characterized solid lipid nanoparticles (SLNs)
composed of the fatty acid stearic acid (SA), the cationic lipid DOTAP, and
the surfactant Pluronic F-68 for the delivery of genes into eukaryotic cells
[26,27]. As shown in Fig. 4.1A, these SLNs effectively transfect prostate
cancer cells with moderate (DU145) and high (PC3) metastatic potential,
but, quite unexpectedly, not non-cancerous prostate cells (PNT2-C2). Thus,
SLN transfection efficiency in PC3 and DU145 cells was 56.6 ±2.8% and
42.7±2.9%, respectively, whereas only 16.8±1.2% of the healthy PNT2-C2
prostate cells were transfected. Interestingly, however, the commercially
available cationic lipid Lipofectamine 2000 (LF2k) efficiently transfects all
three cell types to a similar extent, i.e., LF2k-mediated transfection effi-
ciency in PC3, DU145, and PNT2-C2 cells was 55.0 ±1.7%, 68.5 ±15.9%,
and 68.3±2.0%, respectively. Further experiments were performed to clar-
ify the underlying mechanism for the preferential transfection of cancerous
over non-cancerous prostate cells by SLNs. Evidently, such insight will be of
help in developing improved strategies for SLN-mediated gene – and drug
delivery into cells in general.

SLN lipoplexes associate to similar extents with PC3 and PNT2-C2
cells

Lipoplex-mediated nucleic acid delivery, or transfection, can be roughly di-
vided into the following steps (i) cellular binding and uptake of lipoplexes,
commonly by endocytosis; (ii) endosomal escape of nucleic acids; and (iii)
-in case of DNA delivery- nuclear transfer, followed by transcription and
translation. Therefore, it was first investigated whether differences in the
efficiency of lipoplex-cell interaction could explain the observed differences
in transfection efficiency. To this end, lipoplexes of SLNs and fluorescently
labeled ODN were used to follow their cell-association kinetics with PC3
and PNT2-C2 cells. Fig. 4.1B shows that the overall efficiency of SLN-cell
association, in terms of the percentage of cells involved, is fairly similar
for both cell types. Furthermore, the net delivery of Rhod-PE labeled SLN
lipoplexes in PC3 cells is approximately 1.5 -fold higher than in PNT2-C2
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Figure 4.1. Transfection efficiency of LF2k and SLN lipoplexes in PNT2-C2, DU145
and PC3 cells. Cells were transfected with EGFP-encoding plasmid DNA
using LF2k and SLN. The transfection was analyzed after 24 h by mea-
suring EGFP positive cells by flow cytometry. Each value represents the
mean ±S.D. of three independent experiments (n = 3). * p<0.05 - sig-
nificant differences relative to transfection in PNT2-C2 cells (Dunnett’s
post-test). 1B. Internalization of fluorescently labeled SLN lipoplexes
in PNT2-C2 and PC3 cells. SLNs complexed with TRITC labeled ODN
were incubated with PC3 and PNT2-C2 cells at 37 °C. After each time
interval (30, 60, 120 or 240 min), the percentage of cells positive for
TRITC fluorescence was measured. Each value represents the mean
±S.D. (n = 8).

cells. Thus, after a 4 h of incubation the average fluorescence intensity in
PC3 and PNT2-C2 cells was 221.4 ±59.4 and 145.4 ±32.1 (AU), respec-
tively (data not shown). Because the difference in transfection efficiency
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between PC3 and PNT2-C2 cells cannot be explained by differences in the
efficiency of SLN-cell interaction, the next step in the transfection process,
i.e., the endosomal escape, was therefore investigated.

Efficient endosomal escape of nucleic acids from SLN lipoplexes
occurs in PC3 cells but not in PNT2-C2 cells

Typically, lipoplexes are internalized by cells via endocytosis [28,29], a pro-
cess that, in principle, may transfer internalized material into lysosomes,
where degradation may occur. Consequently, endosomal escape prior to
transport into degradative lysosomes is an important parameter for the ef-
fective delivery of nucleic acids, and other biological therapeutic agents.

To determine whether SLNs promote endosomal escape of their cargo in
PNT2-C2 and PC3 cells, cells were incubated with SLNs containing fluores-
cently labeled oligonucleotides (ODNs). ODNs rapidly (i.e., within approx.
5-10 min) accumulate in the cell nucleus following their release into the
cytosol, and are therefore a useful tool to determine endosomal escape, as
mediated by gene delivery systems [30]. Incubation of the cells with free
ODNs led to negligible levels (< 5%) of positive nuclei in both PNT2-C2
and PC3 cells (Fig. 4.2A and B). This was expected, because free ODNs
cannot destabilize the endosomal membrane, thus triggering their escape
[31]. When ODNs were complexed with LF2k a very efficient and fast re-
lease from endosomes was observed in both cell lines. After 2, 4, and 6
h of incubation with LF2k lipoplexes, 26.3 ±5.8%, 66.4 ±16.3% and 66.6
±10.4% of ODN-positive nuclei were detected in PNT2-C2 cells, respec-
tively (Fig. 4.2A). In PC3 cells, 51.3 ±3.5% of ODN-positive nuclei were
detected after 2 h, 75.5 ±6.3% after 4 h, and 83.3 ±8.5% after 6 h (Fig.
4.2B). In contrast, with SLN lipoplexes only 4.0±1.5% of the PNT2-C2 cells
showed ODN-positive nuclei after 2 h, with a marginal increase up to 7.6
±2.7% after 6 h of incubation (Fig. 4.2A). In PC3 cells, however, the per-
centage of positive nuclei, after an initial gradual increase from 4.4 ±1.6%
after 2 h, to 23.7 ±5.3% after 4 h, reached a level of 59.3 ±10.1% after 6 h
of incubation (Fig. 4.2B). These data reveal that compared to SLNs, LF2k
mediates a relatively fast and efficient endosomal escape of ODNs, match-
ing the levels of transfection efficiency obtained in both cell lines (cf. Fig.
4.1A). However, SLNs facilitate a slower, yet efficient endosomal escape
of ODNs in PC3 cells, but little if any in case of non-cancerous PNT2-C2
cells. Similarly, also these data properly reflect the distinction seen in SLN-
mediated transfection efficiency of PC3 cells versus PNT2-C2 cells, the lat-
ter being far less susceptible to transfection than the former (cf. Fig. 4.1A).
Moreover, a similar parallel in differences of ODN release versus transfec-
tion efficiency can be drawn between the differences in efficiency seen for
either delivery system as such, i.e., LF2k mediated endosomal releases is
more efficient than that seen for SLNs, and concomitantly a higher trans-
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fection efficiency is obtained. Together these data may imply that failure of
efficient SLN-mediated destabilization of endosomal membranes in PNT2-
C2 cells precludes effective transfection. Accordingly, in PNT2-C2 cells,
the SLN lipoplexes might therefore be largely transported into degradative
lysosomes, conditions that are of obvious disadvantage toward successful
transfection. To better appreciate this possibility, further insight into the
intracellular pathways of SLN processing in PC3 and PNT2-C2 cells was
deemed necessary, which was examined next.

Internalization of SLN lipoplexes and transfection efficiency in the
presence of metabolic inhibitors of endocytosis in PC3 and PNT2-C2
cells

The different endocytic pathways that are involved in the uptake of
gene vectors, including clathrin-mediated endocytosis (CME), caveolae-
mediated endocytosis (CvME), and macropinocytosis (MP), are connected
to different intracellular fates. For example, cargo that is internalized via
CME generally is transported into lysosomes, while in certain cell types
cargo that is taken up via caveolae may not end up in lysosomes [32]. In
addition, the rate of internalization and subsequent transport from early
to late endosomes and lysosomes may differ among different routes of en-
docytosis. In general CME is connected to ‘fast’ and CvME to ‘slow’ en-
dosomal processing [33]. To obtain insight into these processes in the
present cellular systems, we therefore characterized the nature of the path-
way(s) via which SLN lipoplexes delivered their cargo into PNT2-C2 and
PC3 cells. Fluorescently labeled SLNs were used to monitor the internaliza-
tion, i.e., after trypan-blue induced quenching of surface-bound Rhod-PE
labeled SLNs (see Materials and Methods), in both cell lines in the absence
and presence of the CME-inhibitor chlorpromazine (CPZ); the cholesterol-
sequestering drug nystatin, that inhibits raft-dependent uptake, including
CvME; the MP-inhibitor dimethylamiloride (DMA); and dynasore (Dy), a
general blocker of dynamin-dependent endocytosis. As demonstrated in
Fig. 4.3A, the internalization of SLN lipoplexes was severely impaired in
both cell lines by dynasore, while it was not affected by nystatin. A re-
markable distinction was seen when comparing the effect of the CME in-
hibitor, CPZ. While CME internalization of SLN in PNT2C2 cells was ef-
fectively inhibited, CPZ barely affected the internalization of SLN in PC3
cells. Remarkably, while the effect of CPZ on SLN-mediated transfection
efficiency in PC3 cells is as expected, i.e., little if any effect on internaliza-
tion and a virtually unaffected level of transfection, in PNT2-C2 cells the
level of transfection efficiency was also unaffected in spite of the inhibi-
tion in internalization (Fig. 4.3A and B). This indicates that CME is not
a productive route for SLN-mediated transfection. On the other hand, al-
though NTT treatment did not significantly inhibit the internalization of
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Figure 4.2. Endosomal escape of SLN lipoplexes in A) PNT2-C2 and B) PC3 cells.
SLNs complexed with TRITC labeled ODN were incubated with PC3
and PNT2-C2 cells at 37 °C. After each time interval (2, 4, 6 h), the
percentage of (DAPI-stained) nuclei that were positive for TRITC flu-
orescence was measured. Each value represents the mean ±S.D. (n =
3). * p<0.05 - significant differences relative to ODN group (Dunnett’s
post-test).

SLN lipoplexes, it did result in a drop in the transfection efficiency in both
cell lines (Fig. 4.3B). In addition, transfection of PNT2-C2 cells was in-
hibited by dynasore, which suggests the involvement of (a) cholesterol-
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Figure 4.3. Internalization and transfection efficiency of PNT2-C2 and PC3 cells us-
ing SLN lipoplexes in the presence of endocytosis inhibitors. A) PNT2-
C2 cells and PC3 cells were incubated with rhodamine-labeled SLN
lipoplexes in the presence of endocytosis inhibitors, as detailed in Ma-
terials and Methods. After 4 h the total fluorescence intensity was ana-
lyzed. B) The transfection of PNT2-C2 cells and PC3 cells was analyzed
after 24 h by measuring EGFP-positive cells by flow cytometry. Each
value represents the mean ±S.D. of three independent experiments (n
= 3). * p<0.05 - significant differences relative to internalization or
transfection efficiency in absence of inhibitors (Dunnett’s test).

and dynamin-dependent pathway(s) in transfection of PNT2-C2 by SLN.
In PC3 cells, the transfection was almost unaffected by dynasore, while
DMA caused a more pronounced inhibiton of transfection, suggesting that
macropinocytosis significantly contributes to SLN transfection in PC3 cells
(Fig. 4.3B). These results reveal key differences between the PC3 prostate
cancer and non-cancerous PNT2-C2 prostate cells in how they may ‘recog-
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nize’ and process the same device in a cell type-specific manner.

SLN lipoplexes end up in lysosomes in PC3 and PNT2-C2 cells

Further insight into the intracellular trafficking of SLN lipoplexes in PC3
prostate cancer cells and non-cancerous PNT2-C2 prostate cells were
gained by confocal microscopy using fluorescently labeled SLN lipoplexes.
First, the colocalization of Rhodamine-PE labeled SLN lipoplexes with
early-endosomal autoantigen (EEA1) was evaluated. At an early stage,
i.e., after 1h, SLN colocalizes with EEA1 in both cell lines (Fig. 4.4), in-
dicating that endocytosis contributes to the pathway of entry of the SLN-
based lipoplexes. After 8h of incubation with PNT2-C2 and PC3 cells,
SLN lipoplexes clearly colocalize with LAMP-1, a late endosomal-lysosomal
maker (Fig. 4.4). A slow endosomal release of oligonucleotides from SLN
lipoplexes (cf. Fig. 4.2A) together with their processing into lysosomes
where degradation of SLN prior to cytoplasmic release of the genetic cargo
may occur, can explain the absence of significant transfection in PNT2-C2
cells. However, it does not explain the high transfection efficiency in PC3
cells, suggesting that in these cells, as opposed to PNT2-C2 cells, cargo
release may occur prior to reaching the lysosomes (c.f. Fig. 4.2B) or, alter-
natively, that lysosomes in PC3 cells are less lytic, which would allow for
a prolonged time window for cytosolic release of the genetic cargo from
endo/lysosomes. However, we also considered autophagy as a possible
mechanism by which intracellular delivered material, including nanocar-
riers, may become degraded, taking into account potential differences in
tumor and non-tumorous cells.

SLN lipoplexes induce limited autophagic flux in PC3 cells compared
to PNT2-C2 cells

Autophagy is one of the major mechanisms by which intracellular degra-
dation occurs. Recently, it was reported that cationic gene vectors, specifi-
cally lipoplexes and polyplexes, induce autophagy in cells [13,34]. More-
over, autophagy and lysosomal malfunctioning have been suggested as po-
tential mechanisms of nanoparticles toxicity [35]. Because autophagy has
also been implicated to play a role in cancer development, it was of inter-
est to investigate if PC3 prostate cancer cells and non-cancerous PNT2-C2
prostate cells show different autophagic responses to SLN lipoplexes, thus
explaining potential differences in transfection efficiency (cf. Fig. 4.1A).

To investigate the autophagic response of PC3 and PNT2-C2 cells to-
wards SLN lipoplexes, the induction of autophagosome formation upon
addition of SLNs was analyzed, using a commercially available assay for au-
tophagosome detection (Cyto-ID® Autophagy Detection Kit). An increase
in the amount of autophagosomes was detected in PNT2-C2 and PC3 cells
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Table 4.1. Autophagosome-positive cells in Control conditions, and after addi-
tion of SLN, LF2k lipoplexes and jetPEI polyplexes. (Autophagosome-
positive cells: > 5 autophagosomes/cell)

PNT2-C2 PC3

Control 44.5 ±7.5% 43 ±13.0%
LF2k 61.5 ±2.5% 73.5 ±0.5%
SLN 64.5 ±4.5% 69 ±3.0%
jet-PEI 87.5 ±7.5% 62.9 ±2.0%

Figure 4.4. Intracellular localization of SLN in PNT2-C2 and PC3 cells. PNT2-
C2 and PC3 cells were incubated with Rho-PE-labeled SLN lipoplexes.
Colocalization of the SLN lipoplexes was determined with EEA1 (1 h)
in PNT2-C2 cells and PC3 cells. Colocalization of the SLN lipoplexes
was determined with Lamp1 (6 h) in PNT2-C2 cells and PC3 cells.

upon addition of SLN lipoplexes (Fig. 4.5 and Table 4.1), which indicates
that SLN lipoplexes induce autophagosome formation in both cell types. A
similar increase in autophagosome-positive cells was detected in both cell
types following the addition of LF2k lipoplexes or another cationic gene
vector, JetPEI polyplexes (Fig. 4.5 and Table 4.1).

To obtain further support and insight into the autophagy response in-
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Figure 4.5. Induction of autophagosomes in PNT2-C2 and PC3 cells upon incu-
bation with LF2k and SLN lipoplexes, and JetPEI polyplexes. PNT2-
C2 and PC3 cells were incubated with SLN lipoplexes for 24 h and
subsequently analyzed for the presence of autophagosomes using the
Cyto-ID® Autophagy detection kit, as detailed in Materials and Meth-
ods. Green: Cyto-ID® labeled autophagosomes; red: Cy5-labeled
lipo/polyplexes; blue: nuclei.

duced by SLN lipoplexes, PC3 and PNT2-C2 cells were transiently trans-
fected with a GFP-tagged plasmid encoding LC3, a classic autophagy
marker. 24h after transfection, the cells were incubated with Cy5-labeled
SLN lipoplexes for 4h. As shown in Supplementary Fig. 4.8 the lipoplexes
colocalize with GFP-LC3-marked autophagosomes in both cell lines. Con-
sistently, also LF2k lipoplexes and JetPEI polyplexes colocalized with GFP-
LC3 labeled autophagosomes, suggesting that after 4h the gene vectors may
end up in autophagosomes, where they can be degraded (Supplementary
Fig. 4.8).

To better appreciate a potential link between the transfection efficiency
of SLNs and the autophagy machinery, SLN-mediated transfection was
investigated in mouse embryonic fibroblasts with a functional (wt MEF
ATG5+/+) and deficient (MEF ATG5-/-) autophagy machinery. The SLN
transfection efficiency was significantly higher in ATG5-/- cells compared
to ATG5+/+ cell line (Fig. 4.6). This effect was even more pronounced
when using LF2k lipoplexes and JetPEI polyplexes (Fig. 4.6). The higher
transfection efficiency in autophagy-deficient MEF ATG-/- cells compared
to MEF ATG+/+ cells supports the notion that autophagy is involved in the
processing of lipo/polyplexes in cells.

Whether the observed activation of autophagy facilitates actual degra-
dation of the SLN lipoplexes, the autophagic flux, which is a measure for
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Figure 4.6. Transfection efficiency of SLN and LF2k lipoplexes and jetPEI poly-
plexes in autophagy-deficient MEF ATG5-/- and autophagy-proficient
MEF ATG5+/+ cells. Cells were transfected with EGFP-encoding plas-
mid DNA using SLN, LF2k and jetPEI. The transfection was analyzed
after 24 h by measuring EGPF positive cells by flow cytometry. Each
value represents the mean ±S.E. of three independent experiments (n
= 3). * p<0.05 - significant differences relative to transfection in MEF
ATG5+/+ cells (student t-test).

the degradation of cargo ‘ingested’ by autophagosomes, was investigated
by evaluation of the p62 levels. Because p62 accumulates when autophagy
is inhibited, whereas decreased levels are observed when autophagy is in-
duced, p62 is a useful marker for autophagic flux. Hence, PNT2-C2 and
PC3 cells were incubated with SLN lipoplexes for 2, 4, and 8 h, and subse-
quently, the p62 levels were determined by immunoblotting. In PNT2-C2,
the p62 protein level significantly decreased in a time-dependent manner
(Fig. 4.7A, and quantification in Fig. 4.7B), indicating autophagic degra-
dation. After 4h of incubation with SLN lipoplexes, the p62 level decreased
to 64.9 ±1.0% of the control level, which further decreased to 34.2 ±0.1%
after 8h of incubation. By contrast, in PC3 cells, the p62 levels remained
constant over 8 h (Fig. 4.7A, and quantification in Fig. 4.7B). These data
thus suggest that, although SLN lipoplexes induce autophagosome forma-
tion in both PNT2-C2 and PC3 cells (Table 4.1), autophagic degradation is
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Figure 4.7. Autophagic flux in PNT2-C2 and PC3 cells treated with SLN lipoplexes.
PNT2-C2 and PC3 cells were incubated with SLN lipoplexes for 2,
4, and 8h after which the p62 protein levels were detected by im-
munoblotting (A), and quantified by densitometry (B). In addition, the
p62 protein level was determined in PC3 cells upon nutrient-starvation
in the presence and absence of Bafilomycin A1 (C). The p62 levels were
analyzed by western blot after 2, 4 and 8 h upon starvation.

only apparent in PNT2-C2 cells, and not in PC3 cells.
From these data it is unclear whether SLN lipoplexes impair autophagic

flux in PC3 cells or that the limited autophagic degradation is a general
hallmark of the PC3 cells. To investigate whether PC3 cells are able to in-
duce autophagic degradation at all, the autophagic flux was measured in
PC3 cells undergoing nutrient starvation, a strong inducer of autophagy.
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The p62 western blot in Fig. 4.7C shows that p62 levels in PC3 cells de-
crease upon starvation, and that this decrease can be prevented by the au-
tophagy inhibitor Bafilomycin A1, showing that degradation by autophagy
is operational in PC3 cells. Interestingly, starvation-induced autophagy is
known to be mTOR-dependent, whereas cationic lipids were shown to in-
duce mTOR-independent autophagy [13]. It is therefore likely that in PC3
cells specifically this mTOR-independent autophagy is deregulated.

Altogether our data suggest that SLN lipoplexes induce a less effi-
cient autophagic flux in PC3 cells than in non-cancerous PNT2-C2 cells.
As a consequence, the degradation of SLN lipoplexes in PC3 cells is de-
layed/prevented, allowing a prolonged timespan for the cytosolic release
of genetic cargo, leading to efficient transfection. Consistent with this no-
tion are preliminary data (not shown), revealing the persistent presence of
(fluorescently labeled) SLNs in PC3 cells after 24 h and their virtual absence
in PNT2-C2 cells. However, whether SLN lipoplexes deliver their cargo via
escape from endosomes, lysosomes, and/or autophagosomes remains to be
determined. In normal PNT2-C2 prostate cells, that do show autophagic
degradation upon the addition of gene vectors, the SLN lipoplexes are de-
graded prior to effective cargo release, resulting in low levels of transfec-
tion. Importantly, this divergence between the transfection of the two cell
types only occurs when using a gene vector that presents a late endosomal
escape, like SLN (Fig. 4.2). Gene vectors that show an early endosomal
escape, like LF2k (Fig. 4.2), efficiently transfect both cell types, because
they can induce endosomal escape prior to their degradation. Our find-
ing that JetPEI, a polymer that shows late endosomal escape, because it is
dependent on the drop in lumenal pH that typically occurs further down
the endocytic pathway [30,36,37], efficiently transfects PC3 cells (47.69
±3.33), and not PNT2-C2 cells (8.22 ±1.03), is in support of this finding.

4.4 Discussion

In this study we have demonstrated that SLN lipoplexes can efficiently
transfect PC3 prostate cancer cells, but not normal PNT2-C2 prostate cells.
A comparative analysis of the internalization pathway and intracellular pro-
cessing of SLNs in PNT2-C2 and PC3 cells was performed to clarify the
underlying mechanism for this difference.

A comparison of SLN internalization and transfection efficiency in the
presence of endocytic inhibitors revealed that in PNT2-C2 cells transfec-
tion occurs via a cholesterol- and dynamin-dependent pathway, while in
PC3 cells mainly macropinocytosis contributed to the cellular transfection.
Nevertheless, irrespective of the routes of SLN internalization in PNT2-C2
and PC3 cells, SLN lipoplexes seem to end up in lysosomes in both cell lines.
Interestingly, SLN-induced autophagy in the cells seems to contribute to ap-
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Supplementary Figure 4.8. Colocalization (indicated by white arrows) of LF2k
and SLN lipoplexes, and JetPEI polyplexes with GFP-
LC3 puncta in PNT2-C2 and PC3 cells. PNT2-C2 and
PC3 cells were transiently transfected with pGFP-LC3
as detailed in Materials and Methods, then incubated
with Cy5-labeled lipo/polyplexes for 4 hours. Green:
GFP-LC3 puncta; red: Cy5-labeled lipo/polyplexes;
blue: nuclei.

pearance of the delivery devices in this compartment, as was apparent from
an increase in the number of autophagosomes in SLN-treated cells. While
in PNT2-C2 cells the autophagic content becomes degraded, in PC3 cells the
autophagic response does not result in degradation of the internalized ma-
terial, as indicated by the unaltered p62 protein levels in the latter cell type.
We reason that this lack of degradation allows an extended time window
for release of the carrier’s cargo into the cytosol and hence gene delivery
by SLNs in PC3 cells when compared to PNT2-C2 cells, thus leading to the
higher transfection efficiency in PC3 cells. The potency of SLN to transfect
the cancer prostate PC3 cells rather than the normal prostate PNT2-C2 cells
makes it an interesting vector for the treatment of prostate cancer by the
ability to specifically accomplish cargo release of, for example, nucleic acid
based drugs in tumor cells, while leaving normal cells ‘unharmed’.

Several attempts were undertaken to interfere with the process of au-
tophagy using widely used metabolic autophagy inhibitors, such as 3-
methyladenine (3-MA) and Bafilomycin A1, and the autophagy activator
rapamycin. However, because of a strong interconnection between endoso-
mal and autophagosomal pathways [38] a direct effect of these compounds
on the transfection process itself could not be excluded. For example, 3-
MA may suppress endocytic fluid-phase uptake [39], and thus interfere
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with early intracellular processing of the SLN lipoplexes. The autophagy
inhibitor Bafilomycin A1 is known to prevent the endosomal acidification
and thereby inhibit the endosomal escape by pH-responsive gene vectors,
including PEI polymers. Therefore, this approach was not further pursued.

It is widely accepted that the non-targeted uptake of gene vectors can
be highly efficient, while the intracellular trafficking of the vector together
with the intrinsic properties of the vector, that regulate its endosomal
escape, ultimately determine whether productive transfection will occur.
Clearly, the intracellular sorting, trafficking, and fate of drug delivery vec-
tors is influenced by (cancer) cell type [40]. Therefore, intrinsic differences
in the cellular response toward nanocarriers between ‘healthy’ and ‘ma-
lignant’ cells can provide very interesting and promising opportunities for
(cancer) cell-specific and thereby highly selective therapeutic intervention
with genes, and other therapeutic agents.

Recently, a sophisticated polymer-peptide fusion was made, which is re-
sponsive to the increased PKCα activity that is typically observed in many
types of cancer, and that shows cancer-specific gene expression [41]. In
addition to the exploitation of an enhanced PKC activity, we show that in
cancer cells impaired autophagy may provide an alternative means to ‘pas-
sively’ induce cancer-specific gene expression.

It will be of interest to investigate if the differential autophagic response
in PC3 and PNT2-C2 cells is determined by the involvement of different up-
take pathways that are involved in the intracellular processing of lipo- and
polyplexes. For instance, if the impaired autophagic response is connected
to the uptake of SLN via macropinocytosis, targeting of the vectors into the
macropinocytic pathway may lead to further optimization of transfection
efficiency. A thorough understanding of cancer cell signaling, especially
upon interaction with (gene) vectors will aid in the rational design of drug
delivery systems.
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