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’ INTRODUCTION

Endocytosis is a very important feature of eukaryotic cells. It is
required for many cell functions, including uptake of nutrients,
transcellular transport, control of the density of surface receptors
and immune defense. To date many endocytic pathways are
identified. They are classified according to the transported
compounds as well as to the proteins and structures involved
in the endocytic process. Two intensely studied endocytic path-
ways are the clathrin-dependent1 and the caveolin-dependent2

pathway. As shown for the transferrin (Tf) receptor (TfR)3,4 and
the epidermal growth factor (EGF) receptor (EGFR),5,6 these
receptors are ordinarily endocytosed via clathrin-coated vesicles.
A number of different endocytic pathways are described in the
literature, which can be dependent on or independent of clathrin,
caveolin or dynamin-2,2 and several others not yet identified may
exist that do not fit into the known classifications.

Plant and bacterial toxins that target an intracellular process
need to enter their target cells. Some toxins, such as the pertussis
adenylate cyclase toxin from Bordetella pertussis,7 are able to
directly cross the cell membrane;7�9 others are endocytosed and
translocate into the cytosol via endosomal membranes,10�12 for
example diphtheria toxin.10 A completely different mechanism to
enter cells is used by Pseudomonas exotoxin A (PE),13 ricin,14 or

cholera toxin.15 After binding to their receptors on the cell
surface they are retrogradely transported to the endoplasmic
reticulum before finally entering the cytosol.16,17 PE binds to the
α2-macroglobulin receptor/low density lipoprotein receptor-
related protein,18 ADP-ribosylates the eukaryotic elongation
factor 2 after endocytosis and thus inhibits protein synthesis.

Targeted toxins consist of a cell-targeting moiety and a
cytotoxic compound, chemically coupled or expressed as recom-
binant proteins. Radioactive substances, cytotoxic small mol-
ecules, or natural toxins are used as cytotoxic compound and
delivered to the target cells by antibodies, antibody fragments or
natural ligands of tumor-associated antigens. A couple of targeted
toxins were already approved for the treatment of cancer
(reviewed in ref 19) including Ontak, Zevalin, Bexxar and
Mylotarg; however, Mylotarg was withdrawn from the market in
2010 due tomissing improvement in clinical benefit and a greater
number of deaths compared to chemotherapy.20 This demon-
strates the great importance of knowing the detailed molecular
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mechanisms of a drug for the development of new treatment
strategies and better understanding of targeted toxins including
those currently under investigation in clinical trials.21 Many of
these toxins brought promising results for the treatment of cancer,
but in some cases the uptake into the target cells is ineffective and
nonspecific cytotoxicity often results in side effects, such as vascular
leak syndrome and hypersensitivity reactions.22,23

A recently published approach to decrease side effects demon-
strates that a saponin composite from Gypsophila paniculata L.
(designated as Saponinum album, Spn) synergistically enhances
the cytotoxicity of different targeted toxins up to more than
100,000-fold in cell culture experiments.24�26 In BALB/c mice
bearing a solid tumor, this highly synergistic effect resulted in
94% tumor volume reduction at a 50-fold lower concentration of
the targeted toxin compared to treatment without Spn.27 No-
tably, both single substances, the targeted toxins and Spn, were
applied at nontoxic and nonpermeabilizing concentrations. Sa-
ponins are mostly plant-derived glycosides and contain either a
steroidal or triterpenoidal aglycon to which one or more sugar
chains are attached. Saponins exhibit many different functions:
they permeabilize cell membranes, and they have hemolytic,
anticancer and antimicrobial effects (reviewed in ref 28).

In this study, we used the targeted toxin SE, consisting of the
plant toxin saporin isoform 3 (Sap-3) as cytotoxic moiety and
human EGF to target tumor cells. Sap-3 is a type I ribosome-
inactivating protein with an N-glycosidase activity. SE binds to
the EGFR and is internalized into the cells, where Sap-3 inhibits
protein synthesis. However, the delivery pathway for SE, espe-
cially in combination with Spn to enhance its cytotoxicity, is not
known. Here, we reveal which processes are necessary for the
impact of Spn.

’EXPERIMENTAL SECTION

Expression and Purification of the Targeted Toxin. The
construction of the plasmid for the expression of the targeted
toxin SE was described previously29 (SE was referred to as
SapEGF in this publication). SE consists of an N-terminal 6 �
His-tag, the plant toxin Sap-3 (as defined in ref 30) and human
EGF as tumor-specific ligand. The expression was performed for
3 h at 37 �C in an isopropyl β-D-thiogalactopyranoside-inducible
Escherichia coli system as described before.31 Afterward cells were
harvested by centrifugation (10 min, 4 �C, 5000g), and culture
pellets were resuspended in PBS (150 mM NaCl, 8.3 mM
Na2HPO4, 1.7 mM KH2PO4, pH 7.4) supplemented with
20 mM imidazole and stored at �20 �C. SE was purified under
native conditions by nickel�nitrilotriacetic acid agarose affinity
chromatography as described in detail in ref 31. Fractions were
dialyzed against PBS. The final materials were estimated to be
>90% pure as evaluated byCoomassie staining after SDS�PAGE.
The concentration of purified proteins was first estimated using
the Advanced Protein Assay Kit (Cytoskeleton, Denver, CO,
USA). The quantity of full-length toxins was then corrected after
analyses by SDS�PAGE (12% gel) under reducing conditions by
comparison to protein standards.
Cell Culture. Cell culture experiments were performed with

the human cervical carcinoma cell line HeLa (obtained from
ATCC, The American Type Culture Collection, Manassas, VA,
USA) and HER14 cells (Swiss mouse embryo cells transfected
with human EGFR, obtained from Professor E. J. van Zoelen,
Department of Cell Biology, University of Nijmegen, The
Netherlands). Both cell lines were maintained in Dulbecco’s

modified Eagle’s medium with Glutamax-1 (PAA, Pasching,
Austria) supplemented with 10% fetal calf serum (Biochrom,
Berlin, Germany), 100 U/mL penicillin and 100 μg/mL strep-
tomycin. For HER14 cells, the cell culture dishes were pretreated
with 0.1% gelatin in water. All cells were cultivated at 37 �C, 5%
CO2 and 95% humidity.
Cytotoxicity Assay.To generate dose response curves with or

without inhibitors influencing the uptake of SE, cells were seeded
in 96-well plates at concentrations of 10,000 (HeLa) or 2000
(HER14, NIH-3T3) cells per well in 100 μL of culture medium.
After 24 h the conditioned medium was replaced with 180 μL of
fresh medium and 20 μL of SE or Sap-3 in PBS was added to
adjust the desired toxin concentrations on the cells. To investi-
gate synergistic effects between SE or Sap-3 and Spn, 180 μL of
medium containing 1.5 μg/mL Spn (Merck, Darmstadt, Germany,
and further characterized in ref 32) was preincubated for 5 min
before the toxin was added accordingly. Cells were cultivated for
48 h as described above, and relative survival was measured by a
cytotoxicity assay based on the cleavage of fluorescein diacetate
by living cells.31The cells werewashed twicewithPBS and incubated
for 1 h with 200 μL of fluorescein diacetate (10 μg/mL; Sigma
Aldrich, Munich, Germany) in PBS. Developing fluorescence
was measured in a microplate reader (Spectra Max Gemini,
Molecular Devices, Sunnyvale, CA, USA) at excitation and emission
wavelengths of 485 and 538 nm, respectively. The relative cell
survival, designated as survival index, was calculated after blank sub-
traction (wells without cells) as the percentage of living cells in
treated wells in relation to untreated cells (cells without toxin). To
inhibit endocytosis, HER14 or NIH-3T3 cells were preincubated
for 1 h with 10 μM chlorpromazine (Sigma Aldrich, Munich,
Germany), 100 μMdynasore (Sigma Aldrich,Munich, Germany),
60 nM latrunculin A (Biomol, Hamburg, Germany), 3 μM
chloroquine (Sigma Aldrich, Munich, Germany), 3 nM bafilo-
mycin A1 (Alexis, L€orrach, Germany) or 3 μM filipin complex
(Sigma Aldrich, Munich, Germany) before SE was added. In the
case of chlorpromazine and dynasore the medium with the
inhibitors was replaced by 180 μL of fresh medium before
starting the incubation with SE or Spn/SE. All inhibitory agents
were used at nontoxic concentrations, as determined by cyto-
toxicity studies. In addition to the use of dynasore the influence
of dynamin-2 on endocytosis of SE was investigated by a
dominant negative mutant: HeLa cells were stably transfected
with the K44A dynamin-2 mutant (a gift of Sandra L. Schmid;
Scripps Research Institute, La Jolla, CA), designated as HeLaΔ-
Dyn, and cultivated in the presence of 1 mg/mL Geneticin. To
investigate whether the enhancing ability of Spn is restricted to
clathrin-dependent uptake mechanisms, HER14 cells were in-
cubated with Spn/SE in the presence of free human EGF (2.5 nM
or 15 ng/mL), which induces clathrin-independent endocytosis
of EGF in HeLa cells.33 For the analysis of retrograde transport,
HER14 cells were incubated with PE (Sigma Aldrich, Munich,
Germany) instead of SE with or without Spn as described. The
effect of different incubation times of either SE or Spn/SE was
analyzed on HER14 cells. Cells were incubated for 0.5, 6, 24, and
48 h with SE or Spn/SE. In the first three samples, the medium
was replaced with 200 μL of fresh medium and the cells were
incubated for the remaining time to complete the period of 48 h;
cytotoxicity was then measured as above.
Flow Cytometry. The different inhibitors were validated by

flow cytometry. HeLa cells were removed from cell culture plates
with PBS supplemented with 2.3 mM EDTA, blocked with PBS
containing 0.2% fetal calf serum and incubated for 30 min at 4 �C
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with either blocking solution or fluorescein isothiocyanate-
labeled transferrin (Tf-FITC, 4 ng/μL) in blocking solution.
After a subsequent incubation at 37 �C for 15 min, the cells were
washed twice with ice-cold PBS and fluorescence was analyzed by
flow cytometry (EPICS-XL from Coulter, Krefeld, Germany).
The data were evaluated using the Cyflogic software 1.2.1. Cells
were stained with propidium iodide to identify cell debris and
dead cells and excluded from unstained cells for analyses by
gating. To solely include internalized dye and exclude Tf-FITC
located on the cell surface, cells were incubated for two minutes
at 37 �Cwith a trypan blue quench solution according to Pearson
et al.34 (20 mM Na2HPO4, 150 mM NaCl, 1.5 mM KCl, 0.04%
trypan blue, pH 5.6) before we measured the fluorescence of
10,000 cells using a filter at 525 nm. To block endocytosis, cells
were incubated for 30 min at 37 �C with 10 μM chlorpromazine,
100 μM dynasore, 60 nM latrunculin A, 3 nM bafilomycin A1 or
3 μM chloroquine and washed prior to the incubation with Tf-
FITC. To determine the enduring effect of dynasore, the medium
containing the inhibitor was replaced with fresh medium for a
further 30 min. After two washing steps the cells were incubated
with Tf-FITC and then treated as described. For the investiga-
tions with filipin, HeLa cells were incubated with 3 μM filipin as
described for the other inhibitory substances. Instead of Tf-FITC
the cells were incubated for 30 min at 4 �C with fluorescein iso-
thiocyanate-labeled EGF (EGF-FITC, 1 μM) and thereafter
treated as described above.
Western Blot. EGFR and TfR expression was analyzed for

NIH-3T3, HER14, HeLa and HeLaΔDyn (HeLa cells trans-
fected with mutant dynamin-2 DNA) cells in a Western blot.
Shortly, the cells were lysed and 50 μg of total protein was
separated on a 10% SDS�PAGE and transferred to a nitrocellu-
lose membrane. Immunodetection was performed using an anti-
EGFR (ab231, Abcam, Cambridge, U.K.) and anti-TfR (H68.4,
Zymed Laboratories, Bad Homburg, Germany) antibody.
Statistical Analyses. The significance of results was deter-

mined by the nonparametric Mann�Whitney U-test using SPSS
17.0 on aMacOS 10.4 operating system. A two-tailed asymptotic

significance of p e 0.05 was interpreted as being statistically
significant.

’RESULTS

Cytotoxicity of SE on HER14 and NIH-3T3 Cells. The
cytotoxicity of SE alone and in combination with Spn on NIH-
3T3 cells (Swissmouse embryo fibroblast cells) and relatedHER14
cells (NIH-3T3 cells stably transfected with human EGFR) was
recently described:35 On HER14 cells, SE alone was highly
cytotoxic (SI50 = 2.5 nM) whereas NIH-3T3 cells were, as ex-
pected, more resistant (SI50 = 30 nM). The combination with
Spn enhanced the cytotoxicity of SE 2800-fold on HER14 cells
(SI50 = 0.9 pM) and only 50-fold on NIH-3T3 cells (SI50 =
600 pM).35 Additionally, the toxin Sap-3 alone shows a compa-
rable toxicity on HER14 and NIH-3T3 cells with a SI50 of 53 nM
and 30 nM, respectively (Figure S-1 in the Supporting Information).
This clearly demonstrates that the cytotoxicity of SE depends on
cell surface expression of the target receptor, which is more
prominent in the presence of Spn. Thus, Spn improves not only
the sensitivity but also the specificity of SE.
Inhibition of Clathrin-Mediated Endocytosis. Inhibitor

experiments were performed on HER14 cells since these cells
express a high level of EGFR.35 Cells preincubated with chlorpro-
mazine, a specific inhibitor of clathrin-mediated endocytosis,36,37

were only slightly affected in their survival rate at the used
concentration (Figure 1). After chlorpromazine preincubation,
the cellswere treatedwith either SEaloneorSpn/SE.The cytotoxicity
of SE alone was not altered after chlorpromazine pretreatment
(Figure 2a, Table 1), indicating that SE acts independently
of clathrin-mediated endocytosis. In contrast, in combination
with Spn, the preincubation with the inhibitor dramatically
decreased the cytotoxicity of SE (Figure 2a, Table 1). At the
tested concentrations no SI50 value was achieved.
The effect of chlorpromazine on endocytosis was analyzed in

flow cytometry using HeLa cells since these cells express high
amounts of TfR. Tf-FITC was used for flow cytometry experi-
ments instead of EGF. TfR is internalized by clathrin-dependent
receptor-mediated endocytosis after binding of Tf3,4 and is
commonly used for the analysis of receptor-mediated endocy-
tosis. Furthermore, at high EGF concentrations the endocytosis
of EGFR is shifted from a clathrin-dependent to a clathrin-
independent process, which would interfere with the investiga-
tions of the inhibitory agents.33 HeLa cells, either pretreated with
chlorpromazine or not, were incubated with Tf-FITC. The inter-
nalized Tf-FITC was quantitated by flow cytometry after quench-
ing of extracellular dye molecules with trypan blue. Compared to
unstained control cells we observed a clear shift of the fluores-
cence intensity without chlorpromazine pretreatment but only a
slight shift after pretreatment (Figure 3a), indicating that chlor-
promazine successfully inhibited clathrin-mediated endocytosis.
Inhibition of Actin Polymerization. The effect of actin poly-

merization on SE-mediated cytotoxicity was analyzed on HER14
cells by use of the inhibitor latrunculin A, which binds actin
monomers near the nucleotide binding cleft.38 The cells were
preincubated with the inhibitor at a nontoxic concentration
(Figure 1) and afterward treated with SE or Spn/SE. Similar to
chlorpromazine, latrunculin A does not affect the cytotoxicity of
SE alone (Figure 2c, Table 1) whereas the Spn-mediated cyto-
toxicity of SE was clearly inhibited. The efficacy of latrunculin A
was validated by flow cytometry using HeLa cells. The cells were
treated with the inhibitor prior to incubation with Tf-FITC, and

Figure 1. Cytotoxicity of the inhibiting substances applied in subse-
quent experiments. HER14 cells were on one side incubated with 10 μM
chlorpromazine or 100 μM dynasore for 1 h before the medium was
replaced with fresh medium and cells were further incubated for 48 h, or
otherwise with 60 nM latrunculin A, 3 μM chloroquine, 3 nM bafilo-
mycin A1 or 3 μM filipin for 48 h without replacement of the medium.
Living cells were quantitated by their ability to cleave fluorescein
diacetate. Relative survival was calculated as the percentage of living cells
after treatment in relation to untreated cells. Error bars indicate SEMof up
to 8 experiments (Nchlorpromazine = 3, Ndynasore = 2, NlatrunculinA = 5,
Nchloroquine = 5, NbafilomycinA1 = 8, Nfilipin = 5) performed in triplicate.
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fluorescence of internalized dye was read out as before. Compar-
able to chlorpromazine, only a small shift in the fluorescence
intensity between unstained cells and cells treatedwith Tf-FITC in
the presence of the inhibitor occurred, demonstrating that latrun-
culin A indeed prevented the uptake of transferrin (Figure 3b).
Inhibition of Endosomal Acidification. In order to analyze

whether the acidification of the endosomes is required for the

uptake of SE and the enhancing property of Spn, HER14 cells
were incubated with either one of two different inhibitors.
Bafilomycin A1 is a strong specific inhibitor of the vacuolar
H+-ATPase,39�41 and chloroquine is a compound that diffuses
into the cells and becomes protonated within the acidic interior
of the endosome�lysosome system,42 thus leading to a direct
increase in endosomal pH. Both bafilomycin A1 and chloroquine

Figure 2. Cytotoxicity of SE and Spn/SE on HER14 cells in the presence and absence of chlorpromazine (a), dynasore (b), latrunculin A (c),
chloroquine (d), bafilomycin A1 (e) or filipin (f). Cells were preincubated for 1 h with the inhibitors followed by a 48 h incubation with SE or Spn/SE. In
the case of chlorpromazine and dynasore, the inhibitors were replaced by fresh medium before SE or Spn/SE was added. Relative survival was calculated
as described. In all panels, the corresponding data points that represent experiments without inhibitor are identical and are shown repeatedly only for
better comparison with samples treated with the inhibitor. For experiments with inhibitor, relative survival refers to cells incubated without SE
but treated with the inhibitor. Error bars indicate SEM of 4 to 76 experiments (NSEwithoutSpn = 76, NSEwithSpn = 40, NchlorpromazinewithoutSpn =
10, NchlorpromazinewithSpn = 8, NdynasorewithoutSpn = 10, NdynasorewithSpn = 8, NlatrunculinAwithoutSpn = 6, NlatrunculinAwithSpn = 8, Nchloroquine = 6,
NbafilomycinA1withoutSpn = 4, NbafilomycinA1withSpn = 6, NfilipinwithoutSpn = 4,NfilipinwithSpn = 3) performed in triplicate. The inhibitory effect was significant
for chlorpromazine, latrunculin A, chloroquine and bafilomycin A1 when cells were treated with Spn/SE (p < 0.001) but not significant when treated
with SE alone (pchlorpromazine = 0.451; platrunculinA = 0.700; pchloroquine = 0.326; pbafilomycinA1 = 0.151). For dynasore and filipin significant differences were
detectable neither for SE (pdynasore = 0.667; pfilipin = 0.114) nor for Spn/SE (pdynasore = 0.667; pfilipin = 0.1).
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were used at nontoxic concentrations (Figure 1), and after pre-
incubation with the inhibitors the cells were incubated with SE or
Spn/SE. The cytotoxicity of SE alone was affected neither by
bafilomycin A1 nor by chloroquine (Figure 2d,e, Table 1) but
drastically decreased in combination with Spn, where no SI50 was
reached within the tested concentrations. The acidification of the
endosomes is thus not essential for the delivery of SE to the
cytosol; however, it is mandatory for the enhancement of SE
delivery by combination with Spn. Both inhibitors were tested for
their ability to block the uptake of Tf-FITC. After preincubation
with either of the two inhibitors, the fluorescence intensity of
internalized transferrin was clearly decreased compared to cells
not treated with any of the inhibitors (Figure 3c,d). Although
bafilomycin A1 inhibits transport from early to late endosomes in
HeLa cells and not endocytosis,43 the amount of TfR on the cell
surface is clearly diminished, since the recycling of TfR is inhibited,44

resulting in reduced uptake of Tf.
Effects of Inhibitors on Nontarget Cells. The different

inhibitors were analyzed on nontarget cells (NIH-3T3) to
demonstrate their specificity for the uptake of SE via the EGFR
pathway. The cells were preincubated with the inhibitors as
described before, and their influence on the cytotoxicity of Spn/
SE was tested. Chlorpromazine, latrunculin A and chloroquine
had no inhibitory effects (Figure S-2 in the Supporting
Information). Only bafilomycin A1 decreased the cytotoxicity
of Spn/SE slightly, indicating a certain relevance of endosomal
acidification for non-EGFR dependent uptake of SE.
Inhibition of Vesicle Budding. Dynamin-2 mediates the

fission of the endocytic vesicle from the cell membrane.45 After
transfection of cells with mutant dynamin-2 DNA (K44A),
dynamin-2-dependent endocytosis is blocked.46 Therefore, we
stably transfected HeLa cells with dynamin-2K44A (HeLaΔDyn)
and observed a considerable inhibition of both SE and Spn/SE
cytotoxicity; however, a detailed investigation showed that
EGFRwas lost in these cells (Figure 4). Thus, dynamin-2 appears
to be essential for the intracellular trafficking of EGFR inHeLa cells.
Interestingly, the level of TfR was also reduced but the protein was
still present in the functional dynamin-2 knockout (Figure 4),
indicating different intracellular trafficking. This observation
leads to the conclusion that these experiments cannot provide
evidence whether the inhibition of toxin uptake is directly
dynamin-2-dependent or simply a consequence of induced target
receptor absence. Therefore, we investigated the effect of dyna-
sore, a specific inhibitor of dynamin.47 Dynasore was used at a
nontoxic concentration for the applied incubation period of 1 h
(Figure 1) and showed no significant influence on the cytotoxicity
of SE and Spn/SE (Figure 2b, Table 1). In the flow cytometry

dynasore showed a clear inhibition of the endocytosis of Tf-
FITC, which demonstrates the ability of dynasore to inhibit
receptor-mediated endocytosis (Figure 5a). Interestingly, this
inhibitory effect is already lost 30 min after removal of dynasore
(Figure 5b), which might explain that dynasore had no influence
on the cytotoxicity of SE and Spn/SE. For the cytotoxicity assay,
themedium containing dynasore was removed prior to the incuba-
tion with SE or Spn/SE due to the high toxicity of dynasore at
longer incubation periods.
Inhibition of Caveolae-Dependent Endocytosis. At high

EGF concentrations, the ligand�receptor complex is interna-
lized via clathrin-independent mechanisms. Mineo et al. demon-
strated that phosphorylated EGFR (after binding of the ligand) is
not located in the caveolae.48 To demonstrate that SE is interna-
lized in the same manner as EGF, we preincubated HER14 cells
with the caveolae inhibitor filipin at an effective concentration
compared to the work of Schnitzer et al.49 Filipin destroys the
structural assembly of caveolae and thereby reduces their amount
in the cell membrane.49 As expected, filipin showed no significant
inhibition of the cytotoxicity of SE in the presence as well as in the
absence of Spn (Figure 2f, Table 1). Similarly, filipin had no
inhibitory effect on the uptake of EGF-FITC determined in flow
cytometry (Figure 3e). Here, EGF-FITC was used instead of Tf-
FITC to evoke a shift from clathrin-dependent to clathrin-
independent endocytosis.33

Effect of Spn on Clathrin-Independent Endocytosis. For
the combined treatment (Spn/SE) SE is applied at a low
concentration (<0.01 nM or 0.36 ng/mL), which results in the
clathrin-dependent uptake of SE. To further investigate the
enhancing mechanism of Spn, HER14 cells were incubated with
Spn/SE in the presence of additional EGF at a total concentra-
tion of 2.5 nM, which in total mimics the SE concentration that is
used without Spn to achieve the SI50 value on HER14 cells. This
should shift the uptake to a clathrin-independent process. As
described by Sigismund et al. a concentration of 10 ng/mL (1.7 nM)
EGF is sufficient for this shift.33 At the same time, this EGF con-
centration is not sufficient to block SE binding to EGFR, which
occurs efficiently only at 100 nM EGF.35 The results showed no
difference between the treatment with Spn/SE and Spn/SE sup-
plemented with EGF in a concentration that is too low for a
competitive effect (see Discussion) (Figure 6), demonstrating
that the enhancing effect of Spn is independent of the uptake
mechanism of EGFR.
Effect of Spn on Retrograde Transport Pathways. The

enhancing ability of Spn on the cytotoxicity of PE was analyzed
onHER14 cells, which are, as mentioned before, transfectedNIH-
3T3 cells. The expression of the receptor for PE (α2-macroglobulin

Table 1. Overview of the Inhibitory Agents and the SI50 Values on HER14 Cells after Incubation with SE and Spn/SE in the
Absence and Presence of the Inhibitory Agents

SI50 (nM)

inhibitor concentration without Spn with Spn inhibition of

no inhibitor 2.5 0.0009

chlorpromazine 10 μM 3.1 >0.01 clathrin-mediated endocytosis36,37

dynasore 100 μM 1.3 0.00051 GTPase activity of dynamin-247

latrunculin A 60 nM 2.5 >0.01 actin-polymerization38

chloroquine 3 μM 1.3 >0.01 endosomal acidification42

bafilomycin A1 3 nM 1.5 >0.01 endosomal acidification39�41

filipin 3 μM 1.1 0.003 caveolae-dependent endocytosis49
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receptor/low density lipoprotein receptor-related protein) was
demonstrated for NIH-3T3 cells,50 and they are often used in
studies on the impact of PE.51,52 PE enters target cells by
receptor-mediated endocytosis, is then retrogradely delivered to
the endoplasmic reticulum and subsequently enters the cytosol.
On HER14 cells, PE showed a high cytotoxicity with a SI50 value
of 8.6 nM (Figure 7). The combined treatment of the cells with
Spn and PE had no enhancing effect on the cytotoxicity of PE.
These results evince that Spn does not affect the retrograde
transport.
Kinetics of SE and Spn/SE Cytotoxicity. As demonstrated,

the uptake of low doses of SE into cells depends on Spn while SE
itself can gain access to cells in higher concentrations. As shown
further, the enhancing effect is based on an uptake mechanism
different from the mechanism for SE in higher concentrations.
Therefore, we analyzed whether these differences follow differ-
ent kinetics. HER14 cells were incubated with SE or Spn/SE for

0.5, 6, 24, or 48 h and further incubated to a total of 48 h without
toxin. In samples without Spn, a cytotoxic effect (SI50 = 10.6 nM)
was already detectable in samples that were incubated with SE for
only 30min (Figure 8a). The cytotoxicity continuously increased
with the toxin incubation time (6 h incubation, SI50 = 7.7 nM). In
the sample exposed 24 h to SE the maximal cytotoxicity com-
parable to that of 48 h toxin incubation was reached. In contrast,
the incubation of Spn/SE revealed no cytotoxicity after 30 min
on HER14 cells at the relevant concentration range for the
combination treatment (Figure 8b). The sample incubated for 6
h with Spn/SE displayed a significant toxicity with an SI50 greater
than 0.01 nM. As for SE alone, incubation for 24 h was sufficient
to achieve cytotoxicity equal to that after 48 h toxin incubation.
Thus, although for both kinetic experiments maximal toxicity is
reached after a similar time period, the detectable onset of the
enhancer effect is substantially later than the onset of the basic
toxin effect of SE alone.

Figure 3. Endocytosis of Tf-FITC and EGF-FITC in flow cytometry. HeLa cells were incubated for 30 min with Tf-FITC or EGF-FITC (red lines) or
PBS (black lines) at 4 �C. After a further incubation for 15 min at 37 �C, cells were washed and extracellular fluorescence quenched by a trypan blue
solution. Endocytosis was inhibited (green lines) by 10 μM chlorpromazine (a), 60 nM latrunculin A (b), 3 μM chloroquine (c), 3 nM bafilomycin A1
(d) or 3 μM filipin (e). Cells were preincubated with the inhibitors for 30 min at 37 �C before incubating with Tf-FITC or EGF-FITC. The curves
representing data without inhibitor are repeatedly shown only for better comparison.
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’DISCUSSION

The cytotoxicity of the targeted toxin SE29,53 was drastically
enhanced by combination with Spn in a cell culture model24,31,54,55

and in a mouse model.27,56 The enhancing properties were also
found for other saponins, but were less prominent and often not
specific for target cells.28 The effect is clearly synergistic and
resulted in a broader therapeutic window.

In spite of the promising and clearly described enhancer effect,
the molecular mechanism by which Spn augments the cytotoxi-
city of the targeted toxin SE remains a topic of discussion. Since
EGF is ordinarily internalized by clathrin-dependent endocytosis
after binding to its receptor,5 we assumed that Spn affects the
EGFR-mediated endocytic uptake of SE or acts on compart-
ments that are located further downstream in the uptake process.
In this study we therefore analyzed possible targets for the mode
of action of Spn within the endocytic delivery pathway by use of
six inhibitory substances (Table 1). All inhibitors despite filipin
clearly decreased the uptake of the reference molecules Tf-FITC
or EGF-FITC (Figures 3 and 5).

The cytotoxicity of SE was not altered by any of these
inhibitors (Figure 2) even though EGFR is mandatory for the

Figure 4. Analysis of the EGFR and TfR expression by Western
blotting. 50 μg of total protein of NIH-3T3, HER14, HeLaΔDyn and
HeLa was applied to SDS�PAGE andWestern blotting. EGFR and TfR
were detected by a monoclonal anti-EGFR antibody and a monoclonal
anti-TfR antibody, respectively.

Figure 6. Influence of free human EGF on the enhancing ability of Spn.
HER14 cells were incubated for 48 h with Spn/SE in the absence or
presence of additional EGF (2.5 nM), and relative survival was then
determined as described. Error bars indicate SEM of 6 experiments
performed in triplicate. No significant difference was observed (p = 0.24).

Figure 7. Cytotoxicity of PE on HER14 cells. Cells were incubated for
48 h with PE in the presence and absence of Spn, and relative survival
was determined. Error bars indicate SEM of 5 experiments performed in
triplicate. No significant difference was observed (p = 0.602).Figure 5. Endocytosis of Tf-FITC in flow cytometry for the determina-

tion of long-lasting effects of dynasore. After 30 min of preincubation
with 100 μMdynasore (green lines) or without inhibitor (red lines) cells
were incubated with (a) Tf-FITC at 4 �C or (b) for additional 30 min
with fresh medium at 37 �C prior to the incubation with Tf-FITC at
4 �C. Cells incubated with PBS (black lines) instead of Tf-FITC served
as control for fluorescence background. After a further incubation for
15 min at 37 �C, cells were washed and extracellular fluorescence was
quenched by a trypan blue solution.
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uptake of SE (Figure S-1 in the Supporting Information) and free
human EGF diminishes the cytotoxicity of SE at a concentration
of 100 nM.35 Here, we demonstrated that SE is not internalized
via clathrin-dependent endocytosis since the cytotoxicity of SE
was not attenuated by chlorpromazine. In accordance with our
observations Sigismund et al. described EGF uptake via clathrin-
mediated endocytosis at low concentrations (<1 ng/mL) but in a
clathrin-independent pathway at high concentrations (>10 ng/
mL).33 Thus, we conclude that SE binds as expected to EGFR
and is, similar to EGF in higher concentrations, internalized via

clathrin-independent mechanisms.6,33 Again comparable to
EGF, this is a caveolae-independent process as demonstrated
by the lack of influence by filipin (Figure 2). It is known that Sap-
3 alone can also be internalized; however, it is unlikely that SE
uptake follows the same pathway of internalization on EGFR
expressing cells. Notably, it was shown that endocytic uptake of
Sap-3 is dependent on clathrin.57

Robertson et al. have divided the endocytic process into three
steps (assembly of the endocytic coat complex, invagination to
form a vesicle by actin polymerization, and vesicle fission).58

Figure 8. Cytotoxicity of SE (a) and Spn/SE (b) onHER14 cells after different incubation periods. Cells were incubated for 0.5, 6, 24, and 48 h with SE
or Spn/SE, and the cells are then further grown with fresh medium to achieve a total of 48 h. Error bars indicate SEM of the relative survival obtained
from 3 to 9 experiments (N0.5hwithoutSpn = 4, N0.5hwithSpn = 3, N6hwithoutSpn = 5, N6hwithSpn = 3, N24hwithoutSpn = 6, N24hwithSpn = 3, N48hwithoutSpn = 9,
N48hwithSpn = 3) performed in triplicate.

Figure 9. Model for cellular SE uptake in the absence and presence of Spn. After binding to EGFR, SE can enter the cytosol in small amounts via
clathrin-independent pathways or from coated pits, but is unable to cross the membrane of acidic endosomes so that most of internalized SE is degraded.
Spn accumulates in endosomes61,62 after clathrin-dependent endocytosis andmediates themembrane transfer of SE. Spnmight be also involved in acidic
SE dissociation from EGFR.



2270 dx.doi.org/10.1021/mp200130j |Mol. Pharmaceutics 2011, 8, 2262–2272

Molecular Pharmaceutics ARTICLE

Actin appears to play an indirect role in the vesicle fission by
ensuring that regulatory proteins are recruited, but is, although
not essential, actively involved in the subsequent movement of
the vesicle from the cell membrane into the cell.59 Since latrun-
culin A had no effect on SE cytotoxicity, the uptake of the
targeted toxin seems to be independent of actin. After acidifi-
cation of the endosomes, the internalized EGF remains bound to
the EGFR and both are degraded.60 Preventing endosomal
acidification by chloroquine and bafilomycin A1 did not hamper
the cytotoxicity of SE on HER14 cells (Figure 2), indicating that
dissociation of SE from internalized EGFR in experiments using
nM SE concentrations is independent of pH.

Notably, in contrast to treatment with SE alone, the efficacy of
the combination of Spn/SE is strongly dependent on endocytic
mechanisms. Chlorpromazine, latrunculin A, chloroquine and
bafilomycin A1 induced a significant decrease in cytotoxicity
(Figure 2), demonstrating that the inhibited processes are
required for the action of Spn. Interestingly, the addition of free
human EGF to a total concentration of 2.5 nM (reflecting the
equivalent amount of EGF in SE treatment without Spn) had no
influence on the cytotoxicity of Spn/SE (Figure 6). This EGF
concentration (2.5 nM) is too low to compete for the binding of
SE as has been shown for a higher concentration (100 nM)35 but
is sufficient to induce clathrin-independent uptake of EGF and
thus most likely of SE.33 We expected the 2.5 nM EGF concen-
tration to shift the SE uptake into the clathrin-independent
pathway, which is not affected by Spn. The results indicated no
change in cytotoxicity and demonstrated that SE in pM concen-
trations is sufficient to induce cell death when combined with
Spn. Moreover, we clearly demonstrated that the enhancing
ability of Spn is independent of the uptake mechanism observed
for SE in nM concentrations. Weng et al. showed that a small
portion of Spn molecules remained associated with the cell after
washing and that this portion was sufficient to induce a drastic
toxicity enhancement of Spn-mediated endosomal escape of the
toxin.61,62 Adapting these results to the present study, we suggest
that Spn integrates into endosomal membranes and then mediates
the transfer of SE into the cytosol. Endosomal acidification
seems to be necessary for either or both of these steps, as shown
here by the inhibition by chloroquine and bafilomycin A1.
Protonation of the glucuronic acid at C3 of Spn may play an
important role. The exact molecular mechanism for endosomal
escape of SE is not known and will be the topic of future research.
Additionally, we could exclude an effect of Spn on the retrograde
transport, as Spn showed no enhancing ability on the protein
toxin PE (Figure 7).

Since a functional dynamin-2 knockout prevents EGFR from
appearing at the cell surface in HeLa cells (Figure 4) and the
specific dynamin-2 inhibitor dynasore induces no long-lasting
effects, we were unable to investigate the direct influence of
dynamin-2 on SE internalization. The idea that SE is taken up via
different pathways in presence or absence of Spn is further
supported by the considerably slower kinetics of its cytotoxicity
(Figure 8), indicating that the synergistic interaction between
Spn and SE requires a certain setup time.

In conclusion, we demonstrated that the uptake of SE follows a
completely different pathway upon combination with Spn after
binding selectively to EGFR. Assuming that Spn has no direct
influence on the intracellular trafficking of EGFR, the receptor
together with bound SE is expected to be distributed between cell
surface, coated pits, budding vesicles, early and late endosomes in
the same manner in the absence or presence of Spn. We suggest

that a small number of SE molecules can cross the membrane
early after binding to EGFR, for instance directly from the cell
membrane, from coated pits or after internalization via pathways
not dependent on clathrin (Figure 9). These molecules cause the
moderate cytotoxicity of SE at nM concentrations. The majority
of the SE molecules remain bound to the receptor and are
transported to lysosomes for degradation as described for natural
EGF-EGFR.60 Alternatively, in contrast to EGF, SE dissociates at
acidic pH but cannot pass through the membrane. In combina-
tion with Spn, Spn may mediate the endosomal escape of
dissociated SE and even facilitate the acidic dissociation of SE
from EGFR beforehand. The Spn-dependent endosomal escape
relies on precedent intracellular trafficking and is thus slower
than the early clathrin-independent but less efficient cytosolic
uptake of SE shortly after binding to cell surface EGFR. This
hypothesis and the results presented here are an important step
toward the understanding of the mode of action of Spn. Further
studies on this process will help to unravel the precise mechanism
by which Spn directs SE delivery to the cytosol.
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