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Cancer stem cells (CSCs) are suggested as reason for resistance of tumors toward conventional tumor therapy including

pancreatic and advanced prostate cancer. New therapeutic agents are urgently needed for targeting of CSCs. Marine sponges

harbor novel and undefined compounds with antineoplastic activity but their potential to eliminate CSC characteristics is not

examined so far. We collected 10 marine sponges and one freshwater sponge by diving at the seaside and prepared crude

methanolic extracts. The effect to established pancreatic and prostate CSC lines was evaluated by analysis of apoptosis, cell

cycle, side population, colony and spheroid formation, migratory potential in vitro and tumorigenicity in vivo. While each

sponge extract at a 1:10 dilution efficiently diminished viability, Crambe crambe marine sponge extract (CR) still strongly

reduced viability of tumor cells at a dilution of 1:1,000 but was less toxic to normal fibroblasts and endothelial cells. CR

inhibited self-renewal capacity, apoptosis resistance, and proliferation even in gemcitabine-selected pancreatic cancer cells

with acquired therapy resistance and enhanced CSC characteristics. CR pretreatment of tumor cells diminished tumorigenicity

of gemcitabine-resistant tumor cells in mice and totally abolished tumor take upon combination with gemcitabine. Our data

suggest that CR contains substances, which render standard cancer therapy more effective by targeting of CSC characteristics.

Isolation of bioactive metabolites from CR and evaluation in mice are required for development of new CSC-specific

chemotherapeutic drugs from a marine sponge.

Pancreatic adenocarcinoma and advanced prostate cancer are
aggressive malignancies with poor therapeutic options.1 Over
the last years, increasing evidence points to the possibility
that cancer may be based on a stem cell disease.2 It is becom-
ing increasingly important to identify markers of cancer stem
cells (CSCs) and to develop treatment modalities that specifi-
cally target this population, coupled with treatments effective
against the larger population of more differentiated tumor
cells. Like their normal counterparts, putative CSCs show re-

markable resistance to radiation and chemotherapy.3 Markers
for CSCs have been identified in several tumor entities
including pancreatic4,5 and prostate6 cancer. Nontoxic new
approaches are needed to improve overall and progression-
free survival.

Sponges (Phylum Porifera) are among the oldest multicel-
lular animals (Metazoa) and show relatively little differentia-
tion and tissue coordination. These sessile marine filter
feeders have developed efficient defense mechanisms against
foreign attackers such as viruses, bacteria, or eukaryotic
organisms. Marine sponges are among the richest sources of
pharmacologically-active chemicals from marine organisms7,8

and are demonstrated to exert antineoplastic activity in vari-
ous tumor cell lines including pancreatic and prostate can-
cer.9–11 Many marine natural products have successfully
advanced to the late stages of clinical trials, as for example
Halichondrin B, originally isolated from the sponge Hali-
chondria okadai.12,13 Most importantly, highly active cytosine
arabinoside (Ara C) chemotherapeutic drugs have also been
originally isolated from a sponge named Tethya crypta.14,15

In this study, we screened crude methanolic extracts from
11 different sponges to identify putative new drugs with ac-
tivity toward CSC characteristics. We identified Crambe
crambe (Demospongiae: Poecilosclerida) marine sponge
extract (CR) as most effective in high dilution. We
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demonstrated for the first time that extract of a marine
sponge targets CSC characteristics by affecting self-renewal
potential, apoptosis resistance, invasive potential, and tumori-
genicity in mice. Combined with standard chemotherapy CR
totally inhibited tumor take in mice.

Material and Methods
Identification of sponges, sampling and extract

preparation

Specimens of sponges were obtained at Croatia, Europe, in the
Adriatic Sea by SCUBA diving. During transport in KAUTEX
sampling bottles and ambient seawater, the samples were pro-
tected against contact with air as well as other injuries. The
temperature was maintained around 18�C by sousing continu-
ously with seawater. All sponges were photographed with a
digital camera, numbered and listed in a database (SPD, Stutt-
gart Porifera Database) with additional (ecological) informa-
tion like date of sampling, location, depth, and exposition to
light. Parts of the chimney were fixed in formaldehyde or in
ethanol for histological analysis and taxonomic identifica-
tion.16 For species verification, spicula preparations were per-
formed according to Brümmer et al.17 Sponge extract was pre-
pared by methanolic extraction as described.18 In brief, 5 cm3

of sponge tissue was cut off and frozen immediately in liquid
nitrogen (avoidance of biotransformation processes), lyophi-
lized, ground with a mortar and extracted exhaustively over-
night in high-purity MeOH (50 ml/100 mg sponge tissue). Af-
ter centrifugation, the supernatants were transferred into
reaction tubes and stored at �80�C until analysis.

Human primary and established cell lines

BxPc-3, MIA-PaCa2 (pancreatic cancer), and PC 3 (prostate
cancer) cell lines were obtained from the American Type
Culture Collection (Manassas, VA) and authenticated
throughout the culture by the typical morphology. Myco-
plasma negative cultures were ensured by weekly tests. Pri-
mary skin fibroblasts were kindly provided by Dr. H.-J. Stark
(DKFZ, Heidelberg, Germany). Cells were cultured in
DMEM (PAA, Pasching, Austria) supplemented with 10%
heat-inactivated FCS (Sigma, Deisenhoffen, Germany) and 25
mmol/l HEPES (PAA, Pasching, Austria). Pooled human um-
bilical vein endothelial cells (HUVEC) were obtained from
PromoCell GmbH (Heidelberg, Germany) and were cultured
in endothelial cell growth medium (PromoCell GmbH, Hei-
delberg, Germany). Gemcitabine-resistant BxPc-3 cells (BxPc-
3-GEM) were obtained by continuous incubation of BxPc-3
cells during several months in increasing concentrations of
gemcitabine up to 100 nM leading to selection of cancer
stem cell-enriched and highly apoptosis-resistant cells as
described.19,20

Cytotoxic agents

A stock solution of sponge extract was dissolved in methanol
at a concentration of 10 mg/ml. Methanol alone served as

vehicle control. Gemcitabine (Fresenius Kabi, Bad Homburg,
Germany) was diluted in PBS to a 50 lM stock. Taxol
(Sigma) stock solution was prepared in DMSO. Final concen-
trations of the solvents in medium were 0.1% or less.

Flow cytometric analysis of apoptosis

Cells were stained with fluoresceinisothiocyanate (FITC)-con-
jugated annexin V (Invitrogen, Camarillo, CA) after respec-
tive treatment. Externalization of phosphatidylserine was
identified by flow cytometry (FACScan, BD Biosciences, Hei-
delberg, Germany) as described previously.19

Evaluation of viability by MTT-assay

Viability was measured using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) as described
previously.19

Detection of active caspase 3

Tumor cells were seeded in Lab-tek II chamber slides (Ther-
moFisher Scientific (Nunc GmbH & Co. KG) Langenselbold,
Germany) at a density of 5 � 104 cells each well. Twenty-
four hours later, cells were treated with a 1:1,000 dilution of
CR or methanol for 24 hr. Kits providing fluorochrome
inhibitors of caspases (FLICA) were used according to the
manufacturer’s recommendations (Immunochemistry Tech-
nologies, Bloomington, MN), and caspase activity was ana-
lyzed by flow cytometry or immunofluorescence microscopy
as described.19

Spheroid assay

For formation of spheroids, cells were cultured in Neuro-
CultV

R

NS-A basal serum-free medium (human) (StemCell
Technologies, Vancouver, BC, Canada), supplemented with 2
lg/ml heparin (StemCell Technologies Inc.), 20 ng/ml hEGF
(R&D Systems, Wiesbaden-Nordenstadt, Germany), 10 ng/ml
hFGF-b (PeproTech GmbH, Hamburg, Germany), and Neu-
roCultV

R

NS-A Proliferation Supplements (StemCell Technolo-
gies). Cells were seeded at 1 � 104 cells/ml in 12-well low ad-
hesion plates, 1 ml per well. Upon formation of spheroids,
cells were reseeded at 1 � 104 cells/ml and treated to evaluate
the potential of secondary spheroid formation.

Colony formation assays

Tumor cells were seeded at a density of 1.5 � 105 cells per
well in 6-well tissue culture plates (BD FalconTM, San José,
CA). After adhesion, cells were treated with different dilu-
tions of CR for 72 hr. Cells were replated at a density of 100
cells (MIA-PaCa2) or 2,000 cells (PC 3) per well in 6-well tis-
sue culture plates, and colony formation was evaluated as
described.21

Cell cycle analysis

Tumor cells were seeded at a density of 3 � 105 cells per
well in 6-well tissue culture plates (BD FalconTM) and treated
24 hr later. Cells were trypsinized, fixed in ethanol, and
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stained with propidium iodide (PI) at 37�C in presence of
RNAse A (Boehringer-Mannheim, Mannheim, Germany).
Samples were transferred to FACS tubes and analyzed via
flow cytometry (FACScan, BD Biosciences, Heidelberg,
Germany).22

Scratch assay

Cells were seeded in 6-well plates and grown to confluence.
Twenty-four hours after treatment, a line was scraped within
confluent cells using the fine end of 10 ll pipette tips (time
0). Closure of the scratch over time was monitored.

Nude mice and xenografts

To measure tumor take and thus, tumor-initiating potential
in vivo before and after pretreatment with C. crambe, MIA-
PaCa2 cells were treated in vitro with CR 1:1,500, GEM (25
nM) or a combination of both. Since for detection of CSC
tumorigenicity in mice a low number of cells is transplanted
we injected 72 hr after pretreatment 5.7 � 103 live treated or
untreated cells subcutaneously (s.c.) with 50% Matrigel (BD
Biosciences, Heidelberg, Germany) into the right anterior
flank of 5–6 weeks old NMRI-Fox1nu (nu/nu) female mice
(Fa. Charles River, Wilmington, MA). Six mice each group
were used. Tumor take and growth was measured every 3–4
days using a caliper. Tumor volumes were calculated using
following formula V ¼ [1/2] � (length � width2). Animal
experiments have been carried out in the animal facilities of
the University of Heidelberg, after approval by the authorities
(Regierungspräsidium Karlsruhe, Germany).

Statistical analysis

For MTT and FACS-measurements data are presented as the
mean 6 SD. Data were analyzed using the student’s t-test for
statistical significance. p <0.05 was considered significant.
Nonparametric Mann�Whitney test corrected for multiple
testing (Bonferroni-Simes) was performed to compare num-
ber of tumors grown in treated groups to control.

Results
Inhibition of viability of CSC-containing cell lines by

marine sponge extracts

By SCUBA diving at the seaside, we obtained 10 different
marine sponges (Acanthella acuta, Axinella damicornis, Dysi-
dea avara, Suberites domuncula, Aplysina aerophoba, Tedania
anhelans, Aplysina cavernicola, Crambe crambe, Petrosia fici-
formis) and one freshwater sponge (Ephydatia fluviatilis)
(Fig. 1). After identification of sponge species and prepara-
tion of crude methanolic extracts as described in the Materi-
als and Methods section, we screened toxicity in two CSC-
enriched and highly tumorigenic cell lines in which we previ-
ously characterized CSC-markers. While MIA-PaCa2 (pan-
creatic cancer) and PC 3 (prostate cancer) have a high
amount of CSC-features BxPc-3 (pancreatic cancer) are less
aggressive (Table 1). Thus BxPc-3 are not used for the initial
toxicity screening but come into play later for comparison of

Figure 1. Screening of 11 crude sponge extracts identifies marine

sponge Crambe crambe as most effective. MIA-PaCa2 and PC 3

cells were treated with crude methanol extracts diluted in PBS in

the range from 1:10 (1 E�1) to 1:1,000,000 (1 E�6). Twenty-four

hours later viability of cells was examined by MTT-assay. Red bars

indicate significantly reduced and green bars significantly

enhanced viability compared to untreated control cells. The

experiments were performed three times with identical outcome

and the means 6 SD are shown.
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the effect of marine sponge extracts to CSC features. MIA-
PaCa2 and PC 3 cells were treated with marine sponge
extract at different concentrations. Twenty-four hours later
viability was evaluated by MTT-assay, which demonstrates
anti cancer activity of several sponges at a dilution of 1:10.
At higher dilutions of 1:10,000 to 1:1,000,000 the sponge Axi-
nella polypoides still inhibited viability in PC 3 but not in
MIA-PaCa2 cells. Surprisingly, at these higher dilutions some
of the sponges (Aplysina aerophoba, Petrosia ficiformis) even
enhanced viability. Since Crambe crambe marine sponge
extract (CR) most effectively reduced viability in both cell
lines at a dilution of 1:100 at 24 hr, we further evaluated the
anti-CSC potential of this sponge using MIA-PaCa2, PC 3
and in addition BxPc-3 cells as a control for a cell line with
low amount of CSC markers. Also, we included primary non-
malignant fibroblasts and endothelial cells for evaluation of
CR toxicity to normal cells. Exposure of these cells with CR
for 72 hr strongly reduces viability in MIA-PaCa2 and PC 3
(compare Fig. 1). Furthermore, toxicity was even stronger in
MIA-PaCa2 and PC 3 compared to BxPc-3 cells, since at
dilutions of 1:10,000 and more viability of BxPc-3 cells was
even enhanced, while this concentration still significantly
inhibited viability of MIA-PaCa2 cell but showed no signifi-
cant effect in PC 3 (Fig. 2a). In contrast, viability of nonma-
lignant primary human fibroblasts and HUVEC endothelial
cells was less affected, suggesting that CR mainly affects
highly aggressive cells. Next, we evaluated the influence of

CR on cell cycle arrest, since this is an important parameter
for therapeutic efficacy. MIA-PaCa2, PC 3, and BxPc-3 cells
were treated with CR at a dilution of 1:1,000 and 24 or 72 hr
later cell cycle analysis was performed by PI staining and
FACS analysis. Since we found strongest changes in cell cycle
phases at 24 hr for MIA-PaCa2 and at 72 hr for the two
other cell lines, representative measurements of these particu-
lar time points are shown (Figs. 2b and 2c). As already
observed earlier, MIA-PaCa2 and PC 3 cells with enhanced
CSC characteristics differed from BxPc-3 cells, since they had
a lower amount of cells in the S phase. However, after treat-
ment with CR the number of cells in the S phase was nearly
totally reduced in MIA-PaCa2 and PC 3 cells, while the same
cell population was only marginally affected in BxPc-3 cells.
In contrast, after CR treatment, the amount of cells cycling
in the G0/G1 phase was increased in either cell line. These
data suggest therapeutic efficiency of CR in highly malignant
cells while being less toxic in more differentiated tumor cells
like BxPc-3 or non-malignant cells like fibroblasts and endo-
thelial cells.

CR overcomes apoptosis resistance by inducing cell death

and caspase activity

Since therapy resistance is one well-defined feature of CSCs,
we measured whether CR may overcome apoptosis resistance.
MIA-PaCa2, BxPc-3, and PC 3 cells were treated with differ-
ent dilutions of CR; and 72 hr later, early apoptosis was

Table 1. CSC characteristics of MIA-PaCa2, BxPc-3, BxPc-3-GEM and PC 3 cell lines

CSC-enriched Low CSCs

ReferencesMIA-PaCa2 PC 3 BxPc-3-GEM BxPc-3

ATCC No. CRL-1420 CRL-1435 DNR CRL-1687 ATCC

Source Primary tumor
adenocarcinoma
of the pancreas

Bone metastasis
adenocarcinoma
of the prostate

Primary tumor ex
vivo GEM-
selected

Primary tumor
adenocarcinoma
of the pancreas

ATCC

Degree of tumor differentiation Poor NE Well ATCC

Histology of primary tumor PDAC, G3 G4 PDAC, G2 23,24

p53 MT DEL NE MT 23

K-ras MT MT NE WT 23, 25

Colony-forming capacity þþþ þþþ þþ þ 19, UOD

Spheroid-forming capacity þþþ þþ � � 19, UOD

ALDH activity þþþ þþ þþ þ 19, UOD

Tumorigenic in mice þþþ þþþ þþ þ 19, 26 UOD

CD44þ/CD24� þþþ þ þþ þ 19, UOD

CD133þ � þ - - UOD

E-Cadherin protein � þ þþ þþþ 26, UOD

Vimentin protein þþþ þþþ þ - 26, UOD

Overall CSC features þþþ þþ þþ þ

BxPc-3-GEM: parental BxPc-3 cells were incubated in increasing concentrations of gemcitabine for several months and gemcitabine-resistant
daughter cells were selected; DNR: does not relate; ATCC: American Tissue Culture Collection; PDAC; pancreatic ductal adenocarcinoma; GEM:
gemcitabine; UOD: unpublished own data; NE: not examined; �: none; þ: weak; þþ: median; þþþ: strong; yes: Growth kinetics were not
compared.
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investigated by annexin V staining followed by flow cytome-
try. This led to induction of apoptosis in a dose-dependent
manner, which corresponded to a decrease of viability. Even
at the high dilution of 1:1,750, anticancer effects were still
visible in MIA-PaCa2 and BxPc-3 cells but not in PC 3 cells,
which responded up to concentrations of 1:1,000 (Figs. 3a
and 3b). These data were confirmed by fluorogenic substrate
analysis of caspases 3, 7, 8, and 9 and immunhistochemical
staining of active caspase 3 after treatment of cells with
1:1,000 diluted CR for 24 hr (Fig. 3c). In this latter assay, CR
induced strongest caspase activity in MIA-PaCa2 cells, fol-
lowed by BxPc-3 cells. According to the data obtained with
annexin staining and viability analysis, the effect to caspase
induction was lowest in PC 3 compared to the other two cell
lines. These data suggest that CR at a concentration of
1:1,000 significantly overcomes apoptosis resistance and indu-
ces cell death in malignant cells with CSC features.

CR abolishes self-renewal potential

To investigate whether CR targets additional CSC-properties
apart from apoptosis resistance, we examined the effect to
self-renewal potential by spheroid and colony-forming assays

using MIA-PaCa2 and PC 3 cells. BxPc-3 was not included
since these cells have weak CSC features and do form colo-
nies only weakly and spheroids not at all. After formation of
spheroids, cells were treated with CR. This destroyed approx-
imately 50 % of MIA-PaCa2 spheroids after 48 hr and com-
pletely abrogated spheroids after 72 hr (Fig. 4a). In PC 3 cells
spheroid formation was already totally abrogated 48 hr after
treatment. Similarly, long-term colony-forming assays con-
firmed the results of the spheroid assays (Fig. 4b). Treatment
of cells with increasing dilutions of CR directly correlated to
clonogenicity, which was totally abrogated in both cell lines
after treatment with a 1:1,000 dilution of CR. We also exam-
ined the side population, which is suggested as the CSC-
enriched fraction. By Hoechst 33342 staining and flow
cytometry we identified about 1% of cells as side population.
Treatment with CR led to further reduction of the side popu-
lation within 24 hr (data not shown). These results indicate
that CR targets self-renewal potential by reduction of sphe-
roid- and colony-formation and reduction of side population.

CR resensitizes gemcitabine-selected cells enriched in CSC

features to chemotherapy

To evaluate whether CR may be suited to resensitize resistant
MIA-PaCa2 and PC 3 cells to chemotherapy, cells were
treated with CR, conventional chemotherapy or a combina-
tion with CR. While 72 hrs later each single substance
enhanced apoptosis the combination led to significant further
enhancement in both cell lines (Fig. 5a). Since these cell lines
have high intrinsic chemotherapy resistance, we wanted to
know next, if CR would be also able to overcome acquired
chemotherapy resistance. We used BxPc-3 daughter cells,
which have been selected for drug resistance by continuous
incubation in increasing concentrations of gemcitabine. This
led to a gemcitabine-resistant phenotype and enhancement of
CSC features in the resulting BxPc-3-GEM cells (Fig. 5a right
panel, Table 1). While BxPc-3-GEM did not respond to gem-
citabine at all, CR induced 60% apoptosis and the percentage
could be significantly enhanced by combination of CR with
gemcitabine. Another suggested important feature of CSCs is
their invasive potential. Therefore, we performed scratch
assays after treatment of MIA-PaCa2 and PC 3 cells with CR
and measured closure of the wounded region. While
untreated cells migrated fast and closed the scratch within
three days (Fig. 5a) CR strongly inhibited migration of both
cell lines. This may be due to CR-induced cell cycle arrest
and induction of apoptosis as shown before. These results
suggest that CR may be suited for sensitizing even highly re-
sistant tumor cells with CSC characteristics to conventional
therapy.

To measure whether CR may be able to target the tumor-
initiation potential and to overcome tumor take in vivo, we
performed transplantation studies in mice and used MIA-
PaCa2 cells, since that is the most aggressive cell line with
most CSC features among all cell lines tested in this study
(compare Table 1). MIA-PaCa2 cells were treated with CR

Figure 2. CR inhibits cell cycle progression of CSCs but is less

toxic to non-malignant cells. (a) MIA-PaCa2, BxPc-3, PC 3, primary

fibroblasts, and human endothelial cells (HUVEC) were treated with

CR in concentrations indicated. Seventy-two hours later, viability

was analyzed by MTT assay. (b) CR was added to the cell culture

medium in a dilution of 1:1,000. Methanol (MeOH, 1:1,000) alone

was used as vehicle control. Twenty-four hours (MIA-PaCa2) or 72

hr (BxPc-3, PC 3) later, cells were stained with PI and analyzed by

flow cytometry. Columns show shifts in cell cycle phase of

untreated cells (CO) compared to cells after treatment (MeOH or

CR). The experiments were performed three times with identical

outcome and the means 6 SD are shown. An asterisk marks

significant difference from correspondent control, p < 0.05 (t-test).
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(1:1,500), gemcitabine or both together. Seventy-two hours
later, 5.7 � 103 of treated or nontreated living cells were sub-
cutaneously transplanted to immunodeficient mice (Fig. 5c).
Such a low number of MIA-PaCa2 cells was chosen since
only CSCs are described to form tumors in clonogenic
amounts. The intend of this experiment was to examine if
CR-pretreated MIA-PaCa2 cells may be able to prevent in
vivo growth and thus tumor take of CSCs. This experimental

design provides more significant results than the use of a
higher amount of MIA-PaCa2 cells, which are used for classi-
cal growth curves of xenografts after therapeutic treatment of
mice. While non-treated cells rapidly formed tumors within
15 days after transplantation, three mice of six bearing gem-
citabine-pretreated cells developed tumors at day 18 while
only two mice bearing CR-pretreated started to develop
tumors day 22 (Fig. 5d). Most importantly, each control

Figure 3. CR induces apoptosis and caspase activity in CSCs. Cells were treated for 72 hr with CR diluted as indicated. (a) Cell death was

monitored by microscopy at �100 magnification. Representative pictures are shown. (b) Apoptosis was measured by annexin staining and

FACS analysis and is presented as percentage of specific apoptosis calculated as follows: 100 � [experimental apoptosis (%) �
spontaneous apoptosis of CO (%)/100 � spontaneous apoptosis of CO (%)]. Viability was evaluated by MTT-assay and the control was set

to 100%. (c) Activity of caspases was measured by FLICA staining and analyzed by flow cytometry. One representative image of active

caspase 3 immunohistochemical staining in untreated (CO) and CR treated cells is shown at �400 magnification. The experiments were

performed three times with identical outcome and the means 6 SD are shown. An asterisk marks significant difference from correspondent

control in Fig. 3B, p < 0.05 (t-test). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mouse, transplanted with non-pretreated MIA-PaCa2 cells
developed a tumor. In contrast, only three mice of the gemci-
tabine group, two mice of the CR group and none of the CR
and gemcitabine combination group developed a tumor
within the observation period of 29 days after tumor cell
transplantation (Fig. 5e). We conclude from this experiment
that treatment with CR specifically eliminates tumor take of
CSCs and increases by this way the efficacy of gemcitabine
chemotherapy.

Discussion
New therapeutic agents for targeting of CSCs are urgently
needed since conventional chemo- or radiotherapy does not
eliminate this highly therapy resistant tumor subpopulation.
Marine sponges are potential sources of many unique metab-
olites, including cytotoxic and anticancer compounds.27 Since
activity of sponge extracts toward CSC characteristics has not
been studied so far, we screened 11 crude extracts from

sponges, which we collected by diving at the seaside, followed
by identification and preparation of crude methanolic extract.
For screening of toxicity of different extracts we used MIA-
PaCa2 pancreatic and PC 3 prostate cancer cell lines, in
which we already characterized CSC markers in our previous
studies (compare Table 1). This first screening experiment
led to identification of the marine sponge Crambe crambe
(CR) as the most effective one in both cell lines regarding in-
hibition of viability. In the following mechanistic examina-
tions, BxPc-3 cells with low amount of CSC markers were
included in the studies. We found that reduction of viability
and inhibition of cell cycle in the S phase by CR was stronger
in the CSC-enriched cells compared to BxPc-3 cells suggest-
ing that CR more specifically targets CSC characteristics.
This assumption is underlined by our finding that CR extract
exhibited low toxicity to nonmalignant primary fibroblasts
and endothelial cells as detected in viability assays. Treatment
of BxPc-3 cells with CR at dilutions of 1:10,000 and higher
even increased viability as measured 72 hr after treatment
compared to untreated cells. This finding suggests a regenera-
tive capacity of CR extract in normal cells, although this
point has to be addressed by additional experiments.

For more detailed examination of the effect of CR to CSC
features, we focused to reversal of apoptosis resistance and
found strong and significant induction of apoptosis in MIA-
PaCa2, BxPc-3, and PC 3 up to a CR dilution of 1:1,000. For
evaluation of CR effects to self-renewal potential we used
MIA-PaCa2 and PC 3 cells but not BxPc-3 cells, since only
CSC-enriched cells are able to grow in spheroids and colonies
in a sufficient manner. In these assays, we could confirm in
long-term assays that a 1:1,000 dilution of CR was sufficient
for total elimination of spheroids and colonies. These results
were strengthened by evaluation of distinct CSC markers,
revealing inhibition of the tumorigenic side population, migra-
tory activity and tumor take in mice. By evaluation of sensiti-
zation of CSC-enriched cells with intrinsic therapy resistance
(MIA-PaCa2, PC 3) and acquired therapy resistance (BxPc-3-
GEM), we found that CR alone was effective and increased
chemotherapy-induced apoptosis after combination. Finally,
we used a new in vivo method to measure elimination of CSCs
by tumor take in mice, which were transplanted with tumor
cells pretreated in vitro. By this way we found that CR alone
inhibited tumorigenicity even of highly aggressive MIA-PaCa2
cells and totally prevented tumor growth in mice upon combi-
nation with gemcitabine. Also, tumors formed by CR-pre-
treated cells grew slower than control- or gemcitabine-pre-
treated cells. Together, these results point to the possibility
that application of purified CR metabolites to patients may
overcome drug resistance in highly aggressive primary tumors
or in progressed tumors with acquired drug resistance.

There are several other CSC markers that we did not
address, since the markers examined are the most conclusive
ones. We did e.g. not measure changes in CD133 and CD44/
CD24 after CR treatment. The reason is that CD133 is hard
to detect in the established cell lines used for the present

Figure 4. CR targets self-renewal and side population. (a)

Secondary spheroid formation 48 and 72 hr after treatment of MIA-

PaCa2 or PC 3 cells with CR (1:1,000) was evaluated by counting

spheroids per vision field under �100 magnification.

Representative images 48 hr after treatment are shown. (b) For

evaluation of colony-forming capacity cells were left untreated or

were treated with CR in concentrations indicated. Seventy-two

hours later cells were trypsinized and replated at a density of 100

cells (MIA-PaCa2) or 2,000 cells (PC 3) in 6-well plates. Two weeks

later colony formation was analyzed by fixing the cells in

paraformaldehyde and staining with coomassie brilliant blue. The

surviving fraction was calculated as the ratio of the absolute

number of colonies arising from treated cells over the number of

colonies arising from untreated control cells. Representative wells

and survival curves are shown. The experiments were performed

three times with identical outcome and the means 6 SD are

shown. An asterisk marks significant difference from correspondent

control in Fig. 4B, p < 0.05 (t-test).
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study. We tried different CD133 antibodies, but some of
them did not work and some of them detected only minimal
amounts of CD133 near background levels. This is different
to patient tissue, where we see positive CD133 staining. Also
in pancreatic cancer it is unclear so far whether the pattern
CD44þ/CD24� or CD44þ/CD24þ identifies the CSC popula-
tion.4,19 This discrepancy may be due to different antibodies
used in different studies. There are some CD24 antibodies on
the market, which do not detect CD24 and this may have led
to the conclusion that the CD44þ/CD24� population is the
tumorigenic one.

There are several other reports, which demonstrate anti-
neoplastic activity of sponge metabolites,7,8,14,27-32 although
our paper is the first, which points to the possibility that CR
specifically targets CSC features. Our finding of cell cycle in-
hibition by CR is in agreement with the antimitotic proper-
ties of the anticancer drug Cytarabine (Ara-C), which
received Food and Drug Administration (FDA)-approval in
1969.14 Cytarabine was developed from spongothymidine, a
nucleoside originally isolated from the Caribbean sponge
Tethya crypta. Cytarabine is an S-phase-specific antimetabo-
lite cytotoxic agent, which is converted intracellularly to

Figure 5. CR inhibits migration and re-sensitizes CSC lines with

intrinsic and acquired chemotherapy resistance. (a) MIA-PaCa2, PC

3, or BxPc-3-GEM cells were left untreated (CO) or were treated

with 25 nM gemcitabine (GEM), 10 nM Taxol (TAX), CR in a dilution

of 1:2,000 (MIA-PaCa2, BxPc-3-GEM) or 1:1,000 (PC 3) alone or in

combination (GEM þ CR; TAX þ CR) as indicated. Seventy-two

hours later apoptosis was measured by annexin V staining and

FACS-analysis. (b) Confluent MIA-PaCa2 and PC 3 cells were

scratched and were treated with methanol (CO) or CR diluted in

methanol at concentrations indicated. One and two days after

treatment closure of the wounded region were evaluated by

microscopy using a Nikon Eclipse TS100 microscope and �100

magnification. (c) MIA-PaCa2 cells were treated 72 hr with CR

(1:1,500), GEM (25 nM) or both together. Controls (CO) were left

untreated. Seventy-two hours later an equal amount of 6 � 103

surviving cells were transplated s.c. with 50% matrigel into the

flank of 5–6 weeks old NMRI-nu (nu/nu) female mice, using six

mice per treatment group. External tumor size was measured using

a caliper at time points indicated. (d) Data are presented as mean

of six growing tumors of six transplanted in the control group, as

mean of three growing tumors of six transplanted in the

gemcitabine-treated group and as mean of two growing tumors of

six transplanted in the CR-treated group. (e) The number of tumors,

which started to grow in each group is shown. The experiments of

Figures 5a and 5b were performed three times with identical

outcome and the means 6 SD are shown in Figure 5a. For

statistical evaluation of Figure 5e, nonparametric Mann�Whitney

test corrected for multiple testing (Bonferroni-Simes) was

performed to compare number of tumors grown in treated groups

to control. An asterisk marks significant difference from

correspondent control, p < 0.05 (t-test).
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cytosine arabinoside triphosphate, which competes for dCTP
resulting in inhibition of DNA polymerase and DNA synthe-
sis. Another example for a potent sponge component is hem-
iasterlin, an antimitotic tripeptide first isolated by Talpir and
colleagues 1994 from the sponge Hemiasterella minor.33 Cor-
responding to our results, hemiasterlin analogs caused tumor
regression and growth inhibition in the nanomolar range
even in chemotherapy- and multi-drug-resistant human tu-
mor cell lines including androgen-dependent and androgen-
independent mouse models of refractory prostate cancer and
a taxane-resistant prostate PC 3 cell line.34,35 A Phase I clini-
cal trial with the hemiasterlin analog HTI-286 was completed
in patients with advanced solid tumors; however, no objective
responses were observed but common toxicities occurred.
Therefore, Phase II trials have been halted.27 Similarly, Disco-
dermolide, a substance isolated from the marine deep-water
sponge Discodermia dissoluta, showed marked toxicity toward
multi-drug resistant cells. However, Novartis has discontin-
ued Phase I trials with Discodermolide owing to lack of effi-
cacy and toxicity problems.27 More promising clinical results
just have been reported from the new anticancer drug Eribu-
lin (Halaven), which is a fully synthetic analog of the marine
sponge natural product halichondrin B found in Halichondria
okadai.36 Eribulin inhibits microtubule dynamics by binding
to tubulin and exerts its anticancer effects by triggering apo-
ptosis of cancer cells following prolonged and irreversible mi-
totic blockade.27 In a randomized international trial, British
researchers assessed the survival rates of 762 patients, treated
either with Eribulin or another therapy, almost always chem-
otherapy. Overall survival, the length of time from the start
of treatment to the patient’s death, was 13.1 months among
the Halaven group, compared with 10.6 months for the
others. The most common side effects included a decrease in
infection-fighting white blood cells, anemia and a decrease in
the number of overall white blood cells. Because of these
promising results, the FDA has now approved Eribulin as a
treatment for patients with metastatic breast-cancer who have
received at least two prior chemotherapy regimens. The good
efficiency of Eribulin to advanced breast cancer is a hint that
CSC features might be also targeted by halichondrin B, as we
observed with CR, although specific anti-CSC effects of hali-
condrin B have not been studied so far.

The potent activity of Crambe crambe in inhibiting CSC
characteristics may be partially explained by the natural func-
tion of this marine sponge. This bright red encrusting sponge
is common between the rocky coasts of the Mediterranean.
Crambe crambe has a high self-defense potential against
infections and parasites (epizoites) and it induces necrosis of
the tissues of other sponges when they are kept in contact.
Methanolic extract of Crambe crambe has been reported to
exhibit potent antibacterial and antifungal activities.37 In
addition, the antifouling role of metabolites of this highly
toxic sponge has been shown for microfoulers and inverte-
brate larvae.38 Some Crambe crambe metabolites have been
isolated and involve four pentacyclic guanidine derivatives,

namely crambescidin 800, crambescidin 816, isocrambescidin
800, and crambine related to ptilomycalin. Pharmacological
and biological activities of these alkaloids are reported. They
exhibit low to mid nanomolar cytotoxicities toward human
cancer tumor cell lines as identified e.g. in prostate (DU-145,
LNCAP) and pancreatic cancer cells (PANC-1).39 Although
the exact nature of cytotoxicity was not examined in this
study, another report indicated that Crambescine 800 induces
differentiation of K562 chronic myelogenous leukemia (CML)
cells and leads to cell cycle arrest in S-phase.40 This finding
is in accordance to our data and suggests Crambescidin 800
as a potential candidate with anti-CSC activity. However, the
function of Crambescidin alkaloids and putative other
Crambe crambe metabolites with anti-CSC activity are only
weakly examined so far. Except of an antineoplastic action,
there are reports about antifungal activity toward Candida
albicans, antiviral activities toward herpes simplex virus type
1 (HSV-1), human immunodeficiency virus (HIV), and inhi-
bition of HIV-1 envelope-mediated cell fusion.39 In our pre-
liminary attempts for identifying the bioactive components of
Crambe crambe, we established HPTLC/bioassay/HRMS and
optimized this method for bioactivity-based analysis of
unknown natural products. By this way we were able to dem-
onstrate that methanolic extract of Crambe crambe contains
three highly bioactive substances at least.18 Further investiga-
tion is needed for identification of the individual Crambe
crambe metabolites with anti-CSC activity. For isolation of
such metabolites alternative routes other than wild harvest
are needed to produce compounds of Crambe crambe with
anti-CSC activity on a large scale. This may be technically
possible since a recent study demonstrates that sustained
long-term growth of Crambe crambe explants following typi-
cal techniques of mammalian cell and tissue culture is possi-
ble and successful.41 The authors used RPMI 1640 commer-
cial medium enriched with amino acids and inorganic salts
to emulate seawater salinity. Supplementation of this medium
with an Octopus aqueous extract instead of FCS increased
the growth of Crambe crambe explants and resulted in high
metabolic activity. Therefore, this new method of in vitro cul-
ture of Crambe crambe may be used for large-scale produc-
tion upon identification of the bioactive Crambe crambe
metabolite/s responsible for anti-CSC activity.

In conclusion, separation of individual bioactive com-
pounds of Crambe crambe is required for further evaluation
of the anti-CSC effect. Upon identification of bioactive
metabolites with anti-CSC activity, structure elucidation will
help to show a clear correlation between the substance and
its bioactivity. Large-scale production will follow to produce
sufficient material for further evaluation of anti-CSC poten-
tial including the toxicity profile of purified metabolites in
mice.
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