BJP

British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2010.01125.x
www.brjpharmacol.org

RESEARCH PAPER

bph_1125

Correspondence

1045..1059

Frank Holtrup, Functional
Genome Analysis, German
Cancer Research Centre (DKFZ),
Im Neuenheimer Feld 280, 69120
Heidelberg, Germany. E-mail:
f.holtrup@dkfz.de

Microarray analysis of
nemorosone-induced
cytotoxic effects on
pancreatic cancer cells
reveals activation of
the unfolded protein
response (UPR)

----------------------------------------------------------------

Keywords
nemorosone; polycyclic
polyprenylated
acylphloroglucinols; pancreatic
cancer; endoplasmic reticulum
stress; unfolded protein response;
mitochondrial membrane
potential
----------------------------------------------------------------

Received
26 July 2010

Revised
9 September 2010

Accepted
26 September 2010

Frank Holtrup1,2, Andrea Bauer1, Kurt Fellenberg3, Ralf A Hilger4,
Michael Wink2 and Jörg D Hoheisel1
1

Functional Genome Analysis, German Cancer Research Centre (DKFZ), Heidelberg, Germany,

2

Institute of Pharmacy and Molecular Biotechnology, Heidelberg University, Heidelberg, Germany,
Centre for Integrated Protein Sciences Munich (CIPSM), Lehrstuhl für Proteomik und
Bioanalytik, Technische Universität München, Freising, Germany, and 4Universitätsklinikum
Essen, Innere Klinik, Tumorforschung, Essen, Germany
3

BACKGROUND AND PURPOSE
Pancreatic cancer is one of the leading cancer-related causes of death due to high chemo-resistance and fast metastasation.
Nemorosone, a polycyclic polyprenylated acylphloroglucinol, has recently been identified as a promising anticancer agent.
Here, we examine its growth-inhibitory effects on pancreatic cancer cells. Based on transcription profiling, a molecular mode
of action is proposed.

EXPERIMENTAL APPROACH
Nemorosone cytotoxicity was assessed by the resazurin proliferation assay on pancreatic cancer cells and fibroblasts. Apoptosis
was determined by Annexin V/propidium iodide staining as well as cytochrome c and caspase activation assays. Staining with
the voltage-dependent dye JC-1 and fluorescence microscopy were used to detect effects on mitochondrial membrane
potential. Total RNA was isolated from treated cell lines and subjected to microarray analysis, subsequent pathway
identification and modelling. Gene expression data were validated by quantitative polymerase chain reaction and
siRNA-mediated gene knock-down.

KEY RESULTS
Nemorosone significantly inhibited cancer cell growth, induced cytochrome c release and subsequent caspase-dependent
apoptosis, rapidly abolished mitochondrial membrane potential and elevated cytosolic calcium levels, while fibroblasts were
largely unaffected. Expression profiling revealed 336 genes to be affected by nemorosone. A total of 75 genes were altered
in all three cell lines, many of which were within the unfolded protein response (UPR) network. DNA damage inducible
transcript 3 was identified as a key regulator in UPR-mediated cell death.

CONCLUSIONS AND IMPLICATIONS
Nemorosone could be a lead compound for the development of novel anticancer drugs amplifying the already elevated UPR
level in solid tumours, thus driving them into apoptosis. This study forms the basis for further investigations identifying
nemorosone’s direct molecular target(s).
© 2011 The Authors
British Journal of Pharmacology © 2011 The British Pharmacological Society
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Abbreviations
CA, correspondence analysis; DDIT3, DNA damage inducible transcript 3; ER, endoplasmic reticulum; HDF, human
dermal fibroblasts; PI, propidium iodide; PPAP, polycyclic polyprenylated acylphloroglucinol; UPR, unfolded protein
response

Introduction
Pancreatic cancer is the fourth leading cancer-related cause of
death in the developed world with more than 36 000 deaths
in the USA in 2010 and a 5 year survival rate of only 4%
(Jemal et al., 2010). The poor prognosis is directly linked to
the inability of diagnosing pancreatic cancer in an early resectable state and its tendency towards fast dissemination into
regional lymph nodes and the liver, thereby evading chemotherapeutic approaches (Keleg et al., 2003). The current standard therapy with gemcitabine leads to only modest median
survival times between 5 and 6 months (El-Rayes and Philip,
2003; Sultana et al., 2007), thus emphasizing the need for
drugs with novel mechanisms of action.
In recent years, the identification of hyperforin as a mild
antidepressant directed attention towards polycyclic polyprenylated acylphloroglucinols (PPAPs), a novel class of secondary metabolites with diverse biological activities derived from
plants of the Guttiferae family (Ciochina and Grossman,
2006). Hyperforin is isolated from St John’s wort (Hypericum
perforatum) and was subsequently been shown to also possess
anticancer activity (Schempp et al., 2002). Another PPAP,
nemorosone was first isolated from flowers of the Clusia
species and subsequently found to be the major constituent
of Cuban propolis (Cuesta-Rubio et al., 2001; 2002). It was
active against a panel of cancer cell lines, exhibiting a mean
IC50 of 2.6 mM without any cross-resistances to clinically
important cytostatics (Diaz-Carballo et al., 2003). In more
detailed studies, cytotoxic effects of nemorosone on neuroblastoma and leukaemia cell lines were demonstrated with
IC50 values between 2 and 4 mM (Diaz-Carballo et al.,
2008a,b). It was shown that nemorosone caused significant
dephosphorylation of ERK1/2 and activated the AKT/PKB
signalling pathway, thus inducing growth arrest and apoptosis. However, more detailed insights into its molecular
mechanism of action are still missing.
In this study, we demonstrate that nemorosone is active
against pancreatic cancer cells and analysed its molecular
mode of action. The endoplasmic reticulum (ER) stress
response was shown to be amplified by nemorosone, possibly
through disturbance of the ER calcium homeostasis.

Methods

with the same amount of DMSO, and DMSO concentration
did not exceed 0.25% in any experiment.

Cell culture and determination of IC50 values
Three pancreatic cancer cell lines were chosen based on their
degree of differentiation and obtained from the American
Type Culture Collection (ATCC; Rockville, MD, USA).
Capan-1 (liver metastasis) represents a well-differentiated cell
line with WHO tumour classification G1. AsPC-1 was isolated
from ascites and is moderately differentiated (G2), whereas
MIA-PaCa-2 represents a poorly differentiated (G3) cell line
obtained from a primary tumour. All cell lines carry mutations in the p53 and p16INK4 genes, key regulators in the cell
cycle. Capan-1 and AsPC-1 cell lines were maintained in
RPMI 1640 medium, MIA-PaCa-2 in Dulbecco’s modified
Eagle’s minimal essential medium supplemented with 10%
heat-inactivated fetal calf serum (FCS) as well as 100 U·mL-1
penicillin and 100 mg·mL-1 streptomycin in a humid environment and 5% CO2. Non-transformed human dermal (HDF)
and foreskin fibroblasts were incorporated in this study
and cultured in Dulbecco’s modified Eagle’s minimal
essential medium as control cell lines with normal growth
characteristics.
IC50 values were determined using the resazurin proliferation assay (Nakayama et al., 1997). Briefly, 2 ¥ 103 cells were
seeded into the wells of a 96-well cell culture plate and
allowed to settle for 24 h. Cells were then treated with increasing nemorosone concentrations and cytotoxicity was analysed after 24 and 72 h of incubation respectively. IC50 values
were interpolated from the resulting dose–response plots.

Flow-cytometric analysis of cell cycle, cell
death and cytochrome c release
Cell cycle analysis. Cells, 2 ¥ 105, were seeded into the wells of
a six-well cell culture plate and grown for 24 h. Cells were then
treated with 0.5¥ and 1¥ IC50 of nemorosone as well as vehicle
alone for 24 h. After being harvested by short trypsination and
washing in Dulbecco’s-PBS (Invitrogen, Karlsruhe, Germany),
cells were fixed by adding cold 100% ethanol and incubated
for 24 h at 4°C. Cells were then resuspended in staining buffer
(50 mg·mL-1 propidium iodide (PI), 100 mg·mL-1 RNAse A, in
D-PBS) and the DNA content of single nuclei was measured on
a FACSCanto II flow cytometer (Beckton-Dickinson,
Germany) after a 20 min incubation. Data analysis was performed using FlowJo (Treestar, Ashland, OR, USA) and the
programme’s Watson algorithm for cell cycle analysis.

Isolation of nemorosone
Nemorosone was isolated from an ethanolic flower extract of
Clusia rosea in one of our laboratories using reversed-phase
high pressure liquid chromatography with high purity
(>97%) as reported previously (Diaz-Carballo et al., 2008a). It
was suspended in dimethylsulphoxide (DMSO) to obtain a
stock solution stored at -20°C. Each treatment was performed
1046 British Journal of Pharmacology (2011) 162 1045–1059

Analysis of cell death. For detection of nemorosone-induced
cell death, cells were incubated with vehicle alone, 10, 20 or
50 mM nemorosone for 48 h. Cells were harvested by short
trypsination and subsequently washed in D-PBS. After incubation in Nicoletti buffer [50 mg·mL-1 PI, 0.1% (w·v-1) sodium
citrate, 0.1% (v·v-1) Triton-X100, in dH2O] for 30 min, the
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DNA content of single nuclei was determined on a FACSCanto
II flow cytometer (Riccardi and Nicoletti, 2006). Nemorosonespecific cell death was determined using the FlowJo software
by elimination of background in control cells.
Analysis of caspase activation. Activity of caspases 9, 3/7 and
8 were determined using the respective carboxyfluorescein
FLICA assays (Immunochemistry Technologies, Bloomington, MN, USA). Briefly, cells were treated as indicated for
24 h, trypsinized and incubated in FLICA reagent for 1 h.
After two washes, cells were resuspended in assay wash buffer
and analysed by flow cytometry.
Analysis of cytochrome c release. Cytochrome c release was
assessed using the InnoCyte Flow Cytometric Cytochrome C
Release Kit (Calbiochem, Darmstadt, Germany) according to
the manufacturer’s instructions. Plasma membranes were
selectively permeabilized in order to wash out cytochrome c
released from mitochondria into the cytoplasm in apoptotic
cells. Cytochrome c was then stained using a specific antibody and a fluorescein isothiocyanate (FITC)-labelled secondary antibody. Fluorescence intensity of stained cells was
measured flow-cytometrically. A shift in fluorescence intensity indicates cytochrome c release.

Annexin V and PI staining
Apoptosis was induced with the indicated concentrations of
nemorosone in cells seeded in 96-well microtritre plates. After
24 h, cells were carefully washed in Annexin V binding buffer
(10 mM HEPES pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) supplemented with 10% FCS. Annexin V-FITC (Immunotools,
Friesoythe, Germany) and PI (Sigma Aldrich, Munich,
Germany) were diluted to 0.15 mg·mL-1 and 2.5 mg·mL-1,
respectively, in binding buffer. Cells were stained in 100 mL
staining solution for 15 min and then analysed on a Zeiss Cell
Observer fluorescence microscope using appropriate filters for
FITC and PI. Brightfield images served as control to determine
total cell number, and the percentage of annexin V-positive
and annexin V/PI double positive cells was assessed by counting a total of at least 300 cells in four random fields.

Detection of mitochondrial
membrane potential
Cells were seeded in a 96-well microtitre plate at a density of
5000 cells per well and grown for 24 h. After treatment with
indicated concentrations for 4 h, cells were pelleted and the
supernatant was exchanged with 100 mL DePsipher (JC-1)
staining solution (R&D Systems, Abingdon, UK). Incubation
was for 30 min according to the manufacturer’s instructions.
The cells were subsequently washed twice with D-PBS, and
staining of intact mitochondria (red fluorescing aggregates,
emission at 590 nm) versus cytoplasmic staining (green fluorescing monomers, emission at 527 nm) was visualized using
a Zeiss Cell Observer fluorescence microscope equipped with
a GFP long-pass filter (Zeiss, Jena, Germany). For kinetic
analysis, staining preceded treatment.

Calcium assay
The cytosolic calcium concentration was determined using
the Fluo4-NW assay (Invitrogen, Germany). Briefly, 5000 cells
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were seeded in a 96-well plate and grown to 80% confluence
for 24 h. Cells were then loaded with Fluo4 dye according to
the recommended protocol for 45 min at 37°C and 5% CO2.
Loading buffer was exchanged with calcium-free phosphatebuffered saline (PBS) and background fluorescence was
recorded until stabilized. Cells were then treated with nemorosone and Fluo4 fluorescence was recorded every 5 s in a
FluoStar Galaxy plate reader (BMG Labtech, Offenburg,
Germany). Fluorescence values were normalized to the
median of the base line values.

Microarray analysis
Sample preparation and analysis. Cell lines were treated for
24 h with their respective 0.5¥, 1¥ and 2¥ IC50 of nemorosone
in duplicates in 175 cm2 cell culture flasks. Total RNA was
isolated using the RNeasy Midi Kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. For microarray assay
only, RNA of biological replicates was pooled to account for
the minor biological variations expected under standard cell
culture conditions. RNA quality and quantity were routinely
checked by gel electrophoresis and photometrically on a
NanoDrop ND-1000 (Peqlab, Erlangen, Germany). Labelled
cDNA was synthesized out of 15 mg total RNA using SuperScript II reverse transcriptase and Oligo(dT) primers (Invitrogen, Germany) according to the manufacturer’s procedures,
thereby incorporating Cy3 (test samples) or Cy5 (control
samples) labelled dCTPs (GE Healthcare, Buckinghamshire,
UK). The resulting cDNA was purified with polymerase chain
reaction (PCR) clean-up spin columns (Qiagen, Hilden,
Germany), dried, resuspended in hybridization buffer [5 mL
10 mM EDTA, 20 mL SlideHyb #1 solution (Ambion, Darmstadt, Germany)] and subsequently hybridized to spotted DNA
microarray slides as reported in detail earlier (Bauer et al.,
2008). Microarrays covered approximately 4000 genes, mainly
involved in pancreatic cancer, cell cycle control, apoptosis,
response to stress and metabolization. Three technical replicates comprising cDNA labelling and hybridization steps were
performed for each experimental condition because technical
variation was expected to be greater than biological variation.
Data analysis. Spot intensities of Cy3/Cy5 (control/test
sample) microarray images were calculated with GenePix Pro
6.0 software (Molecular Devices, Sunnyvale, CA, USA) using a
constant feature diameter for all spots. Data were subsequently loaded into the MIAME-compliant MultiConditional Hybridization Intensity Processing System for
further data analysis (Fellenberg et al., 2002). Local
background-corrected data were normalized applying the
locally weighted scatterplot smoothing algorithm, LOWESS
(Cleveland, 1981). Hybridizations with correlation coefficients lower than 0.8 (between the red and green channel)
were excluded from further analysis. Genes whose signals
never exceeded twofold standard deviation of background
intensities were excluded. Genes with twofold regulation in
at least one condition were considered for downstream analysis. To filter for reproducible expression changes between
replicates, outliers were excluded using a very restrictive
‘min-max separation’ filter (Beissbarth et al., 2000) accounting for the low number of replicates. In combination, only
about 10% reproducibly differential genes survived all filter
British Journal of Pharmacology (2011) 162 1045–1059
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criteria. P-values for each condition versus the control condition were calculated using the empirical Bayes method in
the LIMMA package (Bioconductor) (Smyth, 2004). Data were
visualized in a correspondence analysis (CA) plot (Fellenberg
et al., 2001) allowing for simultaneous presentation of experimental conditions and genes (Figure S1). Differences between
conditions as well as genes associated with certain conditions
are represented by their relative position within the CA plot.
Differentially expressed genes were subjected to further
analysis using Ingenuity Pathway Analysis (Ingenuity
Systems, Redwood City, CA, USA) and DAVID (Dennis et al.,
2003; Huang da et al., 2009) to find pathways or gene ontology terms exhibiting a significant number of differentially
regulated genes. For pathways modelling, a knowledgedriven approach was used applying Ingenuity Pathway
Analysis’s gene and protein interaction database.
Microarray data were deposited in the ArrayExpress
database (http://www.ebi.ac.uk/arrayexpress; Accession No.
E-MEXP-1869).

Real-time quantitative RT-PCR
Total RNA (25–50 ng in a 10 mL reaction) was reversetranscribed and subsequently amplified using the QuantiFast
SYBR Green RT-PCR kit (Qiagen, Hilden, Germany) on a 384well plate in a LightCycler 480 (Roche Applied Science, Mannheim, Germany) according to the manufacturer’s protocol.
QuantiTect primers (Qiagen, Hilden, Germany) were used for
amplification in triplicates, and a-Tubulin served as housekeeping control gene for normalization.

Western blotting
For detection of DDIT3 protein, cells were seeded in 100 mm
cell culture dishes, transfected with control or DDIT3 siRNA
and treated with vehicle or 20 mM nemorosone. Cells were
then collected by treatment with accutase (Sigma Aldrich,
Germany) and lysed in Laemmli buffer (63 mM Tris-HCl, 10%
glycerol, 2% SDS, pH 6.8). Lysates were centrifuged at
16 000 g to remove insoluble material and quantified by a
BCA assay; 30 mg of protein was resolved by a 12% SDS gel,
transferred to a nitrocellulose membrane, blocked with 5%
non-fat milk and probed with an anti-DDIT3 antibody
(F-168; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1:200 overnight at 4°C. The blot was washed, exposed
to a horse-radish peroxidize-conjugated secondary antibody
for 1 h and developed with POD substrate (Roche Applied
Science, Germany). Horse-radish peroxidize-conjugated antiGAPDH antibody (Sigma Aldrich, Germany) was used to
confirm equal loading.

Statistical tests
All experiments were performed at least in triplicate unless
stated otherwise. For all experiments other than microarray
experiments, Student’s t-test (in SigmaPlot 10.0) was used for
significance analysis of the difference between two groups.
P-values for genes of microarray experiments and gene ontology terms were corrected for multiple testing using the
Benjamini–Hochberg algorithm (Benjamini and Hochberg,
1995).

DNA damage inducible transcript 3
(DDIT3) mRNA silencing

Results

Cells were seeded in six-well cell culture plates and grown to
50% confluence for 24 h before transfection with HP GenomeWide siRNA duplexes corresponding to human DDIT3 gene
(5′-GGG UCA AGC AGG AAA UCG A-3′; Qiagen, Hilden,
Germany) using HiPerFect transfection reagent (Qiagen,
Hilden, Germany) as recommended by the manufacturer.
Control cells were transfected with scrambled AllStars control
siRNA (Qiagen, Hilden, Germany). The final siRNA concentration was 5 nM. Cells were changed into fresh media containing 20 mM nemorosone or vehicle-containing medium
24 h after transfection and incubated for 24 or 48 h respectively. mRNA silencing was checked using quantitative
RT-PCR and immunofluorescence. The proportion of apoptotic cells was determined flow-cytometry as described above.

Nemorosone treatment inhibits growth and
induces cell cycle arrest

Immunostaining of DDIT3
Cells were seeded in a 96-well plate and transfected with
siRNA as mentioned above. After treatment with 20 mM
nemorosone for 24 h, cells were fixed with 3.7% formaldehyde, 0.1% Tween-20 in PBS for 10 min. After washing in PBS
and blocking with 1% FCS in PBS, cells were incubated in a
1:200 dilution of mouse anti-DDIT3 antibody (Abcam, Cambridge, UK) in 0.5% FCS in PBS for 1 h. Cells were subsequently washed and incubated in a 1:2000 dilution of
Alexa-488 conjugated goat anti-mouse IgG (Invitrogen,
Germany) in 0.5% FBS in PBS for 1 h. Fluorescence images
were recorded with a CellObserver microscope (Zeiss,
Germany) after excessive washes with PBS.
1048 British Journal of Pharmacology (2011) 162 1045–1059

Cytotoxic activity of nemorosone has previously been demonstrated on several cancer cell lines (Diaz-Carballo et al.,
2003; 2008a,b). However, cytotoxicity data are still lacking
for pancreatic cancer cells. Hence, three pancreatic cancer cell
lines, Capan-1, AsPC-1 and MIA-PaCa-2, as well as HDF and
human foreskin fibroblasts were exposed to increasing nemorosone concentrations for 24 and 72 h respectively. IC50
values were interpolated from dose–response plots. Nemorosone was shown to inhibit cellular growth in a time- and
concentration-dependent manner with cancer cell lines
exhibiting a maximum growth inhibition of >90% and fibroblasts of 65–72% (Table 1). After 72 h of incubation, all pancreatic cancer cell lines demonstrated an IC50 at or below
5 mM whereas the non-transformed fibroblasts showed much
higher IC50 values of 30–40 mM (Figure 1A). These results are
comparable to previous investigations on other cancer cell
lines (Diaz-Carballo et al., 2003). At 10 mM, our results indicate a negligible impact of nemorosone on the viability of
fibroblasts but a significant reduction of pancreatic cancer
cell growth by at least 80%.
As analysed by flow cytometry, nemorosone-induced
growth reduction of pancreatic cancer cells was due to inhibition of cell cycle progression. When treated with 0.5¥ IC50
for 24 h, a significant increase of cells in the G1 phase of the
cell cycle was observed, pointing towards early events interfering with DNA synthesis (Figure 1B). When treated with 1¥
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Table 1
IC50 values and maximum growth inhibition for pancreatic cancer cell lines and fibroblasts after treatment with nemorosone for 24 and 72 h

Cell line

IC50 value (mM)
24 h

72 h

Maximum growth inhibition (%)
24 h at 200 mM
72 h at 80 mM

MIA-PaCa-2

16 (⫾1.0)

4.5 (⫾0.5)

98 (⫾5.5)

98 (⫾0.5)

AsPC-1

16 (⫾1.5)

5 (⫾0.5)

91 (⫾5.0)

93 (⫾0.5)

Capan-1

25 (⫾2.0)

5 (⫾0.5)

95 (⫾3.0)

98 (⫾0.5)

Human dermal fibroblasts (HDF)

80 (⫾4.5)

40 (⫾3.5)

65 (⫾2.5)

71 (⫾2.0)

Human foreskin fibroblasts (HFF)

73 (⫾4.0)

35 (⫾3.0)

70 (⫾3.5)

72 (⫾6.5)

Figure 1
Effects of nemorosone on the viability and cell cycle of pancreatic cancer cells and fibroblasts. (A) Cell viability assay: pancreatic cancer cells and
fibroblasts were treated with increasing nemorosone concentrations for 72 h. Cell viability was determined using a fluorescent resazurin assay.
Values are mean ⫾ SD of three independent experiments in sextuplets. (B) Cell cycle analysis: cells were treated with the indicated concentrations
of nemorosone for 24 h, then fixed and stained with propidium idodide for flow-cytometric cell cycle analysis. The distribution of cells in different
cell cycle phases is shown as mean of three independent experiments. HDF, human dermal fibroblasts; HFF, human foreskin fibroblasts.

IC50, however, a slight G2 arrest was observed instead of cells
accumulating in G1 phase. Because cell viability is severely
impaired at 1¥ IC50, this indicates an impact on all cell cycle
phases at higher nemorosone concentrations.

Nemorosone induces cytochrome c release and
caspase-dependent apoptosis in pancreatic
cancer cells but not in fibroblasts
To investigate whether nemorosone-induced cytotoxicity is
associated with the onset of apoptosis, cells were incubated
with different nemorosone concentrations for 24 or 48 h and
subsequently analysed for annexin V/PI staining or apoptotic
DNA fragmentation by flow cytometry respectively
(Figure 2A and B). Apoptosis induction was found to be doseand time-dependent with onset of early apoptosis characterized by annexin V staining after 24 h and late apoptosis
characterized by DNA fragmentation after 48 h. The apop-

totic effect was most prominent on the poorly differentiated
MIA-PaCa-2 cell line, with late-apoptotic (annexin V + /PI+)
cells being detectable already after 24 h. Interestingly, dermal
fibroblasts did not show any significant signs of apoptosis
even when treated with 50 mM nemorosone.
It is well established that mitochondrial cytochrome c
release and activation of the caspase cascade precede DNA
fragmentation. Therefore, cytochrome c release was assessed
by flow-cytometry and found to be induced after 24 h of
nemorosone treatment in cancer cell lines but not in fibroblasts (Figure 2C). Activation of caspases 9, 3/7 and 8 was
determined after 24 h of incubation with different nemorosone concentrations using FLICA caspase activation assays
on a flow cytometer. Our results demonstrate that nemorosone treatment induced caspase 9 and 3/7 activation in all
cancer cell lines, but not in fibroblasts, in a dose-dependent
manner (Figure 2D and E). Interestingly, caspase 8 activation
was only observed in better differentiated Capan-1 and
British Journal of Pharmacology (2011) 162 1045–1059
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Figure 2
Analysis of nemorosone-induced apoptosis, cytochrome c release and caspase activation. Cells were treated with the indicated concentrations for
24 h (A) or 48 h (B) before being washed and stained with annexin V and propidium iodide (A) or propidium iodide alone according to the
Nicoletti method (B). Percentage of cells demonstrating nemorosone-specific early (annexin V+) and late (PI+) apoptosis is shown. (C) Cytochrome
c release was measured by flow-cytometry after treatment with 50 mM nemorosone or vehicle for 24 h. (D–E) Percentage of cells demonstrating
nemorosone-specific activation of caspases 9, 3/7 and 8 after treatment with the indicated concentrations for 24 h. Values are mean ⫾ SD of three
independent experiments. HDF, human dermal fibroblasts.

AsPC-1 cells, pointing towards induction of the extrinsic apoptotic pathway in these two cell lines (Figure 2F). These
results show that nemorosone-induced apoptosis is, at least
in part, due to the final activation of the effector caspase 3/7
by intrinsic (involving cytochrome c release and caspase 9)
and extrinsic (involving caspase 8; Capan-1 and AsPC-1) signalling cascades.

Nemorosone rapidly abolishes the
mitochondrial membrane potential and
elevates cytosolic calcium concentration
One of the earliest events in apoptosis is a process called
mitochondrial membrane permeability transition involving
reduction or abolition of the mitochondrial membrane
potential DYm. Staining with the voltage-dependent fluorescent dye JC-1 following treatment with nemorosone for 4 h
revealed a dose-dependent reduction of DYm in all pancreatic
cancer cells with complete abolition of DYm at 50 mM nemorosone (Figure 3A). In contrast, mitochondrial JC-1 staining
was stable in dermal fibroblasts at up to 50 mM nemorosone
and only fully abolished at 160 mM.
1050 British Journal of Pharmacology (2011) 162 1045–1059

Interestingly, a more detailed study on nemorosoneinduced DYm kinetics using MIA-PaCa-2 cells revealed that
the mitochondrial potential was reduced within seconds
when prestained cells were treated with 20 mM nemorosone
and JC-1 fluorescence was recorded every 10 s (Figure 3B).
The red/green fluorescence ratio was inverted within 2 min.
This result points towards very rapid processes being
induced in pancreatic cancer cells upon nemorosone
treatment.
As a second messenger, calcium plays a vital role in cellular viability, and small changes in subcellular Ca2+ distribution can have severe effects. Because nemorosone seemed to
induce rapid changes within the cell, we hypothesized that it
might alter Ca2+ homeostasis. We used the Fluo-4 fluorescent
calcium indicator assay to detect changes in cytosolic calcium
concentration [Ca2+]c upon nemorosone treatment. A rapid
dose-dependent increase in [Ca2+]c was detected in MIAPaCa-2 cells already at 20 mM nemorosone (Figure 3C). A
similar increase was observed in Capan-1 and AsPC-1 cells
(data not shown). In HDF cells, however, only 100 mM, but
not 50 or 20 mM nemorosone was able to elevate [Ca2+]c
(Figure 3C).

Nemorosone activates unfolded protein response

Microarray analysis indentifies key players in
nemorosone-induced cytotoxicity on
pancreatic cancer cells
To investigate the molecular mechanism of action underlying
nemorosone-induced growth inhibition of pancreatic cancer
cells in more detail, MIA-PaCa-2, AsPC-1 and Capan-1 cells
were treated with their respective 0.5¥, 1¥ and 2¥ IC50 as well
as vehicle only for 24 h. Total RNA was isolated and hybridized to DNA microarrays. After highly stringent filtering for
genes that were significantly regulated (P < 0.05) in at least
one condition, 336 genes were found to be associated with
nemorosone treatment in all three cell lines (Table S1). MIAPaCa-2 cells exhibited the lowest number of significantly
regulated genes, and a dose-dependent effect on gene expression was observed for MIA-PaCa-2 and AsPC-1 (Figure 4A).
Interestingly, MIA-PaCa-2 cells showed more up-regulated
than down-regulated genes in each condition.
For further interpretation of the results, they were subjected to CA (Fellenberg et al., 2001). In the resulting CA plot,
replicate experiments always form clusters, indicating a high
degree of reproducibility when using their genewise median
(Figure S1). Experiments with vehicle were located next to
the medium control, demonstrating no changes in gene
expression upon treatment with vehicle only. Gene expression was found to be dose-dependent in Capan-1 and AsPC-1.
For MIA-PaCa-2, however, all treatment conditions form one
and the same cluster.
In order to bring these results in a biological context, the
overlap of differentially expressed genes between the tested
cell lines was calculated (Figure 4B). All three cell lines shared
75 differentially expressed genes in the 1¥ and 2¥ IC50 conditions (genes marked grey in Table S1). These genes are most
likely associated with the mechanism of action of nemorosone in all three cell lines, and gene ontology analysis
revealed them to be significantly associated with response to
cellular stress as well as regulation of apoptosis and cell cycle
(Figure 4B). One hundred and ten genes were found to be
shared by Capan-1 and AsPC-1 only and are associated with
cell cycle and proliferation. Thus, the differences between
MIA-PaCa-2 and the other two cell lines observed in the CA
plot were mainly due to differential expression of cell cycle
regulatory genes as indicated by the expression values in
Table 2.
Using a pathway modelling approach, the majority of
highly induced genes shared by all cell lines was found to be
either directly involved in the signalling network of ER stress
and the unfolded protein response (UPR) or downstream of it
(Figure 5). Many of them are induced by ATF4 and resemble
pro-survival genes of the UPR involved in amino acid synthesis (ASNS), protein folding (HSPA5), growth control (VEGFA,
AREG, GDF15) or transcription factors like DDIT3 and ATF3
controlling cell cycle and apoptosis. Indeed, DDIT3 (also
known as CHOP or GADD153) was found to be one of the
most strongly induced genes upon nemorosone treatment. It
acts as a signal integrator of all three ER stress sensors and
controls the expression of BCL2 family member genes, initiating apoptosis if ER stress can not be resolved (Figure 5).
Thus, DDIT3 seems to be an important mediator of
nemorosone-induced cytotoxicity and cell death. The arraybased gene expression data were validated by performing
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quantitative RT-PCR on 10 selected genes yielding approximately 80 data points with a correlation coefficient of 0.89
between microarray and quantitative PCR expression results
(Figure S2).

Silencing of DDIT3 partially inhibits
nemorosone-induced UPR and cell death
In order to test our hypothesis that nemorosone-induced ER
stress causes DDIT3 up-regulation and apoptosis, we silenced
DDIT3 expression in MIA-PaCa-2 and Capan-1 cells using
siRNA. Quantitative real-time PCR, Western blotting and
immunostaining confirmed that transfection with DDIT3
siRNA resulted in only 10–20% residual mRNA expression
and a complete inhibition of protein expression (Figure 6A, B
and D).
After silencing, the percentage of MIA-PaCa-2 cells
showing DNA fragmentation was markedly decreased by 75%
after a 48 h incubation with 20 mM nemorosone (Figure 6C).
Additionally, a significantly lower percentage of cells displayed caspase 9 and 3/7 activation after 24 h, indicating a
direct impact of DDIT3 silencing on initiation of apoptosis
(Figure 6C). Capan-1 cells, however, did not show any signs
of reduced DNA fragmentation after DDIT3 knock-down.
Although caspase 9 activation was found to be significantly
decreased in Capan-1 cells, caspases 3/7 and 8 still exhibited
activities comparable to those in the non-silenced control.
DNA damage inducible transcript 3 silencing also resulted
in slightly reduced BCL2L11 (BIM) and BAK1 expression
(Figure 6D). Consistent with our caspase 3/7 assay results,
DDIT3 knock-down significantly down-regulated expression
of CASP3 in MIA-PaCa-2 but not in Capan-1 cells. Interestingly, the expression of ATF3 and HSPA5 was also reduced by
DDIT3 silencing although it has not been demonstrated, so
far that DDIT3 controls expression of ATF3 and HSPA5. None
of the tested genes was found to be significantly regulated in
fibroblasts after treatment with 20 mM nemorosone for 24 h
(Figure S3).

Discussion and conclusion
Polycyclic polyprenylated acylphloroglucinols are a diverse
class of secondary plant metabolites with a broad range
of biological activities including antimicrobial, antiinflammatory, anti-oxidant and anticancer effects (Ciochina
and Grossman, 2006). Hyperforin, garcinol and nemorosone
are among the best studied PPAPs and all exhibit antitumour
activities in vitro or in vivo (Pan et al., 2001; Schempp et al.,
2002; Dona et al., 2004; Diaz-Carballo et al., 2008a,b; Prasad
et al., 2010). However, a detailed molecular mode of action
with functional evidence was still missing for these compounds although large-scale expression data are available for
cells treated with hyperforin and garcinol (Balasubramanyam
et al., 2004; Krusekopf and Roots, 2005). Thus, our study
aimed at identifying gene expression changes induced by
nemorosone, building up hypotheses about its molecular
mode of action and evaluating this compound for the treatment of pancreatic cancer. Microarray experiments were performed after treatment with nemorosone for 24 h in order to
evaluate gene expression changes at a time point, which was
British Journal of Pharmacology (2011) 162 1045–1059
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Figure 3
Analysis of effects of nemorosone on mitochondrial membrane potential DYm and cytosolic calcium concentration [Ca2+]c in pancreatic cancer cells
and fibroblasts. (A) Cells were treated with the indicated concentrations of nemorosone or vehicle for 4 h and stained with the voltage-dependent
dye JC-1 prior to fluorescence microscopy. Intact mitochondria fluoresce red while cells with atteunuated mitochondrial membrane potential DYm
exhibit cytosolic green fluorescence. Images are representative of three independent experiments with similar results. (B) Kinetic analysis of DYm
upon nemorosone treatment. Cells were prestained with JC-1 and subsequently treated with 20 mM nemorosone. Fluorescent images were
recorded every 10 s after onset of treatment. Development of relative red and green fluorescence as well as red/green fluorescence ratio is shown
as mean ⫾ SD of three independent experiments. (C) Analysis of nemorosone-induced changes in cytosolic calcium concentration [Ca2+]c in
MIA-PaCa-2 cells and human dermal fibroblasts (HDF). Cells were loaded with the calcium-sensitive Fluo-4 dye and subsequently treated with the
indicated concentrations of nemorosone or vehicle after recording a baseline for 30 s (black arrows). Development of Fluo-4 fluorescence relative
to baseline fluorescence (F/F0) is shown as mean of three independent experiments. DMSO, dimethylsulphoxide.
䉳

Figure 4
Comparison of the number and overlap of differentially expressed genes in pancreatic cancer cells after nemorosone treatment, and analysis of
gene ontology (GO). (A) Shown is the number of significantly (P < 0.05) up- and down-regulated genes per cell line and condition. (B) The number
of genes common in any two or all three cell lines is depicted in the intersections of the circles. GO analysis was carried out on the gene sets
common to all cell lines and common to AsPC-1 and Capan-1 using the DAVID gene ontology website. The top five GO terms with lowest P-value
are displayed.

also used for the assessment of growth inhibition and apoptosis. This time point additionally ensured transcriptional
changes to be measured before the onset of late apoptosis
presumably biasing expression profiling.
Our results indicate that nemorosone reduced cell viability of pancreatic cancer cells in the low micromolar range and
induced cell cycle arrest as well as caspase-dependent apoptosis, consistent with previous studies on neuroblastoma and

leukaemia cell lines (Diaz-Carballo et al., 2008a,b). Cell proliferation and division is controlled by a sequential activation
and inactivation of cyclin-dependent kinases (CDKs). Transition from G1 to S phase of the cell cycle is driven by the
active cyclin D1, 2, 3/CDK4, 6 complex which phosphorylates Rb, leading to the activation and expression of E2F and
its downstream targets involved in DNA synthesis (Lodish
et al., 2004). G2/M transition is controlled by cdc25-mediated
British Journal of Pharmacology (2011) 162 1045–1059

1053

BJP

F Holtrup et al.

Table 2
Cell cycle genes that are differentially regulated in pancreatic cancer cells after treatment with the respective IC50 of nemorosone for 24 h

EntrezGene ID

Fold change
MIA-PaCa-2

Gene symbol

Description

472

ATM

Ataxia telangiectasia mutated

699

BUB1

BUB1 budding uninhibited by benzimidazoles 1 homologue

890

CCNA2

Cyclin A2

891

CCNB1

Cyclin B1

9133

CCNB2

595
894

AsPC-1

Capan-1

1.75

2.64

1.77

1.87

-2.82

-3.12

-3.25

-2.51

-2.54

-1.28

-21.08

-3.40

Cyclin B2

-1.66

-14.24

-6.87

CCND1

Cyclin D1

-1.84

-1.88

-1.66

CCND2

Cyclin D2

-1.23

-1.38

-1.01

983

CDC2

Cell division cycle 2, G1 to S and G2 to M

1.23

-7.32

-6.06

991

CDC20

Cell division cycle 20 homologue (S. cerevisiae)

-1.78

1.20

1.16

994

CDC25B

Cell division cycle 25 homologue B (S. pombe)

-1.27

-1.03

-1.49

1019

CDK4

Cyclin-dependent kinase 4

-1.64

-2.52

-2.37

1022

CDK7

Cyclin-dependent kinase 7

2.67

1.54

2.03

1026

CDKN1A

Cyclin-dependent kinase inhibitor 1A (p21, Cip1)

11.35

54.27

21.58

1027

CDKN1B

Cyclin-dependent kinase inhibitor 1B (p27, Kip1)

-1.48

-3.74

-2.63

1032

CDKN2D

Cyclin-dependent kinase inhibitor 2D (p19, inhibits CDK4)

-1.02

-1.29

-1.40

8454

CUL1

Cullin 1

1.12

1.99

1.30

1869

E2F1

E2F transcription factor 1

-1.96

-2.00

-1.95

1647

GADD45A

Growth arrest and DNA-damage-inducible, alpha

4.06

1.29

1.88

4085

MAD2L1

MAD2 mitotic arrest deficient-like 1 (yeast)

-3.93

-8.06

-12.69

4171

MCM2

Minichromosome maintenance complex component 2

-3.85

-5.70

-4.53

4172

MCM3

Minichromosome maintenance complex component 3

1.63

1.74

1.94

4175

MCM6

Minichromosome maintenance complex component 6

-1.98

-4.69

-3.30

4176

MCM7

Minichromosome maintenance complex component 7

-1.84

-3.20

-3.77

5111

PCNA

Proliferating cell nuclear antigen

-5.50

-23.10

-15.83

5347

PLK1

Polo-like kinase 1 (Drosophila)

-1.69

-13.68

-8.23

1.69

-1.18

-1.48

-1.35

-11.31

-7.29

3.01

3.80

3.75

Stratifin

-1.11

3.30

3.21

-1.06

-2.33

-2.96

2.33

2.63

2.30

-1.12

-8.88

-3.71

5591

PRKDC

Protein kinase, DNA-activated, catalytic polypeptide

9232

PTTG1

Pituitary tumor-transforming 1

5934

RBL2

Retinoblastoma-like 2 (p130)

2810

SFN

6500

SKP1

S-phase kinase-associated protein 1

6502

SKP2

S-phase kinase-associated protein 2 (p45)

7027

TFDP1

Transcription factor Dp-1

A detailed list with all treatment conditions and P-values is provided in the supporting information.

activation of the cyclin B/cdc2 complex unless this complex
is not dissociated by GADD45a (Stark and Taylor, 2006). The
growth-inhibitory effects of nemorosone are supported by
our gene expression data, indicating a general repression of
cell cycle progression genes like cyclins and CDKs in all
phases of the cell cycle. The up-regulation of the cell cycle
inhibitor CDKN1A (p21) and the repression of E2F target
genes as well as cyclin D1 and CDK4 suggest a strong impact
of nemorosone on G1/S phase check points. Nemorosoneinduced expression of GADD45a and repression of cdc2,
cdc25 and cyclin B may block progression through G2 phase.
These results are congruent with previous observations of
increased p21 protein expression in neuroblastoma cells and
1054 British Journal of Pharmacology (2011) 162 1045–1059

decreased cyclin and cdc2 levels in leukaemia cell lines (DiazCarballo et al., 2008a,b). Effects of nemorosone on the regulation of cell cycle genes were much stronger in Capan-1 and
AsPC-1 cells than in MIA-PaCa-2 cells. Thus, the differences
observed between these two cohorts in the CA are most likely
due to the differential regulation of cell cycle genes. Because
nemorosone-induced alterations in gene expression were
found to be dose-dependent, cells might simply arrest cell
cycle in either phase when treated with higher nemorosone
concentrations.
More detailed studies on the mechanism of action
revealed that nemorosone rapidly altered intracellular processes. The mitochondrial membrane potential DYm of cancer
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Figure 5
Resulting endoplasmic reticulum (ER) stress and unfolded protein response (UPR) gene network from a modelling approach using the set of
differentially regulated genes common to all pancreatic cancer cell lines after nemorosone treatment. The genes showing strongest regulation
(DDIT3, ATF3, CDKN1A, AREG, ASNS, VEGFA) were used as starting points for expanding the gene regulatory network in Ingenuity Pathway
Analysis software using a knowledge-based algorithm applied to all 336 genes regulated by nemorosone treatment. The gene expression fold
changes subsequent to the hypothetical nemorosone-induced calcium release from the ER are depicted. Red genes are up-regulated, green genes
are down-regulated. Nemorosone-induced ER stress is sensed by three ER-resident proteins (PERK, ATF6, IRE1a), thus inducing downstream
transcription factors ATF4, ATF3 and DDIT3 mainly involved in cell cycle regulation and apoptosis. If ER stress cannot be resolved through induction
of pro-survival genes and growth factors, DDIT3 induced pro-apoptotic BCL2 family members like BAK1 and BCL2L11, thus initiating the caspase
cascade. Expression levels of genes marked with # were inferred by quantitative PCR rather than microarray measurements (Figure 6C). GO, gene
ontology.

cells was almost completely inhibited already after 2 min
when treated with 20 mM nemorosone. Interestingly, we also
observed a concomitant increase of [Ca2+]c in cancer cells at
the same concentration. Thus, it can be hypothesized that
loss of DYm is a direct cause of nemorosone-induced calcium
release from intracellular stores. It is well established that
upon increase of [Ca2+]c mitochondria take up calcium which
may lead to calcium overload and subsequent loss of DYm,
interfering with proper mitochondrial function (Duchen,
2000; Ly et al., 2003). For example, thapsigargin, an inhibitor
of the sarcoplasmic and ER calcium ATPase, SERCA, has been
shown to deplete ER calcium stores and abrogate DYm (Beaver
and Waring, 1996). PPAPs like hyperforin and garcinol have
also been demonstrated to disturb the mitochondrial membrane potential in cancer cells within 30 and 60 min after
treatment respectively (Pan et al., 2001; Schempp et al.,
2002). This suggests a similar mechanism of action for structurally related PPAPs. Although hyperforin exerts its antidepressant effects by regulating calcium flux through activation
of non-selective cation channels in neuronal cells (Treiber
et al., 2005), it is not able to release calcium from intracellular
stores in pancreatic cancer cells or fibroblasts (unpublished
results). Thus, our study is the first to draw a possible link
between nemorosone-induced calcium release and loss of
DYm, and to demonstrate functional differences between
nemorosone and hyperforin. Because nemorosone acted dif-

ferently on mitochondria from cancer cells and fibroblasts, a
general ionophoric effect on membranes can be excluded.
However, due to its lipophilic character, it might easily penetrate cell and organelle membranes by diffusion, thus affecting membrane-resident proteins like ion channels.
The nature of the store from which calcium is released
upon nemorosone treatment remains unclear. However, our
gene expression data point towards the ER as the affected
organelle. The ER plays an essential role in calcium homeostasis as well as protein folding and secretion. It harbours
calcium-dependent molecular chaperones like glucoseregulated protein, 78 kDa (GRP78; also known as HSPA5), and
is also involved in molecular signalling processes because it is
the largest intracellular calcium store and can release sequestered calcium into the cytoplasm or directly to mitochondria
(Kim et al., 2008; Pinton et al., 2008). If ER homeostasis is
disturbed through alterations in calcium levels, redox state or
glycosylation, unfolded proteins will accumulate and trigger
an ER stress-responsive pathway known as the UPR. UPR is
initiated by three ER-localized stress sensors, IRE1, PERK (with
its downstream transcription factor ATF4) and ATF6, which
activate pro-survival genes like chaperones (HSPA5), growth
factors (VEGF, AREG) and ER-assisted degradation genes
(Zhao and Ackerman, 2006). All three pathways converge on
the DDIT3 transcription factor, which is one of the most
highly expressed genes during ER stress (Harding et al., 2000).
British Journal of Pharmacology (2011) 162 1045–1059
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Figure 6
Validation of DNA damage inducible transcript 3 (DDIT3) up-regulation, knock-down and analysis of the effects of DDIT3 knock-down on
apoptotic DNA fragmentation, caspase activity and expression of selected genes in pancreatic cancer cells. Cells were transfected with DDIT3
siRNA or scrambled control siRNA and treated with 20 mM nemorosone or vehicle for 24 h. (A) Immunostaining of DDIT3 in control and silenced
cells. DDIT3 was labelled with an Alexa-488-conjugated secondary antibody detecting a specific primary antibody directed against DDIT3 protein
(green). Nuclei were stained with Hoechst 33342 (blue). (B) Western blot confirming up-regulation of DDIT3 protein in all pancreatic cancer cell
lines and DDIT3 knock-down in MIA-PaCa-2 and Capan-1 cells. (C) Analysis of apoptosis and caspase activity. Cells were assayed for subG1 DNA
content (DNA fragmentation) using the Nicoletti method and activity of caspases 9, 3/7 and 8. Nemorosone-specific DNA fragmentation or
caspase activity is shown as mean ⫾ SD of three independent experiments. (D) Quantitative RT-PCR. Total RNA of treated control and silenced
cells was subjected to quantitative RT-PCR using specific primers for selected genes involved in the unfolded protein response pathway. The
columns represent fold changes relative to the untreated (vehicle) control. Statistically significant differences are marked: *P < 0.05, **P < 0.01.

If stress can not be resolved, DDIT3 accumulates in the cell
and initiates the pro-apoptotic branch of the UPR by disturbing the balance between anti- and pro-apoptotic BCL2 family
members like BCL2L11 (BIM) and BAK1, eventually activating caspases (Kim et al., 2008).
Nemorosone treatment differentially regulated many
genes involved in UPR signalling, as revealed by our gene
expression data and subsequent pathway modelling. Indeed,
three of the most highly expressed genes on our array were
1056 British Journal of Pharmacology (2011) 162 1045–1059

ATF4 targets DDIT3, ATF3 and CDKN1A (p21). These genes
are associated with cell cycle arrest and induction of apoptosis. Among them, DDIT3 is an important mediator of UPRtriggered cell death (Oyadomari and Mori, 2004) and has
been demonstrated to be up-regulated upon treatment with
ER stress-inducing agents like thapsigargin and bortezomib
(Lin et al., 1997; Nawrocki et al., 2005), but not upon treatment with agents not targeting the ER like staurosporine and
nucleoside analogues (Wang et al., 1996; Cusinato et al.,

Nemorosone activates unfolded protein response

2006). Thus, up-regulation of DDIT3 is a specific indicator for
ER stress-mediated onset of apoptosis. The precise mechanism by which effector caspases are activated in the DDIT3induced pro-apoptotic pathway is still unclear but probably
involves the mitochondrial route and caspase 9 (Di Sano
et al., 2006). This is consistent with the fact that siRNAmediated knock-down of DDIT3 was able to partially inhibit
nemorosone-induced caspase 9 and 3/7 activation and subsequent DNA fragmentation in MIA-PaCa-2 cells, probably
through reduction of pro-apoptotic BCL2-family gene products BAK1 and BCL2L11. In Capan-1 cells, however, no signs
of reduced DNA fragmentation were visible although caspase
9 activity was reduced after DDIT3 knock-down. This is probably due to the activation of caspase 8 in this cell line, but not
in MIA-PaCa-2, because ER stress has also been demonstrated
to trigger the extrinsic pathway of apoptosis via death receptors (Hu et al., 2006). Indeed, garcinol was shown to potentiate TRAIL-induced extrinsic apoptosis in cancer cells via
up-regulation of death receptors DR4 and DR5, but did not
induce DDIT3 expression (Prasad et al., 2010). Interstingly,
hyperforin also did not induce members of the ER stress
response like HSPA5 in HepG2 cells (Krusekopf and Roots,
2005), again emphasizing the fact that structurally very
related PPAPs do not share a common mechanism of action.
Due to the hypoxic and nutrient-deprived environment,
ER stress levels have been demonstrated to be elevated in
solid tumours to drive pro-survival signals and subsequent
angiogenesis through expression of vascular endothelial
growth factors (Duffy et al., 2003; Feldman et al., 2005). Thus,
it has recently been proposed that either inhibition or amplification of UPR signalling might represent a powerful anticancer strategy to prevent pro-survival signals or induce
UPR-mediated apoptosis (Kim et al., 2008; Healy et al., 2009).
Nemorosone seems to amplify all branches of the UPR,
including pro-survival and angiogenic mediators like ATF4induced AREG, HMOX1 and VEGF as well as pro-apoptotic
signals via the extrinsic and intrinsic pathways of programmed cell death, with an eventually dominating proapoptotic branch. It can be hypothesized that due to their
lower demand for energy, non-transformed fibroblasts are
more resistant to nemorosone treatment than pancreatic
cancer cells, as also demonstrated by our experiments.
In conclusion, our results demonstrate that nemorosone
affects the cell cycle and UPR regulatory pathways in pancreatic cancer cells but not in fibroblasts. Nemorosone-induced
calcium release seems to disturb ER homeostasis with subsequent depolarization of the mitochondrial membrane and
apoptosis through activation of the UPR. Thus, it is plausible
that nemorosone acts ionophorically on the ER membrane
through a yet to be identified mechanism – possibly by acting
on ER-resident calcium channels. Due to its lipophilicity,
however, nemorosone might well act on several other cellular
targets, thus interfering with membrane proteins or affecting
the lipophilic core of cytosolic or nuclear proteins, for
example, transcription factors (Wink, 2008). The almost
global change in gene expression demonstrated in this study
supports this hypothesis.
Because normal fibroblasts are largely unaffected by
nemorosone, this PPAP might resemble a lead compound for
the development of drugs with a novel mechanism of action
directed against pancreatic cancer and other solid tumours.

BJP

Until then, however, in vivo experiments demonstrating bioavailability and efficacy as well as more detailed insights on
nemorosone’s molecular target(s) are needed, to determine
why it acts preferentially on cancer cells.
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Supporting information
Additional Supporting Information may be found in the
online version of this article:
Figure S1 Correspondence analysis of 336 differentially
regulated genes and corresponding conditions of treated/
untreated pancreatic cancer cells. After filtering for significantly regulated genes, a correspondence analysis plot was
calculated in M-CHiPS. It simultaneously displays hybridizations (conditions, coloured symbols) and genes (grey dots).
The relative position of conditions indicates their similarities
or differences. Conditions clustering closely together exhibit
similar gene expression patterns while conditions located
opposite of the centroid (0/0) exhibit substantial differences
in gene expression. Genes strongly associated with a condition are located in the same direction from the centroid. The
vehicle only control conditions cluster together and are
located next to the medium only control, indicating that
treatment with vehicle only did not change gene expression.
AsPC-1 and Capan-1 treatment conditions demonstrate a
similar localization, thus exhibiting comparable gene
expression patterns. Localization of treatment clusters
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is concentration-dependent with the largest differences
observed between treated and untreated samples at 2¥ IC50
nemorosone. MIA-PaCa-2 conditions cluster closely together
and opposite of AsPC-1 and Capan-2 conditions, indicating
that NEM-induced gene expression in some respect is different from that in AsPC-1 and Capan-1 cells.
Figure S2 Correlation between microarray and quantitative
RT-PCR expression results. Expression of 10 selected genes in
all treatment conditions was validated using quantitative
RT-PCR. Fold changes relative to medium control were
plotted for microarray and qRT-PCR results.
Figure S3 Expression of selected genes from the UPR
network in human dermal fibroblasts after treatment with
20 mM nemorosone for 24 h. Expression values are shown
relative to the untreated (vehicle) control and represent the
mean ⫾ SD of three independent measurements.
Table S1 Expression values of 336 genes found to be differentially regulated by nemorosone at least in one condition
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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