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Despite intense efforts to develop treatments against 
pancreatic cancer, agents that cure this highly resis-
tant and metastasizing disease are not available. Con-
siderable attention has focused on broccoli compound 
sulforaphane (SF), which is suggested as combination 
therapy for targeting of pancreatic cancer stem cells 
(CSCs). However, there are concerns that antioxidative 
properties of SF may interfere with cytotoxic drugs—as 
suggested, e.g., for vitamins. Therefore we investigated 
a combination therapy using established pancreatic 
CSCs. Although cisplatin (CIS), gemcitabine (GEM), 
doxorubicin, 5-flurouracil, or SF effectively induced 
apoptosis and prevented viability, combination of a 
drug with SF increased toxicity. Similarly, SF potentiated 
the drug effect in established prostate CSCs revealing 
that SF enhances drug cytotoxicity also in other tumor 
entities. Most importantly, combined treatment intensi-
fied inhibition of clonogenicity and spheroid formation 
and aldehyde dehydrogenase 1 (ALDH1) activity along 
with Notch-1 and c-Rel expression indicating that CSC 
characteristics are targeted. In vivo, combination treat-
ment was most effective and totally abolished growth 
of CSC xenografts and tumor-initiating potential. No 
pronounced side effects were observed in normal cells 
or mice. Our data suggest that SF increases the effec-
tiveness of various cytotoxic drugs against CSCs without 
inducing additional toxicity in mice.
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IntroductIon
Pancreatic cancer is the fourth leading cause of cancer-related 
death for both men and women in the United States.1 In half of 
patients with pancreatic adenocarcinoma, metastasis is detectable 
already at the time of diagnosis. Only in 20% of patients surgical 
resection is possible and the prognosis is poor. Over the last years 
increasing evidence points to the possibility that cancer may be 

based on a stem cell disease.2 Cancer stem cells (CSCs) might be 
responsible for tumor initiation, growth, metastasis, and relapse 
of pancreatic cancer after treatment. Like their normal counter-
parts, putative CSCs show remarkable resistance to radiation and 
chemotherapy.3 Markers for CSCs have been identified in differ-
ent tumor entities including pancreatic cancer4,5 and their pres-
ence correlates to the extreme aggressiveness of this malignancy. 
Our recent data and results of other researchers demonstrated 
that long-term treatment with gemcitabine (GEM) as a standard 
cytotoxic therapy leads to an enrichment of pancreatic CSCs 
associated with enhanced therapy resistance.6,7 Thus consider-
able attention has focused on defining new therapeutic agents for 
targeted elimination of pancreatic CSCs. Recently, we identified 
the plant compound isothiocyanate sulforaphane (SF), present in 
high concentration in broccoli and other cruciferous vegetables, as 
effective experimental therapeutic to sensitize pancreatic CSCs to 
TRAIL (tumor necrosis factor–related apoptosis inducing ligand)-
induced apoptosis.6 SF sensitized established pancreatic CSC 
lines by inhibiting binding of transactivation competent NF-κB 
complexes. Importantly, SF was nontoxic to normal cells such as 
human fibroblasts and mesenchymal stromal cells and had no side 
effects on nude mice. Thus, SF combination with chemotherapy 
may be a more effective therapeutic strategy for pancreatic cancer. 
However, SF protects, e.g., from DNA  damage and induces the 
expression of phase 2 metabolism enzymes. This leads to a cyto-
protection against the toxicity of electrophiles and reactive oxy-
gen species.8,9 Because radiotherapy and many chemotherapeutic 
agents act by producing free radicals, combination with SF may be 
counterproductive. There are concerns that SF prevents oxidative 
damage and thereby lowers the effectiveness of cytotoxic therapy.

In the present work, we investigated for the first time the effect 
of combined SF treatment with chemotherapy using an estab-
lished pancreatic CSC line. Combination of SF with different cyto-
toxic drugs had an additive effect and strongly increased cell death 
and eliminated CSC characteristics including tumor- initiating 
potential, clonogenicity, spheroidal growth, and aldehyde dehy-
drogenase 1 (ALDH1) activity. Most importantly, we confirmed 
the enhanced anti-CSC effect of SF combination  therapy in 
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 established prostate CSCs, suggesting that SF combination with 
cytotoxic therapy may be effective in several tumor entities.

results
sF increases drug effects toward pancreatic cscs
To test whether SF increases chemotherapy-mediated inhibition 
of tumor cell viability, the established pancreatic CSC cell line 
MIA-PaCa2 was evaluated. As summarized in Table 1, this cell 
line rapidly grows upon injection in nude mice, has a very inva-
sive growth pattern, along with self-renewal potential, ALDH1 
activity, differentiation potential, high apoptosis resistance, 
a characteristic surface expression of CSC markers (CD44+/
CD24−, EpCAM+, CD133+, CXCR4+) and no E-Cadherin 
expression.5,6,10 Furthermore, we recently demonstrated that the 
CD44+/CD24− population is most likely responsible for tum-
origenic potential6 by comparing highly resistant MIA-PaCa2 
cells (95% CD44+/CD24−; 37% ALDH1 activity; colony- and 
spheroid-forming potential) with sensitive pancreatic BxPc-3 
cells (17% CD44+/CD24−; 0.3% ALDH1 activity; no colony- 
and spheroid-forming potential). We found that 103 MIA-
PaCa2 formed much faster tumors on mice compared to BxPc-3 
cells. Also, continuous treatment of BxPc-3 cells with GEM led 
to enrichment of chemoresistant cells along with enrichment 
of the CD44+/CD24+ population to 42%. Because MIA-PaCa2 
cells contain already 95% of a CD44+/CD24+ population asso-
ciated with all characteristics of tumorigenicity, we did not 
further enrich CD44+/CD24+ cells but refer in the following 
these cells as CSChigh cells. CSChigh cells were treated with SF or 
cisplatin (CIS), GEM, doxorubicin and 5-flurouracil alone or in 
combination and 72 hours later viability was analyzed by mor-
phological inspection and MTT assay. Although combination 
of SF with CIS, doxorubicin, or GEM targeted 60% of the tumor 
cells, co-treatment with SF and 5-flurouracil was most effec-
tive and  targeted even 80% of the cell population (Figure 1a). 
As GEM is the standard chemotherapy for treatment of pan-
creatic cancer, the therapeutic potential of GEM and SF co-
treatment was further evaluated in detail. For evaluation of 
the clonogenic potential, CSChigh cells were treated with SF or 
GEM alone or in combination. GEM was administered at a 
concentration of 5 nmol/l based on dose–response experiments 
demonstrating that this concentration is a sublethal dose (data 
not shown). Seventy-two hours after treatment, surviving cells 
were re-seeded. Although GEM reduced clonogenicity to 90%, 
SF prevented colony formation in 50% compared to untreated 
controls (Figure 1b). Combination of GEM with SF showed an 
additive effect and reduced colony formation to 35%. To exam-
ine apoptosis resistance, pancreatic CSChigh cells were treated 
with SF or GEM alone or with both agents together. Seventy-
two hours later early apoptosis was investigated by staining with 
annexin V followed by flow cytometry. Single treatment with 
GEM induced apoptosis in 30% of cells (Figure 1c). Combined 
treatment with SF and GEM increased apoptosis up to 40%. 
Similarly, combined treatment with SF and CIS was also signifi-
cantly more effective than each agent alone. In conclusion, SF 
enhances the therapeutic effect of cytotoxic drugs toward the 
CSC characteristics clonogenicity and apoptosis resistance in 
pancreatic CSChigh cells.

sF increases taxol-induced toxicity toward  
established prostate cscs
To evaluate whether SF may also potentiate the cytotoxicity of 
chemotherapy to CSC characteristics in other tumor entities, we 
used the prostate cancer cell line DU145, which comprises cells 
with CSC properties such as self-renewal, differentiation poten-
tial, high proliferative, tumorigenic and invasive potential, ther-
apy resistance, low E-Cadherin expression, and a typical CSC 
marker expression (CD44+/α2β1/CD133+, CD44+/CD24−, 
CXCR4+) on the cell surface (Table 1).12,14–18 These cells were 
treated with taxol (TAX)—a standard chemotherapeutic drug 
for prostate cancer, alone or combined with SF. Likewise, CIS 
was tested alone or in combination with SF. Seventy-two hours 
after treatment viability was measured by MTT assay and evalu-
ated by morphology. The presence of SF clearly potentiated CIS-
mediated inhibition of viability (Figure 2a). Similar results were 
observed for low doses of TAX of 2.5 and 5 nmol/l, which are 
 relevant in patients. However, a combination of SF with a high 
dose of TAX (10 nmol/l) did not further reduce the viability of 
CSChigh cells, but SF rather inhibited the TAX effect. We do not 
know the reason for this unexpected observation, which occurred 
repeatedly in our assays. However, since a dose of 10 nmol/l 
TAX is physiologically not relevant, this observation may be 
neglected, especially since combined treatment with TAX and 
SF in long-term treatment abrogated clonogenicity completely 
(Figure 2b). Similarly, combination of SF with TAX or SF with 
CIS significantly increased apoptosis compared to treatment 
with each agent alone (Figure 2c). In conclusion, SF and chemo-
therapy act in concert to inhibit viability and clonogenicity and 

table 1 csc characteristics of MIA-Paca2 and du145 cells

 MIA-Paca2 du145 references

ATCC no. CRL-1420 HTB-81 ATCC

Source Primary  
tumor

Brain  
metastases

ATCC

Degree of tumor 
differentiation

Poor Poor ATCC

Therapy resistance High Moderate 6,11

Colony-forming 
capacity

High High Present 
publication

Spheroid-forming 
capacity

High None Present 
publication

Secondary spheroid 
formation

High None Present 
publication

ALDH activity Yes None Present 
publication

Growth on nude mice Fast Fast 6,12

CD44+/CD24− 95% 7-10% 6,12

CD133+ Low Low 13–14,18

CXCR4+ Yes Yes 5,15

Invasiveness High High 5,16

E-Cadherin expression None Low 16,17

Differentiation potential Yes Yes 10,18

Abbreviations: ALDH, aldehyde dehydrogenase; ATCC, American Type Culture 
Collection; CSC, cancer stem cell.
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to reduce apoptosis resistance in CSC-enriched DU145 prostate 
cancer cells.

cytotoxic effects of sF and drug combination 
are lower in normal cells
To examine whether a combination of SF with chemotherapeutic 
agents is toxic for normal cells, human primary skin fibroblasts, 
human umbilical vein endothelial cells and human embryonic 
kidney cells (293) were treated with SF, GEM, or both together. 
Seventy-two hours later, viability was evaluated by MTT assay 
(Figure 3). Although neither GEM nor SF alone nor the combi-
nation had significant toxic effects on nonmalignant fibroblasts 

and human umbilical vein endothelial cells, we observed a strong 
SF-induced toxicity in immortalized 293 cells, which increases 
GEM-mediated toxicity. These results suggest that normal mesen-
chymal or endothelial cells are not affected by SF, while viability of 
immortalized or malignant cells is reduced.

sF increases chemotherapeutic effects  
to self-renewal and AldH activity
To analyze whether SF interferes with pathways involved in self-
renewal, we evaluated its effects on Notch-1 expression, since the 
Notch signaling pathway plays an important role in stem cell self-
renewal.19 Treatment of CSChigh cells for 48 hours with SF down-
regulated basal Notch-1 expression, while GEM led to strong 
induction of Notch-1 (Figure 4a). Importantly, combination treat-
ment totally prevented the GEM-induced Notch-1 upregulation. 
Downregulation of Notch-1 was associated with downregulation 
of c-Rel expression, which was strongest for the combination 
treatment. Since c-Rel is a very transactivation-potent subunit of 
the NF-κB transcription factor, these results suggest that Notch-1 
may be involved in SF-induced inhibition of NF-κB signaling, as 
we recently demonstrated6 and is according to recent findings 
demonstrating NOTCH-1-mediated regulation of the NF-κB 
pathway.20 To investigate direct effects to self-renewal, we treated 
spheroidal growing cells with SF or GEM alone or in combina-
tion. While single treatment with SF and to a less extent with 
GEM reduced spheroid formation, combined treatment inhibited 
spheroid formation most effectively (Figure 4b, pictures and 1st 
generation). Spheroid formation could be further reduced upon 
dissociation of the treated first-generation spheroids,  re-plating 
equal amounts of live cells, followed by a second round of treat-
ment of fully formed spheroids for 3 days (Figure 4b, 2nd genera-
tion). In these short-term assays the effectivity of GEM in reducing 
spheroid formation was similar to SF. Likewise, GEM or SF alone 
reduced ALDH1 activity, (Figure 4c, left panel), a marker asso-
ciated with CSCs.21 In contrast, long-term treatment with GEM 
for 21 days led to a selection of ALDH1-active cells (Figure 4c, 
right panel), while SF alone reduced ALDH1-positive cells and 
prevented selection of this CSC population by GEM in short- and 
long-term assays. Similar results were obtained upon examination 
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Figure 1 sulforaphane (sF) increases drug-mediated effects on cell 
viability, clonogenicity and induction of apoptosis in pancreatic 
cancer stem cells (cscs). (a) CSChigh pancreatic cancer cells were left 
untreated (CO), or were treated with SF (5 µmol/l), cisplatin (CIS), gem-
citabine (GEM), doxorubicin (DOX) or 5-flurouracil (5-FU) in concentra-
tions indicated alone or in combination with SF as indicated. Seventy-two 
hours later viability was determined by MTT assay (upper panel). Data 
are presented as mean ± SD (*P < 0.05 compared with treatment in the 
absence of SF). Representative pictures of cells were taken at ×100 mag-
nification (lower panel). (b) To examine clonogenic cell division, CSChigh 
pancreatic cancer cells were seeded in 6-well tissue culture plates and 
treated with SF (5 µmol/l) and GEM (5 nmol/l) alone or in combination 
(SF+GEM). Seventy-two hours later cells were trypsinized and re-plated 
at low density in 6-well plates. Ten days later colonies containing >50 
cells were counted under a dissecting Zeiss Stemi DV4 microscope. Data 
are presented as mean ± SD. Photographs of the fixed and stained colo-
nies are presented on the left panel. (c) MIA-PaCa2 cells were seeded in 
6-well tissue culture plates and treated similar to the previous MTT assay. 
Induction of apoptosis was evaluated by annexin V staining of the cells 
and flow cytometry. Induction of apoptosis is presented as percentage of 
annexin-positive cells. Data are presented as mean ± SD (*P < 0.05).



Molecular Therapy  vol. 19 no. 1 jan. 2011 191

© The American Society of Gene & Cell Therapy
Targeting of Pancreatic Cancer Stem Cells

of ALDH1 expression by western blot analysis and immunofluo-
rescence staining of cells followed by fluorescence microscopy 
(Figure 4d). In conclusion, SF increases reduction of self-renewal 
and ALDH1 activity by GEM.

sF sensitizes csc to cytotoxic therapy in vivo
In order to address whether SF might influence sensitivity of 
CSC xenografts toward chemotherapy, we transplanted CSChigh 

pancreatic cancer cells subcutaneously into nude mice. Mice were 
left untreated or were treated with SF, GEM or both agents together 
and tumor growth was measured during a period of 10 days 
(Figure 5a, left upper panel). Administration of SF or GEM alone 
only marginally inhibited tumor growth, compared to untreated 
controls. Co-treatment with SF and GEM, however, had an addi-
tive effect on the inhibition of tumor growth compared to each 
single treatment. Combined treatment with SF and GEM reduced 
body weight about 15% (Figure 5a, left lower panel), while single 
treatments had no effect, indicating that the double treatment 
is stressful for the mice, but tolerated. Histology of livers from 
untreated mice or mice treated with SF and GEM combination 
revealed no necrotic areas, suggesting that combined treatment is 
not liver toxic (Figure 5a, right panel).

In order to investigate whether combination treatment affects 
the tumor initiating potential, CSChigh pancreatic cancer cells were 
pretreated in vitro with SF, GEM or both agents together. Seventy-
two hours later, an equal number of live cells was transplanted into 
nude mice and tumor development was measured during 50 days 
(Figure 5b). After 10 days fast growing tumors were visible in 
mice transplanted with control cells. Twenty-eight days later mice 

0
20
40
60
80

100

120

nmol/l TAX µmol/l CIS

TAX SF+TAXCIS SF+CIS

CO SF

TAX

1.2

1.0

0.8

0.6

0.4

0.2

0

S
ur

vi
va

l f
ra

ct
io

n
(C

O
 =

 1
)

%
 A

po
pt

os
is

MIN SF
PLUS SF

MIN SF
PLUS SF

a

b

c

10CO

TAX SF+TAX

100

80

60

40

20

0

*
*

*

*
*

*
*

*

*
*

*
*

*

2.5 5 28CO 7 14

CO SF

CO

CO
TA

X SF

SF+T
AX

CO
CIS SF

SF+C
IS

V
ia

bi
lit

y 
(%

 o
f C

O
)

*

Figure 2 sulforaphane (sF) increases chemotherapeutic drug effects 
in prostate cancer cells. (a) Prostate cancer cells DU145 were left 
untreated (CO) or were treated with SF (5 µmol/l) alone or in combina-
tion with taxol (TAX) or cisplatin (CIS) at doses indicated. Viability was 
determined 72 hours later as described above (*P < 0.05). Images of cells 
treated for 72 hours are shown in the lower panel. (b) DU145 cells were 
seeded in 6-well tissue culture plates and treated with SF (5 µmol/l) and 
TAX (5 nmol/l) alone or in combination. Seventy-two hours later, cells 
were trypsinized and re-plated at low density in 6-well plates. Ten days 
later colonies were stained with Coomassie blue and images of colo-
nies were taken (left panel). Colonies containing >50 cells were counted 
under a dissecting Zeiss Stemi DV4 microscope and the amounts of the 
survival fractions are presented (right panel). (c) Prostate cancer cells 
were treated with SF, TAX, CUS or SF combined with a cytotoxic drug 
for 72 hours. Apoptosis induction was evaluated by annexin V staining 
and flow cytometry and is shown as percentage of annexin-positive cells. 
Data are presented as mean ± SD (*P < 0.05).
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Figure 3 sulforaphane (sF) does not significantly increase cyto-
toxic drug effects to normal cells. Primary human fibroblasts, primary 
human umbilical vein endothelial cells (HUVECs) or human immortalized 
embryonic kidney (293) cells were treated with SF (5 µmol/l), gemcit-
abine (GEM) (5 nmol/l) or both together (SF+GEM). Viability was mea-
sured 72 hours later by MTT assay as described above.
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transplanted with GEM-treated tumor cells developed tumors. 
In contrast, no tumor growth was observed in mice transplanted 
with SF-treated cells or cells treated with a combination of SF 
and GEM. These results suggest that GEM delays tumor growth 
by diminishing the number of differentiated tumor cells while 
sparing the highly resistant CSCs. In contrast, SF targets also the 
highly therapy resistant CSC population and thus completes the 
therapeutic effect of GEM.

dIscussIon
In the present work, we show that the phytochemical SF increases 
chemotherapeutic drug-mediated cytotoxicity in pancreatic CSCs 
in vitro and in vivo. Moreover, combined treatment with SF and 
GEM targeted CSC characteristics, e.g., self-renewal and ALDH1 

and inhibited by this way relapse of tumor growth after treatment. 
Related observations were made in an established prostate CSC 
line suggesting that a combination of SF with chemotherapy is a 
promising strategy for enhancing the cytotoxic drug effects against 
CSCs in pancreatic cancer and other tumor entities.

therapeutic efficacy of sF
In our previous study, we demonstrate that SF targets CSC-like 
pancreatic cancer cells and increases therapeutic effects of TRAIL, 
quercetin and sorafenib.6,17,10 Recent studies confirm that SF elimi-
nates pancreatic and prostate cancer cells and those of other tumor 
entities such as breast and colon cancer cells.9,22–30 In the present 
study, SF increased chemotherapeutic drug-mediated cytotoxicity 
in pancreatic and prostate cancer cell lines. Correspondingly, SF 
enhanced radiosensitivity of HELA cervix carcinoma cells.31 Thus, 
our initial idea that the antioxidative properties of SF may lead to 
inhibition of therapeutic cytotoxicity does not prove true. The rea-
son may be the more indirect antioxidative properties of SF, which 
are mediated through activation of phase 2 enzymes.8 Most impor-
tantly, SF exhibited no pronounced toxicity to nonmalignant cells 
like mesenchymal stromal cells and fibroblasts nor did it reduce 
body weight or mediate liver toxicity in mice as demonstrated in 
the present and our recent studies.6,17,10 To our knowledge, we are 
the first to demonstrate that SF potentiates the cytotoxic effect of 
GEM toward pancreatic CSCs. In detail, SF increased targeting 
of self-renewal activity in vitro. Our data suggest that this is most 
likely due to downregulation of Notch-1 and c-Rel expression. In 
long-term in vitro experiments, co-treatment with SF prevented 
GEM-induced selection of cells positive for the CSC-marker 
ALDH1. These features of SF may have been responsible for the 
observed blocking of re-growth of GEM-treated tumor cells upon 
transplantation into immunodeficient mice. However, in contrast 
to treatment with single agents, combination of GEM and SF led 
to a 15% reduction of body weight of mice. This indicates that 
combination treatment is stressful for the mice but tolerated, since 
no liver necrosis occurred. Based on the favorable toxicological 
profile of SF along with its other benefits in tumor cell elimination, 
Fimognari et al. suggested the design of innovative clinical studies 
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Figure 4 sulforaphane (sF) enhances cytotoxic drug effects to pan-
creatic cancer stem cell (csc) properties. (a) Cells were treated for 
48 hours with SF (5 µmol/l) and gemcitabine (GEM) (25 nmol/l) or both 
agents together (SF+GEM). Expression of Notch-1 and c-Rel was evalu-
ated by western blot analysis. (b) Pancreatic CSChigh cells were seeded 
at clonal density in low adhesion plates for spheroid formation. Twenty-
four hours later cells were treated with SF (5 µmol/l), GEM (25 nmol/l), or 
both agents together (SF+GEM). Spheroids were photographed at day 7 
under ×100 magnification or quantified (1st generation). Thereafter, 1st 
generation spheroids were dissociated to single cells and equal numbers 
of live cells pretreatment group were re-plated. Upon spheroid formation 
cells were treated as described above and 3 days later spheroid forma-
tion was quantified (2nd generation). (c) Pancreatic CSChigh were treated 
as described above. Three or 21 days later aldehyde dehydrogenase 1 
(ALDH1) activity was analyzed by flow cytometry and the percentage 
of ALDH1-positive cells is presented. Data are presented as mean ± SD. 
(d) Likewise, proteins were harvested and expression of ALDH1 protein 
was analyzed by western blot. Expression of β-actin served as loading 
control. Lower panel: Twenty-one days after treatment cells were sub-
jected to immunofluorescence analysis for ALDH1. Randomly chosen 
fields were examined under ×400 magnification using a Nikon Eclipse 
TS100 microscope and photographs were taken.
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to investigate whether SF co-administration can indeed enhance 
efficacy of cytotoxic drug-based regiments in the clinic.33

Molecular mechanism of sF-mediated  
targeting of cscs
Mechanistically, we recently demonstrated that SF sensitizes pan-
creatic CSCs by downregulation of NF-κB binding activity.6,10 As 

exemplified in our present study, prevention of Notch-1  expression 
by SF correlates to inhibition of NF-κB and self-renewal  activity 
in pancreatic CSCs. These results correspond to recent data 
demon strating that Notch-1 is an upstream regulator of NF-κB 
and involved in stem cell resistance and self-renewal.19,34 Our data 
are confirmed by Wang et al.,32 who found a similar mechanism 
upon combination of dietary isoflavones with curcumin in inhibi-
tion of growth of pancreatic cancer cells. These authors showed 
that the inhibition of cell growth and induction of apoptosis was 
significantly higher the combination group than that could be 
achieved by either agent alone. These changes were associated 
with decreased Notch-1 expression and DNA binding activity of 
NF-κB and its target genes Cyclin D1, Bcl-2, and Bcl-xL.

In our previous work, we showed that GEM increases the per-
centage of CSC-marker positive cells in pancreatic cancer cells.6 
Consistently, Mueller et al.7 and Jimeno et al.35 suggested that GEM 
preferentially targets more differentiated and rapidly proliferat-
ing tumor cells. In the present work we observed that long-term 
in vitro treatment with GEM results in an enrichment of ALDH1-
positive pancreatic CSChigh cells in contrast to cells treated with SF 
alone or with a combination of SF and GEM. Likewise transplanta-
tion of GEM-treated pancreatic CSChigh cells to immunodeficient 
mice led to tumor re-growth. This is in contrast to transplanta-
tion of SF- or GEM and SF-treated CSChigh cells, where no relapse 
occurred. These findings correspond to recent suggestions that 
the GEM-resistant cell population refers to the tumorigenic and 
 chemotherapy-resistant cell population.21,36,37 These findings sug-
gest that SF abrogates the tumor-initiating potential of CSCs, which 
may be the reason for the observed increased therapeutic effect of 
GEM upon combination with SF. Another interesting compound 
for targeting tumor-initiating potential of CSCs is the Hedgehog 
inhibitor cyclopamine. Consistent with our results, Jimeno et al.35 
showed, that cyclopamine co-treatment potentiated the antitumor 
effect of GEM in pancreatic cancer. A further promising strategy 
for targeting of CSCs is the induction of differentiation.38 A recent 
publication shows that SF mediates differentiation of human pro-
myelocytic cells.39 These data suggest that SF may also be an inter-
esting candidate for differentiation therapy of CSCs, although this 
point was not studied in the present work.

sF-mediated targeting of self-renewal of cscs
The tumorigenic potential is associated with the self-renewal 
capacity of CSC,37 which initiates tumor growth and spread. The 
percentage of CSCs is usually measured by the ability to form 
tumorospheres, which grow in an anchorage-independent man-
ner. Since sphere formation is directly proportional to the amount 
of self-renewing cells, this method is adequate to evaluate the 
effect of treatment on CSCs.37 In the present work, we could show 
that pancreatic CSChigh cell lines form spheroids in serial passages 
when cultured under conditions that favor proliferation of undif-
ferentiated cells. Combined treatment with SF and GEM, however, 
depleted spheroid-forming capacity. Dysregulation of pathways 
involved in the process of self-renewal such as Notch-1 signaling 
is suggested to lead to uncontrolled self-renewal and to resistance 
toward chemotherapy.37 Therefore, SF-mediated downregulation 
of basal Notch-1 expression and prevention of GEM-induced 
Notch-1 expression might have contributed to resensitization 
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Figure 5 sulforaphane (sF) enhances gemcitabine (GeM)-mediated 
cytotoxic effects by prevention of tumor-initiating potential in mice. 
(a) Pancreatic CSChigh cells [4 ×106 cells in 200 µl phosphate-buffered saline 
(PBS)] were injected subcutaneously into nude mice. After the tumors had 
reached a mean diameter of 8–10 mm, SF, GEM or both agents together 
(SF+GEM) were administered at days 5, 6, and 7 after tumor cell implanta-
tion (indicated by red arrows). Control animals (CO) received PBS injec-
tions only. The tumor volume was measured daily (upper left panel). 
Body weight of each individual mouse was set to 100% before treatment. 
Mice were weighted daily and relative changes in body weight are shown 
(lower left panel). Data are presented as mean of 6 animals ± SEM (n = 6) 
(*P < 0.05 compared with control and single treatment). A representative 
H&E staining of liver tissue after three consecutive treatments with SF and 
GEM is shown (scale bar = 200 µm) (left panel). (b) Pancreatic CSChigh 
cells were pretreated with SF (5 µmol/l), GEM (25 nmol/l) or both together 
in vitro. Control cells (CO) were left untreated. Seventy-two hours later an 
equal amount (5.7 × 103) of live cells were transplanted subcutaneously 
with 50% Matrigel into the right anterior flank of 5–6 weeks old NMRI-nu 
(nu/nu) female mice, 6 mice per treatment group. External tumor size was 
measured using a caliper at time points indicated. The number of tumors, 
which start to re-grow in each group is indicated (tumor take). Data are 
presented as mean of six animals in the control group and as mean of two 
growing tumors in the GEM-treated group.
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of CSCs to chemotherapeutic drugs in our study. Interestingly, 
Hunakova et al. showed that in breast carcinoma cells SF signifi-
cantly downregulates Twist1 and POU5F1, which are transcrip-
tion factors that mediate epithelial mesenchymal transition and 
self-renewal of undifferentiated embryonic stem cells.40 Targeting 
of self-renewal is however not restricted to SF but seems to be 
characteristic for several other food ingredients. Kakarala et al. 
showed in sphere assays that the natural products curcumin and 
piperine target self-renewal in breast CSCs.41

conclusions
In the present work, we demonstrate that SF does not dimin-
ish cytotoxic effects of drugs, but, in contrast, strongly increases 
their anticancer efficacy against pancreatic and prostate CSCs. 
Combination of SF with a cytotoxic drug efficiently induced apop-
tosis along with inhibition of self-renewing potential, ALDH1 
activity, clonogenicity, xenograft growth and relapse of GEM-
treated tumor cells in nude mice. Combination of SF with cyto-
toxic therapy may be of therapeutic benefit in clinical  settings. 
Since our data and those of others suggest that SF potentiates 
the effect mediated by chemo- and radiotherapy in vitro and in 
 animals, lower doses of these regimens might be successfully 
applied to patients under SF co-treatment.

MAterIAls And MetHods
Established cell lines. As models for pancreatic CSChigh cancer cells the 
established cell line MIA-PaCa2 and the prostate cancer cell line DU145 
were used (compare Table 1). Both were obtained from the American 
Type Culture Collection (Manassas, VA). Primary skin fibroblasts were 
kindly provided by Dr. H.-J. Stark (DKFZ, Heidelberg, Germany). MIA-
PaCa2, fibroblasts and human immortalized embryonic kidney (293), cells 
were cultured in Dulbecco’s modified Eagle medium and DU145 cells in 
RPMI medium (PAA Laboratories, Pasching, Austria). Media were sup-
plemented with 10% fetal calf serum (Sigma-Aldrich, St Louis, MO) and 
10 mmol/l HEPES (PAA Laboratories, Pasching, Austria). Human umbili-
cal vein endothelial cells (PromoCell, Heidelberg, Germany) were cultured 
in ready-to-use endothelial cell growth medium (PromoCell).

Cytotoxic agents. GEM (kind gift from Eli Lilly, Indianapolis, IN) was 
diluted in phosphate-buffered saline to a 50 µmol/l stock. Stock solutions of 
SF were prepared in ethanol. Doxorubicin (Sigma, Deisenhofen, Germany) 
was diluted in 90% ethanol. Stock solutions of 5-flurouracil, CIS and TAX 
(Sigma, Deisenhofen, Germany) were prepared in dimethyl sulfoxide. 
Final concentrations of the solvents in medium were 0.1% or less.

Treatment of cells with cytotoxic agents. Twenty-four hours before treat-
ment, established cells were seeded in 6-well tissue culture plates (2 ml cell 
suspension per well) and 96-well plates (100 µl cell suspension per well) 
at a density of 15 × 104 and 3 × 103 cells per well, respectively. Cells were 
treated with SF in the absence or in the presence of chemotherapeutic 
agents for 72 hours. For treatment cytotoxic drugs were added directly into 
the culture medium.

MTT assay. Cells were resuspended at a density of 3 × 104 to 5 × 104 cells 
per ml in 96-well plates, 100 µl per well. Twenty-four hours later, cells were 
treated with SF and/or chemotherapeutic agents for 72 hours. After treat-
ment, the MTT assay was performed as described.6

Colony-forming assay. Tumor cells were seeded at a density of 1.5 × 105 
cells per well in 6-well tissue culture plates. Twenty-four hours later, the 
cultures were treated with SF and/or GEM for 72 hours. Subsequently, 
the cultures were trypsinized, plated at a density of 400 cells per well in 

6-well tissue culture plates and incubated for 10 days without changing 
medium. For determination of colony formation, cultures were fixed (3.7% 
paraformaldehyde and 70% ethanol), and stained with 0.05% Coomassie 
blue. The number of colonies with >50 cells was counted under a dissect-
ing microscope. The percentage of cell survival was calculated (plating 
 efficiency of nontreated cultures = 1).

Annexin V staining and apoptosis detection. Cells were treated with 
fluorescein- isothiocyanate-conjugated annexin V (Invitrogen, Camarillo, 
CA) after respective treatment. Externalization of phosphatidylserine 
was identified by flow cytometry (FACScan, BD Biosciences, Heidelberg, 
Germany).6 Briefly, 1.5 × 105 cells were seeded per well in a 6-well plate. 
Twenty-four hours later, cells were treated with SF and/or GEM for 
72 hours. All cells were collected and were washed with annexin buffer 
(10 mmol/l HEPES, 150 mmol/l NaCl, 5 mmol/l KCl, 1 mmol/l MgCl2, 
1.8 mmol/l CaCl2) followed by staining with fluorescein-isothiocyanate-
conjugated annexin for 20 minutes on ice and in the dark (2 µl annexin in 
100 µl annexin buffer per sample). For flow cytometric analysis cells were 
resuspended in fresh annexin buffer.

Spheroid assay. For formation of spheroids, cells were cultured in NeuroCult 
NS-A basal serum-free medium (human) (StemCell Technologies, 
Vancouver, Canada), supplemented with 2 µg/ml Heparin (StemCell 
Technologies), 20 ng/ml hEGF (R&D Systems, Wiesbaden-Nordenstadt, 
Germany), 10 ng/ml hFGF-b (PeproTech, Hamburg, Germany) and 
NeuroCult NS-A Proliferation Supplements (StemCell Technologies). 
Cells were seeded at low densities (5 × 102 to 2 × 103 cells/ml) in 12-well 
low adhesion plates, 1 ml per well. For quantification of the percentage of 
spheroid forming cells, cells were seeded at one cell per well in 96-well 
plates. Wells with more than one cell were excluded from evaluation.

Detection of ALDH1 activity. ALDEFLUOR substrate (5 µl, Aldagen, 
Durham, NC) was added to 1 × 106 tumor cells in 1 ml assay buffer, and 
incubated for 30 minutes at 37 °C. Incubation of cells with ALDEFLUOR 
substrate in presence of the ALDH inhibitor diethylamino-benzaldehyde 
served as a negative control. Cells were analyzed by flow cytometry accord-
ing to the instructions of the manufacturer.

Immunofluorescence. Cells were treated with SF, GEM or a combination 
of both agents for 21 days and plated on coverslips for 24 hours. Cells were 
fixed in aceton, blocked with 10% normal goat serum and incubated with 
primary mouse anti-human ALDH1 Ab (BD Biosciences, San Jose, CA) 
followed by washing in phosphate-buffered saline/Tween 0.2% and incu-
bation with secondary goat anti-mouse Alexa 488 IgG (molecular probes, 
Karlsruhe, Germany).

Western blot analysis. Whole cell extracts were prepared by a standard 
protocol as described6 and proteins were detected by western blot analysis 
using mouse polyclonal Ab anti ALDH1 (BD Biosciences, San Jose, CA), 
mouse polyclonal Ab anti c-Rel (Santa Cruz Biotechnology), and mouse 
monoclonal Ab anti Notch-1 (Abcam, Cambridge, UK).

Nude mice and tumor xenografts. MIA-PaCa2 cells (4 × 106 in 150 µl) 
were injected subcutaneously into the right anterior flank of 4–6 weeks 
old BALBc (nu/nu) male mice (day 0). After the tumors had reached a 
mean diameter of about 8–10 mm, mice carrying tumor xenografts 
were randomly divided into groups of six animals each and treatment 
was started. Mice were treated intraperitoneally with SF (3 mg/kg) and/
or GEM (3 mg/ kg) on days 5, 6, and 7 after tumor implantation. Tumor 
growth was monitored by measuring two diameters with calipers daily. 
In the second in vivo experiment MIA-PaCa2 cells were pretreated with 
SF (5 µmol/l) and/or GEM (25 nmol/l) in vitro. Control cells were left 
untreated. After 72 hours of pretreatment an equal number (5.7 × 103 cells) 
of live cells was subcutaneously transplanted with 50% Matrigel into the 
right anterior flank of 5–6 weeks old NMRI-nu (nu/nu) female mice. In 
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both experiments tumor volumes (V) were calculated using the formula 
V = ½ (length × width2). Mice were euthanized at tumor sizes >1,500 mm3. 
Animal experiments have been carried out in the animal facilities of the 
German Cancer Research Center (DKFZ) after approval by the authorities 
(Regierungspräsidium Karlsruhe, Germany).

Statistical analysis. For MTT and FACS-measurements data are presented 
as mean ± SD. Data were analyzed using the Student’s t-test for statistical 
significance. P < 0.05 was considered significant. For xenografts on nude 
mice a distribution free test for tumor growth curve analyses for therapy 
experiments with xenografted cancer cells was used as described by Koziol 
et al.42
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