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Dietary polyphenol quercetin targets pancreatic cancer stem cells
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Abstract. According to the cancer stem cell hypothesis the
aggressive growth and early metastasis of pancreatic cancer
may arise through dysregulation of self-renewal of stem cells
in the tissue. Since recent data suggest targeting of cancer
stem cells by some dietary agents we studied the effect of
quercetin, a major polyphenol and flavonoid commonly
detected in many fruits and vegetables. Using in vitro and
in vivo models of pancreatic cancer stem cells we found
quercetin-mediated reduction of self-renewal as measured by
spheroid and colony formation. Quercetin diminished ALDHI1
activity and reverted apoptosis resistance as detected by sub-
strate assays, FACS and Western blot analysis. Importantly,
combination of quercetin with sulforaphane, an isothio-
cyanate enriched in broccoli, had synergistic effects. Although
quercetin led to enhanced binding of the survival factor
NF-«B, co-incubation with sulforaphane completely eliminated
this pro-proliferative feature. Moreover, quercetin prevented
expression of proteins involved in the epithelial-mesenchymal
transition, which was even stronger in presence of sulfo-
raphane, suggesting the blockade of signaling involved in
early metastasis. In vivo, quercetin inhibited growth of cancer
stem cell-enriched xenografts associated with reduced
proliferation, angiogenesis, cancer stem cell-marker
expression and induction of apoptosis. Co-incubation with
sulforaphane increased these effects and no pronounced
toxicity on normal cells or mice was observed. Our data
suggest that food ingredients complement each other in the
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elimination of cancer stem cell-characteristics. Since carcino-
genesis is a complex process, combination of bioactive
dietary agents with complementary activities may be most
effective.

Introduction

Over the last years increasing evidence points to the possibility
that cancer may be based on a stem cell disease (1). Stem cells
are long lived and capable of acquiring multiple mutations
over time to transform to malignancy, while differentiated
cells turn over rapidly (2). Like their normal counterparts,
putative CSCs show remarkable resistance to radiation and
chemotherapy (3). Clonal expansion of stem cell populations
through dysregulated self-renewal is hypothesized to be an
early step in carcinogenesis (4). Thus, putative cancer stem
cells (CSCs) have been made responsible for tumor initiation,
growth, metastasis and relapse after treatment.

Markers for CSCs have been identified in different tumor
entities including pancreatic cancer and the presence corre-
lates to the extreme aggressiveness of this tumor (5,6). 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. The high resistance of pancreatic cancer to conventional
cytotoxic therapy highlights the important need to develop
more effective non-toxic strategies. If the CSC hypothesis is
valid, then strategies aimed at targeting stem cell self-renewal
pathways represent rational approaches for cancer prevention
and treatment.

NF-«B signaling is activated in pancreatic cancer and
thought to promote tumorigenesis, mainly through its ability
to protect transformed cells from apoptosis (7,8). NF-xB is
required for the induction of epithelial-mesenchymal transition
(EMT), which is associated with early steps of metastasis. Also,
an essential role for NF-xB in late-stage tumorigenesis has
been suggested (9). There is evidence that the isothiocyanate
sulforaphane, present in high concentration in broccoli, is
anti-inflammatory and inhibits NF-«B binding to DNA as
demonstrated in mouse macrophages (10). Accordingly, we
recently showed that sulforaphane inhibits NF-kB activity in
a model of established pancreatic CSCs, thereby sensitizing
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them to apoptosis induction (11). Other dietary agents and
potent NF-kB inhibitors, are the polyphenols such as
curcumin (12), found in spices, or piperine (13), isolated
from black and long peppers. These plant substances have
recently been demonstrated to inhibit self-renewal of breast
CSCs (14). Most importantly, quantitative combination
effects between e.g., curcumin and piperine, and sulfora-
phane and 3,3-diindolylmethane, another broccoli ingredient,
were observed (14,15).

The effects of quercetin, a major polyphenol and flavonoid
present in nearly all plants, in self-renewal and therapy
resistance of pancreatic CSCs have not yet been explored.
Quercetin is commonly detected in apples, cranberries, blue-
berries and onions. Many biological and pharmacological
activities that may be beneficial to human health have been
attributed to quercetin, including antioxidant, anticarcinogenic,
anti-inflammatory, and cardioprotective activities (16). Here we
demonstrate that quercetin potently eliminates pancreatic CSC
characteristics by affecting clonogenicity, spheroid formation,
ALDHI activity along with signaling involved in apoptosis
resistance, proliferation, angiogenesis, NF-kB and EMT. We
demonstrate that sulforaphane is able to increase these effects
in vitro and in vivo without inducing toxic side-effects. These
studies stress the need for elucidating combination of dietary
intervention with conventional cytotoxic therapy for more
successful elimination of highly therapy resistant CSCs.

Materials and methods

Human primary and established cell lines. BxPc-3 and
MIA-PaCa2 pancreatic cancer cell lines were obtained from
the American Type Culture Collection (Manassas, VA,
USA). Human non-malignant primary skin fibroblasts were
kindly provided by Dr H.-J. Stark (DKFZ, Heidelberg,
Germany). Cells were cultured in DMEM (PAA Laboratories,
Pasching, Austria) supplemented with 10% FBS (Sigma-
Aldrich, St. Louis, MO, USA) and 10 mM HEPES (PAA
Laboratories). Mesenchymal stromal/stem cells were isolated
from bone marrow and cultured as described (17).

Reagents. Quercetin 95% pure (Cayman, Ann Arbor, MI,
USA) and Z-VAD-FMK (Promega, Madison, WI, USA) were
prepared in dimethyl sulfoxide (DMSO, AppliChem GmbH,
Darmstadt, Germany). Sulforaphane 95% pure (Sigma-Aldrich,
Deisenhofen, Germany) was prepared in 99% ethanol. Final
concentrations of the solvents in medium were <0.1%.

Nude mice and xenografts. MIA-PaCa2 cells (4x10° in 200 pl
of PBS) were injected subcutaneously into the right anterior
flank of 4-6 weeks old NMRI (nu/nu) male mice (day 0). After
the MIA-PaCa2 tumors had reached a mean diameter of about
8-10 mm, mice were randomly divided into four groups of six
animals each and treatment was initiated. The mice were
treated intraperitoneally with i) sulforaphane at a dose of
4.4 mg/kg, ii) quercetin at a dose of 50 mg/kg, iii) a combi-
nation of sulforaphane and quercetin at aforementioned
dose, or iv) PBS vehicle on day 5, 6, and 7 after tumor cell
implantation. Tumor growth was monitored daily by measuring
two diameters with calipers and tumor volumes v) were
calculated using the formula V = % (length x width?). Mice
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were euthanized at day 10. Animal experiments were carried
out in the animal facilities of the DKFZ after approval by the
authorities (Regierungsprisidium Karlsruhe, Germany).

Measurement of apoptosis. Cells were stained with fluores-
ceinisothiocyanate (FITC)-conjugated annexin V (Invitrogen,
Camarillo, CA, USA) after respective treatment. Externali-
zation of phosphatidylserine was identified by flow cytometry
(FACScan, BD Biosciences, Heidelberg, Germany) (11).

MTT-assay. Cells were resuspended at a density of 5x10%-
1.5x105 cells per ml in 96-well plates, 100 1 per well. After
treatment, the MTT-assay was performed as described (11).

Spheroid assay. Cells were cultured in NeuroCult® NS-A
basal serum-free medium (Stem Cell Technologies Inc.,
Vancouver, BC, Canada) supplemented with 2 pzg/ml Heparin
(Stem Cell Technologies Inc.), 20 ng/ml hEGF (R&D
Systems, Wiesbaden-Nordenstadt, Germany), 10 ng/ml
hFGF-b (PeproTech GmbH, Hamburg, Germany) and
NeuroCult NS-A human proliferation supplements (Stem
Cell Technologies Inc.) as described (11).

Colony formation assays. Tumor cells were seeded at a density
of 1x10° cells per well in 6-well tissue culture plates (BD
Falcon™ , San José, CA, USA) and colony formation was
evaluated as described (11).

Detection of ALDHI activity. Aldefluor substrate (2.5 ul,
Aldagen, Inc., Durham, NC, USA) was added to 1x10° tumor
cells in 500 ul/ml assay buffer and incubated for 60 min at
37°C. Cells were analyzed by flow cytometry according to the
instructions of the manufacturer. Treatment of cells with 5 ul
of the ALDHI inhibitor diethylamino-benzaldehyde (DEAB)
served as negative control.

Detection of caspase activity. A kit providing fluorochrome
inhibitor of caspases (FLICA) was used according to the
manufacturer's protocol (Immunochemistry Technologies,
Bloomington, MN, USA). In short, FLICA solution specific for
caspases 3 and 7, 8 or 9 was added to the cell culture medium
and incubated for 1 h at 37°C in 5% CO,. Cells were then ana-

lyzed by flow cytometry or immunofluorescence microscopy.

Protein isolation and Western blot analysis. Whole cell
extracts were prepared by a standard protocol as described (11)
and proteins were detected by Western blot analysis using
rabbit polyclonal Abs anti-PARP p85 fragment (Promega),
E-cadherin (Cell Signaling Technology, Danvers, MA, USA),
and mouse mAbs Twist2 and vimentin (Abcam, Cambridge,
UK).

Immunohistochemistry and immunofluorescence analysis of
xenograft tissue. Immunohistochemistry on 6 ym frozen
xenograft sections was performed as described previously (11).
Abs used were rat anti-mouse CD31 mAb (PharMingen,
San Diego, CA), rabbit polyclonal Ab towards cleaved frag-
ment of activated human caspase 3 (R&D Systems) or human
Ki-67 (Thermo Scientific, Rockford, IL, USA), and mouse
mAb from SWA-11 hybridoma for detection of CD24.
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Sulforaphane (SF)

Figure 1. Quercetin is toxic for CSC-like cells and sulforaphane increases the effect. (A) Chemical formulas of the polyphenol quercetin and the isothiocyanate
sulforaphane are shown. (B) CSC'*" (BxPc-3) or CSChigh (MIA-PaCa2) cells were left untreated (CO) or were treated with quercetin (200 M), sulforaphane
(10 uM), or both together (Q+SF) as indicated. Representative images of morphological changes 48 h after treatment are shown under magnification x100.

Table I. CSC characteristics of CSChigh MIA-PaCa2 and CSCY BxPc-3 cells.

MIA-PaCa2 BxPc-3 (Refs.)
ATCC no. CRL-1420 CRL-1687 ATCC
Source Primary tumor Biopsy primary tumor ATCC
Degree of tumor differentiation Poor Well ATCC
Therapy resistance High Low (1)
Colony-forming capacity High None (11)
Spheroid-forming capacity 82% None Present study
Secondary spheroid formation High None (11)
ALDH activity Yes No (11)
Growth on nude mice Yes, very fast Yes, very slow (11)
Serial transplantation in vivo Yes, very fast Yes, but not consistent (1)
CD44+/CD24 95.5+3.7 17.5+5.7 11
CD133 Yes, upon hypoxia No Data not shown
Differentiation potential Yes No Present study
E-cadherin expression Lost High Present study

Electrophoretic mobility shift assay (EMSA). Whole cell
extract was harvested and EMSA was performed as recently
described (11).

Statistical evaluations. For MTT and FACS measurements
statistical evaluations are presented as the mean + SD. Data
were analyzed using the Student's t-test. p<0.05 was con-
sidered statistically 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 (18).

Results

Quercetin is cytotoxic to CSCs and sulforaphane increases
the effect. To evaluate the effect of the polyphenol quercetin
alone and in combination with the isothiocyanate sulforaphane
(Fig. 1A) in pancreatic CSCs we used the human established
pancreatic cancer cell lines MIA-PaCa2 and BxPc-3. These
cell lines have been characterized in our recent study as CSChet
and CSC™ ¥ cells (Table I). Morphologically, CSCl¥ cells
consist of one adherent phenotype, whereas CSChish cells
contain spheroidal floating cells and adherent cells suggesting
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82% spheroids

FITC

Figure 2. Quercetin inhibits self-renewal and ALDHI1 activity of CSC-like cells and sulforaphane increases the effect. (A) The percentage of spheroid-forming
CSChieh cells was evaluated by seeding 1 cell per well in NS-A medium. Ten days later, spheroid formation in wells was evaluated showing that 82% of single
cells formed spheroids. Representative image of a single cells at the beginning of the experiment and of a spheroid 10 days after incubation. (B) Spheroids nine days
after treatment of CSCMe" cells with 100, 200 or 400 M quercetin or (C) seven days after treatment with quercetin (200 xM), SF (10 uM), or both together
(Q+SF) at the aforementioned doses were evaluated under magnification x100. (D) CSC"ie" cells were seeded in 6-well tissue culture plates and treated as
indicated. Seventy-two hours later, cells were trypsinized and re-plated in 6-well plates. Ten days later colonies containing >50 cells were counted under a
dissecting Zeiss Stemi DV4 microscope. The number of colonies in the control group was set to 100% and the percentage of survival fraction in the treatment
groups was calculated (“p<0.05 compared with control; “p<0.01 compared with control). (E) Photographs of the fixed and coomassie-stained colonies are presented
on the right. (F) Seventy-two hours after treatment ALDHI1 activity was analyzed by flow cytometry and the percentage of ALDH-positive cells is presented on the
left ("p<0.05 compared with control; “p<0.01 compared with control). (F) Representative blots of the FACS measurements are presented on the right.

differentiation potential (Fig. 1B). Quercetin was used in a
concentration of 200 M according to a recent publication in
which similar concentrations of quercetin induced efficient
apoptosis of pancreatic cancer cells (19). In the present study,
most of CSC'¥ tumor cells were eliminated by 200 uM
quercetin within 48 h, while the majority of spheroidal
growing CSChigh cells survived. Since concentrations higher
than 200 uM of quercetin are unrealistic in the clinical
setting, where peak plasma concentrations of 108.7+41.67 uM
quercetin have been observed (20), and flavonoids naturally
act in concert with other plant ingredients, we evaluated a

putative synergistic effect of sulforaphane. Sulforaphane was
used at a concentration of 10 yM, since we already
demonstrated that this dose effectively sensitizes pancreatic
CSCs to apoptosis without inducing any cytotoxic side-effects
to normal cells (11). While quercetin and sulforaphane alone
strongly induced cell death in CSChe" cells, the combination
increased the appearance of an apoptotic phenotype.

Quercetin targets CSC characteristics and sulforaphane
increases the effect. To examine the impact of quercetin on
self-renewal of CSCs, we performed spheroid- and colony-
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forming assays. We tested CSChe" cells but not CSC"v cells,
since the latter ones do not form spheroids and colonies
(Table I). CSChigh cells were seeded in 96-well plates in NS-A
medium, 1 cell per well. Wells with >1 cell were excluded
from the experiment. Ten days later, cells were evaluated
for spheroid formation. Fourteen of 17 evaluated single
cells (82%) had formed spheroids, demonstrating the self-
renewal potential of this cell line (Fig. 2A). Treatment
with quercetin starting with 100-400 M resulted in a dose-
dependent destruction of spheroids within 9 days, which was
blocked completely with the highest concentration (Fig. 2B).
Similar results were obtained upon treatment with 10 uM
sulforaphane, which strongly diminished but did not totally
eradicate spheroids (Fig. 2C). Double treatment with 200 uM
quercetin and 10 M sulforaphane was much more effective
than each single treatment alone and totally abolished spheroid
formation. Since co-incubation of 200 yM quercetin and
10 uM sulforaphane was effective, we used these concen-
trations for all following experiments. For further evaluation
of the influence of quercetin to self-renewal we performed
colony formation assays. Single treatment with quercetin or
sulforaphane inhibited colonies to 25 and 45%, respectively,
while combined treatment completely abolished them (Fig. 2D
and E). ALDHI activity, another suggested feature of CSCs
(21), decreased upon incubation with the single agents and
combination led to an additive reduction (Fig. 2F and G).
These data indicate that quercetin is suitable for targeting of
pancreatic CSCs, while combination with sulforaphane strongly
enhances the effect.

Quercetin overcomes apoptosis resistance of CSCs and
sulforaphane increases the effect. To investigate whether
quercetin might overcome apoptosis resistance of CSCs, we
used annexin V staining for detection of phosphatidylserine
exposure, which is an early step of programmed cell death.
As expected, quercetin induced strong apoptosis in sensitive
CSClv cells up to 43% after 72 h (Fig. 3A, left panel). In
contrast, quercetin induced <10% apoptosis and sulforaphane
15% apoptosis in resistant CSChie" cells (Fig. 3A, right panel).
However, combination of both substances increased the
apoptosis rate to 42%. Corresponding to inhibition of apoptosis,
we found cell cycle arrest in the G2/M phase in a dose-
dependent manner by treatment of CSChe" cells with quercetin
(data not shown). To investigate the potential mechanisms of
quercetin- and sulforaphane-induced apoptosis, we analyzed
initiator caspases 8 and 9, executor caspases 3 and 7, and the
cleavage of the caspase substrate poly (ADP-ribose) poly-
merase (PARP). In CSC'"¥ cells, single treatment with
quercetin significantly induced activation of caspases (Fig.
3B) and cleavage of PARP (Fig. 3C) within 48 h, but was
less effective in CSChigh cells. However, combination of both
dietary ingredients led to increased caspase activation and
PARP cleavage. Additionally, apoptosis induced by single or
combination treatment was caspase-dependent, since pre-
incubation of cells with the pan-caspase inhibitor Z-VAD-FMK
significantly decreased apoptosis in CSC* and - to a somehow
lesser extent - also in CSChie" cells (Fig. 3D). These data sug-
gest that apoptosis induced by quercetin and sulforaphane is
caspase-dependent and involves cleavage of PARP. However,
Z-VAD-FMK was less effective in CSChie! cells, suggesting
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that apoptosis is not the only mechanism by which quercetin
and sulforaphane mediate sensitization of CSChh cells to
apoptosis. Most importantly, dietary agents alone or combined
did not exhibit pronounced toxicity to normal cells as examined
by MTT analysis of human primary skin fibroblasts and
mesenchymal stromal/stem cells (data not shown).

Quercetin affects signaling involved in proliferation and early
metastasis and sulforaphane completes this effect. Since NF-xB
is a prominent factor in controlling tumor growth and apoptosis
resistance of pancreatic CSCs (11), we evaluated DNA-binding
of NF-kB before and after treatment of CSChigh and CSClv
cells with quercetin, sulforaphane or both together (Fig. 4A).
Quercetin induced strong binding of NF-xB, which was
unexpected, since this may be associated with EMT and cancer
progression. However, while sulforaphane itself did not
enhance NF-«B binding, it mediated a marked reduction of
quercetin-induced NF-xB binding in CSC"¥ cells and totally
abolished it in CSCheh cells. To further characterize the
composition of the quercetin-induced NF-kB complexes we
performed supershift assays with specific antibodies recog-
nizing the various NF-kB subunits. The use of p65/RelA-, pS0
(pS0up)- and cRel-specific antibodies resulted in supershifts
while RelB- and p52-specific shifts could not be detected.
Only in the presence of the p50-specific antibody a complete
shift of the quercetin-induced DNA-binding activity occurred.
These results indicate that most probably p50/p65 and to lesser
extent p5S0/c-Rel heterodimers are responsible for quercetin-
mediated NF-«xB activity, which is totally prevented by co-
incubation with sulforaphane.

Due to a recent report suggesting the generation of breast
CSCs by Twist (22), a protein involved in EMT, we assessed
expression of Twist2 and EMT-related proteins E-cadherin
and vimentin by Western blot analysis. E-cadherin was highly
expressed in CSClv, but not detectable in CSChish cells.
Downregulation of E-cadherin characterizes that cells lose
contact during EMT, which corresponds to the spheroidal
phenotype of CSChish cells (Fig. 4B). Accordingly, the mesen-
chymal markers vimentin and Twist2 were only expressed in
CSChigh cells, which is in line with the suggested upregulation
of these proteins during EMT (23). Quercetin did not alter
E-cadherin expression in either cell line. However, quercetin
diminished vimentin and Twist2 expression in CSChish cells 4
and 24 h after treatment, suggesting inhibition of EMT.
Although sulforaphane alone had no effect, combination with
quercetin further diminished vimentin expression at 4 h and
Twist2 expression 24 h after incubation. Together, these
results indicate quercetin-induced survival signaling is totally
abrogated by combination with sulforaphane. Also, inhibition
of EMT by quercetin is enhanced upon combination with
sulforaphane, suggesting inhibition of early metastasis
signaling.

Quercetin diminishes growth of CSC-xenografts, which is
completed by sulforaphane. To evaluate the in vivo therapeutic
function of quercetin, CSCh¢" cells were xenografted subcu-
taneously to nude mice. A dose of 50 mg/kg quercetin was
chosen related to a recent publication showing quercetin-
mediated inhibition of pancreatic cancer xenografts (19).
Sulforaphane was used at 4.4 mg/kg, since this concentration
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Figure 3. Quercetin overcomes apoptosis resistance of CSC-like cells and sulforaphane increases the effect. (A) Apoptosis was measured by annexin V staining
and flow cytometry 48 or 72 h after treatment with quercetin (200 #M), sulforaphane (10 #M), or both together (Q+SF) at the aforementioned doses.
(B) Forty-eight hours after treatment as described above, activity of caspases 3 and 7, 8, and 9 was measured by FLICA staining and analyzed by flow cytometry
and the percentage of caspase-positive cells is shown. One representative immunofluorescence microscopy picture of quercetin-induced active caspase 3 and 7
in CSC¥ cells is presented. “p<0.05 compared with control. (C) Twenty-four hours after treatment as described above, expression of the p85 fragment of PARP
was analyzed by Western blotting. Expression of B-actin served as loading control. (D) CSC'*" and CSC"ie" cells were pre-incubated with the broad spectrum
caspase inhibitor Z-VAD-FMK for 2 h and then exposed to quercetin, sulforaphane or both together (Q+SF) for 72 h at doses indicted above. Apoptosis
induction was evaluated by annexin V staining and flow cytometry and is presented as percentage of annexin-positive cells. ("p<0.05 compared with cells

without Z-VAD-FMK pre-incubation).

strongly reduced growth of pancreatic CSC-xenografts without
toxic side-effects in our recent data (11). In the present study
daily administration of quercetin for three consecutive days
strongly reduced rapid growth of CSC-xenografts (Fig. 5A).
Sulforaphane had similar effects, but combination completely
abrogated tumor growth. Importantly, neither changes in body
weight nor necrotic area in mouse liver tissues were detected
(Fig. 5B) suggesting that combination treatment with quercetin
and sulforaphane is well tolerated by the mice.

To investigate the potential mechanisms of xenograft
tumor growth retardation, tumor tissue samples were analyzed.
As measured by Ki-67 staining, proliferation was reduced by

single treatment, which was significantly diminished upon
combination (Fig. 5C and D). Similarly, apoptosis was induced
by both treatments as illustrated by staining of the cleaved
fragment of active caspase 3. However, combination did not
further increase the number of active caspase 3-positive cells,
which is in line with our in vitro data (see Fig. 3B). To detect
any influence on angiogenesis, which may be important for
prevention of metastasis, we stained endothelial cells with the
specific marker CD31. We found a slight but significant
decrease in the density of CD31-positive endothelial cells of
blood vessels in xenografts treated with quercetin alone
compared to untreated controls. Combined treatment did not
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Figure 4. Quercetin affects proliferation and pre-metastatic signaling and sulforaphane completes this effect. (A) Whole cell extracts were prepared 24 h post-
treatment as indicated and described above and DNA binding was analyzed by EMSA using a specific **P-labeled oligonucleotide probe for NF-kB (right).
Nuclear proteins derived from cells treated with quercetin (Q) for 24 h were pre-incubated for 30 min with specific antibodies followed by EMSA analysis
(left). In case of p50 two different Abs for the same protein were used: pSOsc and pSOup. Broken circles mark disappearance of shifted complexes or enhanced
shifts due to specific interaction with co-incubated Abs. (B) Four and 24 h after treatment EMT proteins E-cadherin, vimentin, and Twist2 were analyzed by
Western blotting using whole cell extracts. Expression of -actin served as internal loading control.

further decrease the number of CD31-positive vessels. Finally,
we analyzed the presence of an CD44+/CD24- phenotype,
which has been recently characterized as CSC marker in the
MIA-PaCa2 CSChrieh cell line (11). While we found CD44+
single and CD44+/CD24* double-positive cells already in
untreated cells, no change in the percentage of expression
could be detected after treatment (data not shown). However,
we detected an increase in the percentage of CD24* single-
positive cells after combination treatment (Fig. 5C and D).
This finding suggests clearance of CD24- CSCs by treatment
resulting in an enrichment of CD24* non-CSCs. We conclude
from these data that the major mechanism of CSC elimination
and tumor growth retardation after quercetin and sulforaphane
treatment of mice is an anti-proliferative and pro-apoptotic
effect.

Discussion

We show that the phytochemical quercetin downregulates
CSC characteristics using an established model of pancreatic
cell lines enriched in CSC markers. Co-incubation with the
phytochemical sulforaphane increases the observed effects and
re-sensitized the highly resistant cells to apoptosis. Importantly,
no toxicity in cultured primary cells and in mice was observed
suggesting that dietary supplements containing high concen-
trations of quercetin and sulforaphane may be well tolerated
by patients.

The CSC characteristics of the model cell lines CSC"is"
MIA-PaCa2 and CSC* BxPc-3 cells used in the present study

have been described already in part in our recent study (11).
The CSC phenotype is characterized by a CD44+/CD24-
population with high capacity to form colonies and spheroids,
ALDHI activity, high apoptosis resistance and the ability to
form tumors in nude mice. In the present study we identified
that 82% of MIA-PaCaz2 cells have spheroid-forming capacity.
Also, the present study describes for the first time the presence
of two cell populations in MIA-PaCa?2 cells, namely spheroidal
cells and fibroblast-like adherent cells, which may indicate
differentiation potential of CSCs. The spheroidal growing
cell population in MIA-PaCa2 cells may correspond to more
primitive stem cells and loss of E-cadherin expression, as
demonstrated in our Western blot analysis, may have con-
tributed to the minor adherent and highly resistant phenotype.
This suggestion is underscored by findings of Lowy et al (24),
who demonstrated that E-cadherin expression is necessary
for cell adhesion in pancreatic cancer cells. Thus, loss of
E-cadherin may provide pancreatic cancer cells with a growth
advantage that contributes to tumor progression.

In the present study, treatment of CSC'¥ cells with quer-
cetin resulted in a pronounced activation of caspases, PARP
cleavage, and externalization of phosphatidylserine, suggesting
activation of a classical caspase-dependent apoptotic pathway.
CSChieh cells were more resistant to apoptosis induction by
quercetin, but combination with sulforaphane completely
restored sensitivity. Since inhbition of caspase activity did not
completely rescue CSChie" cells from apoptosis, we assume that
both caspase-dependent and caspase-independent mechanisms
are involved in the observed complete elimination of CSCs by



558

A —®—SF

—e—Q+SF

-<- CO
——Q

Cschigh

8
300,

g T

Ki -67

10 days

ZHOU et al: ELIMINATION OF CANCER STEM CELLS BY PHYTOCHEMICALS

-
-
o

B

% bod;;weight
(=]
(=]
\

-
{E:E. fs Fp!

|
i

D

60 Proliferation Apoptosis
050 €25
2 E
.‘."g.40 ‘520
a. ™
=30 215
@ 8
£20 010
® &

10 © 5

0 0
® Ok

Angi is
g0 \ngiogenesi

25, CSC-Markfr

- - (%]
S h i

% CD24-positive

il

Figure 5. Quercetin inhibits growth of CSC-enriched xenografts in vivo and sulforaphane strongly increases this effect. (A) CSCMe" cells (4x10° cells in 200 pl
of PBS) were injected subcutaneously into nude mice. After the tumors had reached a mean diameter of 8-10 mm, quercetin, sulforaphane or both agents
together (Q+SF) were administered at days 5, 6 and 7 after tumor cell implantation. The tumor volume was measured daily. Mice were euthanized on day 10.
Data are presented as mean of 6 animals + SD ("p<0.05 compared with control; “p<0.01 compared with control). (B) Body weight of each individual mouse
was set to 100% before treatment. Mice were weighed daily and relative changes in body weight are shown. A representative H&E staining of liver tissue at
day 13 after tumor cell implantation from mice treated with quercetin and sulforaphane is shown. (C) CSC¢" tumors were collected at day 13 after tumor cell
implantation. Frozen tumor tissue sections were subjected to immunohistochemistry for Ki-67, active caspase-3, CD31 and CD24/DAPI. (D) Proliferation
was analyzed by counting Ki-67-positive cells in 10 vision fields. Proliferation index and the percentage of CD24 single positive cells were calculated as a
percentage of positive tumor cells from total tumor cell mass. Apoptosis was evaluated based on the density of active caspase 3-positive cells and
angiogenesis a as the number of CD31-positive vessels per mm? of tumor tissue.

co-treatment. Such caspase-independent cell death of CSChigh
cells may include inhibition of pathways necessary for pro-
liferation and self-renewal capacity. Indeed, involvement of
such pathways was confirmed in the present study by spheroid-
and colony-forming capacity, which was inhibited by quercetin
alone and much more pronounced upon combination with
sulforaphane.

In addition to disturbed self-renewal and apoptosis resis-
tance in CSCheh cells, constitutive NF-kB activation may
contribute to the resistant CSC phenotype. Involvement of

NF-kB in aggressive growth and metastatic potential has
been observed in many malignant tumors including
pancreatic CSCs (11,25). Thus, inhibition of NF-xB is a
well-known mechanism to sensitize resistant cancer cells to
therapy. Hence, we recently demonstrated that sulforaphane
totally abrogates TRAIL-induced NF-«xB activity and
sensitizes CSChigh cells by this way to apoptosis (11). In line
with our data that double treatment with quercetin and
sulforaphane is most effective, Castillo-Pichardo et al (26)
demonstrated that combined dietary grape polyphenols
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resveratrol, quercetin, or catechin inhibited bone and liver
metastasis of breast cancer cells in mice much more
efficiently in combination than each single agent alone. This
was due to induction of apoptosis and downregulation of NF-
kB activity. In the present study quercetin increased NF-kB
DNA-binding of transactivation active p65/cRel complexes.
This feature of quercetin was unexpected, since it suggests
survival signaling and induction of apoptosis resistance.
However, NF-kB has many functions in the cell and the
resulting signaling depends on the cellular context.
Therefore, it may be speculated that mixed plant substances
complement each other and have functions necessary for
both survival of normal cells and suicide of malignant cells.
Differential interference of quercetin and sulforaphane with
cellular pathways may protect normal cells but eliminate
highly malignant CSCs. This assumption is reinforced by our
experiments in which we observed minimal toxicity in primary
human fibroblasts and mesenchymal stromal/stem cells upon
incubation with quercetin and sulforaphane (11). Our data are
consistent with the findings of Orzechowski et al (27) who
demonstrated quercetin-induced enhanced binding of p65/cRel
containing NF-«B dimers in nuclear extracts of murine
lymphocytic leukemia cells. Conversely, other authors show
inhibition of NF-«B binding activity in response to quercetin
(19,28). These differences in the quercetin-induced effect to
NF-xB may be best explained by the use of different cancer
models.

Another factor associated with metastatic features is angio-
genesis. Our xenograft studies reflect a significant inhibition of
blood vessel density induced by quercetin, in line with recent
data showing inhibition of in vitro tube formation by quercetin
above 100 M (29). Anti-angiogenic effects of sulforaphane
have also been reported using a model of primary human
endothelial cells (30). However, in our xenograft model sulfo-
raphane did not significantly alter vessel formation, probably
due to very weak effects in vivo. Recently, strong angiogenic
effects of the quercetin-related isoflavonoid genistein, present
in high concentration in soybeans, have been demonstrated
(31). Genistein downregulated angiogenesis in pancreatic
tumor xenografts by inhibition of hypoxia-inducible factor-1
and its target gene VEGF (31). This mechanism may be
responsible for the observed genistein-mediated prevention
of metastasis in mice orthotopically transplanted with the
CSChrigh MIA-PaCa?2 cells (32).

Involvement of EMT in prevention of metastasis by
genistein is likely, but was not examined in the studies by
Biichler er al cited above. However, our data obtained with
quercetin point to this direction. The expression pattern of
proteins involved in EMT in our experiments is in line with a
recent study showing that sensitive pancreatic cancer cells
express E-cadherin but not vimentin, while the resistant cell
lines miss expression of E-cadherin (33). This finding is
interesting, since there is a notion that CSCs may actually not
be distinct entities, but rather tumor cells that transiently
acquire stem cell-like properties as a consequence of EMT
processes (34). The correlation between CSCs and EMT
suggests that the stem cells of certain epithelial organs show
many of the attributes of the mesenchymal cell state (35).
Creighton et al have shown that the residual breast tumor cell
populations surviving after conventional treatment may be
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enriched for subpopulations of cells with both tumor-initiating
and mesenchymal features (36). Vesuna et al demonstrated
that the overexpression of Twist in breast cells can promote
the generation of a breast cancer stem cell phenotype
characterized by the high expression of CD44, little or no
expression of CD24, and increased ALDHI1 activity (22). In
addition, Twist-overexpressing cells exhibit high efflux of
Hoechst 33342 and Rhodamine 123 as a result of increased
expression of ABCC1 (MRP1) transporters, which is another
suggested property of CSCs (37). The selection of CSCs by
Twist overexpression is suggested to be due to a Twist-
mediated transcriptional up-regulation of the CSC marker
CD24 (22). In the present study, quercetin alone and even
stronger in combination with sulforaphane downregulated
expression of Twist2, suggesting inhibition of EMT.

Our findings show that neither quercetin nor sulforaphane
exhibit pronounced toxicity to human primary mesenchymal
stromal/stem cells or skin fibroblasts using concentrations
toxic to pancreatic CSCs. Furthermore, no adverse side-effects
were observed by treatment of mice transplanted with human
pancreatic CSC xenografts. We found no loss of body weight,
or necrotic liver areas. Also, the mice looked healthy during
the treatment. These findings suggest that quercetin in
combination with sulforaphane is likely to be safe as a
therapeutic modality. Our results are in line with studies of
the half lethal dose (LDs;) of quercetin in mice, which is with
159 mg/kg thrice as high than the concentration of 50 mg/kg
used in our studies (38). The tolerance of quercetin is further
supported by the results of a phase I study showing that
quercetin is well tolerated by patients with advanced liver
and ovarian cancers (39). In this study, i.v. infusion of 1400
mg/m? (35 mg/kg) quercetin was recommended. In 9 of 11
patients, lymphocyte protein tyrosine phosphorylation was
inhibited following administration of quercetin at 1 h, which
persisted to 16 h. In one patient with ovarian cancer refractory
to cisplatin, following two courses of quercetin (420 mg/m?),
the CA 125 had fallen from 295 to 55 U/ml, and in another
patient with hepatoma, the serum a-fetoprotein decreased.
These data are underlined by the results of a multiethnic
cohort study, which demonstrates that a diet containing
flavonoids reduces the risk of pancreatic cancer (40). In spite
of this promising clinical data, the therapeutic active doses of
quercetin are hard to achieve by nutrition only. Estimated
doses of quercetin that will be reached after the consumption
of 11 red wine, 1 kg apples, 1 kg yellow onions or 1 kg
broccoli are 19, 140, 347 or 30 mg, respectively (41-43).
Better sources for therapeutic active concentrations of
quercetin are commercially available dietary supplements
with a typical concentration of 500 mg bioavailable quercetin
per tablet.

Epidemiological evidence from a Canadian prospective
study of fruit and vegetable intake suggests that high intake
of broccoli and cauliflower is associated with a reduced risk
of aggressive prostate cancer (44). These data indicate that
sulforaphane, the major bioactive ingredient of these vegeta-
bles, may be involved in preventing metastasis by targeting
of prostate CSCs. However, as stated above for quercetin,
therapeutic levels of sulforaphane are hard to achieve by
nutrition alone. For example, one serving of 100 g standard
broccoli contains about 11 mg of the sulforaphane precursor



560

glucoraphanin (45,46). A much higher sulforaphane concen-
tration can be obtained by intake of broccoli sprouts, which
contain 20-100 times more glucoraphanin than full-grown
broccoli (47). The intake of dietary supplements produced
from broccoli sprout extracts are available at concentrations
of 30 mg glucoraphanin per tablet. Nevertheless, as suggested
by the data of the present study and by findings of others
(14,15,26) dietary agents act best in concert. Thus, upon intake
of isolated dietary supplements the beneficial effects may be
much weaker and more unspecific than with a natural occuring
mixure of bioactive plant ingredients.

In conclusion, we demonstrate for the first time that
quercetin targets pancreatic CSC features, which can be
enforced by co-incubation with sulforaphane. Underlying
molecular mechanisms affect self-renewal potential, ALDH1
activity, apoptosis induction, inhibition of angiogenesis,
NF-«kB and EMT processes in vitro and in mice. Since we did
not observe any toxic side-effects, combination of quercetin
and sulforaphane may be save for cancer prevention and
treatment in the clinical setting.
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