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Abstract

The prognosis of cancer disease is worsened upon shedding of tullsdir@ea the primary
tumor, which escape to the blood stream and form metastasesattdiges within the body.
Inhibition of cell shedding from the primary tumor could therefore bpleited to avoid
metastasis and delay the progession of the cancer disease piresiaat study we investigated
the effects of the polyphenols resveratrol, baicalein, epicateatpigallocatechin and
polyphenon 60 on cell shedding from multicellular tumor spheroids of the murine
mammacarcinoma cell line 4T1, cell invasion into embryonic stefhdegived tissues,
generation of reactive oxygen species (ROS) and expressiomatfx metalloproteinase 9
(MMP-9). With increasing tumor spheroid growth MMP-9 expression wagguydated and
cells detached from tumor spheroids and formed subspheroids that édptagnounced
ROS generation. Upon incubation with polyphenols tumor growth was adrestd cell
shedding was totally abolished. Polyphenol treatment decreased R@&agon and
downregulated MMP-9 expression. Furthermore, polyphenols significantligitaiinvasion
of tumor cells into embryonic stem cell-derived, vascularizedues. Our data suggest that
polyphenons inhibit cell shedding and invasion by their antioxidative capaaitd

downregulation of MMP-9 expression.



Introduction

Tumor metastasis is a multistep process by which a subsendividual cancer cells
disseminate from a primary tumor to distant secondary organs saress The process of
metastasis follows a distinct sequence of events which are etoknown in detail. For a
tumor cell to evade from the primary tumor and form a metaséhsedistinct site within the
body, numerous interactions with the extracellular matrix (EChowth factors and
cytokines associated with the ECM, basement membranes, endotbtalidining of the
vasculature, blood cells in the circulation, and the microenvironmethieasecondary site are
required [1]. A primordial role in tumor metastasis has beenbatied to MMPs which
display altered expression in different human cancers. Geneeliyated expression of
MMPs in primary tumors and/or metastases is associated veititer progression, poor
prognosis and shorter survival times. Especially, high serumdeseMMP-9 are found in
melanoma patients displaying secondary metastasis. Plasmantration and activity of
MMP-2 and -9 have been recently shown to be elevated in patietlidwaast disease, breast
cancer and at risk of developing breast cancer [2]. In an exeatath model for spontaneous
metastasis of rat mammary carcinoma, serum and plasma lef/&#IMP-9 were associated
with the development of metastases in the lung and lymph nodes [3]. Gatyéreatment of
cancer patients as well as laboratory animals with MMP itbibihave been demonstrated to
reduce cancer metastasis in numerous studies.

The mechanisms by which cancer cells escape from the pritnargr are currently
not well known due to limited technical possibilities to visualize argerimentally modulate
this process. MMPs are presumably critically involved in degiadadf intra-tumorous
basement membranes, thereby loosening cell-cell contacts wadtltates migration and
intravasation of tumor cells into the blood or lymphatic vasculatdiee entrance of a
primary tumor into the metastatic state may be regulatedRI®S which are robustly

generated in rapidly growing tumor cells [4] and are involved indumell cycle regulation



[5, 6]. ROS are likewise involved in the regulation of MMP expreasiThis is especially
important in malignant breast cancer, where estrogen metabddisaitered, favoring the
accumulation of hydroxyestradiols, which can generate free radithise reactive species
can activate matrix metalloproteinases (MMPs), which in tumm legdrolyze the proteins of
the extracellular matrix (ECM) that act as a barrietumor cell passage [7]. Consequently,
downregulation of several MMPs was observed upon overexpression of gamma
glutamylcysteine synthetase (gamma-GCSh) cDNA which encadate-limiting enzyme in
the biosynthesis of glutathione (GSH), a major physiological redegulator [8], and
antioxidant treatment of mammary tumor-bearing mice suppressetrt growth and
inhibited MMP activity [9].

The present study was undertaken to evaluate the potency of flavobaidalein,
epicatechin, epigallocatechin, polyphenon 60 and resveratrol to inhibiskedding from
multicellular mammary tumor spheroids and and tumor cell invasioa gunfrontation
cultures of tumor spheroids and vascularized tissues derived frooelsS Flavonoids are a
family of polyphenolic compounds found ubiquitously in fruits and vegetaldesell as in
food products and beverages derived from plants [10]. Resveratrol, a nptlyphenolic
phytoalexin found in seeds, grapes (Vitis vinifera) and in some mealig@lants is a potent
dietary antioxidant which plays an important role in protecting aggiathological events of
oxidative diseases, such as cardiovascular diseases and cancer [11-13].

Confrontation cultures of tumor spheroids with ES cells are iglesalited for studies
of tumor-induced angiogenesis and tumor cell intravasation and have besoughg utilized
by us to investigate the anti-angiogenic effects of plant idgms used in traditional chinese
medicine [14]. It is shown that growing 4T1 tumor spheroids upregWN&#>-9 expression
and shed highly ROS-generating tumor cells from their surface.rSghgrowth, tumor cell
intravasation and migration is abolished in the presence of polyphendarpably due to

their capacity to act as anti-oxidants.



Materials and Methods

Materials

Baicalein, resveratrol, epicatechin, epigallocatechin and polyphenone@ provided by
Sigma (Taufkirchen, Germany) and used in concentrations of 1, 10 ahp IONS-398 was
observed from Calbiochem (Bad Soden, Germany). Stock solutions wrepared from
DMSO solutions of the substances. The final concentration of DMSEelihculture media
did not exceed 0.1 %. The MMP-2 [/ MMP-9 inhibitor V ((4-(4-
(Methanesulfonamido)phenoxy)phenylsulfonyl)methylthiirane (SB-3@@&3$ obtained from

Calbiochem and used in a final concentration of 1 uM.

Evaluation of tumor spheroid growth
Diameters were determined from tumor spheroids which remainedatedr®r were treated
with polyphenols as described above. The growth of tumor spheroids wasatalevery

24 h with a standard microscope. Approximately 200 spheroids were used in each erperime

ES cell culture

The ES cell line CGR8 was cultured in feeder-free cellu@ton gelatine-coated cell culture
dishes in Iscove’s medium (Biochrom, Berlin, Germany). Medium waagplemented with
20% heat-inactivated FCS (Sigma, Taufkirchen, Germany), 2 rutaignine (Biochrom), 100
UM 3-mercaptoethanol (Sigma), 1% nonessential amino acids stoclosalBtochrom), LIF
10% units/ml (Chemicon, Hampshire, UK)L00 U/ml penicillin and 100 pg/ml streptomycin
(both Biochrom) in a humidified environment containing 5% £& 37° C and passaged
every 2 to 3 days. At day O of differentiation, adherent cells vasreymatically dissociated
using 0.2% trypsin and 0.05% EDTA in PBS (Gibco) and seeded at a defidifi0’ cells/ml

in siliconized spinner flasks (Integra Biosciences, Fernwaktn@ény) containing 100 ml of



Iscove’s medium supplemented with the same additives as described wafitboeit LIF
supplement. After 24 h, 150 ml of medium was added to give a final voloh250 ml. The
spinner flask medium was stirred at 20-22.5 rpm using a stirrgiesy (Integra Biosciences),

and 150 ml of cell culture medium was exchanged every day.

Spinner-Culture Technique for Cultivation of multicellular tu mor spheroids

The mouse mammary tumor cell line 4T1 was used throughout thg.sting cell line was
grown routinely in 5% C@humidified air at 37° C with Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% FCS (Gibco), 2 mM glutamine
(Biochrom), 100 uM 3-mercaptoethanol (Sigma), 2 mM nonessential anuits stock
solution (Biochrom), 100 Units/ml penicillin and 100 pg/ml streptomy@dnoth Biochrom).
Spheroids were grown from single cells. Cell monolayers were dissd@ateymatically with
0.2% trypsin/0.05% EDTA (Gibco) and seeded in 250 ml spinner flasks agiluedc
previously [15]. For the experiments, tumor spheroids with mean diametapproximately

350-450 pm were used.

Generation of confrontation cultures

For the generation of confrontation cultures, multicellular tumor spherads embryoid
bodies were removed from spinner flasks. One embryoid body (5 to 6 aldysand one
tumor spheroid (4-5 days old) were inoculated to a 40 pl drop of mix#tdre medium (50%
spheroid medium, 50 % embryoid body medium) placed onto the lid of a 1Betm culture
dish. After adding 20 to 30 drops to the lid of the Petri dish, the lekvurned around and
placed on the Petri dish, which was filled with 10 ml of steRBS. Within 48 h, embryoid
bodies and tumor spheroids closely attached within the hanging drops ared then

subsequently used for incubation experiments with the polyphenolic agents.



Confocal Laser Scanning Microscopy

Fluorescence recordings were performed by means of a corléssal scanning setup (LSM
510, Carl Zeiss, Jena, Germany) connected to an inverted microgéopavert 200M,
Zeiss). The confocal setup was equipped with a 5mW helium/neon, lagdr single
excitation of 633 nm (excitation of Cy5), a 0.5 mW helium/neon lag@h single excitation
of 543 nm (excitation of Cy3), and an argon laser, with singletakion of 488 nm. Emission
was recorded using the longpass filter sets LP570, RG665, and LPSpectvely. A 5x or

10x numerical aperture objective was used.

Long-Term Labelling of Multicellular Tumor Spheroids

To discriminate tumor spheroids grown in confrontation culture frorbrgid bodies, tumor
spheroids were labelled with the long-term cell tracker dyehBromethylfluorescein
diacetate (CMFDA) (Molecular Probes, Eugene, OR). In briefimor spheroids were
incubated for 1 h in DMEM that contained 10 uM CMFDA (stock solutidhmM, dissolved

in DMSO). Spheroids were then washed and incubated for further 24 hoheziariological

Petri dishes. Subsequently, the labelled tumor spheroids were useetirture experiments.
Stable CMF fluorescence was observed for more than 5 days of tspheroid culture [16].
Fluorescence excitation was performed by the 488 nm line of an aogotaser of the

confocal setup. Emission was recorded using a long pass LP515-nm filter set.

Determination of intracellular ROS levels

Intracellular ROS levels were measured using the fluorescemtye 2,7-
dichlorodihydrofluorescein diacetate {BICFDA) (Molecular Probes, Eugene, OR USA),
which is a nonpolar compound that is converted into a non-fluorescent polaaitiler
(H.DCF) by cellular esterases after incorporation into cel:DCF is membrane

impermeable and rapidly oxidized to the highly fluorescent’2dichlorofluorescein (DCF)



in the presence of intracellular ROS. For the experiments, nelllilar tumor spheroids were
incubated for 48 h with the tested polyphendBibsequently they were immersed in E1
medium containing NaCl (135 mM), KCI (5.4 mM), CaGlL.8 mM), MgCL (1 mM), glucose
(20 mM), HEPES (10 mM), (pH 7.4 at 23°C), and 20 uMDXCFDA dissolved in DMSO was
added. The intracellular DCF fluorescence (corrected for backgl fluorescence) was

evaluated in 5 min intervals over 30 minutes.

Dead cell staining of multicellular tumor spheroids

To assess the cytotoxicity of polyphenols, dead cell stainingpeaf®rmed by the use of the
dead cell stain Sytox®green (Molecular Probes, Eugene, OR). Ir, bamor spheroids
treated with polyphenols were incubated for 30 min in 10 ml cell culineglium containing
0.5 uM Sytox®green, which is cell membrane impermeable and integsstains the cell
nuclei of dead cells with compromised cell membranes after datation into DNA.
Sytox®green fluorescence was excited by an argon-ion laséreatdnfocal setup. Emission

was recorded using a 515-nm long pass filter set.

Calculation of surface roughness

Cells shedding from the surface of multicellular tumor spheroideesg®es surface roughness
to higher values. The surface roughness parameter was deteryiaedsion of the diameter
of the tumor spheroid through the circumference of the tumor spheroid. #&gbgr even
surface would result in a surface parameter =1. Rough surfa@sgafrom cell shedding

accordingly result in higher values.

Immunohistochemistry for flow cytometry
Immunohistochemistry was performed with disaggregated tumor spheroygsig/EDTA

treatment for 20 min at 37°C). The Intrastain® Kit (Dako Cytomati@ako, Hamburg,



Germany) was used according to the protocols supplied by the mam&acfs primary
antibodies the polyclonal anti-mouse Ki-67 (Abcam, Cambrigde, UKlutidn 1:50) was
used. Incubation with primary antibody was performed for 30 min atréemperature. As
secondary antibody an Cy3-conjugated goat anti-rabbit IgG (Dianovabbliay, Germany)
was used. An incubation at room temperature for 30 minutes in the dddwed. FACS
analysis was performed by the use of a FC 500 Flow Cytom&teckman Coulter, Krefeld,

Germany).

Isolation of RNA

All isolation steps were performed at room temperature. A 100elllpellet of multicellular
tumor spheroids was transferred to 2ml tubes and centrifuged@f@® min. After removal
of the supernatant 1000 pl Trizol (Invitrogen) was added and thetpghs homogenized.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCRjuamtitative real time PCR
gene expression profiles of MMP-2 and MMP-9 were monitored byAFR and quantified
with the means of real-time PCR. Isolated total RNA was reedranscribed using random
hexamere-primers by use of MMLV RT (Invitrogen, Germany). dNaliquots
corresponding to 50 ng total RNA were semi-quantitatively aredy using sense and
antisense primers of the respective genes and analyzed with dh¢éime PCR (Applied
Biosystems 7500) with the SYBR®-Green Method (Qiagen). The used seguer sense
and antisense primers are listed below. Real time PCR was pextbin the presence of sense
and antisense primers for the housekeeping gepelymerase. The relative gene expression
of the examined genes was normalized to the expression of the lemse§ gene via the

AACt-method.

MMMPO9: sense: 5-CGT CGT GAT CCC CACTTACT-3
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antisense: 5"-AAC ACA CAG GGT TTG CCT TC-3'

Statistical analysis
Student’s t test for unpaired data was applied as appropriate. ue \@lP < 0.05 was

considered significant.

Results

Tumor cell shedding and formation of subspheroids from multicellular 4T1 naaynbmeast
cancer cells

The present study was undertaken to investigate mechanisms a$tags$ in multicellular
tumor spheroids grown from 4T1 mouse mammary cancer cells. 4T4 resémble in their
growth characteristics and invasiveness to that of stage éddbrcancer cells in humans. Cell
shedding from tumor spheroids has been previously attributed to metgsbéential [17].
Primary tumors from 4T1 metastasize as early as 2 wedks moculation to lungs, liver,
bone and brain [18]. To correlate the occurrence of the metasitdie of 4T1 tumor
spheroids with spheroid size, tumor spheroid diameters were monitoredeaii/eulture time.
During the first 7 days in cell culture tumor spheroids displayedeaponential growth
characteristics which subsequently passed over into a growtbaplaWVith the onset of the
plateau phase of tumor spheroid growth the roughness of the tumor spheroie sncfaased
and single cells shedded into the cell culture medium and formed subsggdhésee Fig. 1).
Gaussian distribution of 4T1 spheroid diameters at different timeebfculture indicated an
appearance of small sub-spheroids from day 8 on which resulted in a two-peakedamstu

mother spheroids and subspheroids during prolonged cell culture (Fig. 2).
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Generation of reactive oxygen species in 4T1 tumor spheroids

The metastatic switch of tumors may be related to the redate sif specific tumor cell
subsets. We therefore investigated intracellular ROS levelgfarent times of cell culture in
mother spheroids, detaching cells at the periphery of the mothesraipls and in free
subspheroids after detachment from the mother spheroid (Fig. 3A, n =t.wasl observed
that intracellular ROS levels did not change in mother spheroids dtir&nime course of cell
culture. Conversely, significantly elevated ROS levels wereepnfegl in detaching cells and
subspheroids, suggesting that cell shedding is related to increaseg@&@&tion in cells at
the periphery of large 4T1 multicellular tumor spheroids. To investighe source of ROS
generated in 4T1 tumor spheroids (day 8-9 of cell culture), tsués were preincubated for
.. min with the NADPH oxidase inhibitors DPI (25 uM) and apocyni® (1M) as well as
with the cyclooxygenase-2 (COX-2) inhibitor NS-398 (25 uM) (Fig.3B, #)=Preincubation
with NADPH oxidase inhibitors resulted in a significant deceeas DCF fluorescence,
whereas no effect was observed with the NS-398, which indicateRM&tgeneration in 4T1

multicellular tumor spheroids is mainly mediated via NADPH oxidase agtivit

Expression of MMPs during the growth of 4T1 multicellular tumor spheroids

MMPs have been attributed to play a major role in tumor metastasis [19]. Amondfbedi
MMPs, MMP-2 and MMP-9 are of primordial significance for the ensf the metastatic
cascade and tumor-induced angiogenesis. To investigate the inveolverh&MP-2 and
MMP-9 in cell shedding of 4T1 multicellular tumor spheroids, gene esgiom studies were
performed (Fig. 4, n = ...). A continuous increase MMP-9 expression occurred with
increasing culture time of 4T1 multicellular tumor spheroidse(Be&y. 4), whereas no change
in MMP-2 expression was observed (data not shown), which indicates that BiMBy be

responsible for the process of cell shedding from multicellular tumor spheroids.
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Effect of polyphenol treatment on cell proliferation in 4T1 multicellular tumor spheroids
Polyphenols have been demonstrated to interfere with the progressicemoér either by
exerting direct anti-proliferative effects on tumor cells amdby interfering with the
metastatic cascade [20]. In the present study the anti-prdliferaffects of baicalein (1, 10,
100 puM), resveratrol (1, 10, 100 uM), polyphenon 60 (10 uM), epicatechin (10 ard)
epigallocatechin (10 uM) was investigated. All applied polyphenols itddiumor spheroid
growth, when applied during 5 days of tumor spheroid culture (day 5-1@ayFig. 5A; n =
3). None of the substances exerted direct toxic effects asi@eal by Sytox green dead cell
staining (data not shown). However, when the expression of the gnatiibn marker Ki-67
was assessed by FACS analysis, it was apparent thainteaiof 4T1 multicellular tumor
spheroids significantly decreased the number of Ki-67 positives éalm 45 +1.34% in the
untreated control to 11 9.05 % when tumor spheroids were treated with 100 uM baicalein

and 8.2 +1.33 % when spheroids were treated with 100 uM resveratrol (Biga 5 3).

Effect of polyphenol treatment on cell shedding from 4T1 multicellular tumor spheroids
Escape from the primary tumor is a prerequisite for the prooéssetastasis. Hence, the
inhibition of cell shedding from the tumor could be clinically expéait to inhibit the
incidence of metastatic cancer. In the present study thecteffef polyphenols on cell
shedding from 4T1 multicellular tumor spheroids was investigatedesatio of the diameter
and the circumference of the tumor spheroid. An ideally even tumor gjgh&nould receive a
roughness index of 1.0. It was apparent that all applied polyphenoldisagily decreased
the roughness index from 1.28 3:13 in the control sample to 1.09 3:05 in the sample
treated with 100 uM baicalein, 1.116:09 in the sample treated with 100 uM epicatechin,
1.12 +0.01 in the sample treated with 100 uM resveratrol, and 1.@B06 in the sample

treated with 100 pM polyphenon 60 (n = 3). Comparable results were achigiik the
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MMP-9 inhibitor SB-3CT which decreased cell roughness to 1.1B06 when applied in a
concentration of 10 uM.

Besides decreasing cell shedding from tumor spheroids and indréasdency of
tumor spheroids to agglomerate was observed (see Fig. 6, n = 3), whiclesssigpat
polyphenols increase cell adhesiveness, thereby inhibiting aapesrom the primary tumor

spheroid.

Effects of polyphenols on ROS generation in 4T1 multicellular tumor spheroids.

According to the working hypothesis of the present study, cell shgdalml escape from the
primary tumor spheroid is mediated by increased MMP-9 expressibith could be
regulated by ROS generated within peripheral cell layers aedding cells. Consequently, it
should be hypothesized that treatment with polyphenols inhibited ROSajemedue to their
properties to act as antioxidants. To verify this assumption tuiploereids were loaded with

the redox-sensitive dye JBCFDA and ROS generation was assessed either in the absence or
presence of either 10 uM epicatechin, 10 uM baicalein, 10 uM resokrar 10 uM
polyphenon 60 (Fig. 7, n =3). It was apparent that all applied subssas@gnificantly

inhibited ROS generation, suggesting that they are acting as antioxidants.

Effects of polyphenols on the expression of MMP-9

MMP-9 expression has been previously shown to be regulated by ROS [21]. flemsky, it
should be expected that down regulation MMP-9 expression can be achieved by pre-
treatment with polyphenols. To investigate this issue 4T1 tumor splereere treated for 5
days with either 10 uM epicatechin, 10 uM baicalein, 10 uM resk@raor 10 uM
polyphenon 60 and mRNA expressionMMP-9 was monitored (Fig. 8, n = 3). As expected

pretreatment with polyphenols resulted in significant down regulatibiMMP-9 mRNA
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expression, which explains the inhibitory effect of polyphenols onste#idding from tumor

spheroids.

Inhibition of cell invasion in confrontation cultures by polyphenols

To exert metastatic potential, tumor cells have to own migratiod invasion properties.
Inhibition of cell migration should therefore abolish metastasis &iiom. To investigate cell
migration and invasion we made use of confrontation cultures of tiskergged from ES cells
(embryoid bodies) and 4T1 tumor cells, labelled with the long term tcattker CMFDA.
Following 4 days of confrontation culture cells migrated from theduspheroid towards the
embryoid body and invaded into the depth of the tissue. In contrast ceMatiuin and
invasion was significantly inhibited in the presence of polyphenolselsas in the presence
of the MMP-9 inhibitor SB-3CT (not shown), which strongly suggests that effects of
polyphenols on cell migration and invasion into embryoid bodies is due to irdnkaf MMP

expression (Fig. 9, n = 3).

Discussion

Metastasis is the primary cause of mortality associatgld eancer. Molecular mechanisms
leading to metastatic spread are poorly studied. To get arhettierstanding of this process,
we examined cell shedding and invasiveness of 4T1 breast canceruseily multicellular
tumor spheroids and confrontation cultures consisting of multicellularot spheroids and
ES cell-derived embryoid bodies. The cell line 4T1 is known to be hightyastatic and
invasive [22], and is therefore ideally suited to investigatente¢astatic cascade. The in vitro
model of multicellular tumor spheroid allows to study very eaents within the metastatic
cascade, e.g. the onset of cell shedding from a three dimensionat tissue. It furthermore

allows to investigate physiological properties and gene esmegatterns of the shed cells



15

and sub-spheroids in comparison to the mother-spheroid, free of siddsediied impurities
arising from interactions with other cells and tissues.

Our working hypothesis was, to analyze the mechanisms of cedichetent from
multicellular tumor spheroids as a measure of metastasidhanéffects of polyphenols on
this process. It was observed that cell shedding from 4T1 tumor aiolsewas closely
associated with increased ROS generation in shedding cells awingr subspheroids,
suggesting that redox changes are required for the process ofiregptal metastasis,
possibly by upregulation of enzymes, e.g. MMPs, involved in the degaadaif the
extracellular matrix. In line with this notion upregulation ofMMP-9 expression occurred in
4T1 tumor spheroids during prolonged cell culture and size, whereas nmmeha the
expression of MMP-2 was observed. MMP-9 expression has been previousiy shdbe
regulated by ROS [23]. It was therefore hypothesized that ste#ldding was mediated by
MMP-9 activity, thereby degrading the extracellular maand allowing cells to escape from
the tumor spheroid. Since MMP-9 expression is regulated by RG8piild be assumed that
cell shedding is inhibited upon preincubation with free radicals, i.e.adyninistration
polyphenols, which have previously reported to act as potent anti-oxif2ditsin addition
or associated with their anti-oxidant properties, green tea polyphémwis been shown to
exert cancer chemopreventive and therapeutic potential againstis@ancer sites in animal
tumor bioassay systems and in some human epidemiologic studies [25TI2#&mechanisms
of cancer prevention by polyphenols remain, however, controversiaioeee study have
demonstrated that resveratrol inhibits cell cycle progressidaiiffarent stages [27, 28], which
has been likewise reported upon treatment of cancer cells vatlorfloids [29, 30]. In the
present study it was shown that polyphenols significantly down regailite expression of
the proliferation marker Ki-67, thereby inhibiting tumor growth. However overall toxicity
was observed as evaluated by dead cell staining. This sugtiegtsells are entering a

guiescent state and suggests that inhibition of tumor growth with polyphenagbatients
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would require a lifelong treatment with the compounds. Although gieserally accepted that
polyphenols exert anti-cancer effects at least partiallynibybiting tumor cell invasiveness,
the molecular mechanisms underlying these effects remain tdab®rated. The data of the
present study demonstrate that incubation with polyphenols down regtietexpression of
MMP-9 and consequently inhibited cell shedding from the surface of tuspbieroids.
Incubation with polyphenols as well as with the synthetic MMP-9 irntbibEB-3CT resulted
in smoothing of the tumor spheroid surface and increased the tendencglif@ggregation
which likely hinders cell escape from the multicellular tiss Since SB-3CT exerted
comparable effects, we concluded that cell shedding was indeed et aMMP-9 activity.
Besides the escape from the primary tumor, metastasiscengzanied by increased tissue
invasiveness and infiltration of tumor cells. To investigate thssue we used the
confrontation culture model consisting of multicellular tumor spheraiud embryoid bodies
previously applied by us to study tumor-induced angiogenesis [31, 32hdtalearly shown
that in control confrontation culture tumor cells rapidly invaded th&weyoid body tissue
which was significantly inhibited in the presence of polyphenols.

In summary the data of the present study demonstrate that polyghenolrring
naturally in green tea, vegetables and fruits significantly irthelscape of tumor cells from
multicellular tumor spheroids, presumably by down regulation of R&%gation and MMP-
9 expression. Furthermore, polyphenol treatment results in celk @rcest of treated cancer
cells and inhibits cell migration and invasion into non-tumorous tisdeesed from ES cells.
The latter may hinder the tumor cells to intravasate, entep#tient’s blood stream and form

metastases at distant places within the body.
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Legends to Figures

Fig. 1. Growth kinetics of multicellular 4T1 breast cancer spheroids and development of
subspheroids. Note, that from day 8 on subspheroids develop, which arise from single cells
detaching from the periphery of the mother spheroi@s<*0.05, significantly different from

tumor spheroids on day 1 of cell culture.

Fig. 2. Gaussian size distribution of multicellular 4T1 breast cancer repde during
prolonged cell culture. The images show representative tumor sphemoiday 4, day 6 and
day 9 of cell culture. In 9-day-old tumor spheroids single cells ar$gheroids are detaching
which results in a two-peaked Gaussian size distribution during pretbiigmor spheroid

culture (day 10, 12).

Fig. 3. Generation of ROS in mother 4T1 breast cancer spheroids asawefi spheroids
detaching from the surface of mother spheroids and freely floatitgpheroids (A). Source
of ROS generated in 4T1 tumor spheroids (B). The tumor spheroids weated with the
NADPH oxidase inhibitors DPI (25 uM) and apocynin (10 uM) as veallwith the COX-2
inhibitor NS-398. Note, that in the presence of NADPH oxidase inhibiR@S generation
was significantly inhibited. P < 0.05, significantly different from ROS generation in mother

spheroids.

Fig. 4. Expression oMMP-9 during the growth of 4T1 multicellular tumor spheroids. mRNA
expression oMMP-9 was assessed by real time RT-PCR analysis using mPa@s2lBouse-
keeping gene. Note, th&IMP-9 mRNA expression increased with the size and cell culture
time of 4T1 tumor spheroids. P < 0.05, significantly different fromMMP-9 mRNA

expression on day 1 of cell culture.



23

Fig. 5. Effects of polyphenols on tumor spheroid size (A) and expression gbrblderation
marker Ki-67 (B). 4T1 multicellular tumor spheroids were treated from day 5yd 8aof cell
culture with different concentrations as indicated of baicaleisyegatrol, polyphenon 60,
epicatechin and epigallocatechin and spheroid diameters weremileder on day 10.
Polyphenol treatment resulted in reduced growth of tumor spheroidsesasv decreased

expression of Ki-67. P < 0.05, significantly different from the control.

Fig. 6. Effects of baicalein and resveratrol on cell shedding from multize 4T1 tumor

spheroids. Tumor spheroids were treated from day 4 to day 10 with éithgM baicalein or
10 uM resveratrol and transmission images were taken. Shown preseatative tumor
spheroids. Note, that treatment with polyphenols increased the tendetweyior spheroids to

aggregate. The bar represents 200 um.

Fig. 7. Effects of polyphenols on ROS generation in multicellular 4T1 tumor sphs.
Tumor spheroids were loaded with the redox-sensitive dy@CGH-DA and the fluorescence
of oxidized DCF was monitored over time. ROS generation was $gnifly reduced in
tumor spheroids treated with either resveratrol (10 uM), baicglEd uM), epicatechin (10
KUM) or polyphenon 60 (10 uM), indicating that the polyphenols exert amtaiiie capacity.

*P< 0.05, significantly different from the untreated control.

Fig. 8. Effects of polyphenols on the expressionMf1P-9. 4T1 tumor spheroids were treated
for 5 days with either 10 uM epicatechin, 10 pM baicalein, 10 pKsveeatrol, or 10 uM
polyphenon 60 and mRNA expression EMP-9 was monitored MMP-9 expression was
significantly downregulated upon treatment of tumor spheroids withgtagols. P< 0.05,

significantly different from the untreated control.
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Fig. 9. Inhibition of cell invasion in confrontation cultures of ES cells andL4wulticellular
tumor spheroids upon treatment with either baicalein (10 uM), embate(10 uM),
epigallocatechin (10 pM), polyphenon 60 (10 uM) or resveratrol (10 pdl tumor
spheroids were labelled with the long term cell tracker CMFBAliscriminate tumor cells.
Within 4 days green fluorescent tumor cells invaded the ES cei«eld tissue in the
untreated control, whereas cell invasion was largely absent inaaation cultures treated
with polyphenols. Shown are representative overlay images betwekioradcence image

(green) and a transmission image. The bars represent 100 um.
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