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Synopsis

Die aktuellen Zahlen des deutschen Krebsinformationsdienst (www.krebsinformationsdienst.de/)
dokumentieren riickwirkend fir das Jahr 2014 476.120 Krebsneuerkrankungen in Deutschland. Fir
2018 werden ca. 493.600 Neuerkrankungen prognostiziert. Aktuell steht Krebs als Todesursache an
vierter Stelle in Deutschland. Angefiihrt wird die Liste der Krebsinzidenzen von dem Lungen-, Brust-,
Kolonrektum- und Prostatakrebs, obwohl hier zwischen den Geschlechtern differenziert werden muss.
Die globale Krebsstatistik spiegelt die deutsche Inzidenzverteilung wider (Bray et al., 2018). Eine

Schatzung fir das Jahr 2018 beschreibt 18,1 Millionen neue Falle und 9,6 Millionen Krebstodesfalle.
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Abb. 1 Verteilung der Inzidenz- und Mortalitétsraten der hdufigsten Krebsarten beider Geschlechter weltweit. Quelle:
GLOBOCAN 2018 (Bray et al., 2018).

Neben der chirurgischen Intervention, der radiologischen Behandlung und immer bedeutsamer
werdenden Immuntherapie ist die Chemotherapie eine Hauptsdule der Krebsbehandlung. Die
antineoplastische Chemotherapie ist meistens eine zytostatische Behandlung von Krebserkrankungen,
die kurativ, adjuvant oder palliativ angewendet wird. Zytostatika sind Monosubstanzen natirlichen
oder synthetischen Ursprungs, die die Proliferation der Tumorzellen inhibieren. Zum Beispiel werden
Substanzen der Gruppe der Taxane, die durch ein groRangelegtes Screening am US-amerikanischen
Nationalen Krebsinstitut (National Cancer Institute) von 35.000 Pflanzengattungen in 1960er Jahren
entdeckt wurden (Wall und Wani, 1995), zunehmend bei der Therapie von Brust-, Prostata- und
Lungenkrebs und Hautkrebs eingesetzt (www.krebsgesellschaft.de). Deren Wirkmechanismus beruht

auf der Stérung der Mikrotubuli-Degradation, wodurch das Zytoskelett stabilisiert wird und die Zellen



teilungsunfahig sind (https://www.bionity.com/en/encyclopedia/Paclitaxel.html#_note-2/). Aber
auch sich schnell teilende gesunde Zellen, wie z. B. Epithelzellen werden teilungsunfadhig, wodurch
schwere Nebenwirkungen, wie Knochenmarksuppression (Thrombozytopenie, Neutropenie, Anamie),
Neuropathien, Myalgien, Haarausfall, gastrointestinale Nebenwirkungen (z. B. Ubelkeit, Erbrechen,
Durchfall) auftreten kénnen (Alves et. al.,, 2018). Somit besteht die Notwendigkeit, neue
Wirkungsstoffe mit anti-tumorigenen Potential zu identifizieren, um zum einen Nebenwirkungen zu
reduzieren und zum anderen das personalisierte Therapiekonzept zu optimieren. Der ideale Anti-
Tumorwirkstoff beschreibt eine selektive Wirkung auf den Tumor mit einem Minimum an
zytotoxischen Eigenschaften fir das gesunde Gewebe und/oder negativer Einflussnahme auf das
humane Immunsystem. Bisher wurden weltweit nur 15 % der héheren Pflanzen bezlglich ihrer
bioaktiven Inhaltsstoffe untersucht. Somit ist ein systematisches Anti-Tumor-Screening traditionell
genutzter Heilpflanzen sehr bedeutsam fiir die Identifizierung neuer Anti-Tumor-Wirkstoffe in der
Therapie und Pravention von neoplastischen Erkrankungen. Diese Arbeit beschreibt die Optimierung
von Screeningverfahren, um selektiv wirksame Monosubstanzen und Mehrstoffgemische zu isolieren.
Weiter wird die Wirkungsweise durch zelluldre, biochemische und molekularbiologische Methoden
beschrieben, um die zelluldren Targets der Substanzen zu ermitteln. Dadurch lassen sich auch

potenzielle neue Tumormarker ableiten. Daraus ergeben sich die drei Hauptziele dieser Arbeit:

1. Die Optimierung der in vitro Anti-Tumor-Screening-Verfahren zur ersten Abschatzung der
allgemeinen Zytotoxizitat und Anti-Tumor Eigenschaften.

2. Vom pflanzlichen Vielstoffgemisch zur Einzelsubstanz: Isolierung neuer, spezifischer und
selektiver Anti-Tumor-Wirkstoffe mit dem Potential, als Chemotherapeutikum zugelassen zu werden.
3. Die Identifizierung validierbarer, metabolischer Tumormarker zur Bewertung des Patienten-

Outcomes.

Um diese ambitionierten Ziele zu erreichen, war es notwendig, ein Konsortium an
Kooperationspartnern unterschiedlicher Fachrichtungen zusammenzufiihren. Das Fundament fiir die
Errichtung eines groR-vernetzten Kooperationskonsortiums legten wir durch einen
Forschergruppenantrag (Projektnummer: 107820), der 2010 durch die Deutsche Krebshilfe ,Mildred
Scheel” geférdert wurde. Dieses Projekt war darauf ausgerichtet, einheimische Heilpflanzen, wie z. B.
Sanddorn, Lein, Brennnessel hinsichtlich ihrer antineoplastischen Wirkung durch in vitro Studien zu
untersuchen. Durch die Vernetzung mit der Naturheilkunde (Frau Prof. Dr. K. Kraft), der Technischen
und Organischen Chemie (Herr Prof. Dr. Kragl, Herr Prof. Dr. Langer), der Biochemie (Frau Prof. Dr.
Piechulla), der Frauenklinik (Herr Prof. Dr. Briese) und der Zellbiologie (Frau Prof. Dr. Nebe) der

Universitat und Universitdtsmedizin Rostock konnten wir ein multidisziplindres Team etablieren, das



durch eine grolRe Anzahl an gemeinsamen Veroéffentlichungen den Erfolg dieses Projektes
dokumentiert. Durch personlich initiierte Kooperationen mit der Pharmazeutischen Chemie in Benin,
Nigeria (Herr Prof. Dr. Falodun), der Chemischen Fakultat in Gilgit-Baltistan, Pakistan (Herr Prof. Dr.
Iftikhar Ali), der Allgemeinen und Speziellen Botanik der Universitat Rostock (Herr Prof. Dr. Porembski)
sowie der Abteilung fir Agrarkultur in Neapel, Italien (Herr Dr. Rosario Nicoletti) gelang es mir, die
Screenings auf internationale Heilpflanzen auszudehnen. Auf Empfehlung von traditionellen ,Heilern”,
Pharmazeuten und Komplementdarmedizinern aus benannten Landern wurde ein grof3es Panel an

Pflanzenextrakten hinsichtlich ihrer Anti-Tumor Eigenschaften untersucht.

Um die anti-kanzerogene Wirkung von Monosubstanzen und Vielstoffgemischen zu evaluieren,
werden sehr oft in vitro Schnelltests, wie MTS (z. B. Cell Titer Promega), LDH und BrdU eingesetzt.
Diese Tests eignen sich als Vorscreening-Methoden, geben aber keinen direkten Riickschluss auf die
Wirkungsweise der zu testenden Substanz. Auch die auf der Grundlage dieser Tests berechneten 1Cs-
Werte variieren stark und weichen oft von der tatsachlichen inhibitorischen Konzentration ab. 2011
verdffentlichten McGowan et al. einen fundamentalen Ubersichtsartikel zu den ,,Pitfalls of the MTS
Assay”“. Durch eine vergleichende Betrachtung von gilinstigen, handelsiiblichen in vitro Schnelltests zur
Beurteilung der Zellvitalitat, -proliferation und Apoptose konnte McGowan et al. belegen, dass eine
Kombination aus metabolischen Analysen und DNA-Markierungsexperimenten fir ein effizientes Anti-
Tumor-Screening am besten geeignet ist. Meine Empfehlung fiir ein valides Anti-Tumor-Screening wird
noch erweitert und umfasst das Messen der metabolischen Aktivitat, die prozentuale Bestimmung der
Zellzyklusphasen, der Nachweis der Apoptose/Nekrose sowie die morphologische Analyse. Aktuell
empfehle ich folgende Vorgehensweise im Anti-Tumor-Screening unbekannter Wirkstoffe und

Wirkstoffgemische:

i. Behandlungskonzeption
Im initialen Vorscreening mit den potenziellen Wirkstoffen sollten die Tumorzellen in
Zellkulturmedium ohne Phenolrot und mit Aktivkohle-absorbierten Serum inkubiert werden. Das
Phenolrot, das in der Regel dem Zellkulturmedium als pH-Indikator zugesetzt wird, kann durch die
phenolische Struktur Ostrogen-dhnliche Reaktionen auslésen (Welshons et al., 1988). In der Regel wird
fotales Kalberserum zur Supplementierung des Zellkulturmediums verwendet. Da die Wirkungsweise
des neuen Wirkstoffes noch nicht bekannt ist, ist es sinnvoll, die im Serum enthaltenen Hormone, z. B.
durch Aktivkohle zu entfernen. GroRe Schwankungen, z. B. im Ostrogengehalt in den jeweiligen Serum-
Chargen wurde in Kooperation mit der Technischen Chemie, Universitat Rostock ermittelt. Eine nicht-
tumorigene Kontrollzelllinie oder primare Kontrollzellen sollten als Negativreferenz immer mitgefiihrt

werden.



ii. Methoden

Flr das initiale Screening sollten mindestens vier zelluldre Prozesse untersucht werden (Abb. 2).

Initial Screening
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Abb. 2 Ubersicht der vier zelluliren Prozesse, die beim initialen Anti-Tumor-Screening untersucht werden sollten. Mégliche
Methoden sind dazu annotiert.

1. Der Zellstoffwechsel - dafiir eignen sich kostengtlinstige Schnelltests, wie z. B. der MTS-Assay. Eine
Kontrollgruppe ohne das Vorhandensein der Tumorzellen muss immer mitgefiihrt werden, um das
oxidative/reduktive Potential des Wirkstoffes zu ermitteln.

2. Die Zellproliferation kann durch Ermittlung der Zellzyklusphasen, BrdU-Markierung oder PCNA-
Expression bestimmt werden. Durch die Interkalation der DNA mit Propidium-Jodid (PI) und sich
anschlieRender Berechnung der Zellzyklusphasen am Durchflusszytometer ist eine gleichzeitige
Determinierung G2-Aresten und DNA-Strangbriichen in der sub-G1-Phase moglich.

3. Die Apoptose (der induzierte Zelltod) kann durch Bestimmung der DNA-Fragmentierung am
Durchflusszytometer, Hoechst-Farbung oder DNA-Gelelektrophorese nachgewiesen werden. Auch
Lebend-Tod-Farbungen mit Annexin V/PI eignen sich zur Detektion apoptotischer Tumorzellen.

4. Die Zellbeweglichkeit, die u. a. das Migrations- und Invasionspotential einer Tumorzelle beschreibt,
kann initial durch einfache Wound-healing- (Scratch-Assay) oder Invasions-Assays (Transwell)

dokumentiert werden.

Eine Betrachtung dieser vier zellularen Parameter ermoglicht ein umfassendes in vitro Anti-Tumor-
Screening zur ersten Abschatzung des zytotoxischen und anti-tumorigenen Potentials der
verwendeten Substanz oder des Vielstoffgemisches. Darliber hinaus kann eine erste Eingrenzung der
Wirkungsweise erfolgen. Daraus leiten sich anschlieBende Experimente zur ldentifizierung der
zelluldaren Wirkungsweise ab.

Im Rahmen dieser Habilitation wurden u. a. drei Vielstoffgemische (Pflanzenextrakte) und eine

Einzelsubstanz isoliert, die das Potential als Wirkstoff in der standardisierten Tumortherapie besitzen:

Pflanzenextrakte:




o der ethanolische Wurzelextrakt des einheimischen Gemeinen Leins (Linum usitatissimum)
(Engel et al., 2015)

o der methanolische Wurzelextrakt des pakistanischen Strauchs Berberis orthobotrys Bien. ex
Aitch (Engel et al., 2016)

o der methanolische Wurzelextrakt des pakistanischen Strauchs Vincetoxicum arnottianum

(Engel et al., 2016)

Einzelsubstanz:
o 4-hydroxy-5-methylene-3-undecyclidenedihydrofuran-2(3H)-one aus der Wurzel des

nigerianischen Avocadobaums (Persea americana) (Engel et al., 2011; Falodun et al., 2013)

Der Leinwurzelextrakt in seiner gesamten Wirkstoffkomposition stabilisiert das Zytoskelett von
Mammakarzinomzellen und bewirkt dadurch das Aufbrechen des Tumorzellverbandes (Engel et al.,
2015). Das Alken-Lakton der Avocadowurzel induziert bereits in sehr geringen Konzentrationen (0,1 -
1 pg/ml) Apoptose bei verschiedensten Tumorarten (Engel et al., 2011; Falodun et al., 2013). Auch der
Berberis-Wurzelextrakt flihrt zum induzierten Zelltod bei Knochenkrebszellen, allerdings durch die
Lysosomen-vermittelten Signalkaskaden (Engel et al., 2016). Der Vincetoxicum-Pflanzenextrakt
vermittelt einen G2/M-Arrest im Zellzyklus, hervorgerufen durch eine gesteigerte Aktin-Stressfaser-
Polymerisierung, so dass die Tumorzellen nicht mehr teilungsfahig sind (Engel et al., 2016). Diesen drei
pflanzlichen Vielstoffgemischen und der beschriebenen Einzelsubstanz ist gemein, dass die Vitalitat
der gesunden Kontrollzellen gar nicht oder nur in sehr hohen Konzentrationen negativ beeinflusst wird.
Durch das Screening von hunderten Pflanzenextrakten kristallisierte sich unter anderem heraus, dass
insbesondere die Extrakte aus den heterotrophen Pflanzenorganen, wie z. B. die Wurzel, die
Kotyledonen oder auch die Rinde ein hohes anti-tumorigenes Potential besitzen. Dies liegt darin
begriindet, dass die Wurzel als FralRschutz, zu der Abwehr vor Parasitenbefall und zur Kompensation
von abiotischem Stress hohere Konzentrationen an sekunddren Wirkstoffen synthetisieren muss
(Harborne, 1983). Weiter zeigte sich, dass die meisten Pflanzenextrakte nur in ihrer natirlichen
Zusammensetzung anti-tumorigenes Potential zeigen. Durch chemische Analysen konnte
nachgewiesen werden, dass die sekundaren, chemischen Modifikationen, wie z. B. Glykosylierungen
durch pflanzliche Enzyme entscheidend zu der anti-tumorigenen Aktivitdt der Wirkstoffe beitragen.
AulRerdem konnten wir zeigen, dass biphasische Wirkungen, wie z. B. die konzentrationsabhangige
Proliferationsstimulation und -repression von dem Hauptsojainhaltstoff Genistein durch die
Verwendung eines Genistein-haltigen natirlichen Pflanzenextraktes, wie z. B. dem Leinwurzelextrakt

vermieden werden kénnen (Engel et al., 2015).



Die in Kooperation mit Herrn Prof. Falodun (Pharmazeutisches Institut, Universitdat Benin, Nigeria)
identifizierte Einzelsubstanz 4-hydroxy-5-methylene-3-undecyclidenedihydrofuran-2(3H)-one ist das
einzige Isolat, das auch in isolierter Form eine sehr starke anti-tumorigene Aktivitdt verursacht. Der
ICso-Wert wurde flir hormonabhéngige Brustkrebszellen mit einem Wert von 20,48 ug/ul determiniert:
entspricht einer starken spezifischen Zytotoxizitat (Falodun et al., 2013). Diese Zytotoxizitat konnte
aber nicht fiir nicht-tumorigenen Kontrollzellen nachgewiesen werden. Im Gegenteil, es zeigte sich ein
positiv stimulierender Effekt. Dieses neuartige Alken-Lakton empfiehlt sich daher fir weitere Studien

am murinen Xenograftmodell.

Um die spezifische Wirkungsweise ausgewadhlter Substanzen (Genistein) und Vielstoffgemische
(Leinwurzelextrakt) noch detaillierte zu bestimmen, wurden metabolische Untersuchungen mittels
Metabolomics ergénzt (Engel et al., 2012, 2017; Lisec et al., 2006). Diese Untersuchungen ermaoglichen
die Analyse verschiedener Stoffwechselwege durch Erfassung primarer und sekundarer
Stoffwechselmetabolite. Diese Metabolite stellen auch putative Tumormarker dar, die im
Tumorgewebe, im Blut oder Urin nachgewiesen werden kénnen. Denn zum heutigen Zeitpunkt ist die
Schwachstelle vieler etablierter Tumormarker, dass diese erst bei fortgeschrittener Erkrankung
detektiert oder durch weitere Erkrankungen und/oder Lebensgewohnheiten, z. B. durch Rauchen fiir
CEA (Kolorektale Karzinome) oder Alkoholabusus fiir CA 125 (Ovarialkarzinom), erhéht werden. Auch
das PSA: , prostate specific antigen®, das zur Messung von Prostatakrebs bei Mdnnern verwendet wird,
hat den Nachteil, dass es sowohl bei benignen als auch tumorigenen Konditionen erhéht vorliegen
kann. Die meisten Manner mit erh6hten PSA-Gehalt haben allerdings keinen Prostatakrebs, und bis zu
30 % aller Madnner mit normalen PSA-Werten haben Prostatakrebs (Perkins et. al., 2003). Daraus
resultieren viele Falsch-positive oder -negative Befunde. Letztlich konnten zwei grol3e, randomisierte
Studien belegen, dass das PSA-Screening die Sterblichkeit durch Prostatakrebs nur minimal reduziert
(Taneja, 2015; Bublak, 2014). Die Identifizierung neuer Tumormarker mit hoher Spezifitdt zur Tumor-
Pradiktion, Verlaufskontrolle und Bewertung der Patienten-Outcome nimmt einen besonderen
Stellenwert in der onkologischen Forschung ein.

Metabolische Tumormarker treten immer mehr in den Fokus der onkologischen Forschung, denn die
metabolische Re-Programmierung ist ein Meilenstein des Tumordifferenzierungsprozesses. Dadurch
rlickte z. B. der Glycin-Stoffwechsel von Tumorzellen, insbesondere die Glycin-Serin-Interkonversion
und der damit assoziierte Cl-Metabolismus zur Generierung von Purinen in den Fokus der
onkologischen Forschung. Dies belegt eindrucksvoll die Arbeit von Jain et al. (2012), die bei 60
Tumorzelllinien (NCI-60 panel; CORE Profile von 219 Metaboliten) eine Praferenz fir einen
gesteigerten Glycin-Verbrauch nachweisen konnten. Daraus abgeleitet konnten sie auf eine

gesteigerte Mortalitatsrate bei Mammakarzinom-Patientinnen mit einer Gberdurchschnittlich hohen



Expression der in der mitochondrialen Glycin-Biosynthese involvierten Enzyme schlieen (Metaanalyse
von sechs Datensdtzen mit einer Hazard-Ratio von 1,82; 95% Cl:143-2.31), welche mit weiteren
Faktoren wie Lymphknotenstatus und Tumorgrad kongruent waren und so den Rickschluss auf eine
schlechte Prognose bestatigte. Auf dhnliche Weise identifizierten Zhang et al. (2012) Enzyme des
Glycin-Decarboxylase System als zentrale Schaltstelle fir TICs (tumor initiating cells) im Nicht-
kleinzelligen Bronchialkarzinom. Auch hier konnten die in vitro Untersuchungen durch die Analyse von
Gewebematerial bestatigt werden: eine aberrante Aktivierung der Glycindecarboxylase korreliert mit
einer schlechten Uberlebensrate bei Lungenkrebspatienten. In einer kiirzlich erschienenen Studie
wurden auch neue potenzielle Biomarker zur Unterscheidung verschiedener Sarkom-Subtypen
(hochgradiges Osteosarkom, Leiomyosarkom, Myxofibrosarkom und undifferenziertes pleomorphes
Sarkom) mittels MALDI-MSI (Matrix-assisted laser desorption ionization mit MS imaging) untersucht.
Hierbei wurden 20 Proteine (z. B. Acyl-CoA-Bindeproteine, Galectin-1) identifiziert, die spezifisch fur
die einzelnen Subtypen, und 9 Proteine (Proteasom-Aktivator-Komplex, Histon-H4-Varianten) die
spezifisch mit dem Gesamtiiberleben assoziiert sind (Lou et al., 2016).

Fir die Identifizierung potenzieller, metabolischer Tumormarker bedienten wir uns der Metabolomics-
Technologie. Insbesondre Metabolite des Sphingolipid-Stoffwechsels, wie das Sphingosin, Sphingosin-
1-Phopshat (S1P) oder Ethanolamin wurden wahrend der Tumorigenese stark reguliert (Engel et al.,
2012, 2017; Warsow et al., 2013). In weiterfihrenden Arbeiten, konnten wir zeigen, dass primar die
Sphingosin-1-Phosphat Lyase (SGPL1) ein Regulator bei der Metastasierung von verschiedenen
Tumorentitadten eine essentielle Rolle spielt. Dieses Enzym katalysiert die irreversible Degradierung des

,second messenger” S1P zu Ethanolamin-Phosphat und Hexadecenal (Abb. 3).

Sphingosine 1-phosphate =====>  Ethanolamine-P + Hexadecenal
e
NPPPPPPPNY S Hz
P Jo

Abb. 3 Irreversible Sphingosin-1-Phosphat (S1P) Degradation zu Ethanolamin-Phosphat und Hexadecenal durch die
Sphingosin-1-Phosphat-Lyase. Strukturformeln unter der Gleichung. (Adaptiert von https://www.genome.jp/kegg-
bin/show_pathway?hsa04071+8879)

Weiter konnten wir nachweisen, dass die SGPL1 in nicht-tumorigenen Mammaepithelzellen und -
geweben stark exprimiert und in Mammakarzinomen reprimiert vorliegt. Fluoreszenz-
Markierungsexperimente belegten, dass in den nicht veranderten Kontrollzellen die SGPL1 neben der
intrazellularen Lokalisation in dem endoplasmatischen Retikulum auch eine mit der

Zytoplasmamembran-assoziierte Expression detektierbar war (Abb. 4).



A: 3D-Remodelling B: Sideview

SGPL1 F-actin Nucleus

Abb. 4 Konfokal-Mikroskopische Aufnahmen nicht-tumorigener Mammaepithelzellen unter Normalbedingungen in der 3D-
Rekonstruktion (A) und im Seitenquerschnitt (B). Griin: SGPL1; rot: F-Aktin Zytoskelett; blau: Zellkern. Engel et. al., 2018.

Dadurch ist eine direkte Degradation des Tumor-stimulierenden , second messengers“ S1P durch die
auf der Zellmembran befindlichen SGPL1 denkbar. Aktuell wird der genetische Hintergrund der
differentiellen SGPL1-Expression evaluiert. Darliber hinaus werden ,Rescue“-Experimente zur
Wiederherstellung des nicht-mutierten Phanotyps experimentell umgesetzt.

Letztlich konnte die SGPL1-Expressionsstarke, die intrazelluldre Verteilung und genetische Varianz der
SGPL1 (z. B. in der Promotor- und/oder Transitpeptidsequenz) als neuer, potenzieller Marker in

Hinblick auf das Metastasierungsvermogen der Tumorzellen Anwendung finden.

Zusammenfassend geben die hier dargestellten Studien zum einen eine Empfehlung fir ein
zielgerichtetes in vitro Screening zur Abschiatzung des anti-tumorigenen Potentials eines
Vielstoffgemisches oder einer Einzelsubstanz und zum anderen wurde ein neuer, potenzieller
Tumormarker, die SGPL1 identifiziert. Sowohl das SGPL1-Expressionsmuster als auch die SGPL1-
Mutationshaufigkeit sollten unabhdngig von der Tumorentitdt zur Abschatzung des

Metastasierungsrisikos in sich anschlieRenden Arbeiten untersucht werden.

Nachstehend entnehmen Sie bitte die kurzen Zusammenfassungen der Publikationen, die das

Fundament dieser Habilitationsschrift bilden.
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Zusammenfassung:

In dieser ersten Publikation aus dem Jahre 2011 wurden finf nigerianische Pflanzenextrakte fir ein
initiales in  vitro  Anti-Krebs-Screening  bei  Osteosarkom-  (MG-63, Saos-2) und
Mammakarzinomzelllinien (MCF-7, BT-20) eingesetzt. Diese Extrakte wurden aus vier traditionell
medizinisch verwendeten Pflanzen (bzw. -teilen), namens Hunteria umbellata (HUL), Cola lepidota
(CCL), Persea americana leaf (PAL), Root bark of Persea americana (RPA) und Plukenetia conophora
(PCL) isoliert. Die Anti-Tumor-Evaluierung erfolgte durch Proliferations- und Apoptose-Messungen
nach 48 h Extrakt-Inkubation in einer finalen Konzentration von 10 pg/ml im Zellkulturversuch. Im
Vergleich mit nicht verdnderten Primarzellen zeigte der Wurzelextrakt von Persea americana (RPA,
Avocadowurzel) die starkste Proliferationsreduktion (18 %) und Apoptose-Induktion (27 %) in den
MCF-7 Brustkrebszellen. Da es sich bei MCF-7 um hormon-abhéngige Tumorzellen (insb. fiir Ostrogen
und Progesteron) handelt, wurde ein Einfluss von pflanzlichen Hormonen (Phyto6strogenen) in dem
RPA Extrakt vermutet. In einer sich anschlieBenden Arbeit (Falodun et al.,, 2013) wurde durch
Fraktionierung und chemische Charakterisierung des RPA-Extraktes eine Einzelsubstanz isoliert, die die
zytotoxischen Eigenschaften auf MCF-7 vermittelt. Dabei handelt sich allerdings nicht um ein
Phyto6strogen, sondern ein Alken-Lakton mit der chemischen Nomenklatur: 4-hydroxy-5-methylene-
3-undecyclidenedihydrofuran-2 (3H)-one. Der ICsp-Wert mit 20,48 pg/ml beschreibt eine moderate
Zytotoxizitat fir die MCF-7 Brustkrebszellen, die sich durch einen Adhéasionsverlust innerhalb des
Zellverbandes und damit verbundenem Apoptose-Eintritt darstellt. In den epithelialen Kontrollzellen
konnte keine zytotoxische Wirkung nachgewiesen werden. Dieses Alken-Lakton weiBt selektive,

spezifische Anti-Krebseigenschaften auf, die weiter untersucht werden.

Falodun A*, Engel N, Kragl U, Nebe B, Langer P. Novel anticancer alkene lactone from Persea

americana. Pharm Biol. 2013 Jun;51(6):700-6. doi: 10.3109/13880209.2013.764326. Epub 2013 Apr 9.
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Ethnopharmacological relevance: The medicinal plants Hunterio umbellata (HUL), Cola lepideta (CCL), Persea
americana leaf (PAL), Root bark of Persea americana (RPA) and Plukenetia conophora (PCL) are used in
Nigerian traditional medicine for the treatment of cancer and cancer related diseases.

Aim of the study: To scientifically evaluate the cell proliferative and apoptotic effects of the plants extracts
using breast and osteocarcinoma cell lines, and also to identify the possible components via LC-MS to
have a kind of chemical fingerprint.

Materials and methods: The antiproliferative and apoptotic effects of methanolic extracts (10 pg/ml) of
the five medicinal plants were subjected to in vitro evaluation using four cancer cell lines (breast-MCF-7
and BT-20; Osteocarcinoma-MG-63 and Saos-2) measured by flow cytometry. Non-tumorigenic controls
MCF-12A and primary isolated osteoblasts (POB) were chosen to eliminate negative influence on healthy
tissue.

Results: Of the five extracts RPA demonstrated a significant (P< 0.05) anti-proliferative activity against
estrogen receptor positive breast cancer cell lines (MCF-7 ). The proliferative phase was decreased by 18%,
whereas, a significant increase in cell proliferation (about 27%) was observed for RPA at a concentration
of 10 pg/ml. PCL, CCL, HUL and PAL did not show marked inhibition of the proliferation of cell line MCF-7.
Conclusion: These results give suggestive evidence that the plant extracts exhibit some correlation
between the claimed ethnomedicinal uses and the cell proliferative activity. RPA extract includes chemi-
cal compounds with estrogen-like activity and validates its potential use as anticancer agent, particularly
against breast carcinoma; provided important information potentially helpful in drug designing and dis-
covery. Further studies will involve the isolation of anti tumour compounds in RPA by LC-MS and detailed
mechanism of anticancer activities.
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1. Introduction Moreover, a core of cells was subjected to micro environmental

stress conditions, and has decreased apoptotic potential through

Natural products have historically and continually been inves-
tigated for promising new leads in pharmaceutical development.

Cancer is a major public health problem worldwide with mil-
lions of new cancer patients diagnosed each year and many deaths
resulting from this disease. Chemotherapy remains the principal
mode of treatment for various cancers. Tamoxifen, a non-steroidal
anti-estrogen drug, is used in the treatment of estrogen receptor
(ER) - positive breast cancer patients and as chemoprevention in
high risk women (Fisher et al., 2005), but is not effective against
ER negative breast tumors (Gupta and Kuperwasser, 2006). Cancer
cells are characterized by unregulated growth, as well as insuffi-
cientand inappropriate vascular supply (Tomida and Tsuruo, 1999).

* Corresponding author. Tel.: +234 8073184488,
E-mail address: faloabi@uniben.edu (A. Falodun).

0378-8741/3 - see front matter ©@ 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016{j.jep.2011.07.023

genetic alterations, thereby resulting in resistance to apoptosis
(Kaufman et al., 2002). Breast cancer is a cancer that starts in the tis-
sue of the breast. It could be invasive or non invasive. The incidence
of breast cancer in developing countries is on the increase due to
many underlying factors such as birth control, sliding to Western
culture, lifestyle, lack of facilities for early detection, poor fund-
ing by government and international bodies. Adjuvant hormonal
treatments such as tamoxifen are an essential part of the treat-
ment regimen for early breast cancer, used to prevent recurrence.
Hot flashes and night sweats are the most frequently occurring side
effects, with up to 80% of women taking tamoxifen reporting them
as troublesome. With nearly 46,000 new diagnoses of breast cancer
annually in the United Kingdom and over 1 million worldwide, the
problem is widespread, with estimates of over 100,000 women in
the UK experiencing these symptoms at any given time (Love et al.,
1991; Langer, 1996; Hunter et al., 2004). The use of plants or plant
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products for cancer treatment could be due to several reasons such
as availability of the materials, affordability, relatively cheap and
little or no side effects. For these reasons, World Health Organiza-
tion (WHO) supports the use of traditional medicines provided they
are proven to be efficacious and non toxic. It is well established that
plants have been a useful source of clinically relevant antitumor
compounds (Cragg etal., 1994). Indeed, there have been worldwide
efforts to discover new anticancer agents from plants. The diagno-
sis of cancer and related tumors by trado medical practitioners is
not clearly understood (Cragg et al., 1994). However, traditional
Nigerian medicinal herbs have been used in the treatment of dif-
ferent diseases in the country for centuries. There have been claims
that some traditional healers in Nigeria can successfully treat can-
cer using herbal preparations. Hence, the need to look inwards for
the discovery of new or lead drugs for the treatment of the disease
cannot be over-emphasized. Furthermore, in Nigeria, as in other
developing countries, traditional medicines are in widespread use;
with the practitioners formulating and dispensing the recipes to
their patients. The medicaments are prepared most often from a
combination of two or more plant products which may contain
active chemical constituents with multiple physiological and phar-
macological activities and could be used in treating various disease
conditions. The discovery of effective herbs and elucidation of their
underlying mechanisms could lead to the development of an alter-
native and complementary method for cancer prevention and/or
treatment. Based on an analysis of published literature, we selected
five traditional Nigerian plants with medicinal value to evaluate
their anticancer efficacy. Such plants as Cola lepidota (CCL), Hunte-
ria umbellata (HUL), Plukenetia conophora (PCL), Persea americana
(PAL) and Persea americana root bark (RPA). Cola lepidota is a tree
of about 1.8 m high. It is commonly used in the treatment of var-
ious ailments such as cancer, and is also consumed regularly as a
part of the daily diet. Plukenetia conophora (family Euphorbiacae)
is a climbing shrub that is common in the South western part of
Nigeria. The seeds are eaten like wallnuts often along with maize.
The leaves are edible and are often eaten with rice. The leaves
are also used traditionally for curing headache and the fresh nuts
are used for curing snakebites (Hutchinson and Dalziel, 1958). The
fruits have a bitter flavour unlike the kola nut and are considered
to be tonic, and aphrodisiac. The leaves of the plant are used in
traditional medicine as remedy against cancer, sexual impotence,
headache and inflammation, antitussive, coronary heart disease
(Iwu et al., 1999). Hunteria umbellata K. Schum (Apocynaceae) is
a tree, about 15-22 m in height, found in West and Central Africa.
Biological investigations include antibacterial, oxytocic, antinflam-
matory, antiobesisty and antidiabetic (Ejimadu and Falodun, 2002;
Falodun et al., 2006; Igbe et al., 2010).

Persea americana Mill (family: Lauraceae), commonly known
as: ‘avocado’, ‘avocado pear’, ‘Mexican avocado’ and so on, is a
medium-sized, single-stemmed, terrestrial, erect, perennial, decid-
uous, evergreen tree of 15-20m in height. The leaves and other
morphological parts of Persea americana possess medicinal proper-
ties, and are widely used in traditional medicines of many African
countries. In Nigeria, the leaves of Persea americana have been used
as an effective antitussive, antidiabetic, antihypertensive; and as
analgesic and anti-inflammatory remedies (Adeboye et al., 1999;
Adeyemi et al., 2002; Antia et al., 2005; Owolabi et al., 2005). The
aqueous decoction of the leaves is used locally for the treatment of
tumors and tumour related diseases.

In the course of our screening studies for the anticancer com-
pounds from plants, we undertook the present study to evaluate
the in vitro proliferative activity of five plant extracts that are
used in Nigerian traditional medicine as anticancer herbal drugs.
Using two human breast (MCF-7, BT-20) and bone (MG-63, Saos-
2) cancer cell lines, the plant extracts were screened via analysis
of the cell cycle phases. As a kind of control, non-tumorigenic cell

lines of the breast (MCF-12A) and bone (POB) were included in the
screening.

Despite their widespread use, however, no scientific assessment
for anticancer effect has been conducted in most cases. Considering
their increasing recognition and consumption, the present study
was undertaken to evaluate the anticancer potential of these plant
extracts in the inhibition of cell proliferation and induction of cell
death in human breast and bone cancer cell lines.

2. Materials and methods
2.1. Plant materials

All plant samples (wild type) were collected from Southern
part of Nigeria around January, 2011. The plants were identified
and authenticated by Prof M. Idu, and their respective voucher
specimens are deposited at the Faculty of Pharmacy of Pharmacy,
University of Benin, Benin City, Edo State, Nigeria.

2.2. Preparation of extracts

For each plant sample, plant materials were dried at room
temperature and grounded. Dried powdery plant samples were
exhaustively extracted with methanol by maceration. Dried
methanolic extracts were obtained after removing the solvent
by evaporation under reduced pressure. We dissolved 10 mg dry
methanolic extracts in 1 ml absolute ethanol to have the measur-
ing extracts for the LC-MS analysis and to give the desired stock
solutions of the extracts for the cancer activity tests.

2.3. Chemicals

Absolute ethanol from MERCK, with the purity ACS, ISO, Reag.
PhEur was used as extraction solvent. The LC-MS Chromasolv®
grade solvents, methanol with 0.1% formic acid and water with 0.1%
formic acid were obtained by FLUKA.

24. LC-MS-analysis

The extracts and possible phytoestrogens were identified on a
Thermo Scientific HPLC-LTQ system (Thermo Scientific, Dreieich,
Germany) comprising of a Surveyor Plus™ HPLC system equipped
with a three simultaneous channel PDA detector and a linear
trap quadropol mass spectrometer (LTQ) fitted with an electron-
icspray ionization source. Data were evaluated and interpreted
with Xcalibure software (Thermo Scientific, Dreireich, Germany)
and aspecial interpretation HighChem®: Mass Frontier™ Software
(Thermo Scientific, Dreireich, Germany). The separation was per-
formed on a Discovery® HS-C18 column {15cm x 2.2cm, 3 pm)
produced by Supelco. The column temperature was kept at 35°C
and the mobile phases consisted of solvent A methanol with 0.1%
formic acid (LC-MS Chromasolv®, Fluka) and B water with 0.1%
formic acid (LC-MS Chromasolv®, Fluka). Elution of the extracts
were performed by the following solvent gradient: 40% A to 95%
A (10min), 95% A isocratic (10 min), 95% A to 80% A (10min),
80% A to 40% A (5min) and 40% A isocratic (5min). The flow rate
was 0.15ml/min and the injection volume amount 5 pl. MS spec-
tra were recorded in both positive and negative modes and in the
range m/z 90.00-2000.00. The compounds were identified by ion
trap technology and the mass spectrometric detection was realized
with electron spray ionization (ESI).

2.5. Cell culture

All cell lines except for the primary isolated osteoblasts were
obtained from the American Type Culture Collection {Manassas,
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VA, USA) and maintained at 37+C and in a 5% CO, atmosphere in
a monolayer. Confluent cells were passaged by treating them with
0.05% trypsin-0.02% EDTA. The medium was changed every two
days.

2.6. Human mammary epithelial cell lines

The estrogen-sensitive human breast adenocarcinoma cell line
MCF-7 (ATCC no. HTB-22) and the estrogen-independent adeno-
carcinoma cell line BT-20 (ATCC no. HTB-19) were cultured in
Dulbecco’s modified Eagle's medium (Invitrogen, Germany) with
10% fetal bovine serum (PAN Biotech GmbH, Germany) and 1%
gentamycin (Ratiopharm, Germany). As kind of control functions
the non-tumorigenic epithelial breast cell line MCF-12A (ATCC
no. CRL-10782) which was grown in Dulbecco’s modified Eagle's
medium Ham's F12 without phenol red (Invitrogen, Germany) con-
taining 10% horse serum (PAA Laboratories GmbH, Germany), the
Mammary Epithelial Cell Growth Medium SupplementPack ( Promo
Cell, Germany) including Bovine Pituitary Extract 0.004 ml/ml,
Epidermal Growth Factor (recombinant human) 10 ng/ml, Insulin
(recombinant human) 5 pg/ml, Hydrocortisone 0.5 pg/ml and 1%
gentamycin (Ratiopharm, Germany).

2.7. Human osteoblast cell lines

The two osteosarcoma cell lines MG-63 (ATCC no. CRL-1427)
and Saos-2 (ATCC no. HTB-85) were cultured in Dulbecco's modified
Eagle’s medium (Invitrogen, Germany) with 10% fetal bovine serum
(PAA Laboratories GmbH, Germany) and 1% gentamycin (Ratio-
pharm, Germany). Normal human osteoblasts (POB), isolated from
a patient’s cancellous bone were grown in Dulbecco's modified
Eagle’s medium (Invitrogen, Germany) with 10% fetal bovine serum
(PAN Biotech GmbH, Germany) and 1% gentamycin (Ratiopharm,
Germany).

2.8. Treatment with plant extract

For all experiments 0.5 x 10° cells were seeded in a 6-well
plate in regular culture medium for one day. Subsequently, cells
were washed with phosphate buffered saline (PBS) and adapted
to phenol-red-free Dulbecco’s modified Eagle’s medium (PAA
Laboratories GmbH, Germany) with 10% charcoal stripped fetal
bovine serum (PAN Biotech GmbH, Germany) for 48h to avoid
unspecific stimulation of endogenous hormones in the serum
(assay medium). Treatment with plant extracts (final concentra-
tion 10 pg/ml) or established phytoestrogens like genistein (4, 5,
7-trihydroxyisoflavone) and daidzein (7, 4-dihydroxyisoflavone),
both purchased from Sigma (Germany) with a final concentration
of 100 M was carried out for 48 h in assay medium. As negative
control substance the vehicle ethanol (0.1%) was used in the same
manner.

2.9. Flow cytometric measurement of cell proliferation

The extent of cell cycle progression and apoptosis in the
cells was estimated by flow cytometric analysis after propidium
iodide (Roche Diagnostics, IN, USA) staining of the cells as already
described (Nebe et al., 2006). After plant extract treatment cells
were trypsinized with 0.05% trypsin-0.02% EDTA for 5-10 min. The
reaction was stopped with assay medium. Cells suspension was
transferred to FACS tubes (BD Biosciences, USA) and fixed in 70%
ethanol for 12 or more hours at —20+“C. Briefly, after washing with
PBS cells were incubated with RNase (1 mg/ml) at 37 “C for 30 min.
Finally, cells were re-suspended in propidium iodide (50 mg/ml) for
atleast 3 hat+2 to +8 °C protected from light until flow-cytometric
analysis.

Flow cytometric measurements were performed on the flow
cytometer BD FACSCalibur, equipped with an argon-ion laser of
the wavelength 488 nm (BD Biosciences, USA). For data acquisi-
tion, the software CellQuest Pro 4.0.1 (BD Biosciences, USA) was
used. A minimum of 15,000 ungated events were recorded. Dou-
blets and clumps were excluded by gating on the DNA pulse width
versus pulse area displays. For the analysis of cell proliferation, the
cell cycle phases GO/G1, S and G2/M were calculated in percent-
age using ModFIT LT 3.0 for Power Mac G4 (BD Biosciences, USA).
For statistical evaluation, the S-phase and G2/M-phase cells were
defined as proliferative cells.

2.10. Immunofluorescence staining of estrogen receptors

Cells were seeded on glass coverslips and let them adhere for
24 h. Fixation was carried out with 4% paraformaldehyde (PFA)
for 15 min, followed by three washings with PBS. Then, cells were
permeabilized with 0.1% Triton X-100 for 15 min. After carefully
washing, cells were incubated with the rabbit anti-human estro-
gen receptor antibodies (ERot; sc-542 and ERB; sc-8974; both from
Santa Cruz, USA) in a 1:50 dilution for 1h at room temperature.
Afterwards cells were washed three times with PBS and incubated
with 488-labeled secondary goat anti-rabbit antibody (Molecular
Probes, USA, 1:100) for 1h at room temperature in the dark. After
washing the cells were incubated with DAPI (Roche Diagnostics
GmbH, Germany) for 15 min. Finally the cells were washed four
times with PBS and embedded. Visualization and imaging was car-
ried out with the Axio Scope. Al fluorescence microscope (Carl
Zeiss, Germany ). Notably all pictures were taken at the same expo-
sure time to guarantee comparable results.

2.11. Statistical analysis

Every experiment was replicated three times with individual
passaged cells and data sets were expressed as means + standard
deviations (SD). Statistical significance was determined by the
unpaired t-test (***P<0.001, **P<0.005, *P<0.05).

3. Results and discussion

The list of the investigated plants, the parts used and their
known medicinal uses according to the Handbook of African Medic-
inal Plants (Iwu, 1993), Ethnobotany Desk Reference (Johnson, 1999)
and direct information obtained by Dr A. Falodun (Department
of Pharmaceutical Chemistry, Faculty of Pharmacy, University of
Benin, Benin City, Nigeria) through interviewing local traditional
healers, are presented in Table 1. Based on this information,
five medicinal plants were screened. Ethno pharmacological data
(information based on the medicinal traditional use of plants) has
been one of the common useful ways for the discovery of biolog-
ically active compounds from plants (Cordell et al., 1991). The big
advantage of the ethno pharmacological information is that the
extensive literature may already allow for some rationalization
with respect to the biological potential of a reputed use.

In this study, ethanolic extracts of Cola lepidota (CCL), Hunte-
ria umbellata (HUL), Plukenetia conophora (PCL), Persea americana
leaves (PAL) and root bark (RPA) were used to analyze the chemical
composition of the plant extracts by LC-MS. We used this tech-
nique to get a chemical fingerprint for each plant. As shown in the
chromatograms (Fig. 1) by the different compositions of the base
peaks all extracts are complex mixtures of different compounds
like phytoestrogens which are often conjugated to one or more
carbohydrate moieties and other polar principles. Further work is
ongoing to reveal the identity and the structures principles of some
of these compounds by MS measurements and other analytical
methods like NMR spectroscopy or elemental analysis.
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Table 1

List of screened plant species common names, used parts and known ethno-medicinal uses.

Plant species Family

Commeon name

Parts of plant use Ethnomedicinal uses

Plukenetia conophora Mill Arg. (PCL)
Cola lepidota (CCLP

Hunterla umbellatalHUL)

Persea americana {PAL)

Persea americana (RPAY

Euphorbiaceae
Sterculiaceae
Apocynaceae
Lauraceae
Lauraceae

African walnut Leaves Cancer, stomach pain, infertility
Cockroach kola Seeds Cancer, bacterial infections, infertility
Osun Leaves Cancer, cough, diabetes, inflammations
Avocado pear Leaves Cancer, inflammation

Avocado pear Root Cancer, threatened abortion, ulcer

3 Anticancer information obtained from interaction with tradomedical practitioners; others obtained from literature sources.

Traditional healers who were interviewed on how they prepared
the extracts before administering to the patients indicated that it
was the water decoction that was administered, meaning that it is
the polar compounds that were responsible for the reported anti-
cancer activity. Since it is known that different cell lines might
exhibit different sensitivities towards a cytotoxic compound, the
use of more than one cell line is therefore considered necessary
in the detection of cytotoxic compounds. Bearing this in mind, six
human cell lines of different histological origins were used in the
present study.

In order to evaluate the anticancer property of five medicinal
plant extracts that are used in Nigerian traditional medicine, cell
cycle analysis with two breast adenocarcinoma (MCF-7, BT-20) and
two osteosarcoma (MG-63 and Saos-2) cell lines were performed.
As control lines function the non-tumorigenic mammary epithelial
cell line, MCF-12A, and primary osteoblasts (POB), isolated patient's
cancerous bone, to exclude a negative influence on normal/healthy
tissue. The variety of cell lines especially the usage of estrogen-
receptor-positive (MCF-7) and negative (BT-20) cell lines helps to
get an idea of the mechanisms of action. However, potential sub-
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Fig. 1. Overview about the LC-MS chromatograms of five Nigerian plant extracts in ethanol; Cola lepidota seed (CCL), Hunteria umbellata leaves (HUL), Plukenetia conophora

leaves (PCL), Persea americana leaves (PAL) and root bark (RPA); Base Peak.
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Fig. 2. Immuno fluorescence staining of the estrogen receptors a and B (ERay/B) of all human cell lines used in this study. Estrogen receptors (green). Nuclear staining with
DAPI (blue) Exposure time was maintained at 5.6 s to guarantee identical excitation. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of the article.)

stances or compound mixtures of the chosen plant extracts with
estrogen-receptor-dependent or -independent effects could be
identified in adjacent projects. But so far the estrogen receptor (ER)
status of all cell lines was tested by immune-fluorescence against
the ERa and ER isoforms (Fig. 2). Simultaneous staining with DAPI
and identical exposure times enable information about the localiza-
tion and the expression intensity of these isoforms. Every cell line
harbors ER« as well ERB in different contents. The estrogen recep-
tor expression was mainly detected in the cytoplasmic matrix of
all cell lines. The cell lines MCF-12A and POB exhibit the lowest
ER expression levels confirming their non-tumorigenic status. The
breast as well as the bone cancer cell lines showed an increased
expression of especially ERB. The expression levels of ERa were
not that dramatically altered in comparison to the non-tumorigenic
controls. Even the so called estrogen-receptor-negative cell line BT-
20 harbors clearly visible contents of both estrogen receptors. This
finding matches with results presented by Castles et al. (1993),
demonstrating the expression of a constitutively active estrogen
receptor variant in this cell line. This immunofluorescence staining
gives an overview of the overall expression of all estrogen receptor
isoforms but not allows quantitative information of the expression
levels of single ER isoforms. However, the positive estrogen recep-
tor status of all cell lines enables the binding and reaction of plant
compounds with estrogen-like activity.

Cell cycle analysis via flow cytometry distinguishes between
different cell cycle phases and detects apoptotic DNA fragmenta-
tion, simultaneously, so that the proliferative (S+G2/M) as well as
the apoprtotic (degraded DNA) effects of the crude plant extracts
can be measured (Nunez, 2001). First, a percentage comparison of
cell cycle phases including apoptotic rates of all cell lines under

non-treated conditions is given in Fig. 3. Therefore, the cells were
harvested by a confluence of approximately 70% to allow a prolif-
erative as well as anti-proliferative effect of the plant extracts. As
expected, the non-tumorigenic cell lines MCF-12A (Breast) and POB
(primary osteoblast) showed low proliferative potential as shown
in Fig. 3. Only 3-5% of all cells were in G2/M or S phase. These low
percentages of proliferating cells are enough to guarantee the self-
renewal of the tissue. Contrary, the breast as well the bone cancer
cell lines are marked by increased proliferative phases (G2/M+S)
about 25%, 27%, 40% (MCF-7; MG-63; Saos-2), respectively. Even the

Breast Bone

% I I

TACF-T

—f—

1 Apoptosis
O62/M+5
BGl

Percentage rates of cell cycle phases

BT-20  MCF-12A  MG-63 Saos- OB

Fig. 3. Comparative analysis of the cell cycle phases and apoptotic rates of non-
treated mammary cell lines MCF-7, BT-20, MCF-1 2A and osteo cell lines MG-63,
Saos-2 and primary ostecblasts (POB). G1 phase (darker grey); S+G2/M phase

(lighter grey); Apoptotic cells (white).
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**P<0.005, *P<0.05, significantly different compared with EtOH-treated control
(unpaired t-test).
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tion. Columns, mean; bars, SE(n=3).***P<0.001,**P<0.005, *P<0.05, significantly
different compared with EtOH-treated control {unpaired t-test).
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Table 2

1009

Summary of all cell cycle phases including the apoptotic fraction of cell lines induced by the fraction RPA. Changes of the proliferative phases (G2fM +5) in comparison to the
vehicle treated control were determined in percent. Significant alterations were signed with asterisks.

Cancertype Cell line G1 G2/M 5 Apoptotic cells Proliferation (%)

Breast MCF-12A 97.30 £ 040 1.91 £ 0.15 0.50 + 0.07 015 £ 0.05 87.75 = 6.60°
MCF-7 79.99 £ 0.31 050 + 238 8.40 + 028 123 £ 076 82,66 + 12.23*
BT-20 23.07 £ 406 2099 + 428 46.93 + 8.21 033014 108.49 & 5.28*

Bone POB 9347 £ 106 418 £1.13 235+ 007 070+003 97.17 £ 16.24
MG-63 70.84 £ 153 13.87 = 040 1527 £ 1.16 014 £ 0.05 127.47 + 5.28*
Saos-2 54.60 £ 083 1938 + 244 2379+ 273 014 + 007 10491 = 11.57

breast cancer cell line BT-20 harbors about 60% proliferating cells
indicating its invasive potential. The cell physiologic apoptotic rates
of all cell lines were between 0.5 and 1.5%.

For validating the anticancer potential of the five plant extracts,
cells were incubated for 48 h with in ethanol diluted extracts up
to a final concentration of 10 pg/ml. This relatively low concentra-
tion reflects a possibly reachable concentration within the human
body. Higher concentrations are hardly to achieve via specific plant-
based diets. Fig. 4(A-C) shows the proliferation activity of the breast
(cancer) celllines after treatment with the plantextracts in compar-
ison with established phytoestrogens like genistein and daidzein.
Only the root of the Persea americana (RPA) extract causes signifi-
cant alterations (P<0.05) in the proliferative status of all breast cell
lines when compared with the control. The proliferative phases of
the non-tumorigenic cell line MCF-12A as well as the tumorigenic
one, MCF-7, were decreased about 12% and 18% respectively (see
Table 2). By comparing the LC-MS chromatograms of Persea amer-
icana leaf (PAL) and root bark (RPA) extracts (Fig. 1) we find some
differences. RPA seems to be the most active which could probably
be due to phytoestrogens with high molecular weight. Thisrevealed
that Persea americana plant possess anticancer property which is
demonstrated by the root (RPA) part of the plant. Surprisingly, PCL,
CCL, HUL and PAL did not show any marked inhibition of the pro-
liferation of the cell line MCF-7. On the other hand the invasive
breast cancer cell line BT-20 showed an increased proliferative rate
of approximately 8% after treatment with the RPA extract. In com-
parison with the influence of the well established phytoestrogen
genistein and daidzein in high concentrations (final concentration
100 M) the RPA extract causes a reduction of the G2/M+5S phase
in MCF-7 in almost the same manner whereas MCF-12A showed
anincreased proliferation after treatment with genistein as well as
daidzein. Genistein is a natural isoflavone phytoestrogen sensitive
to estrogenic receptors and has been reported to have an inhibitory
effect on the proliferation of cells induced by a non steroidal estro-
genic mycotoxin-zearalenone in MCF-7 (Wang et al., 1996; Heisel,
1998; Dingfa et al., 2010). It therefore has a potential as anticancer
agent (Sirtori, 2001; Somekawa et al., 2001; Messina, 2003; Munro
et al., 2003; Howes et al., 2006). These results indicate that the
extract of Persea americana includes components that affect the cell
cycle phases of breast cancer cell lines in a different way like genis-
tein or daidzein do. Beside the action of the RPA extract only the
Hunteria umbellata (HUL) extract showed an exclusive influence on
the proliferation of BT-20. The proliferative phases increased up to
G%. Probably the exclusive effect on BT-20 attributes to the spe-
cial ER variants in this cell type. However, research is ongoing in
our lab to determine the chemical phytoestrogens or other active
components in RPA using LC-MS and other spectroscopic methods.

The results of the cell proliferative activity of the extracts on
osteo cancer cell lines are shown in Fig. 5. A significant increase in
cell proliferation about 27% was observed for RPA at a concentration
of 10 pug/ml on the osteosarcoma cell line MG-63 (Fig. 5A) whereas
the non-tumorigenic osteoblast (POB) as well as the bone cancer
cell line Saos-2 remained unaffected (Fig. 5B and C). But in compar-
ison to the control substance genistein, the increase of proliferation

induced by the RPA extract was relatively slight. Genistein caused
an increase of the proliferative phases in MG-63 and Saos-2 about
400% and 25% respectively. The other four plant extracts showed
no significant alteration in the cell cycle phases in any bone cell
line. This indicates that the RPA plant extract can inhibit breast
cancer proliferation on one hand and enhance bone cancer on the
other. However, the RPA extract or isolated components could be
potential anticancer agents in the treatment of breast cancer.

Phyto-chemicals have been shown to induce cell cycle arrest,
cause apoptosis and affect the differentiation and proliferation of
cells mediated by the effect of intracellular reactive oxygen species
on the signal transduction pathway (Hu and Kong, 2004). These
cytotoxic natural products may be able to play a significant role in
treating breastand osteo cancer by working in concert with conven-
tional chemotherapeutic drugs thereby improving their efficacy or
reducing their toxicity. Taken together only the RPA extract showed
an influence on the cell cycle phases of breast and bone cancer cell
lines. The research work is ongoing with a view to isolating the
identified compounds, and characterizes the structure of the still
unknown anticancer components in the most active plant extract
(RPA) by LC-MS and GC-MS and other analytical methods.

4. Conclusion

Alarge number of novel anticancer drugs have been discovered
from natural products in the past and new ones are continually
being developed. The studies have shown that the five Nigerian
plant extracts are full of several compounds which are similar to
the phytoestrogens genistein and daidzein. Comparative analysis
of the five extracts showed that RPA possessed the most potent
and significant anticancer activity at the concentration tested. This
lends support to the ethnomedicinal uses of the plants for which
they are known and used for, and could therefore, potentially be
sources for pharmacologically active products suitable for devel-
opment as chemotherapeutic or chemopreventive agents. Future
work will focus on the isolation of identified compounds (phytoe-
strogens), and also elucidation of the precise in vitro and in vivo bio
molecular mechanisms.
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Zusammenfassung:

Aus einem groRen Pool an nigerianischen Pflanzenmaterial wurden vier Extrakte der Pflanzen Jatropha
curcas (JCP1), Pyrenacantha staudtii (PS), Picralima nitida (Z1) und Jatropha gossypifolia (JCP2)
ausgewahlt und hinsichtlich ihres Anti-Tumor-Potentials an der Brustkrebszelllinie MCF-7 in einer
Konzentrationsreihe (1 - 50 pg/ml) evaluiert. Dazu wurde die Proliferationsrate mit Hilfe von
Zellzyklusmessungen, der Apoptose-Induktion via Annexin V/PI-Farbung und Western Blots sowie
Adhiésions-/Konfluenzverdnderungen mittels Durchflusszytometrie, Integrin-Rezeptor-Expression und
Fluoreszenzmikroskopie untersucht. Alle vier Extrakte induzierten Apoptose beginnend mit einer
finalen Konzentration von 10 pg/ml und wiesen moderate ICso-Werte im Bereich von 23-38 ug/ml auf

(Abb. 5).

10 pg/ml PS 10 pg/ml ZI

Control

Annexin V

Propidium iodide

Abb. 5 Bestimmung der apoptotischen Zellen mittels Annexin V//PI Firbung nach der Behandlung mit 10 ug/ml PS, ZI, JCP1 und
JCP2 im Vergleich zur Kontrollgruppe (Engel et al., 2014)

Weiterfiihrende zellbiologische Untersuchungen zur Beschreibung der detaillierten Extraktwirkung
zeigten, dass die zytotoxische Wirkung durch Aktivierung unterschiedlicher Signalkaskaden induziert
wurde. Durch die Behandlung mit PS, JCP1 und JCP2 wurde ein Adhasionsverlust der Zellen aus dem
Zellverband und zu der extrazellularen Matrix induziert, wodurch die Zellen in Suspension gingen und
der Zelltod Uber die Caspasenaktiverung erfolgte. Die zytotoxische Wirkung von Zi war nicht mit einer
Adhéasionsreduktion assoziiert. Im Gegenteil die Zell-Zellkontakte wurde durch eine erhéhte R1-

Intergrin-Expression verstarkt. Die Apoptose-Initiierung erfolgte Uber die Aktivierung der MAPK-


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4177160/

Signalweges. Diese Arbeit belegt eindrucksvoll, dass verschiedene stoffwechselphysiologische
Wirkungen zur Inhibierung des Tumorwachstums aktiviert werden kénnen. Perspektivisch soll die
detaillierte metabolische Wirkung von Zi in Kontrast zu den anderen drei Extrakten mittels Proteomics

und Metabolomics evaluiert werden.
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five Forest crops used in African folklore: antiproliferative and proapoptotic effects. Nat Prod Res. 2014
Feb 26. DOI: 10.1080/14786419.2013.879475.
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Abstract

Background: Jatropha curcas (JCP1), Pyrenacantha staudtii (PS), Picralima nitida (Z1) and Jatropha gossypifolia (JCP2)
are plants used in the African folklore for the treatment of various cancers.

Methods: This study investigated the in vitro anticancer effects of the ethanol extracts against human epithelial
MCF-7 breast cancer cells in a dose-dependent manner (1-50 pg/ml) by using cell cycle analysis, viability assay,
annexin V/P| staining, TUNEL method and expression determination of apoptotic and adhesion relevant proteins.
Adhesion processes were monitored by detachment via flow cytometry, B1-integrin expression and formation of
the actin cytoskeleton.

Results: The three extracts, termed PS, JCP1 and JCP2 at a concentration of 10 pg/ml induced cell death in MCF-7
breast cancer cells verified by high amounts of Pl-positive cells in the cell cycle analysis, Annexin V/PI staining and
DNA fragmentation measurements. In parallel cell detachment was accompanied by decreased B1- integrin
expression and phosphorylation of the focal adhesion kinase at Tyr397. ZI extract was the exception by the increasing
B1-integrin expression and strengthening the cortical actin cytoskeleton. However, all four plant extracts mediated
strong anti-cancer properties with IC5, values between 23-38 pg/ml.

Conclusion: PS, JCP1 and JCP2 were found to be very active against MCF-7 cells by inducing anoikis and therefore

possessing vast potential as medicinal drugs especially in estrogen receptor positive breast cancer treatment. Z|
mediated their anti-cancer action by different signaling mechanisms which should be analyzed in future studies.
Our results further supparted the idea that medicinal plants can be promising sources of putative anticancer agents.

Keywords: Traditional medicine, Breast cancer, Plant extraction, Cell cycle, Apoptosis, Integrin, Adhesion, Anoikis

Background

The use of natural products including medicinal plants
has become more and more important in primary health
care especially in developing countries. Many pharma-
cognostical and pharmacological investigations are carried
out to identify new drugs or to find new lead structures to
develop novel therapeutic agents for the treatment of
human diseases such as cancer [1]. In developing
countries and particularly in Yemen, a large segment
of the population still rely on folk medicine to treat
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serious diseases including infections, cancer and diffe-
rent types of inflammations.

Currently, there is insufficient scientific research on the
plants from Nigeria. Previous studies described the anti-
cancer investigations of some endemic and non-endemic
plants from Nigeria [2]. This study was carried out as a
part of our continued exploration of Nigerian medicinal
plants for interesting biological activities. Thus, the main
aim of the present project was to carry out a phytoche-
mical and cell biological investigation on selected plants
from the southern part of Nigeria, especially on those that
are endemic and those that find a use in traditional medi-
cine as anticancer agents. In this study, four plants were
collected for evaluation of their antitumor activities with
respect to pro-apoptotic and anti-adhesive properties.

© 2014 Engel et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (httpy//creativecommons.org/licenses/by/2.0), which permits unrestricted use distribution, and
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Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated



Engel et al. BMC Complementary and Alternative Medicine 2014, 14:334
httpy//www.biomedcentral.com/1472-6882/14/334

Picralima nitida (Stapf.) Th. & H. Durand (Flowering
plant family: Apocynaceae) has widely varied applications
in Nigeria folk medicine for antipyretic, antihypertensive,
gastro-intestinal disorders, as an antimalarial, aphrodis-
iac, antitrypanocidal, and as a remedy against hypergly-
cemia [3-6]. The plant is used in Nigeria and West
Africa as remedy against breast cancer [7].

Pyrenacantha staudtii Hutch and Dalz (Tropical forest
tree family: Jcacinaceae) is a medicinal plant widely used in
tropical Africa for the treatment of various ailments such
as stomach disorders, intestinal colic, menstrual disorders,
and as anticancer and antiabortificient agents [8,9].

Jatropha gossypifolia L (Euphorbiaceae) is widely dis-
tributed in many tropical countries [10,11]. It has anti-
bacterial, antiinflammatory, analgesic and anticancer
activities [12]. It was known in ancient medicine for its
ethnomedicinal uses in the treatment of cancerous
growth and for its pesticidal activity [13,14].

Jatropha curcas Linnaeus (Euphorbiaceae) is a small tree
or large shrub that can reach a height up to 5 m. It is used
in traditional medicine as remedy against cough, cancer,
and human immunodeficiency virus [15]. The local popu-
lace in the eastern part of Nigeria uses the ethanol extract
for the treatment of breast cancer. In some cases, trad-
itional herbal practitioners use the aqueous decoction to
cure cancer [15]. The search for anticancer agents via ac-
tivity directed identification and characterization lead to
the present study with a view to validating the claimed
ethno-medicinal property of these plants as anticancer
remedy. Hence, this study is focused totally on the expos-
ure of the ethanol root bark extracts of the plants to
MCF-7 cancer cell line in a dose-dependent manner.

Methods

Collection and identification of plant materials

The plant parts (listed in Table 1) were collected from
different locations of Nigeria in the rainy season
(March-June) of 2011 and identified by Mr. A. Sunny of
the Department of Pharmacognosy, Faculty of Pharmacy,
University of Benin, Benin City. Voucher specimens
are deposited at the Faculty of Pharmacy, University of
Benin, Nigeria.
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Preparation of plant extracts

The powdered plant samples (100 g) were each extracted
by maceration, with ethanol (250 ml) at room temperature,
and concentrated to dryness using a rotary evaporator at
reduced pressure. The% yield (10, 23, 40 and 51 for JCP1,
PS, ZI and JCP2, respectively) was obtained. Dried samples
were stored at —20°C until further use. Finally, all plant ex-
tracts were dissolved in dimethylsulfoxide (DMSO) to give
a desired stock solution of 50 mg/ml, which was aliquoted
and stored at —80°C.

Phytochemical composition of extracts

The ethanol extracts were subjected to photochemical
screening in order to identify the secondary metabolites
and nature of the extracts. The method employed, was
from Trease and Evans [16].

Cell culture

Human breast adenocarcinoma cell line MCF-7 (ATCC no.
HTB-22) was obtained from the America Type Culture
Collection (Manassas VA, USA). Cells were maintained at
37°C and in a 5% CO, atmosphere in a monolayer in Dul-
becco’s modified Eagle’s medium (DMEM, Invitrogen,
Germany) with 10% fetal bovine serum (PAA Laboratories
GmbH, Germany) and 1% gentamycin (Ratiopharm,
Germany). Confluent cells were passaged by treating
them with 0.05% trypsin/ 0.02% EDTA. The medium was
changed every two days. MCF-7 cells were authenticated by
morphology and growth rate and were mycoplasma free.
Cultivation conditions were described previously [17].

Treatment with plant extracts

Treatment conditions were previously described [17].
Treatments with the four plant extracts (final concen-
trations of 1, 10, 25, 50 pg/ml) were carried out for
48 h in assay medium. As negative control substance
the vehicle dimethylsulfoxide (DMSO, 0.1%) was used

in the same manner.

Cell cycle analysis
To determine proliferation and apoptosis alterations, the
cell cycle analysis via flow cytometry (FACSCalibur, BD

Table 1 Properties of the four Nigerian plants used in this study

Plant Abbr. Family Parts Medical uses Location 1Csy pmcr-7 (HO/
used m
“Jatropha curcas Linn JCP1  Euphorbiaceae RB cough, wound healing, HV, cancer Benin 36.55
City
*Pyrenacantha staudtii Hutch & PS lcacinacaeae L threatened abortion, malaria, GIT and Benin 37.36
Dalz cancer City
*Picralima nitida Th. & H. Durand Zl Apocynaceae  RB malaria, hyperglyaceamia, antiseptic etc. NIFOR 2276
*Jatropha gossypifolia Linn JCP2  Euphorbiaceae RB cancer, pesticides Owan 2555

Overview of the four plant extracts including its medical uses, IC;, values at 48 h for MCF-7 cells. RB; Root bark; L; leaf; * Most of the information of traditional use

has been taken from native people.
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Biosciences) after propidium iodide staining (50 mg/ml)
of the MCF-7 cells was carried out [17,18]. For data ac-
quisition, the software FlowJo version 7.6.5 (Tree Star;
www.flowjo.com) was used. A minimum of 15,000
ungated events were recorded. For statistical analysis,
the S-phase and G2/M-phase cells of the cell cycle were
defined as proliferative cells and the sub-Gl-peak of the
histogram as apoptotic ones.

Annexin V/Pl apoptosis detection

In this assay, Annexin-V detects the translocation of
phosphatidylserine from the inner leaflets to the outer
leaflets of the plasma membrane, which is a key feature
of apoptotic cells, whereas PI detects necrotic cells with
permeabilized plasma membrane. Labeling of early
apoptotic and dead cells was performed according to the
manufacturer's instructions from the Alexa Fluord88
Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher
Seintific Inc., Germany). Cells were treated with 10 pg/ml
plant extract for 48 h. After treatment detached as well as
adherent cells were washed twice with cold PBS. The cell
pellet was resuspended in 100 pl of annexin binding buffer
at a density of 1 x 10° cells per ml and incubated with 5 pl
of Alexa488-conjugated Annexin-V and 5 pl of PI for
15 min at room temperature in the dark. 400 pl of 1x
binding buffer was added to each sample tube, and the
samples were immediately analyzed by flow cytometry.
Histograms and statistics were designed with the software
FlowJo Version 7.6.5.

Calculation of cell detachment

400,000 MCEF-7 cells were seeded in 6-well plates (Greiner,
Germany). After treatment with the four plant extracts
(10 pg/ml) and the DMSO control detached cells were
counted by flow cytometry.

Measurement of integrin expression

Measurement and calculation of Bl-integrin expression
at the cell surface by flow cytometry (FACSCalibur) was
described previously [18]. Anti-integrin antibody B1
(CD29; Immunotech, 0.2 mg/ml, mouse anti-human
4B4, Isotype: IgG1) was secondarily labeled with fluores-
cein isothiocyanate-conjugated anti-mouse IgG (Faby)
fragment (Sigma). Ten thousand events were recorded
for each measurement and each measurement was re-
peated three times.

Immunofluorescence and microscopy

Filamentous (F)-actin was selectively labeled with BOD-
IPY" FL phallacidin emitting green fluorescence (Invitro-
gen, Germany). Nuclei were stained with Hoechst dye
(Invitrogen, Germany). Bright field and all fluorescence
images were obtained using Axio Scope Al fluorescence
microscope (Carl Zeiss, Germany). Individual fluorophores
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were imaged in black and white for maximum sensitivity
and pseudocolored and overlaid using AxdoVision Imaging
Software Release 4.8.2. (Carl Zeiss, Germany).

Western blotting procedure

After treatment with the plant extracts for at least 48 h
the cells were trypsinized, washed with PBS and lysed in
ice-cold lysis buffer (Bio-Plex Cell Lysis Kit, Bio-Rad,
USA). Cells were homogenized by brief sonification at 4°
C and centrifuged at 10,000 g for 2 min at 4°C. Protein
concentrations of the supernatants were estimated by
Bradford protein assay so that equal amounts (10 pg) of
total soluble protein could be separated by Criterion
TGX Stain-Free precast gels (Bio-Rad, Germany) and
blotted on PVDF membranes. After SDS-PAGE, protein
content per lane as well separation quality was addition-
ally controlled with the Criterion Stain FreeIM gel im-
aging system (Bio-Rad, Germany). After the protein
transfer membranes were blocked with 5% skim milk in
Tris buffered saline (TBS) and washed six times in TBS.
For protein detection primary antibodies (B1 integrin: sc-
374429; PCNA: sc- sc-56; both from Santa Cruz, USA;
caspase 7, 8, 9 from the Apoptosis sampler kit #9915; FAK
antibodies within the sampler kit #9330; Akt #4691; pAkt
(S473) #9271; p44/42 MAPK #9102; P-p44/42 MAPK
(T202/204) #4377; B-Actin #4970: all from Cell Signaling,
USA) were incubated overnight at 4°C followed by labeling
with a horseradish peroxidase (HPR)-conjugated secondary
antibody (Dako, Glostrup, Denmark) for 1 hour at room
temperature. Protein signals were visualized by using
SuperSignal West Femto Chemiluminescent Substrate
(Pierce Biotechnology, Rockford, USA) for detection of
peroxidase activity from HRP-conjugated antibodies
(Thermo Fisher Scientific Inc., Rockford, USA). Band
intensity was analyzed densitometrically with the Mo-
lecular Imager ChemiDoc XRS and Image Lab 3.0.1
software (Bio- Rad, USA). Protein detection was re-
peated at least three times with individual prepared cell
lysates from independent passaged cells.

Tunel assay

Apoptotic DNA degradation was stained using the ter-
minal deoxynucleotidyl transferase (TdT)-mediated
dUDP-biotin nick end labeling (TUNEL) method. In this
study, the In Situ Cell Death Detection Kit, Fluorescein
(Roche, USA) was used for this purpose according to the
manufacturer’s protocol. Briefly, MCF-7 cells (1.5 x 10°
cells/well) were cultured on cover glasses in 6-well
plates. After exposure to the plant extracts, cells were
washed with PBS, fixed with 4% paraformaldehyde solu-
tion for 1 h at 15-25°C, and incubated in permeabilisa-
tion solution for 2 min on ice. After washing with PBS
cells were incubated with the TUNEL reaction mixture
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for 60 min at 37°C in a humidified atmosphere in the
dark.

Fluorescence of the stained cells was observed using a
Carl-Zeiss confocal laser scanning microscope (LSM
780, Jena, Germany) with an excitation wavelength of
488 nm.

Calculation of IC5q values
The half maximal inhibitory concentrations (ICsp) values
were calculated by colorimetric measurements of mito-
chondrial metabolic activity with the CellTiter MTS/PES
assay following to the manufacturer’s instructions (Promega
Corp., Madison, WI). MTS is a tetrazolium compound
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] which is combined
with an electron coupling reagent (phenazine ethosul-
fate; PES) to form a stable solution. The conversion to
formazan is bioreduced by cells which is presumably
accomplished by NADPH or NADH produced by de-
hydrogenase enzymes in metabolically active cells. The
measured mitochondrial metabolic activity also reflects the
cell cytotoxicity directly and the cell viability indirectly.
Cells were seeded in 96-well plates at a density of 2000
cells/well in 100 pl medium and left to attach for 24 h.
Treatment with plant extracts at final concentrations of
1, 10, 25, and 50 pg/ml was carried out as described pre-
viously. In parallel, control approaches were carried out
with medium only and 0.1% of the solvent DMSO to cal-
culate background absorbance. No background absorb-
ance was obtained for the extracts and MTS in the
absence of cells, as some extracts are capable of reducing
the MTS. After an initial incubation for 24 h cells were
assayed with MTS according to the manufacturer’s in-
structions (Promega Corp., Madison, WI). Colorimetric
changes were measured at 490 nm and raw data was
transferred to Microsoft Excel and analyzed. At least 8
replicates corrected with the background absorbance were
performed. Reduction of cell viability at each concentra-
tion was plotted as a dose response curve. The 1Cs, of the
active extracts were calculated using nonlinear regression
to fit data to the dose—response.

Live/dead cell staining

Live/Dead cell staining was performed following the
manufacturer's instructions (Live/Dead Cell Staining Kit
11, PromoCell GmbH, Germany).

Statistical analysis

All data were analyzed by the Students ¢-test using
Microsoft Excel 2010. Every experiment was done in
triplicate with individual passaged cells and data sets
were expressed as means + standard deviations (SD).
Statistical significance was represented as ***P < 0.001,
P <0.01, P < 0.05.
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Results and discussion

The list of the investigated plants, the parts used and
their known medicinal uses are represented in Table 1.
These informations were sorted out in accordance with the
recommendation of the Handbook of African Medicinal
Plants [4]. Ethnobotany Desk Reference [19], and direct
information obtained by Dr. A. Falodun (Department
of Pharmaceutical Chemistry, Faculty of Pharmacy,
University of Benin, Benin City, Nigeria) through inter-
viewing local traditional healers. Ethno pharmacological
data (information based on the medicinal traditional
use of plants) has been one of the common useful ways
for the discovery of biologically active compounds
from plants [20]. The phytochemical composition of
the extracts showed the presence of alkaloids, tannins,
saponins, flavonoids in JCP1, PS and ZI. Only tannins
and flavonoids were present in JCP2 (Table 2).

Proliferation and apoptosis events after treatment with
the plant extracts

First, the anti-cancer properties of these four extracts were
examined by cell cycle analysis. Therefore, we chose the
breast cancer cell line MCF-7, a model for hormone-
dependent non-invasive cancer types. This model fits for
initial screening experiments with these untested extracts.
Cell cycle analysis via flow cytometry allowed us to distin-
guish between alterations in proliferation and apoptosis.
Distribution of cell cycle phases (histograms) of MCF-7
cells after treatment with different concentrations (1, 10,
25 and 50 pg/ml) of the plant extract are mentioned in
Figure 1A. In untreated, exponentially growing MCF-7
cells the G1- and G2/M-phases were well defined with a
large number of dividing cells (S-phase between G1- and
G2/M-peaks). Demonstrated were the most prominent
histograms of all measurements (Figure 1A).

All four plant extracts caused a significant influence
on the proliferation phases of the MCF-7 cells, which
turned out to be concentration dependent but not al-
ways linear. To quantify proliferation we defined the cell
cycle phases S and G2/M as proliferative phases so that
the sum of it describes the proliferation rate. In parallel,
the apoptotic rates were measured by determination of

Table 2 Determined substance classes

Phytochemical
compositions

J.curcas P staudtii P. nitida J.gossypifolia
(JCcrP1) (PS) (Z1) (JCP2)
Alkaloids + + + -
Saponins + + + -
Tannins + + + +
Flavonoids + + + +

Phytochemical compositions of the root bark extracts of four medicinal
plants. + presence of components; — absence of components.
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Figure 1 Cell cydle analysis of MCF-7 cells. A: Histograms of the cell cycle distribution of MCF-7 cells after treatment with the control substance
DMSO and the plant extracts JCP1, PS, Z), JCP2 at concentrations of 1, 10, 25 and 50 pg/ml for 48 hours. G1, S and G2/M phases are marked

with black arrows. Represented were the most prominent samples of 3-5 individual replicates. B: Calculation of proliferation and sub-G1 phase.
Measurement of proliferation and apoptosis via cell cycle analysis after treatment with the vehicle DMSO (equates to 100%) and the plant extracts
JCP1, PS, ZI, JCP2 at concentrations of 1, 10, 25 and 50 pg/ml for 48 h. As proliferative phases the sum of S and G2/M phases were calculated in
percentages. As apoptotic fraction the sub G1-peak was measured. (mean + 5D, n=5, ***P < 0.001, **P < 0.01, *P < 0.5, significantly different

compared to control, unpaired i-test).

the sub Gl-peak showing DNA fragmentation events.
Both results were displayed in Figure 1B. As negative
control the DMSO treated cells were set to 100%. As
positive controls genistein was used which results were
previously reported [17]. Only the PS extract mediated
an almost linear reduction in proliferation. In contrast,
the ZI extract showed a biphasic effect. Low concentra-
tions (1-10 pg/ml) caused an increase in the prolife-
rative phases and at a concentration >25 pg/ml, the
proliferation was significantly reduced. JCP1 induced

only a slight proliferation induction after an exposure of
25 pg/ml accompanied by a significant elevation of sub-
G1 positive cells. This effect of proliferation and apop-
tosis induction at the same time is noted by a number of
studies have which have shown that cell-cycle regulators
could interconnect with proliferation and apoptosis
[21]. In contrast, JCP2 displayed a bi-phasic effect on
the distribution of the MCF-7 cell cycle phases. At the
lowest concentration of 1 pg/ml the content of the G2/
M phase nearly doubled in comparison to the DMSO

~
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10 pg/ml PS
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10 pg/ml ZI

Control

Annexin V

10 pg/mi JCP1

w oo w L o
[
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[

{onma nam
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B
Annexin V Pl Annexin V/PI Sub G1
Control 0.7% £ 0.13 1.68% £ 0.78 0.3%+0.24 1.35%
JCP1 0.33%+0.29 4654%+1577 031%+0.01  40.40%
PS 152%+097 33.05% +9.08 0.61% + 0.21 2.69%
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Figure 2 Apoptosis determination via Annexin V/PI staining. A: Histogramms of Annexin V/PI- stained MCF-7 cells after treatment with
10 pg/ml of the four plant extracts in comparison with the control treatment for 48 h. Annexin V in conjunction with Pl staining was used
to distinguish early apoptotic (Annexin V- positive, Pl negative; quadrant 1 of each panel) from late apoptotic or necrotic cells (Annexin V
positive, Pl positive; quadrant 2 of each panel). B: Table of quantitative analysis of single Annexin V or Pl positive and double positive stained
MCF-7 cells. Notably, sub-G1 phase positive cells from the cell cycle measurement were listed for comparison. Results are representative of
three separate experiments.
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control. Analogously to the PS extract, a JCP2 concen-
tration of 10 pg/ml caused also a significant reduction
of G2/M phase and an arrest in GO/G1 phase.

But ultimately, all four extracts mediate a significant
increase in sub-G1 phase. The extracts JCP1 and JCP2,
already caused at the low concentration of 10 pg/ml a
significant increase in the sub-G1 phase. In summary, all
four plant extracts were able to influence the prolifera-
tion rates of the estrogen receptor-positive cell line
MCF-7 depending on the concentrations used. This
phenomenon is not uncommon for some effective anti-
cancer extracts. For example, soy ingredients like genistein
causes biphasic effects on hormone-dependent cancer cell
lines [22]. At low concentrations (1-10 pM), genistein
stimulates cell proliferation whereas higher concentrations
are able to induce a block in G2/M phase. This result sug-
gests that the plant extracts contain substances that trig-
ger similar biphasic effects, known as phytoestrogens such
as genistein. In subsequent experiments, the exact in-
gredients of the extracts by high-performance liquid
chromatography (HPLC) and gas chromatography—
mass spectrometry (GC-MS) will be analyzed to obtain
a deeper insight into the existing drug classes.

However, to confirm the results of the cell cycle ana-
lysis, three additional methods were used to verify the
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influence on proliferation and apoptosis: Annexin V/PI
labeling, TUNEL assay and western blotting experiments
of relevant proteins. Beside the calculation of the sub-G1-
peak by cell cycle analysis, apoptosis/necrosis induction
was determined by using Alexa Fluor488 Annexin V/PI
staining (Figure 2). Treatment with 10 pg/ml JCP1 and
JCP2 resulted in the highest levels of dead MCF-7 cells
(46% and 47%) which were positive for the PI labeling.
These values are comparable with the apoptosis data ob-
tained from the determination of the sub-G1 phase in the
cell cycle measurement which indeed showed the highest
percentages in sub-G1 phase. The treatment with 10 pg/
ml PS and ZI resulted in approximately 33% cell death
compared to the control. Surprisingly, only the treatment
with 10 pg/ml ZI showed a moderate Annexin V/PI label-
ing, as an indication of late apoptosis induction. PS, and
especially JCP1 and JCP2 induced only necrotic events,
verified by high amounts of PI-positive cells. These re-
sults are similar to those of the TUNEL measurements
(Additional file 1: Figure S1). At concentrations of
10 pg/ml PS, JCP1 as well as JCP2 caused DNA fragmenta-
tion within the cell nucleus, whereas ZI induced signals
within the cytoplasm, indicating for extrinsic death signals.
Furthermore, the induction of apoptosis was verified
by western blot analysis with apoptosis relevant specific
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Figure 3 Protein expression analysis of MCF-7 cells by Western blotting after treatment with 10 pg/ml of the four plant extracts in
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Figure 4 Measurement of cell detachment and morphological alterations. A: Cell detachment was calculated by flow cytometry after 48 h
after exposure to 10 pg/ml of the plant extracts and 0.1% DMSO. (mean + SD, n=8, **P < 001, *P <005, significantly different compared to control,
unpaired t-test). B: Bright field microscopy to monitor morphological alterations after treatment with the four plant extracts JCP1, PS, ZI, JCP2 in a
concentration dependent manner on MCF-7 cells. Even the lowest concentration of 1 pg/mil caused a significant detachment of the MCF-7 cells from
the plate surface. At a concentration of 10 pg/ml almost 70 - 80% of all cells treated with PS, JCP1 and JCP2 were detached. Detachment correlates
with induction of apoptosis which was determined by two-color fluorescent Live/Dead-Staining. Green: viable cells; red: dead cells.

antibodies (Figure 3A). The treatment with 10 pg/ml
JCP1 and JCP2 revealed a cleavage of caspase 7 and
caspase 9 so that pro-caspases 7 and 9 were hardly to de-
tect which also applies also to caspase 8. Interestingly, nei-
ther the PS nor the ZI extract lead to caspase cleavage.
The proliferation results of the cell cycle analysis were val-
idated by the expression analysis of PCNA (Proliferating
Cell Nuclear Antigen) (Additional file 2: Figure S2). At a
concentration of 10 pg/ml ZI induced an increase of the
proliferative phases whereas the JCP1 and JCP2 decreased
the expression of PCNA. Ultimately, these results demon-
strate that the cell cycle analyses were well performed and
comparable with Annexin V/PI labeling as well as with ex-
pression analysis of PCNA. The JCP1 and JCP2 extracts
mediated the strongest decrease in proliferation with a
simultaneous induction of cell death.

Plant extracts induced cell detachment mediated by
decreased B1 integrin expression
Morphological alterations under treatment conditions
were verified by bright field microscopy (Figure 4B). The
plant extracts PS, JCP1 and JCP2 at concentration of
10 pg/ml or higher induced a loss of cell-cell and cell-
matrix adhesion accompanied by rounding of the cells.
Treatment with ZI induced no visual cell detachment.
Incubation with 1 pg/ml plant extract resulted in a few
detached cells while the typical cell cluster of MCF-7,
called domes, were not affected. To calculate detach-
ment rates, detached MCF-7 cells after exposure to
10 pg/ml plant extract were counted by flow cytometry
(Figure 4A). The extracts JCP1 and JCP2 induced signifi-
cant increased cell detachment with rates of 81% and
76%, respectively. Exposure with the PS extract resulted
in 59% detached cells. The ZI extract caused no signifi-
cant cell detachment in comparison to the control.
Detachment from the extracellular matrix or lost con-
tact with the neighbor cells is a clear indication of induc-
tion of an apoptotic process that is termed anoikis [23].
This observation confirmed the results of the cell cycle
measurements that showed a significant increase of apop-
totic cells after treatment with 50 pg/ml of the four plant
extracts. To confirm the induction of anoikis, which is
accompanied by cell detachment, we performed live/
dead staining of the cell after exposure to 10 pg/ml of
the extracts. These staining demonstrated that only at-
tached cells were viable (green fluorescence) while

detachment by the extracts caused cell death (red fluo-
rescence). Moreover, this test showed that the concen-
tration of 10 pg/ml of each extract led to a different
degree of cell detachment. Treatment with JCP1 and
JCP2 resulted in the highest cell detachment rates (ap-
proximately 60 - 90%), so that nearly no viable cells
were attached to the cell culture plates. The ZI extract
exhibited the lowest rate of cell detachment and only a
few dead cells, which correlated with the results of the
cell cycle measurements where the ZI extract at a con-
centration of 10 pg/ml showed a significantly increased
proliferative phase.

The ability of epithelial cells to survive through sup-
pression of anoikis depends on their engagement to the
extracellular matrix through a family of heterodimeric
transmembrane receptors named integrins. Anoikis in
mammary epithelial cell can be initiated by direct inhib-
ition of Bl-integrins [24,25]. Therefore, the Bl integrin
expression by flow cytometry analysis was measured
(Figure 5A). Although the three plant extracts, JCPI,
JCP2 and PS lead to cell detachment at a concentration
of 10 pg/ml, only JCP2 lowered the Pl-integrin expres-
sion in MCF-7 cells, significantly. PS and JCP1 revealed
only a slight decrease in Bl-integrin expression while ZI
increased the Bl-integrin level significantly up to 9%. Be-
cause the flow cytometry data only represent the levels
of membrane associated Pl-integrin expression, western
blotting was performed with a Bl-integin specific anti-
body. Additional file 2: Figure S2 shows the expression
pattern of Bl-integrin in the soluble and membrane pro-
tein fractions. Consistent with flow cytometry results the
exposure with 10 pg/ml ZI revealed a significant in-
crease of Pl-integrin in the membrane fraction, while
the soluble content was markedly reduced. The extracts
JCP1 and JCP2 convey no significant change in PI-
integrin expression, neither in the soluble nor the mem-
brane fraction. The PS extract is the exception. Com-
pared with the flow cytometry data 10 pg/ml PS extract
caused a significant increase in fl-integrin expression in
the membrane fraction while the soluble protein content
was reduced. This phenomenon may be attributable to
the fact that different antibodies were used for the flow
cytometry analysis. The antibody suitable for western
blotting detection of Pl-integrin was raised against
amino acids 375-480 mapping within an extracellular
domain of Bl-integrin of human origin (sc-374429,
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Figure 5 Monitoring of adhesion related proteins. A: Cell membrane associated (cell surface) B1-integrin expressions of plant extract treated
(10 pg/ml) MCF-7 cells in percent of control measured by flow cytometry. As control DMSO treated cells were used. {(mean+ 5D, n= 3, **P <001,
*P < 0.05, significantly different compared to control, unpaired t-test). B: Fluorescence microscopy of F-actin (green) alterations after treatment
with 10 pg/ml of the plant extract. Nuclei are marked in blue. Arrows point to the increased actin accumulation at sides of cell-cell contacts.

Santa Cruz). The flow cytometric antibody (CD29,
Immunotech) was raised against the entire amino acid
sequence, making it more specific for Bl-integrin de-
tection. Thus, it is possible that there will be slight dif-
ferences in the recognition of the pl-integrin protein.
Accordingly, the western blot results are only a general
review of the flow cytometry data. However, it could be
confirmed that the ZI extract mediates a clear overex-
pression of pl-integrin in the cell membrane. In contrast,
JCP1 and JCP2 caused a slight reduction in pl-integrin
expression.

Additionally, the expression levels of the focal adhe-
sion kinase (FAK), a widely expressed cytoplasmic pro-
tein tyrosine kinase involved in integrin-mediated signal
transduction and its phosphorylation status was checked
(Figure 3B). Consistent with the lowered Pl-integrin ex-
pression levels after treatment with JCP1 and JCP2, the
expression of total FAK and the phosphorylation at resi-
due Tyr397 decreased. Also the exposure to PS caused a
slight decrease in the autophosphorylation of FAK indi-
cating for the deactivation of FAK and lowered adhesion
to the extracellular matrix.

These findings suggest that the plant extracts target
different signaling pathways in the MCF-7 cells and
thus initiate various mechanisms of cell detachment.
Loss of integrin binding to
proteins results in impairment of cell spreading which
depends on the integrity of the internal actin cytoskel-

extracellular matrix

eton formation [26]. This assertion is supported by the
fact that the formation of the actin cytoskeleton is af-
fected differently by the plant extracts (Figure 5B).
Under control conditions MCF-7 cells form a diffuse
actin cytoskeleton without any visible stress fibers. The
actin filaments are short and find to be enriched at sides
of cell-cell contacts (Figure 5B; red arrows). JCP1, JCP2
and PS revealed a distinct alteration of the actin
organization. No strong accumulation of actin in adjacent
cells could be observed in comparison with controls.
By treatment with the PS and JCP1 strong cellular
contacts were diminished. Cells seem to be enlarged in
their areas and express filopodia. Consistent with the
increased Pl-integrin expression by ZI increased
formation of actin filaments was observed between
neighboring cells (Figure 5B, red arrows). In addition,
the western blot results confirm that after treatment
with JCP1 and JCP2 the B-actin filaments were de-
graded: further evidence for the induction of anoikis
(Figure 3C).

However, the three plant extracts (JCP1, JCP2 and PS)
harbor anticancer potential, which should be analyzed in
further studies. Especially the signaling mechanisms
should be identified because initial analysis of central
signaling molecules like the serine/threonine-specific
protein kinase Akt and mitogen-activated protein ki-
nases (MAPKs) showed alterations in their expression
levels (Figure 3C).

Plant extracts harbor 1Csp values between 23 and 38 pg/ml
Finally, the IC5, values of the plant extracts for MCF-7
via MTS assay was determined (Figure 6). Data of the
MTS measurements were plotted on dose response
curve and ICsq values were calculated by non-linear re-
gression. The ICg values for JCP1, PS, ZI and JCP2 for
MCF-7 cells were 36.55, 37.36, 22.76 and 25.55 pg/ml,
respectively. These values describe a moderate potential
as an anti-cancer agent but colorimetric test were not
that convincing and require confirmation by additional
experiments [27]. Also, because the cell cycle analysis,
bright field microscopy and Pl-integrin
revealed a markedly lower effective concentrations (1—
10 pg/ml) of the plant extracts. However, further investi-
gation is needed to explore the detailed anticancer

expression

potential of these plant extracts and the corresponding
signaling pathways.

Conclusion

Anticancer screening experiments for bioactive agents
from natural products are in focus of current research.
But effective screening methods are rare and sometimes
difficult to interpret. Therefore in this study standard
methods were chosen for the interpretation of the influ-
ence on proliferation (cell cycle measurement, PCNA
expression by Western blotting), apoptosis (cell cycle
measurement, Annexin V/PI labeling, TUNEL assay,
live-dead staining, caspase claevage), morphology (bright
field imaging), metabolism (MTS assay) and adhesion
(Bl-integrin expression, F-actin staining, cell detach-
ment). These methods allow an overview of the potential
effectiveness of the extracts on the key mechanisms of
cancer cells, but do not allow a clear identification of
signaling pathways. All four plant extracts displayed dis-
tinct alterations on these major cellular mechanisms in
the breast cancer cell line MCF-7. These results reveal
an anti-tumorigenic potential of the four plant extract.
But the dose response curves and calculated 1Cg, values
also indicate a general cytotoxic activity. This could be
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Figure 6 Determination of 1C5g values. The 50% inhibition concentration (ICsq) values of the four plant extracts JCP1, PS, ZI, JCP2 on MCF-7
cancer were measured by MTS assay. The four extracts reduced viability of MCF-7 cells in a dose dependent manner. ICsy values (see Table 1)
were calculated from the dose response curves by nonlinear regression. Background absorbance was corrected against MTS reaction without cells

due to the mixture of ingredients within the extracts.
Accordingly, in subsequent experiments the active sub-
stance classes will be identified and fractionated. The
overall goal for future work is to isolate the active com-
pounds and their testing on different cancer cell lines.

Interestingly, the PS, JCP1 and JCP2 plant extracts in-
duced cell rounding and cell detachment at concentrations
=10 pg/ml Cell detachment could be caused by several
processes. One protein relevant for cancer cell progression
and metastasis is the pl-integrin [28]. This finding impli-
cates that the ZI extracts influences different cellular path-
way compared with other extracts. However, the four
tested plant extracts exert cytotoxic and anticancer poten-
tial which should be investigated in further studies.

In conclusion, the results in the present study coincide
to some extent with the traditional uses of the plants in-
vestigated. Our results further supported the idea that
medicinal plants can be promising sources of potential
anticancer, antimicrobial and antioxidants agents. The
present results will form the basis for selection of plant
species for further investigation in the potential discov-
ery of new natural bioactive compounds. Studies aimed
at the isolation and structure elucidation of anticancer
chemical constituents are in progress.

Additional files

Additional file 1: Figure 51. DNA fragmentation by TUNEL assay. Late
apoptotic effects induced by 1 and 10 pg of the four plant extracts on
MCF-7 cells were analyzed by TUNEL assay to measure the extent of DNA
fragmentation visualized by confocal laser scanning microscopy (LSM 780,
Carl Zeiss, Jena, Gemnany). Green fluorescence within the cell nucleus of PS,
JCP1 and JCP2 (10 pg/ml) reflect DNA damage. Notably, Z| extract causes
oytosolic labeling, an indication for extrinsic apoptotic pathways.

Additional file 2: Figure 52. PCNA and integrin expression by western
blotting. Expression analysis of 31 integrin and Proliferating Cell Nuclear
Antigen (PCNA) of the soluble and membrane fraction of MCF-7 cells
after treatment with 10 pg/ml plant extract in comparison with the
DMSO control. Loading controls were visualized by stain-free imaging of
the SDS-PAGEs prior blotting procedure. Note that 31 integrin expression
is demonstrated twice. Upper panel shows the nommal exposure, lower
panel the overexposed variant.
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Zusammenfassung:

Ein weiterer Kooperationspartner in diesem internationalen Konsortium zur Identifizierung neuer,
pflanzlicher Anti-Tumor-Wirkstoffe ist Prof. Dr. Iftikhar Ali (Department of Chemistry, Karakoram
International University, 15100 Gilgit-Baltistan, Pakistan), der auch dieses Projekt initiiert hat und mit
dem aktuell eine grofRanlegte Studie zu der Wirksamkeit von pakistanischen, pflanzlichen Wirkstoffen
auf Hals-Kop-Tumore begonnen hat. Auch fiir diese Arbeit stand uns ein groRes Reservoir an
traditionell genutzten Heilpflanzen aus Pakistan und Kamerun zur Verfiigung, aus dem wir schépfen
konnten. In dieser Arbeit wurden vier pakistanische Pflanzen: Vincetoxicum arnottianum (VSM),
Berberis orthobotrys (BORM), Onosma hispida (OHRM and OHAM) und Caccinia macranthera (CMM)
im Anti-Tumor-Screening bei humanen Knochen- und Brustkrebszelllinien eingesetzt. Der
methanolische Wurzelextrakt von BORM induzierte bereits in geringen Konzentrationen Apoptose in
den Tumorzellen, primar Gber einen lysosomalen Signalweg. BORM bewirkte nach der Applikation eine
sofortige Reduktion der mitochondrialen Respiration (Abb. 6), begleitet von der gesteigerten

Expression des pro-apoptotischen Molekdils BCL-2.

Mitochondrial O, consumption
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Abb. 6 Messung der mitochondrialen Respiration am Bionas® 2500 Analyzing System, welches mit dem metaboischen Chip
Bionas DisocveryTM SC1000 kombiniert wurde. Sowohl der VSM als auch der BORM-Extrakt reduzieren die mitochondriale
Respiration bei der Osteosarkomzelllinie MG-63.Hingegen beeinflusste VMS die Respiration der Kontrollzelllinie (POB — primary
osteoblasts) nicht. Der BORM-Extrakt reduziert ebenfalls die Respiration der Kontrollzelllinie, aber nur um ca. 20 %. Diese
Reduktion wurde nach dem Stoppen der BORM-Applikation revertiert und mehr noch, signifikant gesteigert.


https://www.ncbi.nlm.nih.gov/pubmed/27457235

Der methanolische Extrakt von VSM verursachte einen Zellzyklus-Arrest in der G2/M-Phase und eine
Stabilisierung des Aktin-Zytoskeletts durch eine gesteigerte Stressfaser-Formierung. Dadurch wurde
eine reduzierte Migrations- und Invasionsfahigkeit der Tumorzellen erzielt.

Durch diese Arbeiten konnten wir zwei Pflanzenextrakte mit starker anti-kanzerogener Wirkung
identifizieren, die zum einem auf eine metabolische Beeintrdachtigung (BORM) oder zytoskeletale
Reprogrammierung (VSM) der Tumorzellen zurickzufihren ist. Aktuell erfolgt die chemische
Charakterisierung der Inhaltstoffe durch Herrn Prof. Ali. Erste chemische Charakterisierungen liegen in

einer aktuellen Publikation vor:

Dad A, Ali I, Engel N, Atif M, Hussain H, Ahmad VU, Langer P. The Phytochemical Investigation and
Biological Activities of Berberis Orthobotrys. Int J Phytomed. 2017 July; 9(2):213-8. doi:
10.5138/09750185.1899.
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Abstract

Background: The medicinal plants Vincetoxicum arnottianurm (VSM), Berberis orthobotrys (BORM), Onosma hispida
(OHRM and OHAM) and Caccinia macranthera (CMM) are used traditionally in Pakistan and around the world for
the treatment of various diseases induding cancer, dermal infections, uterine tumor, wounds etc. The present study
focuses on the investigation of the selected Pakistani plants for their potential as anticancer agents on hurman bone
and breast cancer cell lines in comparison with non-tumorigenic control cells.

Methods: The antitumor evaluation was carried out on human bone (MG-63, 5aos-2) and breast cancer cell lines
(MCF-7, BT-20) in contrast to non-tumorigenic control cells (POB, MCF-12A) via cell viability measurerments, cell cycle
analysis, Annexin V/PI staining, microscopy based methods as well as migration/invasion determination, metabolic
live cell monitoring and western blotting.

Results: After the first initial screening of the plant extracts, two extracts (BORM, VSM) revealed the highest potential
with regard to its antitumor activity. Both extracts caused a significant reduction of cell viability in the breast and bone
cancer cells in a concentration dependent manner. The effect of VSM is achieved primarily by inducing a G2/M arrest
in the cell cyde and the stabilization of the actin stress fibers leading to reduced cell motility. By contrast BORM's
cytotoxic properties were caused through the lysosomal-mediated cell death pathway indicated by an upregulation
of Bcl-2 expression.

Conclusions: The antituror evaluation of certain medicinal plants presented in this study identified the methanolic
root extract of Berberis orthobolrys and the methanolic extract of Vincetoxicum amottionum as promising sources for

investigation of the plant extracts.

exhibiting the antitumor activity. Therefore, the indigenous use of the herbal remedies for the treatment of cancer
and cancer-related diseases has a scientific basis. Moreover, the present study provides a base for phytochemical

Keywords: Traditional herbal rermedies, Plant extracts, Antitumor evaluation, Actin cytoskeleton

Background

Natural products have historically and continually been
investigated for promising new leads in pharmaceutical
development. Cancer is a major public health problem
worldwide with millions of new cancer patients diag-
nosed each year and many deaths resulting from this
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disease. Chemotherapy remains the principal mode of
treatment for various cancers. Researchers have focused
on the anticancer activity of the plants because the
medicinal plants are used in different countries for the
treatment and prevention of cancer [1, 2]. For example,
Traditional Chinese medicine (TCM) is used as an adju-
vant therapy to alleviate cancer symptoms at the terminal
stages when Western medicine treatments cannot offer
any other treatment options [3, 4].

In Pakistan, as in other developing countries, traditional
medicines are in widespread use; with the practitioners

© 3016 The Autharks). Open Access This article is distributed under the terms of the Creative Commoans Attribution 4.0
International License {ht tpedfcreativecommeans orgdicenses’by 4.0/, which permits unrestricted use, digtribution, and
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formulating and dispensing the recipes to their patients.
The medicaments are prepared most often from a
combination of two or more plant products which may
contain active chemical constituents with multiple
physiological and pharmacological activities and could
be used in treating various disease conditions. The
discovery of effective herbs and elucidation of their
underlying mechanisms could lead to the development
of an alternative and complementary method for can-
cer prevention and/or treatment. Based on an analysis
of published literature, we selected four traditional
Pakistani plants with medicinal value to evaluate their
anticancer efficacy. In search of the target plant extracts
for the development of anticancer drugs, here we have
investigated Vincetoxicum arnottianum, Berberis ortho-
botrys, Onosma hispida and Caccinia macranthera of
Pakistan origin.

Vincetoxicum arnottianum Wight (Syn:  Cyanchum
arnottianwm Wight) is a perennial plant of the Apocyna-
ceae family found in different parts of Pakistan including
Hazara, Swat, Kaghan, Shinkiari, Kashmir ete. [5]. The
family Apocynaceae is one of the largest angiosperm
family comprising 375 genera and over 5100 species.
Plants of the family Apocynaceae have been reported to
be extensively used for the treatment of the skin dis-
eases, pimples [6], malaria, diabetes and diarrhea and
most importantly some species have been used in cancer
chemotherapy [7]. Some species of Vincetoxicum have
exhibited very high cytotoxicity against brine shrimps
[16], antidiarrheal and antispasmodic [8], antibiotic [9],
anti-inflammatory [10], antidiabetic and antioxidant [11]
activities etc. Alkaloids are normally reported from vari-
ous Vincetoxicum species [12, 13]. The plant V. armottia-
num (syn. C. arnottianum) has been reported for the
treatment of maggots in wounds of cattle, horses and
sheep [14], wounds and injuries [15] ete.

Berberis orthobotrys Bien ex Aitch. is a shrub that be-
longs to the family Berberidaceae. Berberidaceae family
comprises 13 genera and 650 species [25] and it is repre-
sented in Pakistan by 3 genera and 22 species. Various
species of the genus Berberis are reported from different
parts of Pakistan ie. Gilgit, Baltistan, Chitral, Skardu,
Astor etc. Hussain et al [16] have studied the diversity
and ecological characteristics of different plants in-
cluding B. orthobotrys. Mokhber-Dezfuli et al. [17] and
Srivastava et al. [18] have reviewed on the chemical
and biological diversity in Berberis. The plant B. ortho-
botrys has been reported for the treatment of ulcer,
stomach problems, kidney stones, uterine tumor,
wounds [19], blood purification, jaundice, urine prob-
lem, diarrhea [20], gastrointestinal diseases [21] etc.
Moreover the plant B. orthobotrys has revealed various
biological activities including antihypertensive [22],
cardiac depressant [23], antihyperlipidemic [24] etc.
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The chemical constituents that are reported from B.
orthobotrys include alkaloids [25].

Onosma hispida Wall. ex G. Don. is a perennial herb
of the Boraginaceae family found in different localities in
Pakistan including Gilgit, Chitral, Baluchistan, Swat,
Hazara etc. Kumar et al. [26] have reviewed the genus
for its phytochemical and pharmacological aspects. The
genus Onosma L. is one of the largest and most species-
rich genera of the family Boraginaceae comprising more
than 150 species [27-29]. O. hispida is used as a medi-
cinal herb [30, 31] exhibiting various biological proper-
ties including antibacterial activity [32]. The plant O.
hispida has been reported to be used as blood purifier
and for cuts, swells, wounds [33]. And it has also been
reported for the treatment of abdominal ulcers, hair
problems, bladder and kidney stones and rheumatism
[34], pneumonia, typhoid fever and also used for dyeing
hairs [35]. A number of chemical constituents including
benzoic acid derivatives, apigenin derivatives, flavones
and flavanone derivatives have been isolated from O.
hispida [26].

Caccinia macranthera (Banks & Sol.) Brand (Syn: Bor-
ago macranthera Banks & Sol.) is a leafy perennial plant
of the Boraginaceae family found in Baluchistan province
in Pakistan [36]. The roots of C. macranthera have been
reported to be used for the treatment of dermal infections,
liver disorders and dyspepsia and some other traditional
uses [37, 38], sedative, treatment of cough, expectorant
[39]. Moreover, the leaves of C. macranthera have also
been reported for its medicinal properties [40]. The Bora-
ginaceae is a large family that comprises approximately
205 genera and 2500 species worldwide [41]. The root
extract of C. macranthera was studied for induction of
phage production [42]. Different chemical constituents
including glycosides [43], pyrrolizidine alkaloids [44],
triterpenoid sapogenin [45] have been reported from the
species of the genus Caccinia other than C. macranthera.
However El-Shazly & Wink have reported that pyr-
rolizidine alkaloids are commonly found in Boragina-
ceae family. However, the overview about the medicinal
plants Vincetoxicum arnottianum, Berberis orthobotrys,
Onosma hispida and Caccinia macranthera of Pakistan
origin is given in Table 1.

Despite their widespread use, however, no scientific as-
sessment for anticancer effect has been conducted in
most cases. Considering their increasing recognition and
consumption, the present study was undertaken to
evaluate the anticancer potential of these plant extracts
in the inhibition of cell proliferation, induction of cell
death, metabolic alterations and structural modifications
in human breast (MCF-7, BT-20) and bone (MG-63,
Sans-2) cancer cell lines. As a kind of control, non-
tumorigenic cell lines of the breast (MCF-12A) and bone
(POB) were included in the screening.
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Table 1 Overview of the selected Pakistani plants used in this study
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Plant name Sample code Description Family Medicinal uses
Vincetoudcum VM Methanalic extract of the plant. Apocynaceae  Wounds, Injuries, Maggots in wounds of
arnottianum Wight cattle, homes efc.
Berbernis orthobotrys BORM Methanalic root extract of the plant. Berberidaceae  Uterine tumar, wounds, gastrointestinal
Bien. ex Aitch. ) problems, ukcer, blood purification, jaundice,
BOFM Methanalic extract of the flowers of the plant Urine problem, diarhes, artihypertensive,
BO-5 Ethylacetate soluble cily substance extracted from cardiac depressant, antihypedipidemic etc
the methanolic fruit extract of the plant.
BO-23 n-hexane soluble aily substance extracted from
the methanolic fruit ecract of the plant.
Onosma hispida OHRM Methanolic root extract of the plant. Berberidaceae  Wounds, cuts, swells, abdominal ulcer,
Wall. ex G. Don. tibacterial, blood purifier, hai ble:
alex n OHAM Methanalic extract of the aerial parts of the plant. an ena, ood puriey, halr problems,

Caccinia macranthera CMM Methanalic extract of the plant.

(Banks & Sol) Brand

dying hair, bladder and kidrey stones,
rheumatism, pneumaonia, typhoid fever etc.

Boraginaceae  Dermal infections, liver disorders, dyspepsia,
sedative, cough, expectorant, induction of

phage production etc

Methods

Plant material collection and identification

Four plants were employed in the present study. Vince-
toxicum armottianum and Caccinia mancranthera were
collected from Baluchistan (Pakistan) and Berberis ortho-
botrys and Onosma hispida were collected from Gilgit-
Baltistan (Pakistan) in 2014 (Table 1). The plants were
identified by Dr. Sher Wali Khan and reference speci-
mens were deposited at the Department of Biological

Sciences, Karakoram International University, Pakistan.

Preparation of extracts

Each plant sample including the aerial part of V. amot-
tignum (VSM), root (BORM) and fruit (BOFM) parts of
B. orthobotrys, root (OHRM) and aerial (OHAM) parts
of O. hispida, and the aerial part of C. macranthera
(CMM) were air dried in shade and mechanically ground
to fine powder. The finely-powdered material of each
plant was soaked in methanol for several days and ex-
tracted. The dried methanolic extracts were obtained by
removing the methanol by evaporation under reduced
pressure. Furthermore, the fruit extract (BOFM) of B.
orthobotrys was fractionated using salvent-solvent ex-
traction and yielding n-hexane soluble oily substance
(BO-23) and ethylacetate soluble oily substance (BO-5).
Finally, eight samples ie. VSM, BORM, BOFM, BO-5,
BO-23, OHRM, OHAM and CMM were obtained and
used for further study. Then, 50 mg of each dry sample
was dissolved in 1 ml DMSO, EtOH or MeOH for the
antitumor activity tests.

Chemicals

For soaking and extraction purposes, the commercial
grade solvents were used. For preparation of the samples
for the antitumor activity, absolute ethanol, DMSO, and
absolute methanol from Sigma Aldrich were employed.

Cell lines, culturing and treatment conditions

Human osteosarcoma cell lines MG-63 (CRL-1427),
Sans-2 (HTB-83) and human breast adenocarcinoma cell
lines MCF-7 (ATCC: HTB-22), BT-20 (HTB-19) as well
as non-tumorigenic human epithelial breast cell line
MCF-12A (CRL-10782) were purchased from ATCC
(http:/ fwww.lgestandards-atec.org/) under the given num-
bers. The human non-tumorigenic, primary osteoblast
cells (POB) were chosen as control cells. Briefly, cells were
isolated from the spongiosa of the femoral heads of
patients undergoing primary total hip replacement. The
samples were collected with patient agreement and ap-
proval by the Local Ethical Committee (registration
number: A 2010-10). Human primary osteoblasts were
already used and isolation procedure was already de-
scribed [46]. Except for MCF-12A, all other cell lines
and the primary POB cells were cultivated in Dulbecco’s
modified Eagle’s medium (Invitrogen, Germany) with
10 % fetal bovine serum (PAN Biotech GmbH, Germany)
and 1 % gentamycin (Ratiopharm, Germany). MCF-12A
was grown in Dulbecco’s modified Eagle’s medium
Ham's F12 without phenol red (Invitrogen, Germany)
containing 10 % horse serum (PAA Laboratories GmbH,
Germany), the Mammary Epithelial Cell Growth Medium
SupplementPack (PromoCell, Germany) including Bavine
Pituitary Extract 0.004 nl/ml, Epidermal Growth Factor
(recombinant human) 10 ng/ml, Insulin (recombinant
human) 5 g/ml, Hydrocortisone 0.5 g/ml and 1 % genta-
myein (Ratiopharm, Germany).

Prior treatment with the plant extract cells were
adapted to phenol-red-free Dulbecco’'s modified Eagle's
medium (PAA Laboratories GmbH, Germany) with 10 %
charcoal stripped fetal bovine serum (PAN Biotech
GmbH, Germany) for 48 h to avoid unspecific stimulation
of endogenous hormones in the serum (assay medium).
Treatment with plant extracts (final concentration 1, 10,
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25, 50, and 100 pg/ml) was carried out for 48 h in assay
medium. As negative control substance the wvehicle
DMSO, ethanol or methanol (0.1 %) was used in the
same manner.

Viability assay and calculation of 1C,, values

MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay to
determine cell viability was performed according to
manufactures protocol (CellTiter 96" AQueous One So-
lution Cell Proliferation Assay; Promega Corp., Madison,
W, USA). Briefly, cells were seeded in 96-well plates at
a density of 2000 cells/well in 100 pl medium and left to
attach for 24 h. Treatment with plant extracts at final
concentrations of 1, 10, 25, 50 and 100 pg/ml was car-
ried out as described previously [47]. In parallel, control
approaches were carried out with medium only and
0.1 % of the solvent DMSO, EtOH or MeOH to calculate
background absorbance. No background absorbance was
obtained for the extracts and MTS in the absence of
cells, as some extracts are capable of reducing the MTS.
After an initial incubation for 24 h cells were assayed
with MTS. Colorimetric changes were measured at
490 nm and raw data was transferred to Microsoft Excel
and analyzed. At least 8 replicates corrected with the
background absorbance were performed. Reduction of
cell viability at each concentration was plotted as a dose
response curve. The ICs, values were calculated using
nonlinear regression to fit data to the dose—response.

Cell cycle analysis

Proliferation alterations as well as apoptosis induction
under the exposure of the plant extracts were estimated
by cell cycle analysis via flow cytometry (FACS Calibur,
BD Biosciences) after propidium iodide (Roche Diagnos-
tics, IN, USA) staining (50 mg/ml) of the cells as already
described [47, 48]. For data acquisition and histogram
preparation, the software FlowJo version 7.6.5 (Tree Star;
www.flowjo.com) was used. A minimum of 15,000
ungated events were recorded. Doublets and clumps
were excluded by gating on the DNA pulse width ver-
sus pulse area displays. For statistical evaluation, the
sum of cells in §- and G2/M-phase was defined as pro-
liferative events and the sub-G1-peak of the histogram
as apoptotic ones.

Annexin V/Pl apoptosis detection

Annexin-V detects the translocation of phosphatidylser-
ine from the inner leaflets to the outer leaflets of the
plasma membrane, which is a key feature of apoptotic
cells, whereas PI detects necrotic cells with perme-
abilized plasma membrane. Labeling of early apoptotic
and dead cells was performed according to the manu-
facturers’ instructions from the Alexa Fluor488 Annexin
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V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific
Inc., Germany). Cells were treated with 100 pg/ml plant
extract for 48 h. After treatment detached as well as ad-
herent cells were washed twice with cold PBS. The cell
pellet was resuspended in 100 pl of annexin binding
buffer at a density of 1 x 10° cells per ml and incubated
with 5 pl of Alexa488-conjugated Annexin-V and 5 pl of
PI for 15 min at room temperature in the dark. 400 pl
of 1x binding buffer was added to each sample tube,
and the samples were immediately analyzed by flow cy-
tometry. Histograms and statistics were designed with
the software FlowJo Version 7.6.5.

Microscopy

For bright field as well as fluorescence microscopic im-
aging, cells were seeded on glass cover slips and cultured
for 24 h. After treatment with plant extracts bright field
images were obtained using Axio Scope Al microscope
and the software AxioVision Imaging Software Release
4.8.2. (Carl Zeiss, Germany). For fluorescence imaging
cell were fixed with 4 % paraformaldehyde for 15 min,
followed by three washings with PBS and then perme-
abilized with 0.1 % Triton X-100 for 15 min. After care-
fully washing, cells were incubated with 100 pl 6.6 uM
Alexa Fluor594 phalloidin (Invitrogen, Germany) for
60 min in the dark at room temperature, washed again,
counterstained with DAPI (Roche Diagnostics GmbH,
Germany) for 15 min. Finally, cell were washed four
times with PBS and embedded in mounting medium. Ly-
sosomes were labeled with LysoTracker® Green DND-26
(Molecular Probes, Carlsbad, CA, USA) following the
protocol supplied. The other cell compartments: mito-
chondria (MitoTracker® Mitochondrion-Selective Probes
Green FM), Golgi complex (BODIPY*® FL C5-ceramide
complexed to BSA), endoplasmic reticulum (ER-Tracker™
Green BODIPY" FL glibenclamide), neutral lipids (44-di-
fluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a- diaza-s-indacene
BODIPY* 493/503), all from Molecular Probes, Germany
were labeled following the manufactures’ instructions. All
fluorescence signals were investigated with an inverted
confocal laser scanning microscope (LSM780, Carl Zeiss,
Germany) equipped with a helium/neon-ion laser and a
ZEISS 63 x oil immersion objectives. The confoecal images
(1024 x 1024 pixel) were optimized using the ZEN software
(Carl Zeiss, Germany).

Scanning electron microscopy

For scanning electron microscopy (SEM) cells grown on
glass cover slips were fixed with 2 % glutaraldehyde and
1 % PFA in 0.1 M phosphate buffer pH 7.3. After washes
in 0.1 M phosphate buffer the cells were dehydrated
with a graded series of ethanol and were processed for
critical point drying using CO; as intermedium (Emitech
K850 critical point dryer, Emitech Ltd. Ashford, UK).
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The cover slips were mounted on SEM stubs with
adhesive carbon tape (Plano, Wetzar, Germany) and
sputter-coated with a gold layer (approximately 15-20 nm
thickness) using a Bal-Tec SCDO004 sputter coater (Balzers
Union Ltd, Balzers, Liechtenstein). Specimens were
viewed in a field-emission SEM operated at 5 kV (Merlin
VP compact, Carl Zeiss Microscopy, Jena, Germany) and
images with a size of 1024 x 768 pixels were recorded.
Morphometric measurements of cell body axis length and
width were taken with the free line measurement tool on
calibrated pictures imported into ITEM imaging software
(Olympus Soft Imaging Solutions, Miinster, Germany).

Mitochondrial O;-consumption

Mitochondrial Os-consumption as a measure for re-
spiratory activity was determined by the Bionas® 2500
analyzing system combined with the metabolic chip Bio-
nas DisocveryTM SC1000 equipped with Clark-type oxy-
gen sensors. Prior experiments, chips were cleaned with
70 % ethanol for 10 min, washed with PBS and were
adapted to the measurement medium for 5 min. Meas-
urement medium was composed of DMEM without
NaHCO3 (Invitrogen, Germany), 0.1 % charcoal stripped
fetal bovine serum (PAN Biotech GmbH, Germany) and
1 % gentamycin (Ratiopharm, Germany), pH value 7.4
and sterile filtered. On each chip 2x10° cells were seeded
and let them adhere over night at 37 °C and in 5 % CO,
so that 80 % sub-confluence on the sensor chips was
reached. Bionas measurements were carried out with a
pump rate of 56 ml/min [49]. After an adaption phase of
2 h to the new culture conditions, extracellular oxygen
consumption of MG-63 cells after application of 25 pg/
ml BORM or VSM was measured continuously for 20 h.
Thereafter the recovery status (measurement medium
without plant extracts) of the cells was monitored for
additional 24 h. Data sets were evaluated and normalized
with the software Bionas15002 Data analyzerV1.07.

Migration and invasion

Influence on migration was conducted on MG-63 cells,
pre-incubated in assay medium for 48 h adaption in 6-
well plates (Greiner, Germany). A scratch wound was
made by Ibidi culture inserts (p-Dish 35 mmy; Ibidi
GmbH, Martinsried, Germany) following the instructors
recommendations. When cell layers reached confluence,
the culture insert was removed and cells were treated
with VSM (25-50 pg/ml) extract or control (vehicle,
DMSQ). Gap closure was analyzed as deseribed previ-
ously [50]. Cell invasion assay was performed with the
CytoSelect™ 24 —Well Cell Invasion Assay (Basement
Membrane, Fluorometric Format) from Cell Biolabs,
Inc, CA, USA. Briefly, 1x10° MG-63 cells with the plant
extracts were seeded in the membrane insert for 48 h
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Fluorescence of invaded cells was counted with a plate
reader at 480/520 nm.

Western blotting procedure

The general steps of the Western blot procedure have
been described previously [49]. Briefly, after treatment
with the plant extracts VSM and BORM for at least 48 h
the cells were trypsinized, washed with PBS and lysed in
ice-cold lysis buffer (Bio-Plex Cell Lysis Kit, Bio-Rad,
USA). After SDS-PAGE, protein content per lane as well
separation quality was controlled with the Criterion
Stain FreeTM gel imaging system (Bio-Rad, Germany).
For protein detection primary antibodies (PCNA: sc-56,
from Santa Cruz, USA; BCL-2: B3170, from Sigma) were
incubated overnight at 4 *C followed by labeling with a
horseradish  peroxidase (HPR)-conjugated secondary
antibody (Dako, Glostrup, Denmark) for 1 h at room
temperature. Protein signals were visualized by using
SuperSignal West Femto Chemiluminescent Substrate
(Pierce Biotechnology, Rockford, USA). Band intensity
was analyzed densitometrically with the Molecular
Imager ChemiDoc XRS and Image Lab 3.0.1 software
(Bio-Rad, USA). Protein detection was repeated at least
three times with individually prepared cell lysates from
independently passaged cells.

Statistical analysis

Every experiment was replicated three times with indi-
vidually passaged cells and data sets were expressed as
means + standard deviations (SD). Statistical significance
was determined by the unpaired one-way ANOVA or
t-test (***P <0.001, **P < 0.005, *P < 0.05).

Results

Initial screening on cell viability

To evaluate the anticancer properties of the Pakistani
plant extracts two bone (MG-63, Saos-2) and two breast
(BT-20, MCF-7) cancer cell lines in comparison with
primary osteoblasts (POB-110) and non-tumorigenic
mammary epithelial cells (MCF-12A) were selected. The
osteosarcoma cell line MG-63 represents an early osteo-
blastic type while Saos-2 cells exhibited the most mature
osteoblastic phenotype [51]. The breast cancer cell line
MCEF-7 represents the luminal, estrogen and progester-
one receptor-positive subtype whereas BT-20 cells are
invasive, triple-negative breast cancer cells [52]. For the
initial sereening all cells were treated with 50 pg/ml of
each plant extract for 48 h and cell viability was mea-
sured right after (Fig. 1). The extracts VSM and BORM
caused the greatest significant reduction (40-60 %) of
cell viability in the osteosarcoma cell lines MG-63 and
Saos-2. On primary osteoblast cells (POB-110) V5SM in-
duced only a slight decrease in cell viability while BORM
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Fig. 1 Determination of cell viability. Measurement of cell viability via MTS assay after exposure to 50 pg/ml plant extract for 48 h on respective
bone (MG-63, Sacs-2) and breast (BT-20, MCF-7) cancer cell lines in comparison with primary osteoblasts (POB) and non-tumorigenic mammary
epithelial calls (MCF-12A). As control treatment the vehicle DMSO and MeOH were used at a final concentration of 0.1 % (w/Ad). Samples were
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lowered the viability up to 80 %. Beside VSM and BORM,
only the treatment with BO-5 on MG-63 cells as well as
OHRM on Saos-2 cell revealed a significant viability de-
crease of 10-15 %. These results illustrate that the VSM
extract has anticancer potential on bone cancer cells, since
it selectively reduced the vitality of osteosarcoma cells and
only exerts a minimal effect on the primary osteoblasts.
Similar results were achieved for the treatment of the
breast cancer cell lines. On BT-20, hormone-independent
and invasive carcinoma cells, only the BORM extract
caused a slight viability reduction of approximately 20 %.
On MCF-7 cells, VSM as well as BORM induced de-
creased vitality rate in a range of 10-20 %. This vitality
reduction was also measured on the non-tumarigenic
control cell line MCF-12A indicating that the extracts
VSM and BORM displayed strong cytotoxic effects
which will be analyzed in the next sections.

Influence on cell cycle phases of MG-63 osteosarcoma cells
Besides the vitality measurements, the influence on cell
growth and the induction of apoptosis are important pa-
rameters to evaluate the respective anticancer properties
of the plant extracts. Therefore, cell cycle analyses were
performed to determine the influence on the prolifera-
tion behavior (G2/M + S phase) and apoptosis initiaton
by DNA strand breaks (sub G1 phase), simultaneously
(Fig. 2). Exemplarily, for all cell lines used, Fig. 2 demon-
strates the DNA histogram (Fig. 2a), proliferation alter-
ations (Fig. 2b) and the number of apoptotic cells
(Fig. 2c) after 48 h treatment with 50 pg/ml plant extract
on MG-63 osteosarcoma cell line.

Both, in the histogram and in the proliferation diagram
is clearly evident that the extracts OHRM, VSM, BO-5
and BO-23 accelerate the cell number in the proliferative
phases G2 and M. Only BORM caused a slight significant
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reduction in the proliferative phases (20 %). The number
of apoptotic cells increased after treatment with 50 pg/ml
of BOFM, VSM, CMM and BO-23, significantly. In sum-
mary, some of the plant extracts display an effect on the
proliferative phases G2/M and 5, but do not affect the
sub-G1 phase. The DNA-histograms of the control treat-
ments with medium, DMSO, EtOH and MeOH (final con-
centration: 0.1 pg/ml) are given in Additional file 1: Figure
51, showing no alterations in the cell cycle phases.
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Concentration dependent effects of BORM and VSM

As BORM and VSM caused the most significant effects
on all bone and breast cancer cell lines, both extracts
were examined in concentration series ranging from 0.1
to 100 pg/ml to evaluate the concentration dependent
effects (Figs. 3 and 4) on cell viability and to calculate
the ICs; values (Table 2). Therefore, all the cell lines
were used in non-confluent cell cultures {confluence at
treatment beginning: 60—80 %).

Breast

BT-20

I

BORM in

POB-110

- o . 2 ~

Fig. 3 Concentration dependent effects of BORM. Cell viability measurement in concentration seres of BORM in a mnge from 1 to 100 pg/ml
after exposure of 50 pg/ml plant extract for 48 h on respective bone (MG-63, Saos-2) and breast (BT-20, MCF-7) cancer cell lines in comparison
with primary ostecblasts (POB) and nor-tumorigenic mammary epithelial cells (MCF-12A). The solvent DMSO was used as a negative control
Mean +50, n =68, **F < 0001, **P <001, *F < 0.5, significantly different compared to control, one-way ANOVA
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.

BORM induced linear concentration dependent effects
on the osteosarcoma cell lines MG-63 and Saos-2 as well
as on the breast cancer cell lines BT-20 and MCF-7
(Fig. 3). The highest concentration of 100 pg/ml reduced
the cell viability by 60—80 % in all tumorigenic and con-
trol cells. However, in comparison with cancer cells, the
control cells POB-110 and MCF-12A were not that
strongly affected by BORM in concentrations below
50 pg/ml. This is confirmed by the caleulation of the
ICs,, values: BORM exhibited the lowest values for BT-

20 and Saos-2 (~60 and 34 pg/ml), indicating a pro-
nounced cytotoxicity (Table 2). In contrast, VSM caused
only a linear concentration dependent effect on the bone
cancer cell lines MG-63 and Saos-2 leading to ICs,
values of 62.53 and 57.09 pg/ml, respectively. The ICsy
value for the control primary osteoblasts POB was sig-
nificantly higher (515.76 pg/ml) indicating that VSM
mediates a stronger cytotoxic impact on the bone cancer
cell lines. The vitality of the non-tumorigenic mammary
epithelial cell line MCF-12A was only minimally affected



Engel et al BMC Complementary and Alternative Medicine (2016) 16:244

Page 10 of 18

Table 2 Ovarview of the calculated 10, valuas, 1C, values of the plant extracts BORM and YSM on the bone and breast cancer cell
lines in comparison with the non-tumorigenic control cells determined by viability measurements after 48 h treatment

Cell line o ks
(ng/mil) (Hg/mil)
MCF-12A 105.87 Incalculable (>5000)
‘a;
8 MCF-7 81.35 116.82
fia)
o BT20 60.48 132.67
POB 49.65 515.76
1]
é MG-63 52.01 62.53
Saos-2 34.02 57.09

by VSM leading to a no calculable ICs; value. On the other
hand VSM displayed moderate ICs values for BT-20 and
MCEF-7 (132.67, 116.82). These results illustrate that the
plant extract VSM has anti-tumor potential, primarily
because the viability of the cancer cells is reduced and
the influence on the non-tumorigenic control cells is low.

These dose dependent effects were verified by cell
cycle measurements (Fig. 5a, b) and apoptosis detection
(Fig. 5¢) on the osteosarcoma cell line MG-63, exemplar-
ily. In comparison with the control treatments BORM
induced a slight increase of the proliferative phase G2/
M, starting at a concentration of 10 pg/ml. In contrast,
the VSM extract caused a linear, concentration-dependent
increase in the proliferative phase G2/M and S, indicating
for a G2-arrest. At a concentration of 100 pg/ml VSM
more than half of the analyzed cells were detected in the
G2/M phase. To verify the apoptosis induction an Annexin
V/PI staining was performed (Fig. 5¢c, Additional file 2:
Figure 52). 100 pg/ml BORM induced an increase in early
and late apoptotic events up to 50 %. By contrast, VM
caused a slight shift in early apoptotic events (~ 20 %). All
together, these results suggest that BORM and VSM
exhibit anti-tumorigenic potential. The precise mode of
action is to be analyzed in the next chapters.

Morpholegical, cytoskeletal and cell compartment
alterations

To characterize morphological and cytoskeletal changes
(F-actin and f3-tubulin), MG-63 cells were cultured in
the presence of BORM and VSM (0.1-100 pg/ml) or ve-
hicle control (0.1 % DMSO) for 48 h, and monitored by
bright field, scanning electron and laser scanning mi-
croscopy (Fig. 6; Additional file 3: Figure 53, Additional

file 4: Figure 54). Under control conditions MG-63 cells
form a confluent monolayer with the typical fibroblast-
like cell structure (Fig. 6a). Confocal imaging revealed
that untreated MG-63 cells possess cortical actin, some
well-defined stress fibers, and cell polarity as shown by
the presence of lamellipodia (Fig. 6¢). VSM caused a
remarkable change in cell shape: cells are wider and have
a larger cell surface (Fig. 6b). Furthermore, a reduced
formation of the cortical cytoskeleton and a solid
reinforcement of actin stress fibers through the entire
cell area are visible. The stress fibers are much longer,
thicker and stabilize the entire cell, so that the cell con-
tacts are partially broken. Exposure to BORM resulted
in a strong increase of vesicles in the cell nucleus envir-
onment, observed both in the bright field image as well
as in the F-actin staining (Fig. 6a-c). The cells are much
more stretched and spindle-shaped, resulting in a
smaller cell area (Fig. 6b). The formation of the actin
fibers as well as the distribution of cortical actin did not
change, substantially. The formation of tubulins is nei-
ther changed after treatment with BORM nor VSM. The
increased formation of vesicles after exposure to BORM
as well as the strengthening of the actin skeleton after
treatment with VSM can be due to metabolic alteration
or cell compartment disorders. Therefore, primary cell
compartment alterations were monitored by live cell
imaging (Fig. 7). The number and distribution of mito-
chondria as well as the appearance of the endoplasmic
reticulum remained almost unchanged. But in contrast,
the exposure to BORM revealed an accumulation and
augmentation of lysosomes while treatment with VSM
reduced the amount of lysosomes, significantly. Already
at a starting concentration of 1 pg/ml the number of
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lysosomes increased, and reached the highest number at a
concentration of 25 pg/ml BORM. Higher concentrations
of BORN did not further elevate the amount of lysosomes
but caused a merger of lysosomes so that the size in-
creased up to the 3-5 fold (Additional file 5: Figure S5).
Similarly, treatment with BORM caused a change of the
Golgi apparatus: a stronger granularisation and formation
of Golgi vesicles can be observed. The staining of neutral
lipids, which was only very slightly visible in the untreated
cells, was strongly upregulated after VSM exposure. Many
small dots of lipids could be verified around the nucleus
and in the eytoplasmic area. In contrast, treatment with
BORM resulted in a diffuse distribution of neutral lipids
in the cell without any specific dot distribution. Up to this
state, it can be concluded that BORM and VSM mediate
cytotoxic effect by affecting different metabolic pathways.
To discuss this more profound, various metabolic and
motility-specific investigations were carried out.

Influence on O; consumption, motility and selected
protein marker expression

To examine the cell specific mode of action of the two
plant extracts, the influence on cell metabolism was in-
vestigated, firstly. Therefore, live cell monitoring of three
metabolic parameters (cell impedance, O:-consumption
and extracellular acidification) was performed (Fig. 8a,
Additional file 6: Figure 56). Both, the treatment with
VSM and BORM for 24 h resulted in a strong reduction
(VSM: 75 %, BORM: 99 %) of the mitochondrial O,-
consumption in MG-63 cells (Fig. 8a). This decrease in
respiratory capacity cannot be reverted after the discon-
tinuation of the plant extracts. In contrast, the effect on
primary osteoblasts (POB) was different: VSM did not
alter the respiration capacity; BORM induced a slight
decrease in Oz-consumption (~ 20 %) which could not
only be reverted but enhanced up to 100 % after dis-
continuation of the plant extract. Beside this strong
effect on cellular energy metabolism, the effect on cell
motility was investigated. Because VSM induced an in-
creased formation of stress fibers (Fig. 6), the influence
on cell migration and invasion was determined (Fig. 8b, c).
Concentrations of 25-50 pg/ml VSM decreased the
migratory activity (90 %) and the invasiveness (35 %) of
MG-63 cells. BORM did not alter the cell motility, sig-
nificantly but induced apoptotic signals by enhanced
BCL-2 expression and proliferation reduction by PCNA
repression (Fig. 8d).

Discussion

In this study, eight samples from four Pakistani plant ex-
tracts were evaluated for their potential as anticancer
agents in selected human bone and breast cancer cell
lines in comparison with non-tumorigenic control cells
via cell viability measurements, cell cycle analysis, live
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cell imaging and monitoring of metabolic as well as mo-
tility features. After the first initial screening, BORM
and VSM revealed the highest potential with regard to
its antitumor activity. Both extracts caused a significant
reduction of cell viability in the breast and bone cancer
cells. However, BORM also induced a strong reduction
of cell viability in the primary osteoblasts (POB), as well
as VSM lowered the cell vitality in the non-tumorigenic
breast cell line MCF-12A. But, VSM caused no negative
influence on POBs wherein the bone cancer cell lines
were strongly influenced (Fig. 1). These results suggest
that the therapeutic use of VSM particularly for the
treatment of bone cancer would be possible. For the
treatment of breast cancer the BORM extract may be
suitable on the basis of the vitality studies. Because
BORM caused only a marginal effect on the vitality of
the control cell line MCF-12A and induces a significant
vitality reduction in both, the estrogen receptor-positive
breast cancer cell line MCF-7 and in the triple-negative
cell line BT-20.

Subsequent cell cycle analysis revealed a substantial
increase of the proliferative phases G2/M and S after
exposure to 50 pg/mg VSM whereas BORM slightly
lowered the proliferation (Fig. 2a-b; exemplarily illus-
trated at the bone cancer cell line MG-63). Although
VSM especially increases the G2/M phase in MG-63
cells, a simultaneous increase in DNA strand breaks, to
be mentioned in the sub-G1 phase (Fig. 2c), could be
observed. This suggests that the VSM extract induces
apoptotic changes which are often associated with ele-
vated proliferation rates in order to obtain the cell layer.
Another possibility is a G2/M arrest of the cell popula-
tion similar to the effect of paclitaxel which stabilizes
tubulin polymerization resulting in arrest in mitosis and
apoptotic cell death [53].

So far, the obtained results imply that the extracts
VSM and BORM mediate different cellular responses
which lead to cytotoxic events. In order to identify these
cellular mechanisms, dose-response curves were created
first (Figs. 3 and 4). From these curves it can be con-
cluded that both extracts exert concentration-dependent
effects on both, breast as well as bone cancer cells. The
calculated ICsy values (Table 2) show that VSM prima-
rily affects the bone cancer cells and only minimally
impaired the vitality of healthy osteoblasts. The ICs,
values of BORM illustrate that this extract reduces the
vitality of the breast cancer cell, predominantly. For the
non-tumorigenic control cell line MCF-12A a consider-
ably higher ICs; value was determined.

However, bright field, scanning electron and laser
scanning microscopy observations revealed morpho-
logical and structural alterations of MG-63 osteoblastic
cells after exposure to 100 pg/ml VSM or BORM (Fig. 6).
In comparison to the control, VSM treated MG-63 cells
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Fig. 8 Influence on O, consumption, motlity and selected protein marker expression. a Mitochondrial O, consumption (respiration) in MG-63 cells
and primary osteoblasts (POB) during exposure to 25 pg/ml VSM or BORM in comparison to the control (which was set to 100 %) determined by the
Bionas® 2500 analyzing system combined with the metabalic chip Bionas Disoovery TM SC1000 equipped with Clark-type oxygen sensors. Both BORM
and VSM reduce the respimtion rate dramatically (99 and 60 % reduction, respectively) in tumorigenic osteoblasts. b Effect of WSM (25, 50 pg/ml) on
MG-63 migration behavior in comparison to the control treatment (DMS0O) in a 72 htime period in a wound healing assay (mw data available in
Additional file 7: Figure 57). Notably, exposure to VSM prevents migration of MG-63 cells so that the cell lawn cannot be closed. ¢ Invasion assay
of BORM and V5M treated MG-63 cells. Only VSM reduced the invasion capacity, significanty. Mean + 50, n =3, *P < 0.5, significantly different
compared to control, unpaired ttest. d Western blot analysis of proliferation (PCMA) and apoptosis (Bol-2) marker expression in VSM or BORM
treated (concentration series 1-50 pg/ml) MG-63 cells in comparison to the control (€). The stain free image of the polyacrylamide gel functions

A

exhibit a prolonged shape accompanied with reduced
cell-cell contacts. F-actin staining revealed a strong in-
duction of stress fiber formation through the entire cells.
Along with the reduced cell viability, the mediated G2/
M arrest in the cell cycle phases and increased actin
fiber formation can be assumed that the VSM extract
causes a stabilization of the tumor cells, thus causing the
cytotoxic properties. In contrast, the BORM extract pro-
motes the formation of vesicle-like structures in the cell
which can be due to a stimulation of the lysosomal ac-
tivity or aggregation of lysosomal vesicles. Even at low
concentration (1-10 pg/ml BORM) an increased forma-
tion of lysosomes was observed (Fig. 7). The higher the
BORM concentrations, the greater the expansion of the
lysosomal compartments. At the highest concentration
(100 pg/ml) the lysosomes are large clusters around the
nucleus (Fig. 7). This means that the cytotoxic effect of
BORM is due to the activation of lysosomes which can
selectively activate programmed cell death [54]. Briefly,
lysosomal ROS generation can cause lysosomal mem-
brane permeabilization, whereby lysosomal cathepsins,
as well as other hydrolytic enzymes, are released from
the lysosomal lumen to the cytosol, and can trigger pro-
grammed cell death [55, 56]. In addition, BORM caused
a stronger granularisation and formation of Golgi vesi-
cles as well as a diffuse distribution of neutral lipids.
This is not surprising, because it is thought that the res-
ervoir of chemicals in the lysosome can be ‘topped up’
by supplies from the Golgi apparatus. The chemicals are
manufactured in the endoplasmic reticulum, modified in
the Golgi apparatus and transported to the lysosomes in
vesicles (sealed droplets). Modification in the Golgi ap-
paratus includes ‘destination labeling’ at a molecular
level ensuring that the vesicle is delivered to a lysosome
and not to the plasma membrane or elsewhere. The
‘label’ is returned to the Golgi apparatus for re-use
(http:/ /bscb.org/ Society for Cell Biology.org). This sug-
gests that BORM primarily affects cell metabolism by
the disruption of lysosomal function and thus initiating
cell death. This view is supported by the changes in the
apoptotic signaling cascades, Le. the upregulation of Bel-
2 expression and further confirmed by a nearly complete
reduction of mitochondrial O, consumption (Fig. 8).

Although the treatment with VSM also resulted in a sig-
nificant reduction in respiration rate, the underlying
mechanisms are different Because of the stabilization of
the actin cytoskeleton, the MG-63 cells are limited in
their motility and can no longer divide, so that a G2/M
arrest is forced.

Conclusions

In this study two Pakistani plant extracts, namely VSM
and BORM could be identified as potential anti-tumor
agents at least on the bone and breast cancer cell lines
in vitro. The mechanism of action of VSM is achieved by
a cell cycle arrest in the G2/M phase and the stabilization
of the cell by increased actin stress fiber formation. The
antitumor effect of BORM is mediated by activating the
lysosomal induced cell death pathway. However, both
plant extracts exhibit strong cytotoxic potential in a con-
centration dependent manner. In this case VSM displayed
the least impact on primary osteoblast functioning as
non-tumorigenic cells whereas BORM showed the lowest
cytotoxic effect on the mammary control cell line. There-
fore, based on these results, we can postulate that VSM
can be of interest for the treatment of bone tumors and
BORM for the treatment of breast cancer. To prove this
assertion, future work is on the identification of potential
antitumor ingredients of these extracts and the evaluation
of the dose-response relationships, in vitro and in vivo.

Additional files

.
Additional file 1: Figure 51. Contral cell cycle analysis. Histogram of
cell cycle phases in MG-63 cells after treatment with &1 % of the control
substances (DMS0, MeOH, EtOH) incomparison with untreated cells,
cultivated in assay medium. Mo signifiant effect on the cell cycle phases,
mediated by the sohbents used in this study could be observed. (TIF 845 ko)

Additional file 2: Figure 52. Bright field imaging of cell momhalogy.
Bright field images of MG-63 cells after exposure to VSM or BORM
(concentration sefies ranging from 1 to 100 pg/mi) for 48 h in comparison
with the control treatment. (TIF 12518 ko)

Additional file 3: Figure 53. Imaging of adin oytoskeleton. Laser scanning
microscopic images of F-adin red) and Hoechet iblue) stained MGE3 ells
after exposure 1o VEM or BORM (conaentration series ranging from 1 to

100 pgyimi) for 48 h in comparison with the conirol treatment. TIF 12140 ko)

Additional file 4: Figure 54. Live cell imaging of lysosomes. Laser
scanning micrascopic images of lsosames green) in MG-63 cells after
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treatment with 1-100 pgfml BORM. Lysosames were labeled with
LysaTracker® Green DND-26 (Malecular Probes, Carlshad, CA, USA). Cell
nuclei (blue) were labeled with Hoechst Notably, ysosame amount
increased with rising BORM concentration. (TIF 6162 kb

Additional file 5: Figure 55, Metzholic live cell monitoring. Live cell
monitering of three metabolic parameters (edracellular acidification,
mitachondrial Oy consumption and cell impadance) in M5-63 cells and
primary osteoblasts (FOB) during exposure to 25 pg/ml V5M or BORM in
comparisan to the contral (which was set to 100 %) determined by the
Bionas® 2500 analyzing system combined with the metabalic chip Blonas
DisocveryTM SC1000. (TIF 1735 ko)

Additional file 6: Figure 56. Wound healing assay. Raw data of the
wound heaing assay of VSM (25, 50 psg/ml) treated MG-63 cells. (TIF 10288 kb)

Additional file 7: Figure 57. Apoptosis detection. Annexin WPl abeling
of VEM and BORM (50, 100 pg/mi) reated MG-63 cells. (TIF 1742 kb)
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Zusammenfassung:

Zur Wirkung von Phytodstrogenen (sekundare Pflanzeninhaltsstoffe, die strukturell den humanen
Ostrogenen dhneln) auf Tumorzellen gibt es zahlreiche Arbeiten, die aber niemals die metabolischen
Downstream-Prozesse der Tumorzelle betrachten. Dies scheint aber sinnvoll, denn Metabolit-
veranderungen ermoglichen Riickschlisse auf die initiale Wirkungsweise der applizierten Substanz auf
den Tumorstoffwechsel. Daher wurde mit der Technologie der Metabolomics die Identifizierung neuer
metabolischer Tumormarker nach der Behandlung mit sekundaren Pflanzeninhaltstoffen etabliert. Die
zelluldaren Metabolite der Brustkrebszelllinie MCF-7 wurde vergleichend mit denen der Kontrollzelllinie
MCF-12A mittels Gaschromatographie separiert und anschlieBend mit Massenspektrometrie
analysiert. Sowohl das endogene 17R-Ostradiol als auch das Phytodstrogen Genistein bewirkten
signifikante Metabolitveranderungen im Lipid-, Aminosdure- und Kohlenhydratstoffwechsel.
Besonders auffdllig waren die Alterationen dreier Metabolite des Sphingolipidstoffwechsels:
Sphingosin, Dihydro-Sphingosin und Ethanolamin-Phosphat. Die assoziierten katabolen und anabolen
Enzyme wurden detailliert untersucht, so dass eine differentielle Regulation der Sphingosin-1-
Phosphat-Kinase und der Sphingosin-1-Phosphat-Lyase (SGPL1) durch humane und pflanzliche
Ostrogene nachgewiesen werden konnte. Dadurch wird in den MCF-7 Brustkrebszellen der ,second
messenger” Sphingosin-1-Phosphat (S1P) (berexprimiert. S1P kann intra- und extrazellular als
Proliferations-, Apoptose-, Angiogenese- und Motilitdtsregulator wirken und so die Tumorigenese
entscheidend lenken. Durch die Behandlung mit dem pflanzlichen Hormon Genistein wird die S1P-
abbauende Lyase (SGPL1) verstarkt exprimiert, so dass das stimulierende Signalmolekiil S1P sowohl
intra- als auch extrazellular reduziert vorliegt. Diese neuen Erkenntnisse deuten darauf hin, dass durch
eine Supplementation mit Phytodstrogenen oder eine entsprechende Umstellung der Erndhrung auf

Phyto6strogen-haltige Lebensmittel die Tumorigenese beeinflusst werden kann.
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Abstract

To search for new targets of anticancer therapies using phytoestrogens we performed comparative metabolic profiling of
the breast cancer cell line MCF-7 and the non-tumorigenic breast cell line MCF-12A. Application of gas chromatography-
mass spectrometry (GC-MS) revealed significant differences in the metabolic levels after exposure with 17B-estradiol,
genistein or a composition of phytoestrogens within a native root flax extract. We observed the metabolites 3-(4-
hydroxyphenyl)-lactic acid, cis-aconitic acid, 11-beta-hydroxy-progesterone, chenodeoxycholic acid and triacontanoic acid
with elevated levels due to estrogen action. Particularly highlighted were metabolites of the sphingolipid metabolism.
Sphingosine and its dihydro derivate as well as ethanolaminephosphate were significantly altered after exposure with 1 nM
17B-estradiol in the cell line MCF-7, while MCF-12A was not affected. Treatment with genistein and the flax extract
normalized the sphingosine concentrations to the basic levels found in MCF-12A cells. We could further demonstrate that
the expression levels of the sphingosine metabolizing enzymes: sphingosine-1-phosphate kinase (Sphk) and lyase (S1P
lyase) were significantly influenced by estrogens as well as phytoestrogens. The isoform Sphk2 was overexpressed in the
tumorigenic cell line MCF-7, while S1P lyase was predominantly expressed in the non-tumorigenic cell line MCF-12A.
Importantly, in MCF-7 the weak S1P lyase expression could be significantly increased after exposure with 10 uM genistein
and 1 pg/ml root flax extract. Here, we present, for the first time, an analysis of metabolic response of phytoestrogens to
breast cancer cell lines. The contrasting regulation of sphingolipid enzymes in MCF-7 and MCF-12A render them as
preferred targets for future anticancer strategies.
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Introduction

Phytoestrogens are plant-derived phytochemicals which can
react like the endogenous steroid hormone 178-estradiol because
of their structural similarity. Especially flavonoids, such as daidzein
and genistein, inidally isolated from soybean, are well studied
phytoestrogens with the potential to prevent cancer development
and progression [1]. It was shown that some phytoestrogens e.g.
genistein - mediate  estrogenic  effects at low concentrations
(<10 uM) whereas higher concentrations (=10 pM) cause anti-
estrogenic activity [2]. This biphasic role for genistein has been
studied primarily in the human breast cancer cell line MCF-7
[3,4]. Genistein at high concentrations has the ability to induce
growth arrest and apoptosis in ER-positive cell line MCF-7 most
likely by inhibiting the intrinsic tyrosine kinase activities of growth
factor receptors [5]. However, the reason why endogenous
estrogen hormones or synthetic xenoestrogens can increase breast
cancer risk and phytoestrogens appear to exert a preventive effect
is stll not fully understood.
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Undl now, research was focused on genome-wide gene
expression profile studies to enlighten the transcriptional regula-
tion properties of phytoestrogens. Only recently, one group
evaluated the transcriptional responsiveness of breast cancer cells
to soy phytoestrogens using a whole-genome microarray based
approach [6]. They identified 334 differentially expressed genes
after treatment with 18.5 pM genistein or 78.5 pM daidzein which
belong to completely different metabolic pathways. In addition to
transcriptional analysis, downstream mechanisms, often referred
to as non-genomic estrogenic pathways, became more and more in
focus during the search for new phytoestrogen targets.

Here, we report for the first time on the influence of
phytoestrogens on the metabolome of breast cancer cells, To this
end, comparing GC-MS analyses of MCF-7, a well established
breast cancer cell line, and MCF-12A, a non-tumorigenic
epithelial breast cell line, allowed to distinguish between the
metabolic features of breast cancer cells in contrast to their healthy
counterparts. Both cell lines were positive for ERa and B
expression [7]. To gain deeper insights in the mode of action of
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phytoestrogens and how they can diminish the proliferation-
promoting action of 17B-estradiol, we treated the cells with 1706-
estradiol, genistein and a natural blend of phytoestrogens extracted
from the native root of Linum usitatissimum [8,9]. This flax extract is
composed of a variety of classical isoflavones and lignanes which
potentially leads to synergistic effects on breast cancer cells in such
a combination. This approach allows comparing tumor-relevant
metabolic effects of cancerous cells and normal cells under tumor-
promoting (170-estradiol) and tumor-regressing (phytoestrogens)
modes and, therefore, enables the identification of new targets for
anticancer treatment.

The combination of transcriptomics, metabolomics and intel-
ligent pattern recognition methods for tumor metabolism recently
allowed advances in breast cancer profiling [10,11]. As a result,
metabolic pathways, like the biosynthesis of bile acids, extracellular
matrix synthesis or sphingolipid metabolism, are progressively
gaining research attention. Bioactive sphingolipids play a key role
in cancer progression, especially for proliferation, migration and
tamoxifen resistance [12,13]. The balance between ceramide,
sphingosine and sphingosine-1-phosphate (and also their dihydro
derivates) is thought to regulate cellular processes, including cell
survival, growth and differentiation. Especially sphingosine-1-
phosphate (S1P) which is controlled by SIP kinases (isoforms:
Sphkl, Sphk2; biosynthesis) and SIP lyases (degradation) is a well
established pro-survival molecule [14]. It was shown that SIP
promotes the migration of MCF-7 cells, suggesting a role for Sphks
in metastasis [15]. The biological effects of S1P are mediated by
five specific G-protein-coupled receptors located on the cell
surface (named S1P;5345). The functional S1P, antagonist
FTY720 and inhibitor of Sphkl activity decreases breast cancer
proliferation and metastasis in mouse models [12]. Several growth
factors and steroid hormones, such as TGF-I3 and [7B-estradiol
could be related to up-regulation of Sphkl. The role of Sphk2 in
cancer remains somewhat unclear and the irreversible conversion
of S1P to ethanolamine and hexadecanol by SIP lyase is unstudied
so far.

Materials and Methods

Cell Culture and Treatment Conditions

Cell culture conditions of cell lines MCF-7 and MCF-12A,
purchased from ATCC (www.atce.org/) were described previously
[7]. At a sub-confluence of approximately 80% the cell monolayer
was washed with PBS and adapted to phenol-red-free Dulbecco’s
Modified Eagle’s Medium (PAA Lahoratories GmbH, Germany)
with 10% charcoal stripped fetal bovine serum (PAN Biotech
GmbH, Germany) for 48 hours to avoid unspecific stmulation of
endogenous hormones in the serum. Treatments with the flax
extract (L; final concentrations: 0.01, 1 and 50 pg/ml), the
phytoestrogen genistein (G 5,7,40 trihydroxyisoflavone; final
concentration: 1, 10 and 100 pM) and [7B-estradiol (E; final
concentration: | nM), last two purchased from Sigma, Germany,
was carried out for 48 hours. Extract preparation from flax roots of
Linum  usitatissimum (L) was described previously [8,9]. Lignan/
isoflavone contents of the flax extract according to Luyengi extract
preparation were about 1.25-4.25 mg/g fresh weight (0.125%
0.425%) [8]. As negative control substances the respective vehicle
(G final concentration: 0.1%) was used in the same manner.

Flow Cytometric Measurements of Cell Proliferation and
Apoptosis

Flow cytometric measurements and calculation of proliferation
and apoptosis was done as described in detail [7,16].
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Metabolic Profiling via GC-MS

The metabolite profiles were measured by gas chromatogra-
phy-mass spectromeny (GC-MS). For each sample, 200,000
MCF-7 and 460,000 MCF-12A cells were harvested with 0.05%
trypsin-0.02% EDTA, washed three times with ice-cold PBS and
cell pellet was frozen in liquid nitrogen after centrifugation
(14,000 rpm, 4°C, 2 mm). Sample extraction and derivatization
followed the procedure described previously [17]. Metabolite
signals were obtained from raw data and compared against a
reference database using the TargetSearch package [18]. Some
samples were removed after inspection of their chromatograms
due to overall lower peak intensities, leaving four to six replicates
per group (all samples of the same genotype and subjected to the
same treatment). Out of all putative metabolic traces only 106
were retained in the resulting raw data matrix that met the
following criteria: (i) the peak was present in all samples of at least
one replicate group (genotype/treatment combination); (i) the
median peak height exceeded a value of 250 (well above the
detection limit); (i) the peak mass spectra showed a similarity of
>75% to the respective library entry and a retention time
deviation of <<2s (can be considered as correctly identified). All
data were loglO-transformed to improve normality and normal-
ized to show similar median peak intensity within replicate groups
as described previously [19].

Western Blot

After treatment with phytoestrogens for at least 48 h the cells
were trypsinized, washed with PBS and lysed in ice-cold lysis
buffer (Bio-Plex Cell Lysis Kit, Bio-Rad, USA). Cells were
homogenized by brief sonification at 4°C and centrifuged at
10,000 g for 2min at 4°C. Protein concentratons of the
supernatants were estimated by Bradford protein assay [20] and
verified by Coomassie staining [21] so that equal amounts (10
30 pg) of total soluble protein could be separated by SDS-PAGE
and blotted on PVDF membranes, subsequently. After the protein
transfer membranes were blocked with 5% skim milk in Tris-
buffered saline (TBS) and washed six times in TBS. For protein
detection primary antibodies (Sphkl: sc-48825; Sphk2: sc-22704;
S1P-lyases: sc-67368, all from Santa Cruz, USA) were incubated
overnight at 4°C followed by a labeling with a horseradish
(HPR)-conjugated (Dako,
Glostrup, Denmark) for 1 hour at room temperature. Protein
signals were visualized by wusing SuperSignal West Femto
Chemiluminescent Substrate (Pierce Biotechnology, Rockford,
USA) for detection of peroxidase activity from HRP-conjugated
antibodies (Thermo Fisher Scientific Inc., Rockford, USA). Band
intensity was analyzed densitometrically with the Molecular
Imager ChemiDoc XRS and Image Lab 3.0.1 software (Bio-
Rad, USA). Protein detection was repeated at least three times
with individual prepared cell lysates from independent passaged
cells.

peroxidase secondary

antibody

Immunofluorescence Staining

For immunofluorescence staining I x 10° cells were seeded on
glass cover slips (20x20 mm) and let them adhere for 24 hours.
Thereafter treatment with phytoestrogens for 48 h and control
substances followed as described above. Cover slips were washed
twice with Dulbecco’s PBS without Ca and Mg, fixed with 4%
paraformaldehyde for 15 min, washed again and permeabilized
with 0.1% Triton X-100 for 15 min. After a washing step with
phosphate buffered saline (PBS) cells were incubated with the
primary antibody (see Western blotting procedure) in a dilution of
1:50 at 4°C: overnight. Afterwards cells were washed three times
with PBS and incubated with 488Alexa Fluor-labeled secondary
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antibody (Molecular Probes, USA, 1:100) for 1 hour at room
temperature in the dark. After washing cells were incubated with
DAPI (Roche Diagnostics GmbH, Germany) to stain nuclei for
15 min. Finally the cells were washed four times with PBS,
embedded and stored in the dark at 4°C. Visualization and
imaging was carried out with the Axio Scope.Al fluorescence
microscope (Carl Zeiss, Germany) using AxioVision Imaging
Software 4.8.2.0 (Carl Zeiss, Germany). Notably, photomicro-
graphs stained with the same primary antibody were taken at
identical exposure times to guarantee comparable results.

Live Cell Monitoring of Adhesion, Acidification and
Respiration

Online monitoring of the adhesion, acidification, respiration
under the influence of sphingosine-1-phosphate (SIP) and D-
sphingosine (D-S) was performed with the Bionas® 2500 analyzing
system with the metabolic chip SC 1000 (Bionas GmbH, Rostock,
Germany) and the measurement software Bionasl5002 CS1.47
[22]. Prior experiments, chips were cleaned with 70% ethanol for
10 minutes, washed with PBS and were adapted to the
measurement medium for 5 minutes. Measurement medium was
composed of DMEM without NaHCO; (Invirogen, Germany),
0.1% charcoal stripped fetal bovine serum (PAN Biotech GmbH,
Germany) and 1% gentamycin (Ratiopharm, Germany), pH value
7.4 and sterile filtered. On each chip 2x 10° cells were seeded and
let them adhere over night at 37°C and in 5% CO; so that 80%
sub-confluence on the sensor chips was reached. Bionas measure-
ments were carried out with a pump rate of 56 pl/min for 24
hours [22,23]. Within the first 4 hours cells could adapt to the new
measurement medium. Thereafter cells were treated with the
vehicle substance (control), | pM SIP (Sigma, Germany) or with
I pM D-S (Sigma, Germany) for 20 h. Every measurement was
repeated three times. Data set was evaluated and normalized with
the software Bionas1500° Data analyzerV1.07.

Statistical Analysis

Flow cytometry, western blotting and immunofluorescence
experiments were replicated at least three times with individual
passaged cells and data sets were expressed as means & standard
deviations (SD). Statstical significance was determined by the
student’s t-test (¥* P<<0.001, * P<<0.01).

All statistical tests on metabolite profiles have been conducted in
R (www.r-project.org) using the respective functions. To facilitate
comparison of treatment effects in MCF-7 and MCF-12A, two
further normalization strategies have been followed for metabolic
values, applying the following formula:

X,
Vs _ mg,t
lm,gJ - lOg 2 (— )

Xmg,ctrl

X the observed, normalized and mean value and m, g and t are
metabolite, genotype and treatment, respectively. Basically this
transformation expresses all values relative to a control group
mean and centers the deviations on zero (due to log2). For Xctrl we
choose either the control group mean of the same genotype as the
sample (strategy one) or consistently the control group mean of
MCF-12A (strategy two). While the first strategy removes any
differences between the control samples of MCF-12A and MCF-7,
therefore highlighting the treatment effects, the second strategy
maintains between line differences. To investigate which metab-
olite levels are stronger affected in MCF-7 compared to MCF-12A
after treatment with E, we conducted t-tests between control (C)
and estradiol (E) weatment for both lines. Instead of selecting all
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metabolites showing non-significant P-values in MCF-12A and
significant P-values in MCF-7, we decided to select candidartes
based on the P-value ratio of both tests being larger than 100, That
means we also selected metabolites that had a (significant) P-value
of 0.01 m MCF-12A if the observed P-value for MCF-7 was lower
than 0.0001. Because this is rather intuitive than statistically
sound, we confirmed this ranking by manual inspection of the data
using boxplots. For principal component analysis we used the
pcaMethods package [24], applying the nipals algorithm on pareto
normalized data. For analysis of variance (ANOVA) we considered
genotype and treatment as factors and allowing for interactions.
The resulting P-values were Bonferroni corrected. Heatmaps were
produced using the pheatmap package.

Results and Discussion

Determination of the Effective Phytoestrogen
Concentrations

Prior to metabolic profiling experiments we determined the
most effective concentrations of genistein (G) and a native root flax
extract (L) for our treatment conditons via cell cycle analysis in
flow cytometry studies. First, the proliferative phases (S+G2/M)
and the apoptotic rates (sub-G1) were calculated for the cell lines
MCF-7 and MCF-12A under control conditions (Fig. 1A). The
non-tumorigenic cell line MCF-12A showed low proliferative
potential indicating that only 2-4% of all measured cells were in
G2/M or S phase. In contrast, the tumorigenic cell ine MCF-7 is
marked by higher proliferative phases in the sum of about 27%.
The apoptotic cells of both cell lines were below 0.5%, typical for a
subconfluent, continuously growing cell culture (Fig. 1B). For
validating the most effective concentrations of the phytoestrogens
both cell lines were treated with either EtOH or 170-estradiol (C,
E), both are regarded as control experiments, or three concentra-
tions of genistein (G) or the flax extract (1) for 48 hours.
Determination of the apoptotic rates revealed no significant
alterations in hoth cell lines except at the highest concentration of
the flax extract (50 pg/ml) for the MCF-7 (Fig. 1B). The detailed
analysis (Fig. 1C) illustrated that the applied concentrations of
genistein and flax extract are not cytotoxic, even for the non-
tumorigenic cell line MCF-12A. This important to note because
the MCF-12A cells are considered as a control cell line
representing healthy, normal breast epithelial tissue. The prolif-
erative rates in MCF-12A  cells revealed that the highest
concentration of the flax extract (50 pg/ml) lead to a moderate
but significant impairment of the dividing actvity of MCF-12A,
while the other concentrations did not significantly affect the cell
cycle phases of MCF-12A (Fig. 1C). Therefore, the highest
concentration of the flax extract was excluded from further
experiments because healthy tissue could be affected detrimentally.
Treatment with E and showed stronger proliferative response in
the cell line MCF-7 (Fig. 1D). The addition of 178-estradiol
resulted in a strong increase of the proliferative phases of the
estrogen-sensitive cell line MCF-7 (40-45%) indicating that nearly
half of all MCF-7 cells were in the G2 or S phase. The application
of G caused a concentration-dependent biphasic effect on the
proliferation of MCF-7 cells, as already described [25-27]. The
lowest concentration of 1 puM genistein yielded in 10-15%
elevated rates of G2+ S phase compared to the control. The
intermediate concentration of 10 pM showed no alteration of the
cell cycle phases and the highest concentration of 100 pM led to a
20-30% reduction of the proliferative phases in MCF-7 in vitro
(Fig. 1D). In contrast to the effects obtained after genistein
application, the native flax extract significantly decreased prolif-
eraton of MCF-7 at all tested concentrations. The highest
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Figure 1. Cell cycle analysis to determine proliferation and apoptosis. Determination of effective 17B-estradiol (E), genistein (G) and flax
extract (L) concentration on the cancerous cell line MCF-7 and the non-tumorigenic cell line MCF-12A via cell cycle analysis by flow cytometry. Control
(C) treatment was carried out with the vehicle ethanol (EtOH). A: Percentage distribution of cell cycle phases in both cell lines under un-treated
conditions. Proliferative phases were summed as G2+S. Notably, the MCF-7 cells line harbors a more than 10fold greater proliferative potential with
up to 30% cells in G2+S phase. B-D: Dose dependent effects of genistein and flax extract on apoptosis and proliferation (G2+5) on the cell lines MCF-
7 and MCF-12A. All results are indicated in overall percentage. Mean = SD values (n=5—7). *=p<.0.01; **=p<20.001 as compared to EtOH control
(unpaired t test).

doi:10.1371/journal pone.0047833.g001

concentration of 50 pg/ml native flax extract resulted in the Metabolic Profiling of Mammary Epithelial Cell Lines
strongest inhibition (10-15%) of MCT-7 proliferation. (MCF-12A, MCF-7)

On the basis of these proliferation results we decided to use the In a preliminary experiment, 200,000 MCF-7 and MCF-12A
low and intermediate concentrations of | pM and 10 pM of .
genistein for the following metabolic profiling experiments. As

cells under normal culture conditions were harvested i five

. . replicates. Comparison of the GC-chromatograms and mass
expected the low concentration revealed more estrogenic effect on

MCF-7 cells. A concentration of 10 pM genistein could be
reached in the human body after a phytoestrogen-rich diet and
therefore support the transition to an anti-estrogenic action [28].

spectra revealed drastic changes in the pool sizes of most
metabolites, allowing a discrimination of tumorigenic and non-
tumorigenic cells (data not shown). We further observed that
metaholite levels were generally twice as high in MCF-7 compared

Since concentrations of 100 pM mQSI likely do rlmt appear in Flne to MCF-12A. This finding suggested that the MCF-7 cells are
human body these test concentrations are considered unphysio-

logically. Regarding the native flax root concentrations, 0.01 and bigger or, less likely, contain proportionally larger amounts of

primary metabolites, which are predominandy measured using
GC-MS. We then determined the fresh weight of both cell lines
and found MCF-7 cells to be approximately 2.3-fold heavier than
MCF-12A cells {data not shown). Therefore, we decided to adjust
the imbalanced metabolite levels by using 200,000 MCF-7 and

I pg/ml were used for metabolic measurements because the
highest concentration of 50 pg/ml caused a significant decrease in
cell proliferation of MCF-12A. Apparently, the mixture of various
phytoestrogens in a plant extract appears to be more effective for
the inhibition of cell proliferation of MCF-7 than a moderately
dosed, single isolated phytoestrogen like genistein.
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Figure 2. Heat map of metabolites comparing between MCF-12A and MCF-7. Principal component analysis (PCA) and heat map
presentation of metabolite profiles from MCF-7 cells (squares) and MCF-12A (circles) treated with 0.1% EtOH (C, white), 1 nM 17B-estradiol (E, red),
1 uM genistein (G1, light green), 10 pM genistein (G2, dark green), 0.01 pg/ml Linum usitatissimum (L1, light blue) and 1 pg/ml Linum usitatissimum
(L2, dark blue) for 48 hours. A: For log10-transformed values the main sources of variance are cell type (PC1, 49%) and treatment (PC2, 21%). B: For
data expressed relative to the respective control samples the main sources of variance are treatment (PC1, 38%) and treatment within cell type (PC2,
16%). C: Heat map presentation of all identified metabolites by GC-MS based profiling under the treatment with 17B-estradiol (E), genistein (G) and
flax extract (L) in the cell lines MCF-12A and MCF-7 (see color bar for scale; blue color indicates down regulated metabolites; red color indicates up
regulated metabolites). The data were normalized to the untreated control of MCF-12A to identify significantly altered metabolites in the tumorigenic
cell line MCF-7. Metabolites were grouped according to cell line and each treatment condition (indicated with specific colors in the upper panel) and
hierarchically clustered. Correlation coefficients were calculated by applying the Pearson algorithm using R software.

doi:10.1371/journal pone.0047833.9002

460,000 MCF-12A cells for every further metabolic measurement
to ensure comparable results,

Subsequently to sample preparation, we could detect 106
metabolites that were identfied based on retention times,
characteristic ions and mass spectra, comprising mainly amino
acids, organic acids and mono- and disaccharides. Initially, we
applied principal component analysis (PCA) on the data to
evaluate the major differences between the individual groups. As
shown in Fig. 2A most of the variance is atributed to differences
between the two cell lines (PC1, 49%), while treatment effects also
contribute strongly (PC2, 21%). The differences between the lines
are not caused by differences in cell weight. In contrast to our
preliminary experiment we observed about 40% of all metabolites
to show higher levels m MCF-12A compared to MCF-7. This was
expected as we controlled for the total sample amount by cell
number (see above). It can be seen that higher concentrations (E,
L2, G2) generally modulate the metabolic profile of both lines
stronger, while cells treated with lower concentrations (L1, G1)
tend to closer resemble the metabolic profile of the control
samples. An interesting exception is the treatment with G 1, which
shows no effect in MCF-12A but does show an effect on MCF-7.
To render treatment effects more comparable between cell lines,
we expressed metabolic profiles relative to the control samples of’
the respective cell line (cf. Material and Methods). This procedure
removed most genotypic differences and allowed to checking if
metabolic changes of similar treated samples were consistent or
different between MCF-7 and MCF-12A. As can be seen in
Fig. 2B, metabolic changes due to different treatments were not
contrasting between the two cell lines but do show differences.
Differences in metabolic profiles were further quantified by an
analysis of variance (ANOVA) for each metabolite including the
two factors genotype and treamment as well as an interaction term
(Fig. S1). These results confirm the PCA by showing that most
metabolites are found to be significantly different between
genotypes (74 metabolites with Bonferroni corrected P-values
<<(0.05) and treatments (82 metabolites).

To give a more tuitive representation of differences for
individual metabolites a heatmap of metabolic levels was
established (Fig. 2C). To optimally visualize genotypic and
treatment effects m one plot, all metabolite intensities were
normalized to the respective mean values of the MCI-12A
controls (0.1% EtOH) since these data represent the metabolite
levels of the unaffected, normal epithelial breast tissue cell line, A
log2-transformation centers the values around zero, such that
values of one and two indicate a two and four-fold increase
compared to the control. Minus one and two indicate a two and
four-fold decrease, respectively, compared to the control. Up- and
down-regulated metabolites in comparison to MCF-12A  are
indicated by red and blue colors, respectively. As expected several
metabolite levels were up-regulated in the breast cancer cell line
MCF-7 under both, treated and untreated conditions in contrast
to MCF-12A, with N-acetyl-aspartic acid, 3-(4-hydroxyphenyl)-
lactic acid and cystathionine (dark red color) being the most
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prominent examples. We found metabolites significantly down-
regulated in MCF-7 cells like cyclo-serine, 2-hydroxy-trans-
cinnamic acid and cysteine (blue color).

While per se differences between the metabolism of cancerous
and non-cancerous cells were mvestigated previously [29,30] we
focused our work on the metabolic alterations in these cell lines
treated with 170-estradiol and phytoestrogens. Consequently, we
searched for metabolites which were significantly influenced in the
tumor line MCF-7 and not in the non-tumorigenic cell line MCF-
12A after an exposure of 1 nM 17B-estradiol. We ranked all
metabolites according to their stronger alteration in MCF-7 versus
MCF-12A after exposure of 1 nM 17B-estadiol (Table 1). Sphin-
gosine was ranked first and followed by the 3-(4-hydroxyphenyl)-
lactic acid, l-amino-cyclopropanecarboxylic acid, succinic acid,
chenodeoxycholic acid and N-acetyl-aspartic acid. The ranking of
the 29 metabolites fulfilling our criteria is given in Table | and box
plots of their normalized levels can be found in Fig. 52. The 29
compounds are annotated to different cellular pathways, e.g. lipid
metabolism, amino acid metabolism, steroid hormone synthesis,
indicating that different targets were addressed by 17B-estradiol
treatment in cancer cells. Astonishingly, strongly effected metab-
olites appeared in lipid and steroid biosynthetic pathways.
Furthermore, we noticed that three metabolites of the sphingolipid
pathway (sphingosine, ethanolaminephosphate, dihydrosphingo-
sine) were part of the ranking and, therefore, potentially main
targets of 170-estradiol in the breast cancer cell line MCF-7
(highlighted in Table 1).

In Fig. 3 these three metabolites were analyzed in detail
regarding all treatment conditons. Sphingosine was found in
higher concentrations in the cell line MCF-7 under control
conditions but after exposure 17B-estradiol the levels were
significantly reduced. The treatment with genistein as well as with
the phytoestrogen mixture in form of the flax extract normalized
the sphingosine levels in MCF-7 while the amounts in MCF-12A
were not significantly affected. Similar results were obtained for
dihydrosphingosine and ethanolaminephosphate with the excep-
tion that genistein and the flax extract could not normalize the
expression of dihydrosphingosine in the cell line MCF-7 to gain
the level of MCF-12A under control conditions, like it is was
observed for sphingosine and ethanolaminephosphate. Our
experiments clearly demonstrate that metabolites of the sphingo-
lipid metabolism are one of the main targets for the action of 1703-
estradiol and phytoestrogens with similar structural properties like
genistein.

Expression of Sphingosine Kinase and Lyase is Influenced
by Phytoestrogen Action

The metabolites sphingosine, dihydrosphingosine and ethano-
laminephosphate are linked with each other via enzymatic steps
including several enzymes. An overview of the sphingolipid
metabolism is indicated in a modified KEGG pathway and
schematic representation (Fig. S3, S4). Alterations in the protein
content and distribution of three involved enzymes (Sphkl, Sphk2,
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SIP lyase) were analyzed by western blotting and immunofluo-
rescence staining. Western blotting experiments revealed a
significant decrease in the amount of Sphkl and Sphk2 enzyme
in the breast cancer cell line MCF-7 after 48 h exposure with G
and L in a concentration dependent manner (Fig. 4A, B; Fig. 5A,
B). Especially treatment with the flax extract resulted in a 2-3fold
reduction of both kinases. Furthermore, we could observe a slight
increase of Sphkl and Sphk2 expression in MCF-7 after treatment
with | nM 17B-estradiol. In MCF-12A Sphkl expression was
decreased nearly by half after treatment with 178-estradiol and
phytoestrogen exposure revealed boosted Sphk1 amounts (Fig. 4B).
In contrast, western blots of MCF-12A cells showed poor, nearly
undetectable expression rates of Sphk2 even when 20 30 pg
soluble protein was loaded on the SDS-gel (Fig. 4D). Negligible
alterations in the expression of Sphk2 were measured in MCF-12A
after treatment with 170-estradiol and phytoestrogens (Fig. 4E). All
western blot results were confirmed by immunofluorescence
stainings with identical antibodies (Fig. 4C; Fig. 4F). Proteins of
interest were secondary labeled with AlexaFluor488 (green color).
Additionally, nuclei were stained with DAPIT (blue) for hetter local
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Table 1. List of the ranked metabolites.

No. Metabolite Related pathway KEGG/pubchem no.

1 Sphingosine Lipid metabolism C00319/cid: 5280335

2 3-(4-hydroxyphenyl)- Glycolysis C01432%/did: 612
Lactic acid

3 1-amino-Cyclopropanecarboxylic acid Amino acid metabolism C01234/cid:535

4 Succinic acid Tricarboxyclic acid cycle (TCA) C00042/cid: 1110

5 Chenodeoxycholic acid Lipid metabolism C02528/cid: 5645

6 N-acetyl-Aspartic acid Amino acid metabolism C01042/cd:97508

i Cystathionine Amino acid metabolism C00542/cid: 834

8 Dihydrosphingosine Lipid metabolism C00836/cid: 91486

9 11-beta-hydroxy-Progesterone Steroid hormone synthesis C05498/cid: 92750

10 2-amino-Butanoic acid Amino acid metabolism Cid:6657

1 All-trans-Squalene Steroid hormone synthesis C00751/cid: 638072

12 Cis-Aconitic acid Tricarboxyclic acid cycle (TCA) CO0417/cid: 643757

13 Threitol Sugar alcohols C16884/cid:169019

14 Corticosterone Steroid hormone synthesis C02140/cid: 5753

15 5-alpha-Androstan-3,12-dione Steroid hormone synthesis C00674/cid:3943

16 Triacontaneic acid Lipid metabolism Cid: 10471

17 Cadaverine Amino acid metabolism C01672/cd: 273

18 Malic acid Tricarboxyclic acid cycle (TCA) D04843/cid:525

19 Creatinine Amino acid metabolism C00791/cid: 588

20 Lanosterol Steroid hormone synthesis C01724/cid:4861

21 Piceatannol Stilbenoid, diarylheptanoid and gingerol biosynthesis €05901/cid:667739

22 4 hydroxy-, trans-Proline Amino acid metabolism C01015/cid:5810

23 Glutaric acid Fatty acid metabolism; lysine degradation C00489/cid:743

24 Ethanolaminephosphate Lipid metabolism C00346/cid: 1015

25 Caffeine Purine metabolism; calcium signaling pathway D00528/cid:2519

26 11-alpha-hydroxy-Progesterone Steroid hormone synthesis C03747/cid:6508

27 Galactonic acid-1,4-lactone Ascorbate and aldarate metabolism C01040/cid:97165

28 4 hydroxy-Benzoic acid Amino acid metabolism C00156/dd: 105001

29 5-amino-Valeric acid Amino acid metabolism C00431/cid:3720

Ranking of the 29 metabolites affected stranger by 178-estradiol in the tumorigenic cell line MCF-7 compared to the non-tumarigenic cell line MCF-12A. Related

pathways and the KEGG and/or PubChem number are given.

doi:10.1371/journal.pone.0047833.t001

orientation of the protein expressions within the cell. To gnarantee
quantitative comparable results we have ensured that photographs
were taken with identical settings, e.g. exposure time. Represen-
tative pictures of Sphkl expression in MCF-7 and MCF-12A were
displayed in Fig. 4C. As in the western blots already indicated,
phytoestrogens are able to decrease Sphkl expression in the breast
cancer cell ine MCF-7 and enhance its expression in the non-
tumorigenic cell line MCF-12A (Fig. 4C). When strong and
constitutive expression was reached the cell nuclei were overlaid
with the green dye indicating current protein biosynthesis at the
surface of the rough endoplasmic reticulum. We conclude that
17B-esradiol and phytoestrogens have opposite effects on the
Sphkl expression in MCF-7 and vice versa for MCF-12A. For
Sphk2 we obtained similar results in the cell line MCF-7 (Fig. 4D).
In contrast Sphk2 is expressed weakly in MCF-12A like it was
shown by western blot result previously (Fig. 4E). Nearly no green
fluorescence is visible inside the cell only the blue-glowing nuclei
can he mentioned. These findings led us to the assumption that
SPHKI is expressed in cancerous as well as non-tumorigenic cells
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Figure 3. Alterations in sphingolipid metabolites. Boxplots of absolute metabolite levels for sphingosine, dihydrosphingosine and
ethanolaminephosphate under the treatment of 17B8-estradiol (E), genistein (G) and flax extract (L) in the cell lines MCF-12A and MCF-7. Each box plot
shows the median, and upper and lower quartiles. Outlier values are indicated by individual data points.

doi:10.1371/journal.pone.0047833.g003

while SPHKZ2 is overexpressed in MCF-7 and, therefore, an
important regulator of sphingosine phosphorylation.

The degradation of sphingosine-1-phosphate (S1P) to phos-
phoethanolamine and (2E)-hexadecenal is mediated by S1P lyase.
Western blot analysis revealed a weaker expression in MCI-7 than
in MCF-12A (Fig. 5A). But after exposure with genistein and the
flax extract the amounts of SIP lyase increased dramatically in
MCF-7. Up to 45 fold higher levels were reached, especially after
treatment with 10 pM genistein. Similar results were obtained in
immunofluorescence staining experiments. The strongest fluores-
cence in MCF-7 cells was seen after exposure with 10 pM
genistein which correlated with significant elevated enzyme levels
in western blot (Fig. 5B). In the non-tumorigenic cell line MCF-
12A we observed constant expression levels of SIP lyase after
treatment with 17B-estradiol and genistein while both concentra-
tions of the flax extract increased the S1P lyase amount up to 30%
(Fig. 5B). While most results were confirmed by immunofluores-
cence staining, no confirmation with the western blotting results
was observed in experiments with 10 pM genistein and [ pg/ml
flax extract (Fig. 5B, C). These experiments suggests that Sphk2
and S1P lyase may be useful targets for cancer therapy drugs, as
decreasing or increasing its expression during tumorigenesis may
help to regulate cell proliferation.

Online Monitoring of Cellular Metabolism during
Stimulation with Sphingolipids

To prove the influence of SIP and sphingosine on cell
metabolism we used the Bionas® 2500 analyzing system and
Bionas® metabolic chip SC1000 to monitor existing adhesion/
impedance, Oy consumption (respiration) and the extracellular
acidification of living MCF-7 cells under the exposure of either
1 uM S1P or D-sphingosine (D-5) in the course of 24 hours (Fig. 6).
The exposure with S1P reduced the adhesion in all three replicates
up to 40%. The respiration was increased in all cases whereas the
acidification rates are subject to large fluctuations and in two
measurements was slightly increased. As expected the treatment
with D-5 revealed completely different results for these three
parameters. Sphingosine itself is known for its apoptotic and anti-
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proliferative  affects [13]. Treatment with D-S revealed a
significant increase of cell impedance/adhesion in two cases,
while the respiration rates were not influenced. The acidification
rates were lowered in two cases. These online monitoring studies
regarding three relevant parameters of cell metabolism are
reflecting the influence of the sphingolipids on the estrogen-
receptor positive breast cancer cell line MCF-7. Despite the fact
that flow cytometry measurements of proliferation and apoptosis
indicated for no great alteration after exposure with neither SIP
nor D-sphingosine the more sensitive method with the Bionas
system confirmed the contrary effects of both sphingolipids on
MCF-7 cells. Exposure with SIP caused greater acidification rates
in the surrounding medium, while D-sphingosine lowered these
levels. Therefore, we concluded that energy production by
glycolysis was reduced and less lactate was produced. Apparently
higher acidification rates in cancer cells are primarily traced to the
lactate production and secretion, primarily. It is known that higher
fluxes through glycolysis and increased lactate production are
associated with tumor progression even when oxygen levels are
abundant [29]. In addition the boosted respiration rates after
treatment with S1P were indicating higher energy production via
oxidative phosphorylation in the TCA (citric acid cycle) cycle.
Taken together SIP exposure caused higher glycolysis as well as
TCA fluxes in MCF-7 and therefore increasing the energy
production dramatically. Lowered impedance of MCF-7 cells after
exposure with S1P does not consequently imply that cells lose their
contacts to the surface but changing shape and a reduced
formation of focal adhesion might explain that effect as well.
Conversely, the opposite reactions are applying for the rising
impedance after treatment with D-sphingosine.

Conclusions

Our metabolic profiling reveals members of the sphingolipid
pathway as one of the main targets of estrogen and phytoestrogen
action. A summary of the relationship between the three
highlighted sphingolipids and their metabolic functions are shown
in Fig. S4. The hormone 17B-estradiol and the phytoestrogens
execute contrasting reactions on the Sphks. While 17B-estradiol
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Figure 4. Expression regulation of Sphk1 and Sphk2. Western blotting (A, D), quantification of western blotting results (B, E) and
immunofluorescence staining (C, F) of the sphingosine-1-phosphate kinase isoform 1 and 2 (Sphk1; Sphk2) expression level after 48 h exposure to
17B-estradiol (E), genistein (G) and the root flax extract (L) at different concentration in the cell lines MCF-7 and MCF-12A. Westem blotting and
immunofluorescence staining were carried out with same primary antibody and were repeated at least three times with individual passaged cells.
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Single representative westem blot and fluorescence images were displayed. SPHK expression in the immunofluorescence pictures was taken with a
constant exposure time of 5.6 s for Sphk1 and 2.0 s Sphk2 (green); nucleus (blue). Mean = SD values (n=3-5).*=p<0.01; ** =p<0.001 as compared
to EtOH control (unpaired t test).

doi:10.1371/journal.pone.0047833.9004
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Figure 5. Expression regulation of Sphingosine lyase. Western blotting (A), quantification of western blotting results (B) and
immunofluorescence staining (C) of the sphingosine-1-phosphate lyase (S1P lyase) expression level after 48 h exposure to 17B-estradiol (E),
genistein (G) and the root flax extract (L) at different concentration in the cell lines MCF-7 and MCF-12A. Western blotting and immunofluorescence
staining were carried out with same primary antibody and were repeated at least three times with individual passaged cells. Single representative
western blot and fluorescence images were displayed. S1P lyase expression in the immunofluorescence pictures was taken with a constant exposure
time of 2.3 s. S1P lyase (green); nucleus (blue)Mean * SD values (n=3-5). *=p<0.01; **=p<0.001 as compared to EtOH control (unpaired t test).
doi:10.1371/journal.pone.0047833.g005
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increased the expression of Sphks in the cancerous cell lines MCF-
7, the expression in non-tumorigenic cell line MCF-12A was
lowered. The phytoestrogens react in the opposite way: higher
expression in MCF-12A und significant decrease in MCF-7. This
finding let us draw the conclusion that the exposure with
phytoestrogens in higher concentration (genistein =10 pM; root
flax extract >1 pg/ml) decreases tumor progression signaling via
sphingolipids while normal tissue was not or positively stimulated.
Furthermore, the degrading pathway of SI1P to phosphoethano-
lamine by the reaction of the SIP lyase was primarily promoted by
the addition of phytoestrogens in tumorigenic cell line MCF-7.
The enhanced conversion to phosphoethanolamine could let to

PLOS ONE | www plosone.org

evaluated antitumor activity so that phytoestrogens have the
ability to influence both, the enzymatic anabolic as well as the
degrading step of SIP [31]. In addition, the expression of SIP
lyase in the non-tumorigenic cell lme MCF-12A was significantly
up regulated under control conditions. It seems likely that normal
mammary epithelial cells prevent extracellular S1P signaling by
degrading this lipid before it reaches the receptors at the cell
surface or the intracellular space, respectively [32]. Consequently,
S1P lyase emerged as a possible target for anti-cancer research and
production of effective chemotherapeutic agents.
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Figure S1 Histograms of Bonferroni corrected P-values
obtained in a two way ANOVA with the factors genotype
and treatment for absolute values of all 106 metabolic
traits. The upper panel shows the number of P-values significant
at o =0.05 for each factor and the interaction term, respectively,
while the lower panel indicates the strength of the observed effects
by presenting the data in log-scale. To this end, a comparable
number of metabolic levels is significantly altered due to genotype
or treatment, with genotypic effects showing generally lower P-
values. However, this is partly due to the different number of levels
for the factors (genotype: 2, treatment: 6).

(TIF)

Figure S2 Overview of all mentioned metabolite box-
plots. Boxplots of all metabolites mentioned the ranking (Table 1)
under the treatment of 17B-estradiol (E), genistein (G) and flax
extract (L) in the cell lines MCF-12A and MCF-7. Plot layout and
colors are similar to Figure 3.

(T

Figure 83 Sphingolipid pathway in detail. KEGG pathway
of the sphingolipid metabolism in Homo saprens (Entry no.:
map00600) overlaid with boxplots of the detected metabolites.

(TIF)
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Zusammenfassung:

Erste in vitro Untersuchungen belegten, dass die simultane Applikation von Genistein und Vitamin D3
die Proliferationsinduktion bei der Osteosarkomzelllinie MG-63 auf Normalniveau relativieren kann.
Ebenso wurde die extrazellulaire Ansduerung und die Respirationsrate durch eine gleichzeitige
Stimulation mit beiden Substanzen additiv bzw. synergistisch reduziert. Um die dafiir grundlegenden
zellularen Mechanismen zu untersuchen, wurden abermals metabolische Profile mittels Metabolomics
angefertigt. Analog zu den Ergebsnissen mit den Brustkrebszelllinien wurde auch bei den
Osteosarkomzellen eine signifikante Beeinflussung des Sphingosin-Stoffwechsels ermittelt, die sich in
einer signifikant gesteigerten Ethanolamin-Produktion darstellte. Die Sphingosin-1-Phospat-
abbauende Lyase (SGPL1) wurde durch die simultane Applikation von Genistein und Vitamin D3 um
das 3,5-fache gesteigert (Abb. 7). Diese Untersuchungen belegen erstmals die Synergie von Genistein
und Vitamin D3 auf das Expressionsniveau der SGPL1 und deuten darauf hin, dass die SGPL1-Expression

vermutlich bei vielen Tumorentitdten im Rahmen der Tumorigensese eine fundamentale Rolle spielt.
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Abstract

Background

Phytoestrogens such as genistein, the most prominent isoflavone from soy, show concen-
tration-dependent anti-estrogenic or estrogenic effects. High genistein concentrations

(>10 uM) also promote proliferation of bone cancer cells in vitro. On the other hand, the
most active component of the vitamin D family, calcitriol, has been shown to be tumor pro-
tective in vitro and in vivo. The purpose of this study was to examine a putative synergism of
genistein and calcitriol in two osteosarcoma cell lines MG-63 (early osteoblast), Saos-2
(mature osteoblast) and primary osteoblasts.

Methods

Thus, an initial screening based on cell cycle phase alterations, estrogen (ER) and vitamin
D receptor (VDR) expression, live cell metabolic monitoring, and metabolomics were
performed.

Results

Exposure to the combination of 100 uM genistein and 10 nM calcitriol reduced the number
of proliferative cells to control levels, increased ERB and VDR expression, and reduced
extracellular acidification (40%) as well as respiratory activity (70%), primarily in MG-63
cells. In order to identify the underlying cellular mechanisms in the MG-63 cell line, metabolic
profiling via GC/MS technology was conducted. Combined treatment significantly influenced
lipids and amino acids preferably, whereas metabolites of the energy metabolism were not
altered. The comparative analysis of the log2-ratios revealed that after combined treatment
only the metabolite ethanolamine was highly up-regulated. This is the result: a strong over-
expression (350%) of the enzyme sphingosine-1-phosphate lyase (SGPL1), which irrevers-
ibly degrades sphingosine-1-phosphate (S1P), thereby, generating ethanolamine. S1P
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production and secretion is associated with an increased capability of migration and inva-
sion of cancer cells.

Conclusion

From these results can be concluded that the tumor promoting effect of high concentrations
of genistein in immature osteosarcoma cells is reduced by the co-administration of calcitriol,
primarily by the breakdown of S1P. It should be tested whether this anti-metastatic pathway
canbe stimulated by combined treatment also in metastatic xenograft mice models.

Background

Phytoestrogens, e.g. the well investigated isoflavone genistein are able to prevent and to reduce
the development of breast cancer in vifro and in vivo 1, 2]. This effect is due to structural simi-
larities to the endogenous steroid hormone 173-estradiol, whereby they can trigger both estro-
genic and antiestrogenic effects via binding to the estrogen receptors ERu and/or ERR [3].
This finding hasled to intense discussions on the safety of phytoestrogens. In vitro as well as in
vivo studies have demonstrated that genistein enhanced the proliferation of estrogen-depen-
dent human breast cancer cells (MCF-7) already at low concentrations (10 nM), 100 nM
achieved proliferative effects similar to those of 1 nM estradiol [4, 5]. However, high concen-
trations beyond 10 uM inhibited cell proliferation and induced apoptosis of estrogen-sensitive
breast cancer cells, most likely by inhibiting the intrinsic tyrosine kinase activity of growth fac-
tor receptors [6]. Furthermore, high concentrations of genistein and other soy isoflavones
stimulate growth of bone and metastatic breast cancer [7-9]. Due to these effects, isolated phy-
toestrogens are not recommended for dietary consumption in the case of breast and bone
tumors, detected previously.

Despite recent advances in treatment of breast cancer, still substantial numbers of patients
develop metastatic disease, especially in the bones up to 70% [10]. Breast cancer is the most com-
mon source of bone metastasis which is often characterized by an estrogen-positive phenotype:
65% of the lesions are lytic, 10% are blastic, and 25% consist of both lytic and blastic lesions.

The most biologically active hormonal form of vitamin D3, calcitriol (1¢,25(OH),Vitamin
D3), is synthesized endogenously by a series of reactions, starting with UVB radiation on
human skin, and followed by stepwise hydroxylation in liver and kidney. Potential vitamin D
target tissues (e.g. colon, prostate, breast, lung, pancreas) can also synthesize and degrade calci-
triol. Local production and degradation of calcitriol have been suggested to represent a key fac-
tor in several types of human cancer. The function of the vitamin D complex for human body
and health is widespread, from effects on cellular differentiation and proliferation and on cen-
tral nervous system up to the modulation of immune responsiveness [11]. In vivo the results
are less convincing, often conflicting and show considerable variability [11]. However, the
results of in vivo studies suggest that the calcitriol precursor cholecalciferol could act as a che-
mopreventive agent against several malignancies, as an association between low serum levels
of the calcitriol precursor calcidiol (25(0OH)D) and an increased incidence and mortality of
several types of tumors such as non-Hodgkin’s lymphoma, melanoma, breast, prostate, colo-
rectal, ovarian, kidney, esophagus, and stomach cancer was confirmed [12-14]. Recently,
Keum and Giovannucci [15] have published that supplementation with cholecalciferol at
doses of up to 800 TU per day presumably has no substantial effect on cancer incidence within
2-7 years, but is related to a statistically significant 12% reduction in cancer mortality.
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Up to now only few studies on the effects of the combination of phytoestrogens with calci-
triol have been published. Swami et al. [16] showed that genistein potentiates the action of cal-
citriol in human prostate cancer cells, and Rao et al. [17] demonstrated that these substances
synergistically inhibit the growth of human prostatic epithelial cells. This was achieved by two
related important mechanisms: 1) by directly inhibiting CYP24 A1 enzyme activity, leading to
an increase in the half-life of calcitriol (adults 5-8 h, children 27 h), and 2) by amplifying the
homologous up-regulation of the vitamin D receptor (VDR) [18]. However, to our knowledge
there are no reports on the effects of a combination of calcitriol and genistein on bone cancer
cells. This is of interest, because a synergistic action of both substances is involved in the pre-
vention of osteoporosis and the reduction of hip fracture risk in postmenopausal women [19].
Therefore, we hypothesize that genistein in the presence of calcitriol mediates synergistic anti-
tumor activity in human bone cancer cells by distinct cell biological mechanisms. In the pres-
ent study these hypotheses were elucidated by focusing on cell cycle analysis, metabolic alter-
ations and signaling cascades.

Material and Methods
Chemicals

Genistein (4',5,7- Trihydroxyisoflavone) and calcitriol (1¢,25-Dihydroxycholecalciferol) were
purchased from Sigma Aldrich (Germany) were stored at -20°C in the dark as single-used ali-
quots of concentrated stock solutions in dimethylsulfoxide (DMSQO, for genistein) or ethanol
(EtOH, for calcitriol).

Cell culture conditions

The osteosarcoma cell lines MG-63 (ATCC"[" CRL-1427™) and Saos-2 (ATCC‘[" HTB-85™)
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The
human non-tumorigenic, primary osteoblast cells (POB) were chosen as control cells. Briefly,
the primary osteoblast cells were isolated from the spongiosa of the femoral heads of patients
undergoing primary total hip replacement. The samples were collected with patient agreement
and approval by the Local Ethical Committee named “Ethikkommission an der Medizinischen
Fakultit der Universitit Rostock”, located at St.-Georg-Str. 108, 18055 Rostock, Germany with
the registration number: A 2010-10 (see: https://ethik.med.uni-rostock.de/). The participants
provide their written consent to participate in this study.

All cells were grown in Dulbecco’s modified Eagle’s medium (Invitrogen, Germany) with
10% fetal bovine serum (PAN Biotech GmbH, Germany) and 1% gentamycin (Ratiopharm,
Germany). Application of genistein (final concentrations: 1, 10, 100 uM) and/or calcitriol (10
nM) was carried out in assay medium: phenol-red-free Dulbecco’s modified Eagle’s medium
(PAA Laboratories GmbH, Germany) with 10% charcoal stripped fetal bovine serum (PAN
Biotech GmbH, Germany) for 48 h. Prior treatment cells were adapted to the assay medium
for 24 h.

Cell cycle analysis

Cell preparation and cell cycle analysis have been described in detail previously (Engel et al.,
2012, 2014). Cells in the cell cycle phases S and G2/M were summarized and defined as prolif-
erative cells. Briefly, the extent of cell cycle progression and apoptosis in the cells was estimated
by flow cytometric analysis after propidium iodide (Roche Diagnostics, IN, USA) staining.
After treatment cells were trypsinized with 0.05% trypsin-0.02% EDTA for 5-10 min. The
reaction was stopped with assay medium. Cells suspension was transferred to FACS tubes (BD
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Biosciences, USA) and fixed in 70% ethanol for 12 or more hours at —20°C. Briefly, after wash-
ing with PBS cells were incubated with RNase (1 mg/ml) at 37°C for 30 min. Finally, cells were
re-suspended in propidium iodide (50 mg/ml) for at least 3 h at +2 to +8°C protected from
light until flow-cytometric analysis. The software Flow]Jo version 10.0.5 (Tree Star Inc., USA)
was used for data acquisition.

Live cell metabolism

The live cell metabolic parameters cell impedance, oxygen consumption (respiration), and
extracellular acidification were analyzed during stimulation with genistein and/or calcitriol for
24 h with the Bionas Discovery‘l‘M 2500 system and the metabolic chip SC 1000 (Bionas
GmbH, Rostock, Germany). Measurement conditions were already described [5]. Data sets
were normalized to vehicle control treatment and set to 100% using the software Bionas1500°
Data analyzerV1.07.

Immunofluorescence

The basic procedure for the immunofluorescence staining was described in Engel et al. (2012,
2014). Briefly, the rabbit anti-human estrogen receptor antibodies (ERo: sc-542, ER£3: sc-8974),
and the VDR (sc-13133, SGPLI: sc-67368), all from Santa Cruz, USA, were applied in a 1:50
dilution for 1 h at room temperature followed by the incubation of 488-labeled secondary goat
anti-rabbit antibody (Molecular Probes, USA, 1:100) for 1 h at room temperature in the dark.
Nuclei were counterstained with DAPI (Roche Diagnostics GmbH, Germany) for 15 min. Visu-
alization and imaging was investigated with an inverted confocal laser scanning microscope
(LSM780, Carl Zeiss, Germany) equipped with a helium/neon-ion laser and a ZEISS 63x oil
immersion objective. Notably, photomicrographs stained with the same primary antibody were
taken at identical exposure times and laser power to guarantee comparable results.

Western blot

General western blotting procedure using previously described protocols is illustrated in War-
sow et al. and Engel et al. [20,21]. The following primary antibodies were used: Hexokinase I
(C35C4) Rabbit mAb: #2024; PFKP (D4B2) Rabbit mAb: #8164; LDHA (C4B5) Rabbit mAb:
#3582; PDH Pyruvate Dehydrogenase (C54G1) Rabbit: mAb #3205; Fumarase (D9C5) Rabbit
mAb: #4567; SDHA (D6]9M) XP® Rabbit mAb: #11998; p-Akt (S473): 92718; Akt (pan)
(C67E7): 4691S; P-p44/42 MAPK (T202/Y204) (D13.14.4E) XP (R): 4370L; p44/42 MAPK
(Erk1/2): 9102 (all from cell signaling, USA); and SGPLI: sc-67368, ER alpha (MC-20): sc-542;
ER beta (H-150): s¢c-8974; VDR (D-6): sc-13133; PCNA (PC10): sc-56; beta-Actin (C4): sc-
47778; Vinculin (G-11): sc-55465, from Santa Cruz, USA. They were incubated with gentle
shaking at 4°C overnight in a dilution of 1:1000. Secondary antibody (Anti-rabbit or anti-
mouse IgG, HRP-linked Antibody #7074 or #7076, from cell signaling, USA) was incubated at
room temperature for 1 h. To ensure equal amounts of loaded total soluble proteins on Mini-
PROTEAN®) TGX Stain-Free™ gels (Bio-Rad, Germany), the band intensities were visualized
and calculated by stain-free technology via a ChemiDoc™ MP imager (Bio-Rad, Germany).
Normalization and calculation were performed with Image Lab 3.0.1 (Bio-Rad, Germany).
Protein signals were visualized by using SuperSignal West Femto Chemiluminescent Substrate
(Pierce Biotechnology, Rockford, USA) for detection of peroxidase activity from HRP-conju-
gated antibodies (Thermo Fisher Scientific Inc., Rockford, USA). Band intensity was analyzed
densitometrically with the Molecular Imager ChemiDoc XRS and Image Lab 3.0.1 software
(Bio-Rad, USA). Protein detection was repeated at least three to five times with individually
prepared cell lysates from independently passaged cells.
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Phosphorylation status of signaling proteins

Phosphorylated proteins (Phosph-ERK1/2 (T202/Y204, T185/Y187); No. 5016616, Phospho-
Akt (§473); No. 5017459, Phospho-p38 MAPK (T189/Y182); No. 5017183, and Bio-Plex®
Phosphoprotein Detection Reagent Kit; No. 310013270, all from Bio-Rad, Germany) were ana-
lyzed with the Bio-Plex 200 Array System with Bio-Plex™ Manager 4.1.1. software (Bio-Rad,
Germany) according to the manufacturer’s recommendations. Total protein lysates (10 ug sol-
uble protein) were prepared with cell lysis kit from Bio-Rad, Germany. Protein lysates were
incubated overnight in 96-well plates with fluorescent capturing beads. Then, plates were
washed and incubated with biotinylated antibodies against the phosphorylated proteins and
final added streptavidin-phycoerythrin solution. The measurement of phosphorylated proteins
was performed with the relative mean fluorescence intensity calculated excluding the blank
(approach without protein lysates) (n = 3).

Metabolic profiling via GC-MS

Sample preparation was carried out according to the cell sampling protocol of mammalian
adherent cells of Metabolomic Discoveries GmbH (Potsdam, Germany). Briefly, approxi-
mately 1 x 107 cells adherent MG-63 cell were cultivated and treated with the vehicle control,
genistein and/or calcitriol in T25 flasks (Greiner, Germany). After 48 h treatment flasks were
put on ice, washed three times with ice-cold 0.9% (w/v) NaCl solution (saline) and thereafter
cells were quenched with 500 pl ice-cold extraction buffer containing 80% methanol and
removed from the flasks with the help of a cell scraper. Additional 500 pl extraction buffer
were used to remove all cell remnants. Cell suspension was filled in cryo tubes and shock-fro-
zen in liquid nitrogen. Samples were stored at -80°C until metabolic measurement. All subse-
quent steps were carried out at Metabolomic Discoveries GmbH (Potsdam, Germany; www.
metabolomicdiscoveries.com)

300 pl of cell extract were used for global metabolite profiling analysis. Derivatization and
analyses of metabolites by a GC-MS 7890A mass spectrometer (Agilent, Santa Clara, USA) were
carried out as described [22]. Metabolites were identified in comparison to Metabolomic Dis-
coveries’ database entries of authentic standards. LC-MS analysis was performed using hydro-
philic interaction chromatography with a ZIC-HILIC 3.5 pm, 200 A column (Merck Sequant,
Umed, Sweden), operated by an Agilent 1290 UPLC system (Agilent, Santa Clara, USA). The
LC mobile phase was a linear gradient from 90% to 70% acetonitrile over 15 min, followed by
linear gradient from 70% to 10% acetonitrile over 1 min, 3 min wash with 10% and 3 min ree-
quilibration with 90% acetonitrile. The flow rate was 400 pl/min, injection volume 1 pl. Mass
spectrometry was performed using a 6540 QTOF/MS detector (Agilent, Santa Clara, USA). The
measured metabolite concentration was normalized to the internal standard C13-Sorbitol.

Characterization of osteoblastic phenotypes

Alkaline phosphatase (ALP) specific activity was used as an early marker of the osteoblastic
phenotype. Therefore, cells were washed in PBS and fixed in 4% paraformaldehyde for 5 min.
After washing, cells were incubated with 0.1% naphthol AS-MX phosphate and 0.1% fast red
violet LB salt in a 2-amino-2-methyl-1,3-propanediol buffer (56 mM) for 10 min. Alizarin red
S staining to visualize calcification was performed according to manufacturer’s protocol (Oste-
ogenesis assay kit, #ECM815, Millipore). Matrix mineralization was determined by immuno-
fluorescence labeling with anti-osteocalcin (#AB10911, Millipore). As secondary antibody
Alexa 488-labeled secondary goat anti-rabbit antibody (Molecular Probes, USA, 1:100) was
used. After staining cells were counterstained with DAPI (Roche Diagnostics GmbH, Ger-
many) for 15 min.
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Statistical analysis

All experiments were replicated at least three times with individually passaged cells, and data
sets were expressed as means + standard deviations (SD). Statistical significance was deter-
mined by the unpaired student’s t-test (*** P<0.001; ** P<0.01; * P<0.05). Significant concen-
tration changes of metabolites in different samples were analyzed by appropriate statistical test
procedures using the statistical analysis software R-project (www.r-project.org). Results of
drug combination experiments (cell proliferation, receptor expression, metabolic alterations,
SGPLI1 expression) were analyzed for synergistic, additive, or antagonistic effects using pri-
marily the coefficient of drug interaction (CDI) by the method of Chou-Talalay [23]. CDI
calculations were done in custom Microsoft Excel templates as follows: CDI = AB/(A6B).
According to the measurement values of each group, AB is the ratio of the combination groups
to control group; A or B is the ratio of the single agent group to control group. Thus, CDI < 1,
CDI = 1, and CDI > 1 indicate synergism, additive effects, and antagonism, respectively.

Results
Characterization of osteoblastic features

For analysis of putative synergistic effects of genistein and calcitriol on bone cancer cells, two
tumorigenic osteosarcoma cell lines (MG-63, Saos-2) were compared to non-tumorigenic pri-
mary osteoblasts, isolated from patients’ cancellous bones (POB). MG-63 represents an early
osteoblastic linage characterized by low alkaline phosphatase (ALP) activity and osteocalcin
expression, while calcification, determined by Alizarin red staining, was comparable with
Saos-2 cells (S1 Fig). In contrast, Saos-2 cells revealed the most mature osteoblastic profile:
high ALP activity, calcification and mineralization rates. POBs exhibit the lowest osteoblastic
differentiation levels identified by poor rates of ALP activity, calcification and mineralization.

Calcitriol normalizes genistein induced proliferation promotion

Initially, the influence on cell proliferation after 48 h exposure to 10 nM calcitriol and a con-
centration series of genistein (1, 10, 100 uM), either separately or in combination, was tested
via cell cycle analysis (Fig 1). Cells in the cell cycle phases G2/M and S were summed and
marked as proliferative cells. The addition of 10 nM calcitriol reduced the proliferation of
MG-63 (~ 60% reduction) and Saos-2 (~ 10% reduction) osteosarcoma cells. Treatment with
100 uM genistein only revealed significant proliferation induction in MG-63 (~ 130% induc-
tion) and Saos-2 (~ 14% induction) cells. After combined application of 100 pM genistein and
10 nM calcitriol proliferation was not different from untreated controls. This effect is particu-
larly pronounced in MG-63 cells. Proliferation of POBs was not significantly altered after
exposure to genistein, calcitriol or their combination, after treatment with genistein alone a
trend towards slight proliferation induction was noted.

Overexpression of ERB and VDR after combined treatment

The cellular reactions to genistein are mediated by estrogen receptors (ERw, ER£), and calci-
triol signaling is implemented by the VDR, functioning as hormone response elements on
DNA resulting in expression or repression of specific gene products. Therefore, expression lev-
elsand cellular distribution of these three receptors were determined by immunofluorescence
staining (Fig 2A) and Western blotting (Fig 2B). In MG-63, the combination of 100 uM genis-
tein and 10 nM calcitriol caused significantly higher cytoplasmic expression levels of ERf as
well as lower of ERq, visible in the immunofluorescence staining as well as in the western blot.
While higher VDR expression in MG-63 was clearly visible by the increased fluorescence
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Fig 1. Cell cycle analysis of MG-63, Saos-2 bone cancer cells in comparison with primary osteoblasts
(POB) after 48 h treatment with genistein (G; 1, 10, 100 uM; black bars) or in combination with 10 nM

calcitriol (VitD; grey bars). Given is the percentage of proliferative cells (G2/M + S phase) whereby the

control was set to 100%. Note that 100 uM genistein induces a strong proliferation induction in MG-63 cells
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which could be normalized to control levels by the addition of 10 nM calcitriol. Mean + SD, n=5, ***P < 0.001,
**P <0.01, *P < 0.5, significantly different compared to control, unpaired ttest.

doi:10.1371/journal. pone.0169742.9001

intensity, western blotting results only showed an increase of VDR after treatment with calci-
trol. In the mature osteosarcoma cell line Saos-2 as well as in POBs only a slight increase of
ERSR expression was shown after simultaneous application. In summary, only the simultaneous
application of genistein and calcitriol increased the ER8 level in MG-63, primarily. This was
the first hint, that combined treatment could reduce tumor progression in immature osteosar-
coma cells.

Synergistic influence on extracellular acidification and respiration

In order to elucidate this combinatory effects of genistein and calcitriol, metabolic real-time
measurements were performed on MG-63 cells for 24 h (Fig 3). The Bionas DiscoveryTM 2500
system and the metabolic chip SC 1000 enables an online monitoring of three cellular meta-
bolic parameters: extracellular acidification (which is a measure of glycolytic flux in cancer
cells), oxygen consumption (a measure of mitochondrial respiration), and cell impedance (a
measure of cell adhesion, confluence and morphological alterations). Before treatment with
genistein (100 pM), calcitriol (10 nM) or their combination, cells were adapted to the measur-
ing conditions for 2-3 h until constant levels were achieved. The vehicle control values after
adaption to the measuring medium were normalized and set to 100%. Extracellular acidifica-
tion levels showed no alterations after exposure to genistein, a 20% reduction after treatment
with calcitriol, and an additive reduction of 40% after combined treatment. A synergistic effect
in respiratory levels could be observed after combinatory treatment with a reduction up to
80%. Cell impedance did not alter after any treatment. From this live cell monitoring could be
concluded that MG-63 respiration and to a lower extent the glycolysis responded to the combi-
natory treatment of genistein and calcitriol. Therefore, expression studies of key enzymes of
the glycolytic and respiratory pathways, important for cancer progression were conducted (52
Fig). Protein expression levels of three glycolytic enzymes (hexokinase 1, PFKP: platelet-type
phosphofructokinase, LDH: lactate dehydrogenase) and three enzymes of the Krebs cycle
(PDH: pyruvate dehydrogenase, fumarase, SHDA: succinate dehydrogenase subunit A) after
48 h exposure to a concentration series of genistein only (1, 10, 100 uM; left panel) or a com-
bined treatment with 10 nM calcitriol (right panel) in MG-63 cells were detected. The protein
contents of these six metabolic enzymes changed only slightly (S2 Fig). But these slight alter-
ations in enzyme content did not explain a reduction in respiration of 80% and in glycolysis of
40%. In order to identify the main trigger of the additive or synergistic action of genistein and
calcitriol, metabolomic profiling in MG-63 cells was performed after 48 h exposure to the
compounds.

Synergistically elevated production of (phospho-) ethanolamine after
combined treatment in MG-63 cells

On the basis of the proliferation results (Fig 1) and the live cell metabolic analysis (Fig 3) we
decided to use the high concentrations of 100 uM genistein and 10 nM calcitriol for the follow-
ing metabolomic profiling experiments. Four treatment groups were created: A: untreated
control, B: treated with 100 uM genistein, C: treated with 10 nM calcitriol, D: treatment with
both 100 uM genistein and 10 nM calcitriol. Subsequently to sample preparation, 186 metabo-
lites were identified in this comprehensive analysis based on retention times, characteristic
ions and mass spectra, comprising mainly amino acids, organic acids and lipids. To provide an
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Fig 2. Immunofluorescence staining of ERa, ERB, and VDR in MG-63, Saos-2 and primary osteoblasts
(POB) after 48 h exposure to the vehicle control (C), 100 uM genistein (G), 10 nM calcitriol (VitD3) or the
simultaneous application of genistein and calcitriol. Receptor expression was secondarily labeled with
Alexa488 (green). All samples were counterstained with DAPI to label the cell nucleus (blue). ERB and VDR
expression is highly increased in MG-63 and POB cells after combined treatment with genistein and calcitriol. n= 3.

doi:10.1371/journal.pone.0169742.9002

initial overview of all analyzed samples, a principal component analysis (PCA) was calculated
(S3 Fig). The PCA depicts 57.8% (46.6% + 11.2%) of all variances in this sample set. PC1
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e
-@ ' PLos | ONE Synergistic Action of Genistein and Calcitriol

MG-63

Acidification Respiration Cell impedance

200
180
160
140 -
120
100
80
60
40
20
0 —_——— —_— — —_— —
0246 8101214161820222426 0 2 4 6 8101214161820222426 0 2 4 6 8 1012141618202224 26
Time (h) g

Metabolic rate relative to control (%)

=== 100 pM Genistein e 10 nM Vitamin D3 === 100 pM Genistein + 10 nM Vitamin D3

Fig 3. Live cell monitoring of three metabolic parameters (extracellular acidification, mitochondrial respiration, and cell impedance)
in MG-63 after exposure to the vehicle control (was set to 100%), 100 uM genistein (blue lines), 10 nM calcitriol (red lines) or the
combination of both (green lines) over 24 h. Prior treatment cells were adapted to the flow conditions for at least 2 h (grey shadowed). n=3.

doi:10.1371/journal.pone.0169742 g003

separates the controls (group A) and calcitriol-treated samples (group C) from the genistein
(group B) and double-treated samples (group D). Thus, compared to the controls treatment
with 100 pM genistein seems to have a larger influence on the metabolic profiles of the investi-
gated samples than treatment with 10 nM calcitriol. However, potential additive or synergistic
effects of individual metabolites caused by the combination of genistein and calcitriol cannot
be deduced from the PCA.

To give a more intuitive representation of differences for individual metabolite levels, a heat
map based on hierarchical dustering for each metabolite was visualized (Fig 4). Up- and down-
regulated metabolites are indicated by red and blue colors, respectively. It is clearly evident that
compared to the control many metabolites after genistein or combined treatment are down-regu-
lated (blue). But also a cluster of upregulated (red) metabolites in the left lower quadrant is visi-
ble. In the differential analysis, 103 metabolites showed a significant difference between 100 pM
genistein and control treatment. Especially, components of various lipids are higher concentrated
in the treated samples, whereas various amines and some amino acids show higher concentra-
tions in the control. The comparison between 10 nM calcitriol and control treatment revealed 30
significantly altered metabolites, whereas amines, amino acids and lipids are higher concentrated
in the calcitriol group. Compared to the control, 99 metabolites of the 100 uM genistein + 10 nM
calcitriol group were significantly altered, this was comparable to the group treated with 100 uM
genistein alone. In total, 186 compounds were analyzed with distinct changes in some metabolite
classes based upon the treatment, e.g. lipid components, amines and amino acids. In energy
metabolites, such as glucose or ATP, no significant changes were observed, strengthening the
results of the protein expression analysis of relevant glycolytic and respiratory enzymes (S2 Fig).

To determine the significant altered metabolites, rankings of log2-ratios (treatment vs. con-
trol) were calculated (Fig 5). At first glance it is obvious that the single treatments with

PLOS ONE | DOI:10.1371/joumal.pone.0169742 January 26, 2017 10/18



&-PLOS | one

Synergistic Action of Genistein and Calcitriol

1.0
0.5
0.0
-0.5
-1.0

PLOS ONE | DOI:10.1371/joumal.pone.0169742  January 26, 2017 11/18



©-PLOS | one

Synergistic Action of Genistein and Calcitriol

Fig 4. Heat map presentation of all identified metabolites by global metabolite profiling after 48 h
treatment of the vehicle control, 100 uM genistein (G), 10 nM calcitriol (VitD3) and the combination of
both in MG-63 cells (see color bar for scale; blue color indicates down regulated metabolites; red
color indicates up regulated metabolites).

d0i:10.1371/journal.pone.0169742.9004

genistein and calcitriol regulate different metabolites. The application with genistein induces a
strong increase in ethanolamine, nonanoic acid, ethanolamine-phosphate, hexadecanoic acid,
octadecanoic acid and a boosted decrease in creatinine, aspartic acid, spermidine, taurine, and
cadaverine. In contrast, calcitriol regulates the following metabolites: asparagine, ethanol-
amine-phosphate, spermidine and ethanolamine were up-regulated, and lactic acid, glycerol-
3-phosphate, taurine, and ¢-glycerophosphocholine were down-regulated. The combined
treatment revealed a strong increase for ethanolamine, nonanoic acid, and ethanolamine-
phosphate whereas aspartic acid, creatinine, glyceric acid-3-phosphate, adenosine and cada-
varine were significantly reduced. Synergism was calculated for ethanolamine, ethanolamine-
phosphate and nonanoic acid.

Astonishingly, end products of the sphingolipid metabolism—ethanolamine and ethanol-
amine-phosphate—were upregulated synergistically after co-administration of genistein and
calcitriol (Fig 5; highlighted in red). The production of ethanolamine-phosphate is irreversibly
mediated by the sphingosine-1-phosphate lyase (SGPL1; UniProtKB—Q95470; Gene ID: 8879),
an enzyme cleaving the secondary messenger sphingosine-1-phosphate to (2E)-hexadecenal
and ethanolamine-phosphate, which thereafter can be dephosphorylated by tissue-nonspecific
alkaline phosphatases to ethanolamine. Due to this finding, expression and localization of
SGPLI were examined after stimulation with genistein and calcitriol.

Upregulation of SGPL1 expression after combined treatment

In MG-63 cells, SGPL1 expression studies after treatment with genistein, calcitriol or their
combination were performed via western blot and immunofluorescence staining (Fig 6). Both
methods revealed a strong up-regulation of SGPL1 protein content only after simultaneous
stimulation with genistein and calcitriol, while SGPLI1 expression levels were not changed after
the single application of either substance. The western blot results indicate an increase of
SGPLI protein up to 350% compared to the control (100%) (p<0.001). Immunofluorescence
staining of SGPL1 protein confirmed its subcellular localization in the endoplasmic reticulum
membrane (http://compartments.jensenlab.org) as well as the overexpression after combined
treatment (higher green fluorescence intensity (Fig 6)).

Discussion

In this study for the first time the synergistic antitumor effects of genistein and calcitriol were
demonstrated in cancer cells (osteosarcoma cells MG-63), which is associated with the expres-
sion up-regulation of sphingosine-1-phosphate lyase (SGPL1). The peculiarity of this finding
is that the combination of both substances counteracts the pro-proliferative action of genistein
in bone cancer cell lines. In detail, the application of phytoestrogens is discussed controver-
sially because they can convey estrogenic as well as anti-estrogenic responses that thus may
affect the growth and tumorigenicity of hormone-dependent tumors. High doses of genistein
(>10 uM) can reduce the proliferation of breast cancer cells, but also at the same time they
promote the growth of bone cancer cells [9]. We explored the co-administration of genistein
and calcitriol because there is preliminary data that they could synergistically inhibit cancer
growth [16, 17]. Indeed, the proliferation promotion induced by 100 pM genistein in the bone
cancer cell line MG-63 could be normalized to control levels after simultaneous exposure to 10
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Fig 5. Ranking of metabolites which were significantly affected by genistein (G), calcitriol (VitD3) or the combination of both in comparison
with control treatment (p < 0.05; n =4). Displayed were the log2 ratios. Notably, metabolites of the sphingolipid metabolism like ethanolamine and
ethanolamine-phosphate were significantly upregulated. Synergistic effects of genistein and calcitriol were calculated by Chou-Talalay method, and
displayed as CDI value. CDI < 1, CDI =1, and CDI > 1 indicate synergism, additive effects, and antagonism, respectively.

doi:10.1371/journal pone.0169742.g005

nM calcitriol (Fig 1). Also, a significantly increased expression of the ER{S could be observed
while the expression levels of the ERz: remained unchanged (Fig 2). Similarly, a significant
increase of the VDR levels was determined in MG-63 cells and primary osteoblasts. This sug-
gests that the combination of genistein and vitamin D3 stimulates an overexpression of ERf}
and VDR which are meant to be tumor suppressors and good prognostic markers [24, 25].
Beside the synergistic effects on the proliferation behavior and receptor expression, an
influence on the cellular metabolism could be determined by live cell monitoring of three can-
cer relevant features: extracellular acidification, mitochondrial respiration and cell impedance
(Fig 3). Again, synergistic effects could be observed. In MG-63 cells extracellular acidification
and respiration were significantly reduced. This may indicate a downregulation of both the
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Fig 6. Protein expression analysis of the sphingosine-1-phosphate lyase (SGPL1) in MG-63 cells after treatment with the vehicle control (C),
1,10, 100 pM genistein (G), 10 nM calcitriol (VitD3) or the combination of both via western blotting and immunofluorescence staining. A:
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compare expression levels und subcellular distribution. Green: SGPL1. Blue: cell nucleus. n= 3.

doi:10.1371/journal.pone.0169742.9006

glycolytic activity and the enzymes of the Krebs cycle. This however could not be confirmed by
protein expression analysis of cancer-relevant glycolytic and respiratory enzymes in MG-63
(52 Fig). Distinct alterations of the protein contents of e.g. lactate dehydrogenase, pyruvate
dehydrogenase or succinate dehydrogenase, key players in the energy metabolism of cancer
cells, were not observed [26]. The lack of a direct impact on the energy metabolism of MG-63
cells by genistein and/or calcitriol was also confirmed by metabolite analysis (Figs 4 and 5).
Distinct changes in some metabolite classes based upon the treatment, e.g. lipid components,
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amines and amino acids could be detected, but no significant changes were observed in energy
metabolites such as glucose or ATP. However, live cell monitoring experiments revealed pro-
nounced synergistic effects of genistein and calcitriol especially for MG-63 and POBs: respira-
tory and glycolytic activities in MG-63 cells are greatly reduced and in POB respiration they
are upregulated strongly. The impact on Saos-2 was moderate, probably because Saos-2 repre-
sents a mature osteoblastic phenotype compared to MG-63 and POBs (51 Fig). Thus, it could
be clearly demonstrated that an effect on O,-consumption and extracellular acidification
could be reached although no direct influence on relevant metabolic energy enzymes or
metabolites could be determined.

Therefore, a complex metabolic profiling of MG-63 cells was performed (Fig 4). After co-
administration of genistein and calcitriol, 99 metabolites, primarily lipids and amino acids,
were altered. Comparisons of the log2-ratios of significantly (p < 0.05) up-regulated metabo-
lites for the three treatment groups revealed, that ethanolamine was synergistically up-regu-
lated after combined exposure to genistein and calcitriol (Fig 5). Schmitt et al. [27] just
recently showed that the antitumor agent phorbol-ester stimulates release of ethanolamine
from the metastatic basal prostate cancer cell line PC3 suggesting that elevated ethanolamine
production could be associated with antitumor activity.

Beside ethanolamine, also high levels of ethanolamine-phosphate were detected. Both
metabolites are components of the glycerophospholipid metabolism (KEGG pathway map
00564) and sphingolipid metabolism (KEGG pathway map 00600) and are directly related to
each other. Briefly, sphingosine-1-phosphate lyase (SGPL1; KEGG enzyme EC 4.1.2.27) irre-
versibly cleaves sphingosine-1-phoshate (S1P), a signaling sphingolipid acting as second mes-
senget, into hexadecenal and ethanolamine-phosphate [28]. The latter is dephosphorylated by
a phosphoethanolamine/phosphocholine phosphatase (KEGG enzyme EC 3.1.3.75) in the
presence of H,O. Up-regulation of ethanolamine-phosphate and ethanolamine was confirmed
by expression analysis of the SGPLI (Fig 6). Combined treatment with genistein and calcitriol
caused a 3.5-fold overexpression of SGPLI indicating a high breakdown of S1P.

High intracellular SIP levels are associated with increased migration and invasion of cancer
cells, and S1P is 5-10 times higher in ovarian cancer patients [29]. A reduction of intracellular
S1P levels could be achieved by up-regulating the internal expression and enzyme activity of
SGPL1. However, the role of SGPLI in bone and other cancers has not been directly examined
until now. Degagné et al. [30] demonstrated that mice with intestinal epithelium-specific
SGPL1 deletion developed phenotypes with pathological evidence of inflammation, colon
shortening, high cytokine levels, S1P accumulation, and development of colon tumors. Fur-
thermore, a down-regulation of SGPL1 was detected in most tumors, and over-expression of
SGPL1 enhanced sensitivity to cisplatin, carboplatin, daunorubicin and etoposide [31]. Thus,
SGPL1 is a potential target for pharmacological manipulation for the treatment of malignant,
autoimmune, inflammatory and other diseases [32]. For the first time, synergistic effects by
exposure to high doses of genistein in combination with calcitriol were demonstrated in osteo-
sarcoma cells, primarily by a 3 - 4fold up-regulation of the SGPL1 protein content. This up-
regulation mediated reduction of proliferation, boosted ERf} and VDR expression and altered
tumorigenic metabolism. This discovery opens new avenues in the treatment of cancer
patients and should be underpinned by in vivo studies.

Conclusion

In summary, combined treatment of the immature osteosarcoma cell line MG-63 with genis-
tein and calcitriol results in: (1) a growth normalization of genistein induced proliferation, (2)
overexpression of ERf, (3) reduction of extracellular acidification and respiration rates, (4)
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synergistically increased ethanolamine production, primarily initiated by a 3 - 4fold overex-
pression of the sphingosine-1-phosphate lyase. Actually, the co-administration of genistein
and calcitriol is investigated in a murine xenograft model.

Supporting Information

S1 Fig. Alkaline phosphate activity (ALP), calcification via Alizarin Red S staining and
matrix mineralization with osteocalcin immunofluorescence staining in untreated MG-63,
Saos-2 bone cancer cells and in primary osteoblasts (POB). All cells were counterstained

with DAPI to visualize cell nuclei.
(TIE)

$2 Fig. Protein expression analysis via western blotting of cancer relevant enzymes of the
glycolysis and Krebs cycle in MG-63 cells after 48 h treatment with the vehicle control (C),
1, 10, 100 uM genistein (G), 10 nM calcitriol (VitD3) or the combination of both. Glycolytic
enzymes were hexokinase 1, platelet-type phosphofructokinase (PFKP), lactate dehydrogenase
(LDH). Pyruvate dehydrogenase (PDH), fumarase and succinate dehydrogenase subunit A
(SDHA) were chosen as representative enzyme of the Krebs cycle. n = 3. Stain free images
were added to verify that identical soluble protein concentrations were loaded on the polyacry-
lamid gels.

(TIF)

§3 Fig. Principal component analysis (PCA) of control (A), cells treated with 100 uM genis-
tein (B), 10 nM calcitriol (C) and 100 uM genistein+10 nM calcitriol (D) with four replicates
each.
(TIE)
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Zusammenfassung:

In dieser Studie konnten wir erstmalig nachweisen, dass nicht-tumorigene Mammaepithelzellen nicht
nur eine hohe SGPL1-Expression aufweisen, sondern dass in den gesunden Zellen auch eine SGPL1-
Expression in der Zytoplasmamembran darzustellen ist (Abb. 4). Die SGPL1 Lokalisation in der
Plasmamembran wurde noch nicht beschrieben.

Insbesondere zur Metastasierung neigende Brustkrebzellen zeigen eine reprimierte oder fehlende
SGPL1-Expression in der Zellmembran. Dadurch kann der permanente S1P-Stimulus nicht mehr
reguliert werden, und die gerichtete Migration und Invasion wird beglinstigt. Durch Restauration der
SGPL1-Funktionalidt und -Lokalisation in der Plasmamembran konnte die Motilitdit der

Brustkrebszellen reduziert werden (Abb. 8).
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Abb. 8 Relative Migrationsgeschwindigkeit der Mammakarzinomzelllinien MCF-7 und BT-20 im Scratch-Assay. Ermittelt wird
die Migrationsrate in einen definierten Spalt 100 % - der Spalt enthdlt keine Zellen. O % - der Spalt ist zu 100 % mit Zellen
besiedelt. Bei Stimulation der Mammakarzinomzellen mit 1 uM S1P wird die Migrationsgeschwindigkeit deutlich erhdht. Nach
Komplementation der Mammakarzinomzelllinien mit der nativen SGPL1.Variante ist die Migrationsgeschwinigkeit signifikant
unter das Kontrollniveau gesenkt. Mittelwert + Standardabweichung, n= 3, *** = p < 0.001 im Vergleich zur Kontrolle
(ungepaarter t test).
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Abstract

The bioactive lipid sphingosine-1-phosphate (S1P) is a main regulator of cell survival, prolif-
eration, motility, and platelet aggregation, and it is essential for angiogenesis and lympho-
cyte trafficking. In that S1P acts as a second messenger intra- and extracellularly, it might
promote cancer progression. The main cause is found in the high S1P concentration in the
blood, which encourage cancer cells to migrate through the endothelial barrier into the blood
vessels. The irreversible degradation of S1P is solely caused by the sphingosine-1-phos-
phate lyase (SGPL1). SGPL1 overexpression reduces cancer cell migration and therefore
silences the endogenous S1P siren, which promotes cancer cell attraction—the main rea-
son for metastasis. Since our previous metabolomics studies revealed an increased SGPL1
activity in association with successful breast cancer cell treatment in vitro, we further investi-
gated expression and localization of SGPL1. Expression analyses confirmed a very low
SGPL1 expression in all breast cancer samples, regardless of their subtype. Additionally,
we were able to prove a novel SGPL expression in the cytoplasm membrane of non-
tumorigenic breast cells by fusing three independent methods. The general SGPL1
downregulation and the loss of the plasma membrane expression resulted in S1P depen-
dent stimulation of migration in the breast cancer cell lines MCF-7 and BT-20. Not only S1P
stimulated migration could be repressed by overexpressing the natural SGPL1 variant not
but also more general migratory activity was significantly reduced. Here, for the first time,
we report on the SGPL1 plasma membrane location in human, non-malignant breast epithe-
lial cell lines silencing the extracellular S1P siren in vitro, and thereby regulating pivotal cellu-
lar functions. Loss of this plasma membrane distribution as well as low SGPL1 expression
levels could be a potential prognostic marker and a viable target for therapy. Therefore, the
precise role of SGPL1 for cancer treatment should be evaluated.
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Introduction

The bioactive lipid and second messenger sphingosine-1-phosphate (S1P) has emerged as key
regulator in cancer progression by modulating a variety of cellular processes, such as prolifera-
tion, migration, platelet aggregation, or angiogenesis [1, 2]. Most studies have focused on S1P-
synthesizing enzymes: the two S1P kinases (Sphk1, Sphk2), which are phosphorylating the
pro-apoptotic lipid signaling molecule sphingosine. Several growth factors and steroid hor-
mones, such as TGF-f and 1783-estradiol could be related to up-regulation of Sphk1 in cancer
cells, producing high amounts of SP, which can bind extracellularly to five specific G-protein-
coupled receptors, located on the cell surface (named S1P1, 2, 3, 4, 5) or intracellularly stimu-
late cell survival [3, 4]. Inhibiting the Sphk1 activity leads to a decrease in cancer proliferation
and metastasis in mouse models and increases the efficacy of chemotherapy and radiotherapy
[2, 5]. Consequently, Sphkl is announced as a potential prognostic marker and a viable target
for therapy, including that of breast cancer [6]. Considerably less attention has been paid to
the S1P-degrading enzyme: sphingosine-1-phosphate lyase (SGPL1; EC 4.1.2.27) which irre-
versibly cleaves S1P into hexadecanal and ethanolamine phosphate and, is thus in a strategic
position to regulate these processes by removing available S1P signaling pools, which means
silencing the siren in order to prevent cancer cell migration to the blood vessels [7, 8]. Current
research has demonstrated that ectopic expression of SGPLI results in increased sensitivity to
stress, including serum starvation [9], to platinum-based drugs, daunorubicin and etoposide
[10], and irradiation [11] suggesting that SGPL1 may be a useful target for cancer therapy
drugs.

SGPLI belongs to the PLP (pyridoxal 5-phosphate) -dependent carbon-carbon lyases and
to the family of single-pass type III membrane proteins, and is located in the endoplasmic
reticulum [12]. The luminal N-terminal domain is close to the transmembrane segment and
the soluble PLP-binding domain. The larger, hydrophilic and catalytic domain faces the cyto-
sol. Several mammalian tissues express SGPL1 in different activity states. While high activity
appears in the small intestine, colon, thymus and spleen, moderate activity is found in liver,
kidney, lung, stomach and testis. SGPL1 underlies a strict transcriptional and posttranslational
regulation, enabling it to respond to environmental changes. Loss of SGPL1 enhances cell
resistance to anticancer regimens and increases the ability of cells to acquire a transformed
phenotype and become malignant. On the contrary, malignant cancer cells with moderate
SGPL1 expression show sensitivity to cisplatin, daunorubicin and etoposide [10]. Inhibition of
SGPLI activity has profound effects on the immune system and lymphocyte trafficking. The
sphingosine analog FTY720 is known to inhibit SGPLI in vitro as well as in vivo [13]. However,
SGPLI promotes apoptosis through p53 and p38 tumor-suppressor signaling pathways, and
therefore indicates that a SGPL1 downregulation in many cancer types is likely. Yet, an upre-
gulation has been observed in some malignant tissues such as ovarian cancer [14]. Hence, the
putative role as tumor-suppressor is not yet convincing. For this reason, we explored the
SGPL1 expression, location and function in breast cancer cells and tissue in comparison with
non-tumorigenic controls with the intent to identify the underlying regulative mechanisms.
Thereby, we explored a novel SGPLI expression in the cytoplasmic membrane of healthy
breast cells which could prevent extracellular overstimulation of circulating S1P. Prevention of
breast cancer as well as avoidance of breast cancer progression is of the utmost importance
since the incidences are still the highest in women worldwide [15]. Effective treatment of this
heterogeneous disease is dependent on histological subtype and receptor expression status.
The majority (77%) of breast cancers are positive for estrogen, progesterone, and the human
epidermal growth factor receptor-2 and therefore suitable for endocrine therapies with
Tamoxifen, Anastrozole, or Trastuzumab [16, 17]. However, triple negative breast cancer
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(10-17%) lacking the expressions of these three receptors are difficult to treat, due to their
multiple drug resistance. Therefore, our research on molecular levels was performed with two
triple negative breast cancer cell lines (BT-20, MDA-MB-231) as well as one luminal receptor
positive cell line (MCF-7). As non-tumorigenic, epithelial breast cells, MCF-10A as well as
MCF-12A were chosen, presenting two immortal, non-transformed cell lines that share char-
acteristics and features of basal progenitor cells [18].

Results
Breast cancer cells harbor low SGPLI protein contents

Two non-tumorigenic, epithelial breast cell lines MCF-12A and MCF-10A were chosen as
control cell lines to compare the SGPLI features with three conventional available breast can-
cer cell lines: MCF-7 (representing a luminal, hormone dependent subtype), MDA-MB-231
and BT-20 (representing & the most aggressive, triple-negative subtype with tendency for met-
astatic invasion). On transcript level, SGPL1 expression was not altered (Fig 1A). Primers, spe-
cific for the SGPL1 main coding transcript variant 1 (Tv 1, NCBI Reference Sequence:
NM_003901.3) only, and primers for all coding transcript variants (Tv all) were designed for
and used in RT-PCR as well as in qPCR. Nor significant differences occurred on transcript
level. In contrast, SGPL1 protein content was significantly lowered in all three breast cancer
cell lines, verified by western blotting (Fig 1B). As internal loading controls 8-actin, GAPDH
and stainfree imaging of total soluble proteins were used. Furthermore, 10 ng of the recombi-
nant expressed, and affinity chromatography purified human SGPL1 protein was loaded addi-
tionally on the immune blot to display the specificity of the SGPL1 antibody used in this study.
Uncropped immune blots are shown in S1 Fig. Decreased SGPLI expression in breast cancer
cell lines was verified by immunofluorescence staining (Fig 2A). In addition, confocal imaging
of SGPLI localization revealed the SGPL1 protein in surrounding of the cell nuclei in the non-
tumorigenic breast cells, indicating fer an association with the endoplasmic reticulum (see 54
Fig). In MCF-7 breast cancer cells a much weaker expression with a more diffuse, cytosolic dis-
tribution of the SGPL1 protein was observed. Both invasive breast cancer cells displayed only
small spots of aggregated SGPL1 proteins. Surprisingly, in BT-20 cells SGPL1 clusters could
primarily be detected in the alveolar structures (oncosomes). The general lowered SGPL1
expression was verified in immunohistochemically stained human breast cancer tissues (Fig
2B). Moderate to high (+2 to +3) scores were detected in normal breast tissue samples whereas
the majority of breast cancer samples were weakly stained or negative (Score 0 to +1). Addi-
tional immunohistochemical SGPLI stainings can be found, for example, in the Protein Atlas
database (www.proteinsatlas.org, S3A Fig). A few cases of breast cancers displayed moderate
immunoreactivity. Normal breast tissue displayed moderate to high SGPL1 contents compara-
ble to liver sections used as positive controls. However, a correlation between overall and
relapse-free patients’ survival and the SGPL1 expression value was determined significantly
by using R2: Genomics Analysis and Visualization Platform (https://hgserverl.amc.nl/cgi-bin/
r2/main.cgi) (S3B Fig). Thus, low SGPLI expression levels are an indication of poor patient’
prognosis.

SGPL1 is associated with the cytoplasmic membrane

The SGPLI subcellular localization in the endoplasmic reticulum membrane was described
previously [Z, 8] and validated for epithelial breast cells in S4B Fig. By electronic annotations
and proteomics approaches a SGPL1 localization in the plasma and mitochondrial

membrane is likely (https://compartments.jensenlab.org; http://www.proteinatlas.org/
ENSG00000166224-SGPL1/cell; http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGPL1).
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Fig 1. SGPLI expression analysis. A: RT-PCR with SGPL1 specific primers revealed no significantly altered SGPL1 expression on transcript level for
main coding SGPLI transcript variant 1 (Tv1) as well for the sum of all NCBI annotated SGPLI transcript variants (Tv all) in comparison with the
GAPDH control. B: SGPL1 protein content in the 5 epithelial breast cell lines (20 pg soluble protein) parallel to 10 ng recombinant SGPLI protein was
visualized by western blotting. Non-malignant breast epithelial cell lines MCF-10A and MCF-12A showed strongly elevated SGPLI protein expression
levels. Loading controls were verified by labeling 8-actin and GAPDH proteins as well as by stain-free technology. Uncropped immune blots are shown

in 51 Fig.

hitps://doi.org/10.1371/journal.pone.0196854.g001

Furthermore, the immunchistochemically stained non-malignant breast tissues revealed a
SGPL1 association not only with the endoplasmic reticulum but also with the plasma mem-
brane (Personal communication with pathologist Prof. Dr. Erbersdobler (Institute for Pathol-
ogy, Rostock University Medical Center, Germany). To prove the prediction, live cell labeling
with a C-terminal specific SGPL1 antibody was performed (Fig 3). Note that, staining’s pre-
sented in Fig 2 were performed after cell fixation and cell membrane permeabilization, while
the staining’s in Fig 3 were done on living cells without fixation and permeabilization. As a
result, the antibodies cannot enter the cell interior and thus, no intracellular proteins are
labeled. Only cell surface and plasma membrane associated proteins can be marked by this
method. 3D confocal imaging and remodeling of the non-tumorigenic breast cells revealed a
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Fig 2. A: Intracellular SGPL1 expression. A: SGPL1 immunofluorescence staining (green) of two non-malignant breast epithelial
celllines (MCF-10A, MCF-12A) in comparison with three established breast cancer cell lines (MCF-7, MDA-MB-231, BT-20) co-
localized with £-Actin (red) and nuclei (blue). B: Representative images of SGPL1 immunohistochemistry staining in normal and
breast cancer tissue samples in comparison with positive control organs (liver). SGPL1: reddish brown; Nuclei: blue. Statistical
evaluation of in vive SGPLI protein expression was performed by semi quantitative scoring (0 = no, 1+ = low, 2+ = medium, 3+ =
strong expression). Notably, breast cancer tissue and all cancer cell lines displayed SGPL1 downregulation compared to normal
breast tissue and non-tumorigenic cell lines.

https://doi.org/10.1371/journal.pone.0196854.002

green fluorescence signal on top of the actin fibers as it is known from adhesion molecules, for
example the great group of integrins, which are anchored in the plasma membrane (Fig 3A).
Further, a schematic view of the 3D cell cross sections is given on the right image of Fig 3A.
The white arrows point to the green SGPL1 proteins in the cell periphery, which are sitting on
the red labeled actin cytoskeleton. This green fluorescence signal at the cell surface was either
lowered (MCF-7) or was absent in the triple negative breast cancer cells BT-20 and MDA-MB-
231 (Fig 3B). This first evidence of a newly identified SGPL1 association with the plasma mem-
brane was confirmed by additional experiments. By flow cytometry SGPL1 proteins were
detected on the surface of the non-tumorigenic cell lines MCF-10A and MCF-12A (Fig 4A)
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Fig 3. SGPLI association with the plasma membrane. The living non-tumorigenic breast cell line MCF-10A (A) in comparison with the three breast
cancer cell lines MCF-7, MDA-MB-231, and BT-20 (B) were labeled with a C-terminal anti-SGPL1 antibody withoul fixation and permeabilization, so
that only cell surface and plasma membrane proteins can be labeled. After secondary labeling with Alexa488 dye, cells were fixed and counterstained
with Phalloidin and Hoechst. SGPLI: green, F-actin: red, Nuclei: blue. A: Images of MCF-10A cells in 2D (upper panel) and 3D (lower panel) to
visualize SGPL1 protein signals in direct association with the cell surrounding plasma membrane. 3D images were taken with Zeiss confocal laser
scanning microscope. White arrows point to the green SGPL1 protein sitting on the cortical actin cytoskeleton. Additionally, a schematic view of
SGPLI in association with cell periphery is given. B: 2D images of SGPL1 expression in the breast cancer cell lines. Note that only non-tumorigenic
breast cells show clear SGPL1 expression in cell periphery.

https://doi.org/10.1371/journal.pone.0196854.0003

but not in the breast cancer cells. Also scanning electron microscopy demonstrated a SGPL1
association with the cell surface in healthy breast cells (Fig 4B). Using gold-labeled secondary
antibodies, small dots of SGPL1 proteins were detected at the edges of the filopodia in the
non-tumorigenic MCF-12A cells, preferentially. No signals could be detected in breast cancer
cell lines ‘ig). Finally, by co-localization studies with the membrane proteins focal adhe-
sion kinase (FAK) and £81-integrin the membrane integration of SGPL1 was hedged (Lig 4C
and 4D). The green SGPL1 protein partially merged with the red labeled adhesion molecules,
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Fig 4. SGLP1 protein in association with the plasma membrane. A: SGPLI labeling on living breast cells
quantitatively measured by flow cytometry. Only the non-tumorigenic breast cells MCF-10A and MCF-12A exhibit
SGPL1 signals on the cell surface. B: Scanning electron microscopy of gold-labeled SGPLI proteins on the cell surface
of the non- tumerigenic breast cell line MCF-12A. C/D: Co-localization studies of SGPL1 and known plasma
membrane adhesion molecules for MCF-12A C: focal adhesion kinase (FAK) and D: 81-integrin. SGPL1: green, FAK
or B1-integrin: red, membrane protein overlay: yellow, nuclei: blue. Bar = 20 pm.

https://doi.org/10.1371/journal.pone.0196854.0004
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so that 50% fluorescence overlay could be detected. This observation proves that SGPL1 is a
plasma membrane associated protein. A functional association with the adhesion protein can-
not be assumed.

S1P stimulation was prevented by overexpression of the natural SGPL1
variant

The results of previous studies suggest that the lack of SGPL1 membrane localization and over-
all lowered SGPL1 content permits uncontrolled extracellular S1P stimulation in the breast
cancer cells which could lead to enhanced migratory activity. Though a classical migration
assay, an increased migratory force by treatment with 1 uM S1P was verified for the cancer cell
lines MCF-7 and BT-20 (Fig 5A). An influence on migration behavior of normal breast cells as

A MCF-7

100 - Control 100
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g 60 » 60
© 40 40
o
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Control +S1P

Cell surface association

Actin Nucleus

Fig 5. SGPL1 overexpression inhibits S1P induced migration. A: Enhanced migration speed after treatment with 1 pM sphingosine-1-phosphate
(S1P) in the breast cancer cell lines MCF-7 and BT-20 (red line). SGPL1 overexpression inhibited the migration ability in the presence of SIP,
significantly (green line). Mean + SD, n = 5, ***P < 0.001, significantly different compared to vehicle treated cells, unpaired t-test. B: Morphological
alterations of the cytoskeletal protein F-actin (red) after 24 h stimulation with 1 M S1P. Breast cancer cells MCF-7 and BT-20 show an increased
cortical F-actin formation and the formation of filopodia (white arrows). SGPL1 overexpression leads to SGPLI enrichment within the cell in the
surrounding of the nucleus and at the cell surface.

hitps://doi.org/10.1371/journal.pone.0196854.90005
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well as the cell line MDA-MB-231 was not achieved. Additionally, alterations of the actin cyto-
skeleton were monitored under S1P treatment (Fig 5B). It was obvious that S1P strengthens
the cortical actin and filopodia formation (white arrows). So far, we were able to conclude that
low SGPLI content and the missing SGPL1 expression in the outer membrane leads to migra-
tory stimulation of the breast cancer cell lines MCF-7 and BT-20. By restoring the SGPL1
activity in these cancer cells, we checked if the S1P induced migration stimulation could be
reverted (Fig 5A). Therefore, the SGPL1 ¢cDNA of the healthy breast cells in frame with a con-
stitutive promoter was stably transfected into MCF-7 and BT-20 cells (Fig 5B). Indeed, SGPL1
overexpression not only repressed the migration behavior to control levels but decreased the
general motility of the cancer cells. Astonishingly, BT-20 cell migration ability was almost
completely suppressed by SGPL1 overexpression. MCF-7 and BT-20 cells, which were trans-
fected with a SGPL1-cDNA-GFP fusion plasmid revealed a strong co-localization with the
endoplasmic reticulum and weak cytosolic and plasma membrane association (Fig 5B). Co-
localization of SGPL1 with endoplasmic reticulum (ER) is presented in S4B Fig.

Discussion

Under physiological conditions, high S1P concentrations (200 nM- 1 pM) circulate throughout
in the bloodstream, and thus influence a variety of cellular processes: proliferation, migration,
invasion, inflammation, and angiogenesis [19]. Tumor cells benefit from this circumstance,
either by overexpressing the S1P synthesizing kinases (Sphkl, 2) or by repressing of the irre-
versible degrading lyase (SGPLL). Thereby, high S1P concentrations in the tumor environment
are guaranteed and a continuous stimulation of the cancer cells is achieved. Several research
groups have focused on the suppression of the Sphks (S1P generating kinases) activity or on
the interception of the circulating S1P contents by the application of FTY720.

But high S1P concentrations are also needed to keep many cellular processes running, for
example maturation of the vascular system, immune cell egress, stem cell survival, and cyto-
kine production [20-24]. Systemic downregulation of S1P content in the human body leads to
serious side effects. So, it is more likely that human cells control the continuous extracellular
S1P stimulation by its degradation mediated by the SGPL1, which is localized in the endoplas-
mic reticulum. This consideration and the fact that our previously performed metabolome
studies revealed an increased SGPLI activity in association with successful cancer cell treat-
ment in vitro, lead to more profound SGPLI investigations in breast cancer cells [25, 4].

By western blotting and immunofluorescence staining (Fig 1) very low SGPLI protein levels
were found in all breast cancer samples, which correlates with other cancer studies. For exam-
ple, SGPL1 is downregulated during intestinal tumorigenesis in the ApcMin/+ mouse model
and in human colon cancer specimens compared to adjacent uninvolved tissues [10]. The loss
of SGPLI activity may contribute to tumorigenesis. This hypothesis is strengthened by the
finding that SGPL1 is significantly downregulated in metastatic tumor tissues compared to pri-
mary tumors from the same patients [26]. Kaplan-Meier curves show a stringent correlation
between low SGPL1 expression and poorer overall and relapse-free survival (S3B Fig)The low
S1P contents could additionally be confirmed by immunofluorescence which also indicates an
atypical expression particular in the two triple-negative breast cancer cell lines. MDA-MB-231
showed widely clustered SGPL1 proteins. BT-20 cells revealed an ectopic SGPL1 expression in
the alveolar structures; the association with the endoplasmic reticulum was diminished. Since
SGPL1 is a single-pass type IIl membrane protein, integration into other cellular membranes
is conceivable. Free available databases (UniProtKB, Reactome) also affirmed the plasma
membrane as potential subcellular localization. The co-localization of the SGPL1 protein with
the plasma membrane was confirmed by immunofluorescence labeling of living epithelial
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breast cells (Fig 3). The highest SGPL1 expression in association with the plasma membrane
was detected in the non-malignant breast cell lines MCF-10A and MCF-12A. Here, the SGPL1
proteins are sitting, like most of the adhesion molecules, on the F-actin fibers. Therefore, we
decided to perform co-localization staining’s with both, the plasma membrane integrated pro-
tein f1-integrin and the focal adhesion kinase (FAK) which connects the integrins with actin
fibers. Indeed, co-localization of SGPL1 with adhesion molecules could be achieved (Fig 4).
The newly identified SGPL1 plasma membrane localization was further verified by flow
cytometry and scanning electron microscopy. The influence of the plasma membrane associa-
tion on tumor physiology was estimated in two experiments: a) stimulation of the migration
by the application of extracellular S1P and b) restoration of the SGPL1 function by a stable
overexpression of the natural SGPL1 variant. The migration speed of the breast cancer cell
could be increased during the incubation of 1 pM S1P. Overexpression of the native SGPLI
isoform not only neutralized the S1P effects, it also significantly inhibited the migration (Fig
5). These results proved the theory that a functional SGPL1 expression in plasma membrane
combined with a high intracellular SGPL1 expression can silence the S1P siren, in the luminal
breast cancer cell line MCF-7 and the triple-negative one, BT-20. To this end, we could dem-
onstrate the first evidence of SGPL1 plasma membrane location in non-malignant breast epi-
thelial cells, silencing the extracellular S1P siren in vitro, and thereby regulating pivotal cellular
functions. Loss of this plasma membrane distribution as well aslow SGPL1 expression levels
could be a potential prognostic marker and a viable target for therapy. Therefore, the precise
role of SGPLI1 for cancer treatment should be further evaluated.

Material and methods
SGPL1 antibodies

Several SGPL1 (NCBI Accession: NM_003901, NP_003892.2) antibodies were verified for
western blotting, immunofluorescence staining and flow cytometric analysis. Anti-SGPL1
specificity was enabled by specific binding to a recombinant expressed human SGPLI1 protein.
For western blotting experiments the rabbit anti-SGPLI antibody (MaxPab®™; ABIN948744
from www.antikoerper-online.de), raised against the full length SGPL1 amino acid sequence
(AA 1-568), was chosen. For cytoplasmic membrane association, the polyclonal rabbit anti-
SGPL1 antibody, recognizing a C-terminal epitope: amino acid 131-430 (cytoplasmic domain)
$¢-67368, Santa Cruz, USA was used.

Cell culture conditions

All cell lines were purchased from ATCC (www.atcc.org) and maintained at 37 °C and in a 5%
CO; atmosphere. The non-tumorigenic mammary epithelial control cell lines MCF-10A
(ATCC"™ CRL-10317™) and MCE-12A (ATCC® CRL-10782™) were grown in Dulbecco’s
modified Eagle’s medium Ham’s F12 without phenol red (Invitrogen, Darmstadt, Germany)
containing 10% horse serum (PAA Laboratories GmbH, Munich, Germany), and the Mam-
mary Epithelial Cell Growth Medium Supplement Pack (Promo Cell, Heidelberg, Germany)
including 0.004 ml/ml bovine pituitary extract, 10 ng/ml epidermal growth factor (recombi-
nant human), 5 mg/ml insulin (recombinant human), 0.5 mg/ml hydrocortisone and 1% gen-
tamycin (Ratiopharm GmbH, Ulm, Germany). The breast cancer cell lines MCF-7 (ATCC®
HTB-22"; estrogen and progesterone receptor positive), BT-20 {A_TCC"‘R HTB-19™) and
MDA-MB-231 (ATCC"™ HTB-26"), both triple negative cancer cell lines were cultured in Dul-
becco’s modified Eagle’s medium (Gibco, Paisly, UK) with 10% fetal bovine serum (PAN Bio-
tech GmbH, Aidenbach, Germany) and 1% gentamicin (Ratiopharm GmbH, Ulm, Germany).
Confluent cells were treated with 0.05% trypsin- 0.02% EDTA. The medium was changed
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every 2 days. Cell line authentication was performed by Seqlab Sequencing Laboratories (Got-
tingen, Germany).

Transcript analysis

Total RNA from cultured cells was extracted with the NuclenSpil’f"—-‘l RNA II Kit (Machery-
Nagel, Diiren, Germany) and cDNA was produced from 2.5 ug of RNA with the First Strand
c¢DNA Synthesis Kit (Thermo Fisher Scientific Inc., Rockford, IL, USA). qRT and RT-PCR
was performed with the SGPL1 primer pair for transcript variant 1 (Tv1) fw: 5’ —~ATGCCTAG
CRACRAGRCCTTCT-3andrv: 5 ~CTTCCTGGTGAGCTTRAARACRE-3" amplifying a 240 bp
fragment in the C-terminal region of the SGPL1 coding sequence. Primers flanking Tv1, Tv2
and all other NCBI annotated transcript variants were fw: 5" ~ACTGCTCGCTTCCTCARGTC-
37 andrv: 57 -GTGACAGTGTCGGTGCTGTA-3" producing a 392 bp fragment. cDNA was
mixed with iTaq™ SYBR™ Green Supermix (Bio-Rad Laboratories Inc., Hercules, USA) and
analyzed on iQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad, Miinchen, Ger-
many). Relative gene expression was normalized by using two housekeeping genes: GAPDH
fw: 5" ~CAAGGTCATCCATGACRRCTTTG-3" and rv: 5’ ~GTCCACCRCCCTGTTGCTGTAG—

37,and -actin fw: 5 -GGGCATGGGTCAGRARGGATT-3 andrv: 5 -GAGGCGTACAGGGAR

TAGCAC-3".

Protein analysis

Western blotting procedure was performed as described previously [27]. Recombinant protein
of human sphingosine-1-phosphate lyase 1 (SGPL1) was produced with TrueORF clone,
RC208705 encoding the full-length human SGPL1 with C-terminal DDK tag, from human
HEK293 cells (GenBank accession: NM_003901, Predicted molecular weight: 63.3 kDa, pur-
chased from OriGene Technologies, Inc.Rockville, USA; CAT#: TP308705. For protein detec-
tion, primary antibodies (MaxPab™; ABIN948744, USA; B-Actin #4970: Cell Signaling, USA;
GAPDH: sc-137179, Santa Cruz, USA) were incubated overnight at 4°C followed by labeling
with a horseradish peroxidase (HPR)-conjugated secondary antibody (Cell Signaling, USA)
for 1 hour at room temperature. Protein signals were visualized by using SuperSignal West
Femto Chemiluminescent Substrate (Pierce Biotechnology, Rockford, USA) for detection of
peroxidase activity from HRP-conjugated antibodies. Band intensity was analyzed densitome-
trically with the Molecular Imager ChemiDoc XRS and Image Lab 3.0.1 software (Bio-Rad,
USA). Protein detection was repeated at least three times with individually prepared cell lysates
from independent passaged cells.

Immunofluorescence and immunohistochemistry

The basic procedure for the immunofluorescence staining was described in Engel et al. 2012,
2014 [28, 29]. Cells grown on Menzel-Gliser coverslips (Thermo Fisher Scientific Inc.,
Schwerte, Germany) or in Ibidi dishes/ slides (Ibidi GmbH, Martinsried, Germany) with glass
bottoms were fixed in 4% paraformaldehyde (Santa Cruz, Dallas, USA), permeabilized with
0.1% Triton X-100 (Santa Cruz, Dallas, USA) and labeled with anti-SGPL1 primary antibody
(SGPLI: sc-67368, Santa Cruz, USA) and Alexa Fluor 488 dye secondary antibody (Thermo
Fisher Scientific Inc., USA). Co-localization experiments were performed with Phalloidin-
Alexa 596 (Invitrogen), focal adhesion kinase (FAK) primary antibody (#3285, cell signaling,
USA), 81-integrin (#9699, cell signaling, USA) or with cell-permanent ER-Tracker™ Green dye
(BODIPY™ FL glibenclamide, Molecular Probes, USA) for live cell imaging. Finally, all sam-
ples were counter-stained with Hoechst (PanReacAppliChem, Darmstadt, Germany). Stain-
ings were investigated with an inverted confocal laser-scanning microscope (LSM780, Carl
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Zeiss, Jena Germany). Notably, images were taken at identical device settings to guarantee
comparable results. The image processing was carried out using ZEN 2011 (Carl Zeiss Jena
GmbH, Jena, Germany). The expression intensity and distribution of SGPLI protein was
determined in healthy (GTX24324, GeneTex, Irvine, USA) and tumorigenic (GTX24701, Gen-
eTex, Irvine, USA) human breast tissue. Murine liver served as control. Tissues were formalin-
fixed, paraffin-embedded, cut, labeled with a SGPL1 primary antibody (SGPL1: sc-67368,
Santa Cruz, USA) in a 2% BSA solution followed by a secondary antibody—labeled, polymer
—horseradish peroxidase (HRP) (Dako Envision+ Kit; Dako, Glostrup, Denmark). AEC
(3-amino-9-ethylcarbazol) served as chromogenic agent. All sections were counterstained with
Mayer’s hemalum solution (Merck KGaA, Darmstadt, Germany). Each section was digitalized
by using an Axiolmager. M2 equipped with an integrated XY-scanning device and a MR¢
camera (all from Carl Zeiss Microscopy GmbH, Géttingen, Germany). Statistical evaluation
of in vivo SGPL1 protein expression was performed by semi quantitative scoring (0 = no,

1+ =low, 2+ = medium, 3+ = strong and 4+ = very strong expression).

Scanning electron microscopy

General scanning electron microscopy method was described previously in Engel et al,, 2016
[28]. For the visualization of SGPLI cell membrane association, cells were grown on coverslips
to a confluency of 80%. After washing with PBS with Ca®* and Mg**, unspecific binding sites
were blocked with 5% goat serum (PAN Biotech, Germany). Primary labeling with SGPL1
antibody (1:100 dilution of SGPL1 in 5% goat-PBS; sc-67368, Santa Cruz, USA) was performed
at room temperature for 1 h. Secondary labeling with BBI gold anti-mouse antibody (1:200
dilution in 5% goat-PBS, 0.1% fish skin gelatin (BBI), 0,1% Tween (VWR, Germany); EM
GMHL, 15 nm, BBI Solutions Cardiff, UK) was also performed for 1 h. After washing, cells
were fixed with 2.5% glutaraldehyde in 0.05 M HEPES buffer. Samples were dehydrated in

an ascending ethanol series and critical point dried using CO; as an intermedium with the
EMITECH 850 critical point dryer (Emitech Ltd. Ashford, UK). Carbon coating was done
with the carbon coater SCD500 (Leica, Germany). Images were taken with a field emission
scanning electron microscope (Zeiss Merlin VP Compact) using an acceleration voltage of 5
kV for imaging.

Surface expression by flow cytometry

SGPL1 surface expression was measured by flow cytometry according to the measurements of
other cell surface markers e.g. 81-integrin, already described [29]. Briefly, after trypsinization,
cells were washed with PBS (with 0.133 g/l CaCl,+2H,0 and 0.1 g/l MgCl,#2H,0, Sigma, Ger-
many) and then incubated with 100 pl of the rabbit anti-SGPL1 antibody, recognizing a C-ter-
minal epitope: amino acid 131-430 (cytoplasmic domain) sc-67368, Santa Cruz, USA for 1 h
at room temperature. Thereafter, cells were washed and secondarily labeled with Alexa Fluor
488 dye secondary antibody (Thermo Fisher Scientific Inc., USA) for 1 h at room temperature
in the dark. After a final washing step with PBS, cells were diluted in 300 pl CellFix (Beckman
Coulter, USA). As control the whole staining procedure was carried out without the primary
antibody—PBS was used instead. 10,000 events were recorded for each measurement of
SGPLI surface expression and repeated three times. Results were calculated with the software
FlowJo (https://www.flowjo.com).

Migration analysis

Influence on migration was conducted on all five cell lines and stable SGPL1-transfected
MCF-7 and BT-20 sorted cells, pre-incubated in assay medium for 48 h adaption in 6-well
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plates (Greiner, Germany). A defined gap was made by Ibidi culture inserts (u-Dish 35 mm;
Ibidi GmbH, Martinsried, Germany) following the instructor’s recommendations. When cell
layers reached confluence, the culture insert was removed and cells were treated with 1 pM
SIP or control (vehicle, MeOH) in assay medium (DMEM, 10% charcoal stripped fetal bovine
serum (PAN BiotechGmbH, Germany). Medium was changed every day. Gap closure was ana-
lyzed as described previously [28].

SGLP1 expression clones

A SGPL1-cDNA-GFP-tagged clone (NCBI Accession: NM_003901, NP_003892.2) was
purchased from OriGene (#RG208705, Rockville, USA). Plasmid map is shown in Fig 4B:
Sequencing of the full-length transcript variant was carried out with two vector sequencing
primer by Seglab Laboratories (Germany). 3x10° cells of breast cancer cell lines MCE-7 and
BT-20 were transfected with 1 pg/ml SGPL1-DNA plasmid using the CLB-Transfection Sys-
tem (Amaxa Nucleofection 6097129; Lonza, Cologne, Germany) according to the manufac-
turer s instructions. As positive control the Pmax GFP™ vector (Lonza, Cologne, Germany)
was used. After 24 h, transfection efficiency was controlled with a confocal laser-scanning
microscope. To generate stable transfected cells, GFP negative cells were eliminated by fluores-
cence-based cell sorting (BD FACSAria, Heidelberg, Germany).

Statistical analysis

All experiments were replicated at least three times with individually passaged cells, and data
sets were expressed as means + standard deviations (SD). Statistical significance was deter-
mined by the unpaired student’s t-test or one-way ANOVA (*** P < 0.001; ** P < 0.01;

* P < 0.05) using the software Graphpad Prism Version 5 (http://www.graphpad.com/
scientific-software/prism/) or Excel 2016.

Supporting information

$1 Fig. Uncropped SGPL1 immune blots und the stainfree loading control (A) of Fig 1B.
B: Normal exposure time for detection relative to the saturation of the pixel. C: Overexposed
SGPL1 immuno blot.

(TIF)

$2 Fig. Verification of SGPLI1 association with the plasma membrane of MCF-10A cells by
flow cytometry. A: Gating of MCF-10A cells. B: Dilution series of primary (anti-SGPLI; 1:50,
1:100) and secondary (anti-rabbit Alexa488; 1:100, 1:200) antibodies to prove specific binding
of the SGPL1 antibody. MCF-10A cells incubated with secondary antibody only, functioned as
negative control (red histogramm). All signals with an FITC-A+ signal higher than log10®
were counted as postive events. (Data for the 1:50 prim./ 1:100 sec. Ab. dilution are shown in
the blue histogramm; for 1:50 prim./ 1:200 sec. Ab. dilution in the orange histogramm; for
1:100 prim./ 1:100 sec. Ab. dilution in the green histogramm and 1:100 prim./ 1:200 sec. Ab.
dilution in the dark green histogramm.) The 1:50 dilution of the primary (SGPL1) and 1:100
dilution of the secondary Alexa488-labeled antibody were considered as the effective ones and
were used for the experiment.

(TIF)

§3 Fig. A: SGPLI expression status in healthy and cancer breast tissues, e.g. http://www.
proteinatlas.org/ENSG00000166224-SGPL1/pathology. B: SGPL1 down-regulation is correlated
with overall and relapse free survival of breast cancer patients. For example, you can check the
online tool R2 for correlation analysis (https://hgserverl.amc.nl/cgi-bin/r2/main.cg). The
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following Kaplan Curves demonstrate impressively that low SGPL1 expression leads to poorer
overall and relapse-free survival.
(TIF)

$4 Fig. A: Map of the SGPL1-ORF expression vector. B: Co-localization studies of SGPL1
with the endoplasmic reticulum. For further studies see http://www.proteinatlas.org/search/
SGPLI. C: Scanning electron microscopy of gold-labeled SGPL1-proteins in the breast cancer
cell line MCF-7 showed no signals.

(TIF)

Acknowledgments

This work is supported by fund from BMBF habilitation scholarship program of the University
of Rostock and FORUN program of the University Medical Center Rostock (no. 889025). We
wish to thank Petra Seidel (Dept. of Cell Biology, Rostock University Medical Center) and
Daniel Wolter (Dept. of Oral and Maxillofacial Surgery, Facial Plastic Surgery, Rostock Uni-
versity Medical Center) for technical assistance and Dr. Robby Engelmann (Institute of Immu-
nology, Rostock University Medical Center) for cell sorting. We thank Prof. Dr. Erbersdobler
(Institute for Pathology, Rostock University Medical Center) for scoring of the ITHC stainings.
We thank Dr. Iris Hube and Dr. Niki Travis for the English editing service.8765

Author Contributions
Conceptualization: Nadja Engel, Karin Kraft.

Data curation: Nadja Engel, Anna Adamus, Marcus Frank, Juliane Kiihn, Petra Miiller,
Annika Kasten.

Funding acquisition: Nadja Engel, Barbara Nebe.
Investigation: Annika Kasten.

Methodology: Nadja Engel, Anna Adamus.
Project administration: Nadja Engel.

Resources: Marcus Frank, Barbara Nebe.
Supervision: Nadja Engel, Guido Seitz.
Validation: Nadja Engel.

Visualization: Marcus Frank.

Writing - original draft: Nadja Engel.

Writing - review & editing: Anna Adamus, Marcus Frank, Barbara Nebe, Annika Kasten,
Guido Seitz.

References

1. Spiegel S, Milstien S. Sphingosine-1-phosphate: an enigmatic signaling lipid. Nat Rev Mol Cell Biol
2003; 4:397-407. https://doi.org/10.1038/nm 1103 PMID: 12728273

2. Pyne NJ, Pyne S. Sphingosine 1-phosphate and cancer. Nat Rev Cancer 2010; 10:489-503. https://
doi.org/10.1038/nrc2875 PMID: 20555359

3. Pitson SM. Regulation of sphingosine kinase and sphingolipid signaling. Trends Biochem Sci 2011;
36:97-107. https/doi.org/10.1016/j.tibs.2010.08.001 PMID: 20870412

PLOS ONE | htips:/doi.org/10.1371/journal.pone.0196854 May 2, 2018 14/16




@ PLOS | one

SGPL1 in plasma membrane

10.

1.

12.

13.

14,

15.

16.
17.

18.

19.

20.

21.

22,

23.

24,

Engel N, Lisec J, Piechulla B, Nebe B. Metabolic profiling reveals sphingosine-1-phosphate kinase 2
and lyase as key targets of (phyto-) estrogen action in the breast cancer cell line MCF-7 and not in
MCF-12A. PLoS One. 2012; 7(10):e47833. https://doi.org/10.1371/journal.pone.0047833 Epub 2012
Oct24. PMID: 23112854

Pchejetski D, Doumerc N, Golzio M, Naymark M, Teissie J, Kohama T, et al. Chemosensitizing effects
of sphingosine kinase-1 inhibition in prostate cancer cell and animal models. Mol Cancer Ther 2008;
7:1836—45. https://doi.org/10.1158/1535-7163.MCT-07-2322 PMID: 18644996

Cuvillier O. Sphingosine kinase-1-a potential therapeutic target in cancer. Anticancer Drugs 2007;
18:105-10. httpsz//doi.org/10.1097/CAD.0b013e328011334d PMID: 17159597

van Veldhoven PP, Mannaerts GP. Sphingosine-phosphate lyase. Adv Lipid Res 1993; 26:69-98.
PMID: 8379460

Bandhuvula P, Saba JD. Sphingosine-1-phosphate lyase in immunity and cancer: silencing the siren.
Trends Mol Med. 2007 May; 13(5):210-7. hitps+//doi.org/10.1016/j.molmed.2007.03.005 PMID:
17416206

Reiss U, Oskouian B, Zhou J, Gupta V, Sooriyakumaran P, Kelly S, et al. Sphingosine-phosphate lyase
enhances stress-induced ceramide generation and apoptosis. J Biol Chem 2004; 279:1281-90. https://
doi.org/10.1074/jbc.M309646200 PMID: 14570870

Oskouian B, Scoriyakumaran P, Borowsky AD, Crans A, Dillard-Telm L, Tam Y'Y, et al. Sphingosine 1-
phosphate lyase potentiates apoptosis via p53- and p38-dependent pathways and is downregulated in
colon cancer. Proc Natl Acad Sci U S A 2006; 103:17384-9. https:/doi.org/10.1073/pnas.0600050103
PMID: 17090686

Kumar A, Oskouian B, FyrstH, Zhang M, Paris F, Saba JD. S1P lyase regulates DNA damage
responses through a novel sphingolipid feedback mechanism. Cell Death Dis 2011; 2:e119. https:/doi.
org/10.1038/cddis.2011.3 PMID: 21368890

Van Veldhoven PP. Sphingosine-1-phosphate lyase. Methods Enzymol. 2000; 311:244-54. PMID:
10563331

Bandhuvula P, Tam Y'Y, Oskouian B, Saba JD. The immune modulator FTY 720 inhibits sphingosine-1-
phosphate lyase activity. J Biol Chem. 2005 Oct 7; 280(40):33697-700. Epub 2005 Aug 23. hitps:/doi.
org/10.1074/jbc.C500294200 PMID: 16118221

Dai L, Xia P, Di W. Sphingosine 1-phosphate: a potential molecular target for ovarian cancer therapy?
Cancer Invest. 2014 Mar; 32(3):71-80. htips:/doi.org/10.3109/07357907.2013.876646 PMID:
24499107

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M et al. Cancer incidence and mortality
worldwide: Sources, methods and major pattems in globocan 2012. Int. J. Cancer. 2015 Mar 1, 136:
359-386.

Maxmen A. The hard facts. Nature. 2012 May 30; 485:50-51.

Den Hollander P, Savage MI, Brown PH Targeted therapy for breast cancer prevention. Front. Oncol.
2013 Sep 23, 3: 250. hitps://doi.org/10.3389/fonc.2013.00250 PMID: 24069582

Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, Fevr T et al. A collection of breast cancer cell lines
for the study of functionally distinct cancer subtypes. Cancer Cell. 2006 Dec; 10(6): 515-27. htips://doi.
org/10.10164.ccr.2006.10.008 PMID: 17157791

Hanel P, Andréani P, Gréler MH: Erythrocytes store and release sphingosine 1-phosphate in blood.
FASEB J 2007; 21:1202-1209. https:/doi.org/10.1096/f|.06-7433com PMID: 17215483

Zhang H, DesaiNN, Olivera A, Seki T, Brooker G, Spiegel S. Sphingosine-1-phosphate, a novel lipid,
involved in cellular proliferation. J Cell Biol. 1991; 114:155-67. PMID: 2050740

Pebay A, Wong RC, Pitson SM, Wolvetang EJ, Peh GS, Filipczyk A, Koh KL, Tellis |, Nguyen LT, Pera
MF. Essential roles of sphingosine-1-phosphate and plateletderived growth factor in the maintenance of
human embryonic stem cells. Stem Cells. 2005; 23:1541-8. hitps:/doi.org/10.1634/stemcells.2004-
0338 PMID: 16081668

Skoura A, Hla T. Lysophospholipid receptors in vertebrate development, physiology, and pathology. J
Lipid Res. 2009; 50(Suppl):5293-298.

Olivera A, Eisner C, Kitamura Y, Dillahunt S, Allende L, Tuymetova G, Watford W, Meylan F, Diesner
SC, LiL, Schnermann J, Proia RL, Rivera J. Sphingosine kinase 1 and sphingosine-1-phosphate recep-
tor 2 are vital to recovery from anaphylactic shock in mice. J Clin Invest. 2010; 120:1429-40. hitps:/doi.
org/10.1172/JC140659 PMID: 20407207

Ratajczak MZ, Lee H, Wysoczynski M, Wan W, Marlicz W, Laughlin MJ, Kucia M, Janowska-Wieczorek
A, Ratajczak J. Novel insight into stem cell mobilization-plasma sphingosine-1-phosphate is a major
chemoattractant that directs the egress of hematopoietic stem progenitor cells from the bone marrow
and its level in peripheral blood increases during mobilization due to activation of complement cascade/

PLOS ONE | htips:/doi.org/10.1371/journal.pone.0196854 May 2, 2018 15/16




T PLOS | one

SGPL1 in plasma membrane

25.

26.

27.

28.

29.

membrane attack complex. Leukemia. 2010; 24:976-85. https://doi.org/10.1038/leu.2010.53 PMID:
20357827

Engel N, Adamus A, Schauer N, Kiihn J, Nebe B, Seitz G et al. Synergistic Action of Genistein and Cal-
citriol in Immature Osteosarcoma MG-63 Cells by SGPL1 Up-Regulation. PLoS One. 2017 Jan 26; 12
(1): €0169742. hitps://doi.org/10.1371/journal.pone.0169742 PMID: 28125641

Ramaswamy S, Ross KN, Lander ES, Golub TR. A molecular signature of metastasis in primary solid
tumors. Nat Genet. 2003 Jan; 33(1):49-54. Epub 2002 Dec 9. htips://doi.org/10.1038/ng 1060 PMID:
12469122

Engel N, Falodun A, Kiihn J, Kragl U, Langer P, Nebe B. Pro-apoptotic and anti-adhesive effects of four
African plant extracts on the breast cancer cell line MCF-7. BMC Complement Altern Med. 2014 Sep 9;
14:334. https://doi.org/10.1186/1472-6882-14-334 PMID: 25199565

Engel N, Adamus A, Ali |, Dad A, Ali S, Nebe B, Atif M, Ismail M, Langer P, Ahmad VU. Antitumor evalu-
ation of four selected pakistani plants on human bone and breast cancer cell lines. BMC Complemen-
tary and Alternative Medicine.2016, 16:244. hitps://doi.org/10.1186/s12906-016-1215-9 PMID:
27457235

Engel N, Kraft K, Miller P, Duske K, Kithn J, Oppermann C, Nebe B, 2015. Actin cytoskeleton reconsti-
tution in MCF-7 breast cancer cells initiated by a native flax root extract. Adv Med Plant Res, 3(3): 92—
105.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196854 May 2, 2018 16/16




Literaturverzeichnis

Alves RC, Fernandes RP, Eloy JO, Salgado HRN, Chorilli. Characteristics, Properties and Analytical
Methods of Paclitaxel: A Review. Crit Rev Anal Chem. 2018 Mar 4;48(2):110-118. doi:
10.1080/10408347.2017.1416283. Epub 2018 Feb 2.

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J
Clin. 2018 Nov;68(6):394-424. doi: 10.3322/caac.21492.

Bublak R. PSA-Screening senkt die Krebsmortalitat, aber ... Artikel zu Schréder et al. mit Kommentar
von L. Weibach, Uro-News 2014; 18: 56.

Dad A, Ali I, Engel N, Atif M, Hussain H, Ahmad VU, Langer P. The Phytochemical Investigation and
Biological Activities of Berberis Orthobotrys. Int J Phytomed. 2017 July; 9(2):213-8. doi:
10.5138/09750185.1899.

Engel N, Adamus A, Ali |, Dad A, Ali S, Nebe B, Atif M, Ismail M, Langer P, Ahmad VU. Antitumor
evaluation of four selected pakistani plants on human bone and breast cancer cell lines. BMC
Complement Altern Med. 2016 Jul 26;16:244. doi: 10.1186/s12906-016-1215-9.

Engel N, Adamus A, Schauer N, Kithn J, Nebe B, Seitz G, Kraft K. Synergistic action of genistein and
calcitriol in immature osteosarcoma MG-63 cells by SGPL1 up-regulation. PLoS One. 2017 Jan
26;12(1):e0169742. doi: 10.1371/journal.pone.0169742.

Engel N, Ewald R, Gupta KJ, Zrenner R, Hagemann M, Bauwe H. (2011) The Presequence of Arabidopsis
Serine Hydroxymethyltransferase SHM2 Selectively Prevents Import into Mesophyll
Mitochondria. Plant Physiol. 2011 Oct 5.PMID: 21976482.

Engel N, Falodun A, Kragl U, Langer P, Nebe JB. Anti-proliferative and anti-adhesive effects of four plant
extracts on the breast cancer cell line MCF-7. BMC Complement Altern Med. 2014 Sep
9;14:334. doi: 10.1186/1472-6882-14-334.

Engel N, Lisec J, Piechulla B, Nebe B. (2012) Metabolic profiling reveals sphingosine-1-phosphate kinase
2 and lyase as key targets of (phyto-) estrogen action in the breast cancer cell line MCF-7 and
notin MCF-12A. PLoS One. 2012;7(10):e47833. doi:10.1371/journal.pone.0047833. Epub 2012
Oct 24.

Engel N, Miller P, Duske K, Oppermann C, Kraft K, Nebe B. Cytoskeletal remodeling of MCF-7 breast
cancer cells under the treatment of the native root extract of Linum usitatissimum.
Advancement in Medicinal Plant Research, Vol. 3(3), pp. 92-105, July 2015, ISSN: 2354-2152.

Engel N, Oppermann C, Falodun A, Kragl U. Proliferative effects of traditional Nigerian medicinal plant
extracts on human breast and bone cancer cell lines. J Ethnopharmacol. 2011 Sep

2;137(2):1003-10.



Erharuyi O, Engel-Lutz N, Ahomaforb J, Imiejec V, Falodun A, Nebe B, Langer P. Anticancer activity of
five Forest crops used in African folklore: antiproliferative and proapoptotic effects. Nat Prod
Res. 2014 Feb 26. DOI: 10.1080/14786419.2013.879475.

Falodun A, Engel N, Kragl U, Nebe B, Langer P. Novel anticancer alkene lactone from Persea americana.
Pharm Biol. 2013 Jun;51(6):700-6. doi: 10.3109/13880209.2013.764326. Epub 2013 Apr 9.

Harborne B: Phytochemical Dictionary- A Handbook of Bioactive Compounds from Plants. Verlag Taylor
& Frost, London 1983.

Jain M, Nilsson R, Sharma S, Madhusudhan N, Kitami T, Souza AL, Kafri R, Kirschner MW, Clish CB,
Mootha VK. Metabolite Profiling Identifies a Key Role for Glycine in Rapid Cancer Cell
Proliferation. Science. 2012 May 25; 336(6084): 1040-1044. doi:10.1126/science.1218595.

Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR. Gas chromatography mass spectrometry-based
metabolite profiling in plants. Nat Protoc. 2006;1(1):387-96.

Lou S, Balluff B, de Graaff MA, Cleven AHG, Briaire-de Bruijn |, Bovee J, McDonnel LA. High-grade
sarcoma diagnosis and prognosis: Biomarker discovery by mass spectrometry imaiging.
Proteomics. 2016 June; 16:1802-1813. doi:10.1002/pmic.201500514.

McGowan EM, Alling N, Jackson EA, Yagoub D, Haass NK, et al. Evaluation of Cell Cycle Arrest in
Estrogen Responsive MCF-7 Breast Cancer Cells: Pitfalls of the MTS Assay. PLoS One.
2011;6(6):€20623. doi: 10.1371/journal.pone.0020623.

Oriakhi K, Erharuyi O, Oikeh El, Engel-Lutz N, Falodun A. Free radical scavenging and cytotoxic effects
of methanol extract of Theobroma cacao L. (Sterculiaceae) seed. West Afr J Pharm 2015;
26(2):83-91.

Perkins GL, Slater ED, Sanders GK, et al; Serum tumor markers. Am Fam Physician. 2003 Sep
15;68(6):1075-82.

Taneja SS. Re: Screening and Prostate Cancer Mortality: Results of the European Randomised Study of
Screening for Prostate Cancer (ERSPC) at 13 Years of Follow-up. J Urol. 2015 Aug;194(2):392.
doi: 10.1016/j.juro.2015.05.064.

Wall ME, Wani MC. Camptothecin and taxol: discovery to clinic--thirteenth Bruce F. Cain Memorial
Award Lecture. Cancer Res. 1995 Feb 15;55(4):753-60. Review.

Warsow G, Struckmann S, Kerkhoff C, Reimer T, Engel N, Fuellen G. Differential Network Analysis
Applied to Preoperative Breast Cancer Chemotherapy Response. PLoS One. 2013 Dec
9;8(12):€81784. doi: 10.1371/journal.pone.0081784.

Welshons WV, Wolf MF, Murphy CS, Jordan VC. Estrogenic activity of phenol red. Mol Cell Endocrinol.
1988 Jun;57(3):169-78.



Zhang WC, Shyh-Chang N, Yang H, Rai A, Umashankar S, Ma S et al. Glycine Decarboxylase Activity
Drives Non-Small Cell Lung Cancer Tumor-Initiating Cells and Tumorigenesis. Cell. 2012 Jan

20;148(1-2):259-72. doi: 10.1016/j.cell.2011.11.050.



Anhang

Ubersicht der Veroffentlichungen

(*Korrespondierender Autor) (Impact-Faktor im Erscheinungsjahr)

Engel N, Oppermann C, Falodun A*, Kragl U. Proliferative effects of traditional Nigerian medicinal plant

extracts on human breast and bone cancer cell lines. J Ethnopharmacol. 2011 Sep 2;137(2):1003-10.

doi: 10.1016/j.jep.2011.07.023. Epub 2011 Jul 18. Impact Factor: 3.014

Engel N, Falodun A*, Kragl U, Langer P, Nebe JB. Anti-proliferative and anti-adhesive effects of four
plant extracts on the breast cancer cell line MCF-7. BMC Complement Altern Med. 2014 Sep 9;14:334.
doi: 10.1186/1472-6882-14-334. Impact Factor: 2.020

Engel N*, Adamus A, Ali |, Dad A, Ali S, et al. Antitumor evaluation of four selected pakistani plants on
human bone and breast cancer cell lines. BMC Complement Altern Med. 2016 Jul 26;16:244. doi:
10.1186/s12906-016-1215-9. Impact factor: 2.94

Engel N*, Lisec J, Piechulla B, Nebe B. Metabolic profiling reveals sphingosine-1-phosphate kinase 2
and lyase as key targets of (phyto-) estrogen action in the breast cancer cell line MCF-7 and not in MCF-

12A. PLoS One. 2012;7(10):e47833. doi:10.1371/journal.pone.0047833 Impact Factor: 4.82

Engel N*, Adamus A, Schauer N, Kiihn J, Nebe B, Kraft K. Synergistic action of genistein and calcitriol in
immature osteosarcoma MG-63 cells by SGPL1 up-regulation. PLoS ONE. 2017. doi:
10.1371/journal.pone.0169742. Impact Factor: 3.54

Engel N*, Adamus A, Frank M, Kraft K, Kiihn J, Miiller P, Nebe B, Kasten A, Seitz G. First evidence of
SGPL1 expression in the cell membrane silencing the extracellular S1P siren in mammary epithelial
cells. PLoS One. 2018 May 2;13(5):e0196854. doi: 10.1371/journal.pone.0196854.

Impact factor: 2.80




LEBENSLAUF

Personliche Informationen:

Name:

Geburtsdatum:
Geburtsort:

Staatsangehorigkeit:

Dienstanschrift:

Email:

Hochschulstudium:

10/1998-01/2004

02/2004-01/2005

Promotion:

02/2005-06/2009

08/2010

Postdoc:

09/2009-03/2016

07/2016-03/2018

Seit 04/2018

Auszeichnungen:

1997

1997

2006

2011
2018

Dr. rer. nat. Nadja Engel

3. September 1979

Rostock

Deutsch

Klinik und Poliklinik fiir Mund-, Kiefer- und Plastische Gesichtschirurgie
Schillingallee 35, 18057 Rostock

Nadja. Engel@med.uni-rostock.de

Studium der Biologie an der Universitat Rostock mit den Schwerpunkten
Pflanzenphysiologie, Biochemie und Biotechnologie
Diplomarbeit in der Pflanzenphysiologie an der Universitat Rostock

Promotionsstudent an der Universitat Rostock, Abteilung Pflanzenphysiologie
unter der Leitung von Herrn Prof. Bauwe

Promotion zum ,,Dr. rer. nat.” an der Universitat Rostock, Thema: , Functional
characterization of the mitochondrial GDC and SHM gene families in
Arabidopsis thaliana by complementation with heterologous genes”

(,,Note: magna cum laude”)

Wissenschaftliche Mitarbeiterin/Postdoc in der Abteilung Zellbiologie der
Universitatsmedizin Rostock (Leitung Herr Prof. J. Rychly; Frau Prof. B. Nebe)
Leitung des onkologischen Labors der Kinderchirurgie an dem
Universitatsklinikum Marburg (Leitung Herr Prof. Dr. med. Guido Seitz)
Leitung des Labors der Mund-, Kiefer-, Gesichtschirurgie an dem
Universitatsklinikum Rostock (Leitung Herr Prof. Dr. Dr. B. Frerich)

Gewinn des Landeswettbewerbes Jugend forscht in Mecklenburg-
Vorpommern

Gewinn des Spezialpreises des Bundeswettbewerbes Jungend forscht in
Berlin und Teilnahme an dem internationalen Treffen “London International
Youth Forum” in London, Uk

Gewinn des Reinhold von Sengbusch-Preises in Dabringhausen fiir die beste
Posterprasentation

Gewinn des BMBF-Habilitationsstipendiums fiir 36 Monate

Auszeichnung flir die beste wissenschaftliche Vortragstatigkeit im Rahmen
DOSAK (Deutsch-Osterreichisch-Schweizerischer Arbeitskreis fiir Tumoren

des Kiefer-Gesichtsbereichs) -Tagung vom 16. bis 17. November



Danksagung

Was lange wahrt, wird endlich gut.

Und dass es gut geworden ist, verdanke ich meiner Familie, meinen Freunden und Herrn Prof.

Frerich. Ich bedanke mich bei Euch von ganzem Herzen!



Erklarungen

Hiermit erklare ich des Eides statt, dass ich diese Habilitationsschrift mit dem Titel , Translationale
Ansatze im Screening neuer Anti-Tumor-Wirkstoffe” selbstdandig verfasst habe und dabei keine

fremden, nicht erwdhnten Hilfen verwendet hat.

Darliber hinaus erklare ich, dass ich noch nie dieses oder eine anderes Habilitationsverfahren an

dieser oder einer anderen Fakultdt oder Hochschule eingeleitet habe.

Weiter erklare ich hiermit, dass mir die Bestimmungen der Habilitationsordnung bekannt sind und

diese auch anerkenne.

Datum/Ort: Unterschrift:







